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This research proposes a specially designed acceleration sensor based load side
disturbance observer (ALDOB) with Kalman filtering technique that can be used to estimate the
external force on the load side for multi mass system. The proposed observer employs an
acceleration sensor and optical encoder to perform contact force measurement. Since
acceleration sensors can be implemented in a small area on the end-effector, it is considered to
be suitable for the real applications. By using the proposed observer, it is not necessary to
identify the nominal spring coefficient.

In the sensorless force control loop, the proposed ALDOB observer can be utilized with
resonance ratio control to suppress high-frequency vibrations of spring. Since the optimal
parameters are designed by using coefficient diagram method (CDM), the resonance ratio
control can ensure good robustness of the force control. The parameters of resonance ratio
control for two mass system and three mass system, which are representative of many
physical systems are also analyzed by using the proposed method. Moreover, this proposed
approach could also be applied for other multi mass system. Our experimental results of the
controller's performance including its vibration were in good accord with theory and

simulations.
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1 Introduction:

Robotic systems are being built to replace humans in the assistance of performing those
repetitive and dangerous tasks which humans are unable to do. For example, industrial robot has
been built to perform a task such as pick and place, welding, assembly, painting and product
inspection. Robots can probably perform better than a human, because the robot can move more
uniformly and more consistently. In the future development of robots, these robots are required to
have an ability to accommodate the interaction potential with human operator.

Design of force controls to operate task while contacting with an unknown environments has
been described in many papers. Several proposed techniques have paid attention to develop force
control system and implemented force sensors to detect the external force. One problem of the
using force sensor devices is that they are designed to contact the environment by using strain
gauge at the end-effector. As a result, the vibration noise can occur significantly from the soft
structure of the strain gauge. To improve the control performance, the observer technique is
proposed to estimate the external force without force sensor. Many researches have involved this
technique in order to reduce the complicity of the overall control system and increa se their stability.
Instead of relying on the detection of forces using force sensors, a disturbance observer is capable
of estimating disturbance force information. It has been confirmed that efficiency of force estimation
and robustness against disturbance can be improved at the same time by using disturbance
observer as the feed forward compensation loop. The most important advantage of disturbance
observer is that the force bandwidth can be enlarging much higher than the conventional force
control with force sensor devices. Unfortunately the disturbance observer posed some challenges
that remained unsolved. If such disturbance observer is to be used in a two-mass system with
mechanical resonance, the instability and vibration effects can occur and degrade the overall
performance. Usually, geared device is applied to increase the torque and reduces the speed of the
robot's actuators. It can change the speed direction and torque conversions from the motor to
another device. By using geared devices, the motor with gear system is considered as two mass
systems. As a result, vibration effect from disturbance observer is occurred due to the mechanical
resonance.

To address these problems, a load disturbance observer (LDOB) has been proposed to
estimate load side external force by extracting vibration effects from the two-mass system. The
structure of the observer is composed of the nominal spring coefficient, the nominal load mass and
the encoder, which is attached at the load side. However, its main drawback is that the exact

parameters of the spring coefficient are very difficult to obtain.



To get rid of possible parameter mismatch of spring coefficient, a multi encoder based

disturbance observer (MEDOB) also provides solutions to estimate the external force at the load side.
Since the position of the load side and disturbance force at the motor side can be obtained,
parameters identification of spring coefficient is not required. However, its main drawback is that the
encoder cannot be easily implemented at the load side due to the space/size limitation.
In this research, a new combined disturbance observer with Kalman filtering technique, named
acceleration sensor based load side disturbance observer (ALDOB), has been proposed by using
acceleration sensor at the load side and encoder at the motor side. Instead of using encoder to
measure position response at the load side, an acceleration sensor is used to measure acceleration
information from the end-effectors of the robot. Since acceleration sensors can be implemented in a
small area on the load side, it is considered to be suitable for the real applications.

The compensation for vibration effect on the controller accuracy creates further design issues.
Yuki et al. have developed a resonance ratio control that can be applied with a disturbance observer
to compensate vibration effects in the position control. This idea is used later by Katsura et. al to
design sensorless force controller. In this paper, the proposed ALDOB observer can be utilized with
resonance ratio control to suppress high-frequency vibrations of spring. Since the optimal
parameters are designed by using coefficient diagram method (CDM), the resonance ratio control
can ensure good robustness of the force control. The parameters of resonance ratio control for two
mass systems and three mass systems, which are representative of many physical systems, are
also analyzed. Moreover, this proposed approach could also be applied for other multi mass system.
From the simulation and experimental results, it is observed that the oscillations in the contact force
response were small. The spring vibrations were significantly reduced in the contact force response.
2 Modeling of Flexible Robot System:

The systems of interest are the linear flexible structures that can be modeled using the two
masses connected by a spring as shown in Fig. 1. Since the actuator is connected to the load side
with a transmission mechanism, its elasticity causes resonance in the 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 equation of motion for such systems is given by:

Xu = *T}Xs + T;f;-\fs (1)
.. Kg 1

X = T_"XH - 7P, 2)
Xs = Xu—Xg (3)

where subscripts  and | denote the motor side and load side, respectively. Ks is the spring
coefficient. Fs and F_ are the spring force and the extemal force on the load side. Ky is the force
coefficient, ly is the current, Xs is the torsional position from the position of the motor Xy and the

position of the load X, M and L denote the equivalent mass of the linear motor and load mass,
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Fig. 2. The block diagram of two mass system.
respectively. Naturally, this flexible transmission can negatively affects the overall performance in

terms of increased vibrations.

From Fig. 2, the transfer function from current reference ly to the velocity of motor side Xy

and the transfer function from current reference ly to the velocity of load side X can be calculated

as follows,
Xor _ Bz (s?+B2) (4)
R
- .o 5)
Ing 53_,_(1\?5_'_;;_[)% 5

Then, the anti-resonance war and resonance frequencies wgr can be described as follows,

(6)

=~
N
)

WAR = T (7)
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Fig. 3. Schematic diagram of Acceleration Sensor based Load Side Disturbance Observer for
two mass system
3 Observer Based External Force Estimation:

One problem of the using force sensor devices is that they are designed to contact the
environment by using strain gauge at the end-effector. As a result, the vibration noise can occur
significantly from the soft structure of the strain gauge. To improve the control performance, the
observer technique is proposed to estimate the external force without force sensor.

Acceleration Sensor based Load Side Disturbance Observer (ALDOB)
3.1 ALDOB for Two mass system

In this research, a new combined observer technique, named acceleration sensor based load
side disturbance observer (ALDOB), has been proposed by using acceleration sensor and optical
encoder. Applying an acceleration sensor scheme is an alternative way to supply the movement
information of load side to a disturbance observer. Instead of using optical encoder to measure
position response at the load side, an acceleration sensor is used to measure acceleration
information from the end-effectors. Since acceleration sensors can be implemented in a small area
on the load side, it is considered to be suitable for the real applications. The method to estimate the
external force at the load side is obtained from the Kalman filter, disturbance observer and a simple

first-order low-pass filter as follows,
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where Ky and My are refer to the nominal force coefficient and the nominal motor mass,
respectively. Xum is the velocity of motor side. Gyog is the cut-off frequency of the observer; Ly and
X\ are the nominal load mass and the acceleration of load side, respectively.
3.2 ALDOB for Three mass system

Such techniques can also apply in the flexible robot based on multi-mass system as shown
in Fig. 4. In this section, a specially designed of acceleration based load-side disturbance observer
that can be used to estimate the external force of multi-mass system is analyzed. The dynamic

equation of the upper part of three-mass system is described by,



Xy, = —SXea——Fp,.
ba Ly %4 LAt (9)

Xsa = Xp-—Xi, (10)

where A denotes the parameters of the third mass.

The total external force on the load side F|a without the vibration effect can be estimated as

Fr, = KgryIy—MyXy —LyXp — LanXr, (11)

A ; . ) o

Fr, = <& (f\'zu\v Ing + GM(,)BM;\"XM) (12)
s+ GumoB

~GuopMyXy — Ly X1 — LA;\'XVL__\>

As shown in Fig. 3 and 4, the Kalman-filter is applied to compensate the unwanted white
Gaussian noise of the acceleration signal. The process of the Kalman-filter consisting of the
operation in two phases: prediction and update. Using a Kalman filter, the state-space formulation of

the measured acceleration signal can be expressed as

Za+y = Aw@e + Buuw +w 8&’3

zZw = Cwomw +vmw
where K represents the sampling instant, X is the vector of states, Uy is the vector of input
variables, Ak and B are system matrices, C) is the measurement matrix, zy is the vector of
measured variables, W) is the process noise and V() represents the measurement which is
corrupted by white Gaussian noise. It is assumed that the covariance matrix of the process Q, the
covariance matrices of the measurement noise R and the cross-covariance matrix are as given

below:
Q = F{ww'} >0 (15)
R = E{w'}z=0 (16)
E{wv'} = 0 (17)

The matrices Q and R are used to tune the accuracy and response of the observer, and
these values can be determined by using the simulations for the testing of the measurement sensors.
A compromise between the performance of observer and the compensation of acceleration signal
noise can be found. The Kalman filter estimation and updating equations for signal enhancement are

as follows:

L(klk—-1) = A(A-—'ij(l.‘—l\ﬁ-—ll + B(A-—'I)U(A-—ZI) (18)
Py = Ap-nPoip- Al +Qu_y, (19
Swy = CuyPup-—1Cliy + Ry (20)
(21)

M) = Puu-nCl,S;)
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Fig. 5. The simplified block diagram of the resonance ratio control for two mass system

Zey = Te—1) T M) (Zw) — CuyTp—1)) (22)
Pup = Pupi) — Mg SuMb, (23

where P is the error covariance matrices. M and S are the Kalman filter gain matrix and the total
uncertainty measurement of matrix, respectively Z)is an actual measurement of acceleration sensor
which is updated the estimated state vector and the error matrix at every sampling instant.

4. Controller Design of Flexible Robot System

4.1 Resonance Ratio Control Based on CDM for Two-Mass System

In recent years, advances in motion control technologies have brought significant rapid
growth to machine and robot development. A conventional PID controller exhibits good controlling
ability and improvement on its output response. However, PID controller cannot perform well in the
machine with vibration effects.

This leads to the development of more effective controller design to reduce the vibration
effects. Yuki et al. have developed a resonance ratio confrol that can be applied with disturbance
observer to suppress the oscillation during task executions for a torsional vibration in the position
control by feeding back the estimated reaction torque on the motor side. Thus, it is possible to
change the resonance frequency of the system to an arbitrarily value. This idea is used later by
Katsura et. al to design sensorless force controller.

The control structure design based on disturbance observer is less complex and more
efficient as shown in Fig. 5. The force controller based on resonance ratio control consists of a force
gain Kp, a velocity gain Ky and a reaction force gain Kgr. The feedback force will depend on the

force contact on the robot by known environment stiffness K.



From Fig. 5, the transfer functions from acceleration reference XRrer to motor position Xy and motor

position Xy to load position X_ can be calculated as follows,

X]\,_’[ _ L.S‘2 + KS (24)
Xrnpp Ls' + Kg(1 + KpL)s?
X, Kg (25)
Xy L2+ Ks

The new anti-resonance frequency war and the resonance frequency wr of the system can be
computed as follows,

Ke
wRr = TS(I+KRL), (26)

WAR = ”IES (27)

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

Frps KpKpwip
Feump st + .vab"3 + W%SQ + KVwElRS + KPKEUJ%R (28)

In this research, a new resonance ratio 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 performance. As it

is seen from equation (28), the coefficients of characteristic polynomial a; are found as,

ay = KpKpwip (29)
a; = Kywip (30)
a; = wh (31)
az = Ky (32)
ay = 1.0 (33)

The standard stability indices pjfor the Manabe form are chosen as p1 =2.5, p»=2.0, and p3 =2.0.

;oo 4 Ky (34)
ay KpKpg
o af _ Kjwig _ 95 (35)
apga KPKE(U?{ '
2 4
a3 wYRr
Yo = = =20 36
ajas K‘Q/wiR (36)
2 2
as K

a0y Whr
Thus, the controller parameters calculated by the design of CDM are given as follow,
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Fig. 6. The simplified block diagram of the resonance ratio control for three mass system

Ky = Vwg (38)
42

K — AR

P —SKE (39)

K = 2B _9) (40)
3" 41)
3

By setting these controller gains, a new resonance ratio parameter is chosen as 2.0.
4.2 Resonance Ratio Control Based on CDM for Three-Mass System

Similar control architecture can be implemented in the multi-mass system. The block diagram
representation of a resonance ration control for three mass systems is shown in Fig. 6. If the
acceleration signals are measured by sensors, the value of external torques or forces at the end-
effector side can be determined by the ALDOB. Based on this principle, the external force from the
load-side could be determined and compensated with a simple multiplication of the reaction force
gain Kga to the motor side. From the block diagram in Fig. 6, the transfer function of the three mass
systems from the force command Fcyp to the motor displacement Xy can be expressed as

X (P +wip)(s® +whpy)  (42)
Feup  Ms?(s? 4 wiy )(s? + why)




where ar1 and war1 are the first resonance and anti-resonance frequency, and ak2 and @ar2 are
the second resonance and anti-resonance frequency. The value of the war1 and @are can be

defined as the following calculation:

Ks+ Kga n Ksa (43)

2 2
WARL T WAR2 =

L Ly
KsKga
Wim%%x R2 = “IL. (44)

From the block diagram in Fig. 6, the transfer function of the three mass system from the

force response Fges to the force command Fcmp can be expressed as

2 2
Fres KpKpwimWans
Foup  ags® + ass® + asst + azs® + ass?2 + a5 + ag (45)
The coefficients of characteristic polynomial a; are found as,

ag = KEKPwileiRQ (46)
a1 = (Kv+ Kya)wigWire (47)
ay = WipWips +(L+La)Kpwipwipe —(48)
+LAKRAWA g1 WA R
az = Ky(Wig: +wigo) (49)
ay = wip +Wins +KsaKgr (50)
a; = Ky (51)
ag = 1 (52)

The standard stability indices p; for the Manabe form are chosen as p1=2.5,y2=2.0, p3=2.0, 4 =
2.0 and p5=2.0.

a1 Kv+Kya

T ap B KPKE (53)
2
a
Y= a ;
002
_ (v + Kva)® s Y
KpKg(l+(L+La)Kr+ LaKgra) '
a2 (55)
Y2 =
ajas

wWimWags(1+ (L + LA‘)KR + I{zAf‘fmx)‘2 B
Ky (Ky + Kva)(wip +wigs)
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Y3 =
a0y
_ K¥ (Wip +@ige) (56)
wWipiwWips(1+ (L+ LA)Kr+ LaKRa)
1
X =20
("-‘Jim + wim + KsKr)
a3
Y4 =
azas 57
_ (Wipi +@ine + KsKg)? — 90 (57)
KsKr(wip +wigs)
a3
5 =
e (58)
K2
= 4 2.0

2 2 =

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

Ky = \/8(“’311?,1 + wins) (60)
Kya = VB(Winy +wig) (Whg +whns)® — 16w g wigo) (61)
16"‘{24&1“124&2
3(wihri +Wirs) (62)
Kr = Ko
I(RA — KS (wiRl + wE\R2) B wilez%lRZ (I{b + 3(‘L + LA)) (63)
Ks(L 4 La)wi giwige
Kn — LK gA%/8A (64)
4OI{E(LAK5(A2 — B) + LB(KS + S(LA — LA)})
where
2 2 2 2
A = wip) +Wigr B =wigwins (65)

5. Feedforward load disturbance compensation
5.1 Feedforward load disturbance compensation for two mass system

The block diagram of the proposed control structure is shown in Fig. 7. The load disturbance
compensation is introduced to compute and feedback the estimated load disturbance force through
the inverse system of the motor side. The inverse system can be represented by the transfer
function from Fcmp to Fres as shown in (45) and from F| to Fres as follows,

FRES o %KE(SQ—FK\/S-l-KRKs) (66)
Fr,  s*+ Kys® +wis?+ Kywips + KpKpwip

Then, the inverse system can be calculated by the following equation:

Feup  $2+ Kys+ KpKg
F, KpKs (67)
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Fig. 7. The block diagram of the resonance ratio control based on ALDOB
5.2 Feedforward load disturbance compensation for three mass system
Using the same relationship as before, the transfer function relating force response Fggs, to

the external force at the load side F|a, for the three mass systems is

FRES . KE'(b4S4 +b383+b282+b18+b0) (68)
Fra  agsb + ass® + ass* + a3s® + aa2s? + a18 + ag

where
by = (Kr+Kpa)KsKsa, by = (Ks+ Ksa)Kyv

by = KpKsL+ Kg+ Kga,bs =KyL,by=1L
Then, the feedforward load disturbance compensation for three mass systems can be expressed as

Feup byst + bys® + bas® + bys + by
Fy, KpKsKsa

(69)
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For the flexible robot system having a multi mass, the proposed method can be applied and
designed the controller and observer by calculating the transfer function of the multi mass system.
6. Simulation results

In order to show the validity and usefulness, numerical simulations are given to confirm of
the proposed controller and observer design. The flexible robot system was simulated using
MATLAB software. The results obtained from the proposed approach are compared with the results

obtained from the conventional PID control. The first simulation result was conducted by using PID



TABLE I
PARAMETERS USED IN EXPERIMENTAL SETUP

Controller parameters | Symbol | Value | Units
Mass of motor M 0.245 kg
Force constant coefficient K 3.333 N/A
Mass of load L 0.245 kg
Spring coefficient Kgn 1100 N/m
Force gain Kp 3.59
Velocity gain Ky 189.52
Reaction force gain Kp 12.24
Resonance ratio gain K 2
Cut-off freq. of vel. Gvg 1000 rad/s
Cut-off freq. of DOB. Gprs 1000 rad/s
Cut-off freq. of LDOB. GrLon 800 rad/s
Cut-off freq. of MEDOB. | GypoB 800 rad/s

Table. 1. Parameters used in experimental setup.

controller, and the position, velocity, acceleration, and the contact force responses were co llected as
shown in Fig. 8. From the results, the force command input is a stepwise function. It is seen from
Fig. 8 (b) that without reaction force compensation feedbacks give a poor response with a very large
vibration. On the other hand, the vibration is well compensated in the case of the resonance ratio
control. It is clear from these results that the resonance ratio control based on CDM design
approach gives a good response with no overshoot and short settling time compared to the
conventional PID controller design.

Extending from our proposed method, the resonance ratio control based on three mass
systems was tested. The input step function is used as the force command. From Fig. 9, it is also
confirmed that the resonance ratio control can compensate for vibration effect of the contact force
response completely.

7. Experimental Results

This section describes experimental implementation of resonance ratio control using ALDOB
in real conditions, and the contact force response, the speed and position of motor and load were
being investigated. The control algorithm was implemented in a PC using RT-Linux with a sampling
time of 100 #s. A summary of the parameters used in the experiment and the specification of
sensors are presented in Table | and Table I, respectively. To verify the proposed observer and
controller design of the flexible robot system, an acceleration sensor and linear optical encoder were
implemented in the experimental feedback control system as shown in Fig. 10. The acceleration
sensor was mounted on a linear motor at the load side, which has an optical encoder installed in
order to observe vibration effect at the motor side and load side. The parameters in the controller

were tuned to match the controller design in the identify transfe r function of flexible robot system. All
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Fig. 10. Experimental setup of flexible robot system.

TABLE II
SPECIFICATION OF SENSORS

Optical encoder | Symbol | Value | Units
Resolution grade 0.1 L

Weight 11.0 g
Dimension 14.8x36.0x 13.5 mm
Maximum speed 10 m/s
Acceleration sensor | Symbol | Value | Units
Bandwidth I~10K Hz

Weight 5.0 g
Dimension 6.4x11.4x3.6 mm

Table. 2. Specification of sensors.
of the identified parameters were used to calculate the confroller gain.  The input stepwise is used
as the force command. The control structure of resonance ratio control with a two-mass system as
shown in Fig. 7 was investigated.

In the first experiment, a sponge was prepared as a sample environment for the test. On the
other hand, an aluminum block was set at the end-effector in the second experiment. The aluminum
block is usually stiffer than the sponge. It was embedded close to the end-effector of the robot. The
responses of motor side and load side are shown in Figures 11 (a), (b) and 12 (a), (b) and the
responses of the contact force estimation by using ALDOB and LDOB are shown in Fig. 11 (f) and
12 (f). Without the vibration compensation, it is found that the responses of position at the motor side

and load side are oscillated. The influence of the reaction force feedback can be observed to
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significantly reduced the effective vibration by using the resonance ratio control. The improvement in
the position and responses at the motor side and load side are illustrated. During the test, the
contact force estimation using ALDOB were checked to confirm they matched the contact force
estimation using MEDOB during experiments. By using LDOB, the mismatched value of the spring
coefficient Ky caused incorrect estimation in the contact force response. If the spring coefficient is
accurately identify, the force estimation can be improved the accuracy of th e force estimation.
Figure 11 (f) and 12 (f) show the force response without and with compensator. The controller
without the reaction force feedback compensation was chosen to illustrate the worst-case vibration.
Based on the force estimation recorded during the test, the system force of the proposed method
followed the reference command with only a small tracking error. By using the proposed resonance
ratio control with ALDOB, it is observed that the oscillation in the contact force response were small.
The spring vibrations were significantly reduced in the contact force response. It was shown that the
resonance ratio control can suppress the oscillation more effectively than a conventional PID control.
8. Conclusion and future work

In this research, we described how acceleration sensor was integrated with ALDOB to
estimate and control the contact force. Since acceleration sensors can be implemented in a small
area on the load side, it is considered to be suitable for the real applications. The proposed AL DOB
observer can be utilized with resonance ratio control to suppress high-frequency vibrations of spring.
Since the optimal parameters are designed by using coefficient diagram method, the resonance ratio
control can ensure good robustness of the force control. We performed this analysis for two types of
systems, the two mass systems and three mass systems, which are representative of many physical
systems. Moreover, this proposed approach could also be applied for other multi mass system. The
obtained simulation and experimental results confirmed the efficiency of the proposed resonance
ratio control with ALDOB for the robust force control system without use of force sensors.
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Vibration Compensation of Flexible Robot Using
Resonance Ratio Control with Acceleration Sensor
Based Load Side Disturbance Observer

Abstract— This paper proposes a specially designed acceler-
ation sensor based load side disturbance observer (ALDOB)
with Kalman filtering technique that can be used to estimate
the external force on the load side for multi mass system.
The proposed observer employs an acceleration sensor and
optical encoder to perform contact force measurement. Since
acceleration sensors can be implemented in a small area on
the end-effector, it is considered to be suitable for the real
applications. By using the proposed observer, it is not necessary
to identify the nominal spring coefficient.

In the sensorless force control loop, the proposed ALDOB
observer can be utilized with resonance ratio control to suppress
high-frequency vibrations of spring. Since the optimal parameters
are designed by using coefficient diagram method (CDM), the
resonance ratio control can ensure good robustness of the force
control. The parameters of resonance ratio control for two mass
system and three mass system, which are representative of many
physical systems are also analyzed. Moreover, this proposed
approach could also be applied for other multi mass system.

Our experimental results of the controller’s performance
including its vibration were in good accord with theory and
simulations. By using the proposed resonance ratio control based
on the CDM, the results for the faster response without overshoot
is obtained. The vibration on the system can be rejected very
successfully. Moreover, the time 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.

Index Terms— Acceleration sensor, disturbance observer, exter-
nal force estimation, Kalman filter, multi mass system, flexible
robot system, vibration suppression, sensor integration system,
sensorless force control.

I. INTRODUCTION

OBOTIC systems are being built to replace humans

in the assistance of performing those repetitive and
dangerous tasks which humans are unable to do. For example,
industrial robot has been built to perform a task such as pick
and place, welding, assembly, painting and product inspection.
Robots can probably perform better than a human, because
the robot can move more uniformly and more consistently. In
the future development of robots, these robots are required to
have an ability to accommodate the interaction potential with
human operator [1]-[4].

Force control plays a very important role in the development
of robot systems. Recently, several proposed techniques have
paid attention to develop force control system and imple-
mented force sensors to detect the external force [5]—[7]. One
problem of the using force sensor devices is that they are
designed to contact the environment by using strain gauge at
the end-effector. As a result, the vibration noise can occur
significantly from the soft structure of the strain gauge. To

improve the control performance, the observer technique is
proposed to estimate the external force without force sensor.
Many research have involved this techniques in order to reduce
the complicity of the overall control system and increase their
stability as shown in [8].

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, [8]-[11]. It has been confirmed that a robust
force control can be obtained, when a disturbance observer
is implemented as the feed forward control for a disturbance
force compensation loop. Disturbance observer offers several
advantages over conventional force sensor devices. The most
important advantage is that the force bandwidth can be enlarge
much higher than the conventional force control with force
sensor devices. Unfortunately the disturbance observer posed
some challenges that remained unsolved. If such disturbance
observer is to be used in a two-mass system with mechanical
resonance, the instability and vibration effects can occur and
degrade the overall performance. Usually, geared device is
applied to increase the torque and reduces the speed of the
robot’s actuators. It can change the speed direction and torque
conversions from a actuator to another device. By using geared
devices, the motor with gear system is considered as two mass
system. As a result, vibration effect from disturbance observer
is occurred due to the mechanical resonance [12]-[14].

To address these problems, a load disturbance observer
(LDOB) [12], which is composed of the nominal spring coef-
ficient, the nominal load mass and the load-side encoder, has
been proposed. If the spring coefficient is accurately identify,
the force estimation can be easily determined. However, the
exact parameters of the spring coefficient is difficult to obtain.

A multi encoder based disturbance observer (MEDOB)
[14]-[15] has been proposed and applied to estimate the
external force on the load side, rather than using the load side
disturbance observer (LDOB) or force sensor. Since the posi-
tion of the load side can be obtained, parameters identification
of spring coefficient is not required. However, the MEDOB
cannot be easily implemented in the real applications due to
the size of the optical encoder. It is very difficult to attached
the position encoder on the end-effector side.

In this research, a new combined disturbance observer with
Kalman filtering technique [16]-[18], named acceleration sen-
sor based load side disturbance observer (ALDOB), has been
proposed by using acceleration sensor and optical encoder.
Applying an acceleration sensor [19] scheme is an alternative
way to supply the movement information of load side to a
disturbance observer. Instead of using encoder to measure
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position response at the load side, an acceleration sensor
is used to measure acceleration information from the end-
effectors. Since acceleration sensors can be implemented in
a small area on the load side, it is considered to be suitable
for the real applications.

Several control structures have been developed to compen-
sate vibration effects [20]-[23]. In this paper, the proposed
ALDOB observer can be utilized with resonance ratio control
to suppress high-frequency vibrations of spring. Since the
optimal parameters is designed by using coefficient diagram
method (CDM), the resonance ratio control can ensure good
robustness of the force control. The parameters of resonance
ratio control for two mass system and three mass system,
which are representative of many physical systems are also
analyzed. Moreover, this proposed approach could also be
applied for other multi mass system. From the simulation and
experimental results, it is observed that the oscillation in the
contacted force response were small. The spring vibrations
were significantly reduced in the contacted force response.

II. MODELING OF FLEXIBLE ROBOT SYSTEM

Generally, the mechanics of machine and robot system often
consist of a motor M and a load L connected by a flexible
structure to transmit the actuator torque to a distant joint as
shown in Fig. 1. Since the actuator is connected to the load side
with a transmission mechanism, its elasticity causes resonance
in the system. Therefore, the elasticity of flexible robot is
realized under assumptions that it can be modeled by spring
coefficient Kg and mass system [12]-[14]. 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 equation
of the linear motor is described by:

.. Kg Kr

X MXs+ 2 (D
. Kg 1

X, = 25X, __-F o)
.L L s. 7o 2
Xs = Xyuy—X; 3)

where subscripts M and L denote the motor side and load
side, respectively. Fis and Fj are the spring force and the
external force on the load side. K7 is the force coefficient,
Ins is the current, Xg is the torsional position from the
position of the motor X, and the position of the load X,
M and L denote the equivalent mass of the linear motor and
load mass, respectively. Naturally, this flexible transmission
can negatively affects the overall performance in terms of
increased vibrations.

From Fig. 2, the transfer function from current reference
Is to the velocity of motor side X » and the transfer function
from current reference 1, to the velocity of load side X I, can
be calculated as follows,

Xu G 4@
Ing s34 (B2 4825’
X KrKs

L _ ML ' )

Ing s34 (B 4508

2

Motor Spring Load

Fig. 1. Modeling of two mass system.
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Fig. 2. The block diagram of two mass system.

Then, the anti-resonance w4pr and resonance frequencies
wp can be described as follows,

K
wp = + ﬁs (6)

SENE

(7

WAR =

III. OBSERVER BASED EXTERNAL FORCE ESTIMATION

One problem of the using force sensor devices is that they
are designed to contact the environment by using strain gauge
at the end-effector. As a result, the vibration noise can occur
significantly from the soft structure of the strain gauge. To
improve the control performance, the observer technique is
proposed to estimate the external force without force sensor.

A. Disturbance Observer

A disturbance observer [8]-[11] approach instead of a force
sensor [5]-[6] appeared to be a strong candidate for estimating
the external force. The use of the disturbance observer thus
significantly improves the bandwidth of the force estimation.
From the overall schematic of the disturbance observer in
Fig.3, assuming that the influence of the friction force is very
small by using a small-size of linear motor in this research,
the disturbance force on the motor side Fp is defined as,

Fp=Fpy + Dy Xar + Fs + AMXy + AKpLy  (8)

where, the resistive force which the direction is opposite to
the motor force is the summation of friction force Frps,
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Fig. 3. Schematic diagram of disturbance observer.

viscous friction DMX m and the spring force Fg. AM X M
is the variation torque due to changed mass, AKy 1), is the
force ripple due to space harmonics. Using a block diagram
analysis, disturbance observer is an external disturbance esti-
mation algorithm that is based upon motor current and velocity
information as shown in

- Gprs 5
F = ———~ (KrnIy+G MyX
D st Cprs ( NI+ GprsMy M)
~GprsMn X )
0 sGyvm  «
X —X 10
M st Gua M (10)

where K1y and My are refer to the nominal force co-
efficient and the nominal motor mass, respectively. Gprgs
is the cut-off frequency of the disturbance observer, Gy s
is the cut-off frequency of the motor velocity estimation.
Most observers are carefully designed to be achieve the best
possible performance of signal strengths according to the noise
limitation. To achieve low-noise performance, the low-pass
filter should be designed to have low frequency signal. With
a low-pass cutoff frequency, noise is filtered out. However,
the bandwidth in the force measurement can be significantly
deteriorated. To apply in the real controller, accurate measured
data of velocity is required to provide high accurate force
sensing of disturbance observer. Moreover, the inner feed-
forward disturbance compensation loop with gain %TN could
be used to achieve high robustness force control. Disturbance
observer offers several advantages over conventional force
sensor devices. The first advantage is that the low-vibration
performance of the force estimation can be achieved since
the structure of the strain gauge in the force sensor has low
stiffness. Furthermore, the force control is very high robustness
due to rejecting of the disturbance force on the motor side. The
most important advantage is that the force bandwidth can be
enlarge much higher than the conventional force control with
force sensor devices. Unfortunately the disturbance observer
posed some challenges that remained unsolved. If such dis-
turbance observer is to be used in a two-mass system with
mechanical resonance, the instability and vibration effects can
occur and degrade the overall performance.

B. Load Side Disturbance Observer

To address these problems, a load disturbance observer
(LDOB) [12], which is composed of the nominal spring
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Position
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Fig. 4. Schematic diagram of load side disturbance observer.

coefficient K,,, the nominal load mass L,, and the load-side
encoder, has been proposed as follows,

F, = KsXs—LyXp (11)
. Gros 5 5 3
I, = (———(Kgn(X;, — X G LyX
L (s F Gron ( sn (X1 M)+ GrosLn L)
—GLOBLNXL) (12)
2 sGyr &
X, = ——X 13
L ST vy L (13)

where Gy, and Gop are the cut-off frequency of the load
velocity estimation and the LDOB, respectively.

The structure of LDOB as described in this section can
be shown in Fig. 4. The external force on the load side
was calculated from the amounts of the current applied to
the motor with the parameters identification of the two-
mass system. Although, this method offers a simple way for
measuring the force on the load side, it does not provide a very
accurate estimation since the exact parameters of the spring
coefficient is difficult to obtain and it can be assumed by a
non-linear relationship. Appropriate parameters identification
of the system can help to increase accuracy of the sensing
scheme.

C. Multi-Encoder Based Disturbance Observer (MEDORB)

An alternative way to develop a disturbance observer is to
use the measurement devices on the load side. A novel multi-
encoder-based disturbance observer (MEDOB) [14]-[15] has
been proposed for estimating the external force at the load side
of flexible robot as shown in Fig. 5. The MEDOB consists of
two optical encoders, which are attached at the motor side
and the load side. The information which is necessary for the
estimation of the force at the end-effector such as velocity
response of motor and load are supplied to a disturbance
observer. The method to estimate the external force at the load
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Fig. 5. Schematic diagram of multi-encoder based disturbance observer.

side is obtained from the equation (14), (15) and a simple first-
order low-pass filter as follows,

Fr, = KpnIy— MyXy — LyXp (14)
~ Gy 2
F;, = (ﬂ (KTNIM + GMOBMnXM)
s+ GuoB
+GrosLn X1 — GrropMy Xy — GmobLNXL)

15)

where Gprop is the cut-off frequency of the MDOB. Com-
pared to the other conventional ways such as state observer
and LDOB, the proposed observer based on multi-encoder
system offers the advantages of faster response, and high
accuracy. Since the position of the load side can be obtained,
parameters identification of spring coefficient is not required.
However, the MEDOB cannot be easily implemented in the
real applications due to the size of the optical encoder. It is
very difficult to attached the position encoder on the end-
effector side.

D. Acceleration Sensor based Load Side Disturbance Ob-
server (ALDOB)

1) ALDOB for Two mass system: In this research, a new
combined observer technique, named acceleration sensor [19]
based load side disturbance observer (ALDOB), has been
proposed by using acceleration sensor and optical encoder.
Applying an acceleration sensor scheme is an alternative
way to supply the movement information of load side to
a disturbance observer. Instead of using optical encoder to
measure position response at the load side, an acceleration
sensor is used to measure acceleration information from the
end-effectors. Since acceleration sensors can be implemented
in a small area on the load side, it is considered to be suitable
for the real applications. The method to estimate the external

4
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Fig. 6. Schematic diagram of acceleration load side disturbance observer for
two-mass system.

force at the load side is obtained from the Kalman filter [16]—
[18], disturbance observer and a simple first-order low-pass
filter as follows,

oo ( Guos
W Wy _TMOB
s+GuoB

~GropMy Xy — LNXL)

(KTNIJV[ + GMOBMN)?(M)

(16)

2) ALDOB for Three mass system: Such techniques can
also apply in the flexible robot based on multi-mass system
as shown in Fig. 7. In this section, a specially designed of
acceleration based load-side disturbance observer that can be
used to estimate the external force of multi-mass system is
analyzed. The dynamic equation of the upper part of three-
mass system is described by,

. Kg Ky
Xy = *MXS + WIM’ o))
~ Ksa 1

X = ——Xgyq——F 18

La L, saT patta (18)

Xsa = Xp—Xr, (19)

where A denotes the parameters of the third mass. The total
external force on the load side F, 4 without the vibration effect

Page 4 of 12
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Fig. 7. Schematic diagram of acceleration load side disturbance observer for
three-mass system.

can be estimated as

FLA = KTNI]W—MNXA[—LNXL_LANXLA(zo)

. G v

Fp, = (% (KTNIM +GMOBMNXM)
_GMOBMNXM — LNXL - LANXLA)

ey

As shown in Fig. 6 and 7, the Kalman-filter is applied
to compensate the unwanted white Gaussian noise of the
acceleration signal. The process of the Kalman-filter consisting
of the operation in two phases: prediction and update. The
formulation of the Kalman filter equation is based on state
space formulation. A discrete sensor dynamics model can be
formulated in the state space form as

Apxk) + Bryum) +we)  (22)
Cyxm) + v (23)

Th+1) =
k) =
where k represents the sampling instant, x () € R" is the

vector of states, Uy € PR™ is the vector of input variables,
Ay € R™" and By € R™™ are system matrices,

Sensor X1

Transactions on Industrial Electronics

C(r) € \R¥" is the measurement matrix, z() € R° is the
vector of measured variables, wy) is the process noise and
v () represents the measurement which is corrupted by white
Gaussian noise.

It is assumed that the covariance matrix of the process noise
Q, the covariance matrices of the measurement noise R and
the cross-covariance matrix are as given below:

Q = F{ww'}>0 (24)
R = E{w'}>0 (25)
E{wT} = 0 (26)

The Kalman filter bandwidth and its susceptibility to mea-
surement noise depends on its covariance matrix of process
noise @ and the covariance matrix of measurement noise R.
These values are used to tune the accuracy and response of
the observer, and the matrices @ and R can be determined
by using the simulations for the testing of the measurement
sensors. A compromise between the performance of observer
and the compensation of acceleration signal noise can be
found.

The error covariance matrices P is the variance of the differ-
ence between the state and the measurements. The predicted
equation which projects the current state estimate ahead in
time are given by

T(k|k—1) Ag-1)Tr-1)k-1) + Bo—nyur-1) 27)
Pup-1y = Ap-)yPu-1p-nAl_1) + Q1) (28)

The Kalman filter gain matrix M, that is based on the total
uncertainty measurement of matrix S is computed by using
the following equation

Sk = CuwPur-1Cliy + R (29)
T —1
M@u) = Pup-1ConSi (30)

The estimated state vector and the error matrix are updated
by an actual measurement Z(;) of motion sensor at every
sampling instant as follows

(|1 T(plk—1) + M) (Zk) — C o) T(sjk—1)) D
Py = Pupo1) — MuSumM(, (32)

IV. CONTROLLER DESIGN OF FLEXIBLE ROBOT SYSTEM

A. Resonance Ratio Control Based on CDM for Two-Mass
System

A new effective control method, the resonance ratio control
[12]-[14], has been introduced by Yuki et al. as a new way
to guarantee the robustness and suppress the oscillation during
task executions for a torsional vibration in the position control
system [13]. Briefly, this approach 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 fre-
quency and the resonance ratio of the system can be changed
to an arbitrarily value. Also, in [12], the resonance control
is used in order to achieve the excellent performance that
compensates vibration for high-bandwidth force servoing. Due
to the compensation of disturbance observer on the motor side,
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Fig. 8. The simplified block diagram of the resonance ratio control for two
mass system..

the simplified block diagram of this reaction force feedback
is shown in Fig. 8. The controller of robot system consist of
a force gain K, a velocity 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.

From Fig. 6, the transfer functions from acceleration refer-
ence X,.e ¢ to motor position Xm and motor position )A(m to
load position X, can be calculated as follows,

X]u - LS2+KS (33)
XREF N LS4+KS(1+KRL)82

X K

== = =5 (34)
X Ls?+ Kg

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

Ks

wWr = T<1+KRL)a (35)
K
warR = \/TS. (36)

The transfer function of the force servoing based on reso-
nance ratio control is given by,

2
KPKEUJAR

FrEs
T+ Kysd 4 w?s? + Kyw? s + KpKpw?

Femp

In this paper, a new resonance ratio 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 performance. As it is seen from
equation (20), the coefficients of characteristic polynomial a;

6
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Fiq 1 Feaf 1 R
- ‘+ LA s s
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Vo4 K Fg, 1% Xsay ™
RA 54 )
+
Load
R W E A
AN I
Spring
Fg Xs ¥~
KS \

2]

Fig. 9. The simplified block diagram of the resonance ratio control for three
mass system.

are found as,

ay = KpKpwip (38)
a = Kywip (39)
a = wh (40)
a3 = Ky (41)
ag = 1.0 42)

The standard stability indices ; for the Manabe form are
chosen as v1=2.5, v2=2.0, and 3=2.0.

ay Kv
— @ 43
g ap KPKE ( )
2 2,2
a1 Kywig
- — —25 44
m apas KPKEOJ% ( )
2 4
aj Wr
S = SR _90 (45)
2 araz  Kiwip,
2 K2
y3 = B —ZV 9 (46)

(37) Thus, the controller parameters calculated by the design of

CDM are given as follow,

Ky = V2wg (47)
4>
Kp = A& 48
P 5K (48)
K = YR _99 (49)
WAR
3
Kp = = (50)

L
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Fig. 10. The block diagrams of the proposed resonance ratio control based on ALDOB.

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

B. Resonance Ratio Control Based on CDM for Three-Mass
System

A similar control architecture can be implemented in the
multi-mass system. The block diagram representation of a
resonance ration control for three mass system is shown in
Fig. 9. If the acceleration signals are measured by sensors,
the value of external torques or forces at the end-effector side
can be determined by the ALDOB. Based on this principle,
the external force from the load-side could be determined and
compensated with a simple multiplication of the reaction force
gain K4 to the motor side. From the block diagram in Fig.
9, the transfer function of the three mass system from the
force command Fopsp to the motor displacement X 5, can be
expressed as

Xnm (5% + Wir)(5® + Wigo)

Foup — Ms?(s? +why)(s? + why) Gb

where wr1 and w4 Ry are the first resonance and anti-resonance
frequency, and wgo and wyge are the second resonance and
anti-resonance frequency. The value of the war; and wagrs

can be defined as the following calculation:

Ks+Ksa Kga
wipl + Wigs = (52)

L Ly

KsKsa

2 2
WARIWAR2 = LD (53)
Fres _ KpKpwipWins (54
Foup  ags® + ass® 4+ agst 4+ agsd + ass? + a1s + ag

The coefficients of characteristic polynomial a; are found as,

ap = KpKpwlpwine (55)
a1 = (Kv+ Kya)wim@Wigs (56)
ay = WimWigs + (L4 La)Krwimwhpo
+LAKpaw? piwipo (57)
as = Kvy(wip +wins) (58)
ar = wip +WwWir +KsaKr (59)
as = Ky (60)
a = 1 (61)

)
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Fig. 11. Experimental setup of flexible robot system.

The standard stability indices ; for the Manabe form are
chosen as v1=2.5, ¥2=2.0, v3=2.0, 74=2.0 and ~5=2.0.

a1 Ky + Kya

T an KPKE ( )
2
a
"= !
apam
K Ky a)?
_ (Kv + Kva) —25 (63)
2
a
Y2 = 2
aias

wipiwige(1+ (L4 La)Kg + LaKga)?

= =2.0
Ky(Kv + KVA)(wim + wiRQ)
(64)
2
a
Y3 = 3
a9y
_ K (wig + Wings)
Wi g Wige(1+ (L4 La)Kr+ LaKra)
1
x =2.0 (65)
(W?ARI + %241%2 + KsKr)
aj
Y4 =
aszas
_ (Wip1 + Wi + KsKg)? — 90 66)
KsKR(W,QARl + W,%lm)
a?
V5=
406
K2
= v =20 (67)

2 2 -
Wagl +Wags + KsKr

Thus, the controller parameters calculated by the design of

8

CDM are given as follow,
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Ky = /8(wip +wigo) (68)
Kyq = 8(win1 +wWira) (Whgy T WARe)® — 1605 g1 po)
1607 71 WA o
(69)
3(w? 5y + w?
Kr = w (70)
s
Kpa = Ks(wip: +Wine) — WamWanre (Ks + 3(L + La))
Ks(L + La)w? g Wi o
(71)
o LKsA?V/8A
P 7 40Kp(LaKs(A2—B)+ LB(Ks + 3(LA— La)))
(72)
where

2 2 _ 2 2
A = wip +Wage, B =wigwipgs (73)

C. Feedforward load disturbance compensation

1) Feedforward load disturbance compensation for two
mass system: The block diagram of the proposed control struc-
ture is shown in Fig. 10. The load disturbance compensation
is introduced to compute and feedback the estimated load
disturbance force through the inverse system of the motor side.
The inverse system can be represented by the transfer function
from F,,,q to F,.s as shown in (20) and from Fy; to Fi..s as
follows,

Fres %KE(32+KV5+KRKS)
Fr, a 84—|—Kvs3—|—w}2;532+KvwiRs+KpKEw124R
(74)

Then, the inverse system can be calculated by the following
equation:

F, 24K KrpK
cMD  _ s“+ Kys+ KriKg (75)

Fy, KpKg
2) Feedforward load disturbance compensation for three
mass system: Using the same relationship as before, the
transfer function relating force response Frgg, to the external
force at the load side F7 4, for the three mass system is

Fres KE(b4S4+b383+b282 +b18+bo)
= (76)
Fra 0655 4+ a5s® + ags* + as3sd + ags? + ai1s + ag
where
bo = (Kgp+ Kra)KsKsa, by = (Ks+ Kga)Ky
by = KpKsL+Kg+Kga,by=KyLby=1L

Then, the feedforward load disturbance compensation for three
mass system can be expressed as

Feuvp . b454 + b383 + b282 + b1s+ by
Fr, KpKsKsa

For the flexible robot system having a multi mass, the pro-
posed method can be applied and designed the controller and
observer by calculating the transfer function of the multi mass
system.

(77)
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Fig. 12.  Simulation results of two mass system.
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V. SIMULATION RESULTS

In order to show the validity and usefulness, numerical
simulations are given to confirm of the proposed controller and
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observer design. Simulation was implemented using MATLAB
software. First, simulation was conducted without the reactive
force feedback, and the position, velocity, acceleration, and
the contacted force responses were collected as shown in Fig.
12. From the results, the force command input is a stepwise
function. It is seen from Fig. 12 (f) that without reaction
force compensation feedback give a poor response with a
very large vibration. On the other hand, the vibration are
well compensated in the case of the resonance ratio control.
It is clear from these results that the resonance ratio control
based on CDM design approach gives a good response with no
overshoot and short settling time compared to the conventional
PID controller design.

Extending from our proposed method , the resonance ratio
control based on three mass system was tested. The input
step function is used as the force command. The results
obtained from the proposed approach is compared with the
results obtained from the conventional PID control with the
disturbance force compensation loop. From Fig. 13 (b), it is
also confirmed that the resonance ratio control can compensate
for vibration effect of the contacted force response completely.

VI. EXPERIMENTAL RESULTS

This section describes experimental implementation of res-
onance ratio control using ALDOB in real conditions, and
the contacted force response, the speed and position of motor
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and load were being investigated. The control algorithm was
implemented in a PC using RT-Linux with a sampling time of
100 ps. The specifications of the linear motor system, sensor
devices, and the parameters used in the experiment are shown
in Table I. To verify the proposed observer and controller
design of the flexible robot system, an acceleration sensor and
linear optical encoder were implemented in the experimental
feedback control system. In this paper, the experimental setup
consists of two different types of motion sensors.

A. 1) Optical Linear Encoder:

A noncontact optical linear encoder (RGH24 series; Ren-
ishaw) with high resolution grade of 0.1 um is used to read
the scale in order to convert the encoded position into a digital
square-wave signal. The scale substrate for measuring position
is a thin flexible steel strip, which is gold plated to give
high reflectivity and corrosion resistance. It has been designed
to make relevant the unwanted effects of electromagnetic
interference.

B. 2) Acceleration Sensor:

A mounting wax is used to mount piezoelectric acceleration
sensors (NP-3211; Ono Sokki Technology, Inc.) on the master
and slave robots, and these sensors are applied to convert
mechanical vibrations into analog signals. The outer dimension
of sensor has a dimension of 6.4x11.4x3.6 mm and the
weight of sensor is 5 g. It offers a sensitivity of 1.02 mV
with 1 m/s2. The structure of the sensor is a shear type,
which is fixed in place between a post and inertial mass. The
frequency response range is provided from 1 Hz to 10 kHz.
In the actual application, the use of an acceleration sensor has
some drawbacks due to high noise sensitivity.

The acceleration was mounted on a linear motor at the load
side, which has an optical encoder installed in order to observe
vibration effect at the motor side and load side. The parameter
in the controller were tuned to match the controller design in
the identify transfer function of flexible robot system. All of
the identified parameters was used to calculate the controller
gain. The input stepwise is used as the force command. The
control structure of resonance ratio control with a two-mass
system as shown in Fig. 10 was investigated.

In the first experiment, a sponge was prepared as a sample
environment for the test. An aluminum block was set at the
end-effector in the second experiment. The aluminum block
is usually stiffer than the sponge. It was embedded close to
the end-effector of the robot. The responses of motor side
and load side are shown in Figures 14 (a), (b) and 15 (a),
(b) and the responses of the contacted force estimation by
using ALDOB and LDOB are shown in Fig. 14 (f) and 15
(f). Without the vibration compensation, it is found that the
responses of position, velocity at the motor side and load side
are oscillated. The influence of the reaction force feedback
can be observed to significantly reduced the effective vibration
by using the resonance ratio control. The improvement in the
position and velocity responses at the motor side and load side
are illustrated

10

TABLE I
PARAMETERS USED IN EXPERIMENTAL SETUP
| Symbol | Value | Units

Controller parameters

Mass of motor M 0.245 kg
Force constant coefficient K 3.333 N/A
Mass of load L 0.245 kg
Spring coefficient Kgsn 1100 N/m
Force gain Kp 3.59
Velocity gain Ky 189.52
Reaction force gain Kgr 12.24
Resonance ratio gain K 2
Cut-off freq. of vel. Gvg 1000 rad/s
Cut-off freq. of DOB. Gprs 1000 rad/s
Cut-off freq. of LDOB. Gros 800 rad/s
Cut-off freq. of MEDOB. GymoB 800 rad/s
Specification of sensors | Symbol | Value | Units
Optical encoder [ [ 01 | pm
Acceleration sensor | Symbol | Value | Units
Bandwidth of acceleration sensor I~10K Hz
Weight of the acceleration sensor 5.0 g

During the test, the contacted force estimation using AL-
DOB were checked to confirm they matched the contacted
force estimation using MEDOB during experiments. By using
LDOB, the mismatched value of the spring coefficient Kg
caused incorrect estimation in the contacted force response. If
the spring coefficient is accurately identify, the force estima-
tion can be improved the accuracy of the force estimation.

Figure 14 (f) and 15 (f) show the force response without and
with compensator. The controller without the reaction force
feedback compensation was chosen to illustrate the worst-
case vibration. Based on the force estimation recorded during
the test, the system force of the proposed method followed
the reference command with only a small tracking error. By
using the proposed resonance ratio control with ALDOB, it is
observed that the oscillation in the contacted force response
were small. The spring vibrations were significantly reduced in
the contacted force response. It was shown that the resonance
ratio control can suppress the oscillation more effectively than
a conventional PID control.

VII. CONCLUSION

In this paper, we described how acceleration sensor was
integrated with ALDOB to estimate and control the contacted
force. Since acceleration sensors can be implemented in a
small area on the load side, it is considered to be suitable
for the real applications. The proposed ALDOB observer can
be utilized with resonance ratio control to suppress high-
frequency vibrations of spring. Since the optimal parameters is
designed by using coefficient diagram method, the resonance
ratio control can ensure good robustness of the force control.
We performed this analysis for two types of systems, the
two mass system and three mass system, which are repre-
sentative of many physical systems. Moreover, this proposed
approach could also be applied for other multi mass system.
The obtained simulation and experimental results confirmed
the efficiency of the proposed resonance ratio control with
ALDOB for the robust force control system without use of
force sensors.
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Fig. 14. Experimental results of sensorless force control system with sponge.
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Micro-macro Bilateral Control in Delta Robot

Sorawit Stapornchaisit', Chowarit Mitsantisuk?

Abstract — This paper present new method to perform micro-macro bilateral control system in
robot with non-linear kinematic property between task space and controllable space, the example
is parallel Delta Robot which is selected due to better interact with human, light weight, fast
movement and 3-dimension movement. The conventional micro-macro bilateral control using
Hadamard matrix cannot achieve micro-macro bilateral properties of Delta Robot due to
dimension shifting which lead to different in both position and force space and loss of sensibility in
haptic interface properties. The actual robot is built with design properties of low friction that
reduce the complexity of dynamic model of Delta Robot. The controllable space or joint space is
convert to task space using mathematic model. Moreover, the force applied on task space is
estimated using sensorless force control system or disturbance observer and convert to task space

by Andre Olsson’s dynamic model of Delta Robot.

Keywords: Parallel robots, Force control, Haptic interfaces, Robot control, Robot kinematics,

Robot sensing systems

l. Introduction

Recently, industry have various application relate to
robot which reduce the work force requirement, more
accuracy and better reliability than human. The industry
robot are focus on the position and velocity of the robot
to increase reliability and reduce time consume.
However, such control system cannot interact with
human due to limitation and error of human muscular
motor system. Therefore new control method focusing on
the interaction with human is invented and called motion
control.

In order to control the robot with caution to human
interaction, the human movement method is considered
as force control system which mean the robot need
combination of both position and force control and one
of the popular method recently is bilateral control.
Bilateral control using idea of control position and one
robot and force on another robot which result in haptic
sensation on both side [1]-[5]. Moreover, the method to
increase sensibility and accuracy of robot is implement
using the advantage of scaling position and force
between master and slave robot called micro-macro
bilateral control [6]. Conventionally, the micro-macro
bilateral control is applied on joint space (motor) of force
controllable robot and not practical in Delta Robot for
human interaction because it’s cause unbalance inertial in
different axis movement. Therefore, new method that
concern on the control Delta Robot in task space
(travelling plate) in both position and force term is
required to achieve micro-macro bilateral control and
also prove the concept of controllable desired space that
provide by Hadamard matrix

Manuscript received and revised March 2008, accepted May 2008

Delta Robot is a kind of parallel manipulators that
have been developed since 1980 and shown enormous
progress to handle human robot interaction problem such
as 3 dimension movements and force, small moving part,
higher interaction speed, better compatibility with human
than conventional serial robot [7]-[8] and capable of
accelerating up to 100 times of gravity force which is
popular in industrial [9]. The unique properties of Delta
Robot is the travelling plate or end effector that connect
with base plate using three legs and universal joint. The
position of travelling plate is related to position of base
plate and determined by angular position of each motor
which lead to complicate kinematic, meanwhile, the
force applied on travelling plate or any parallel link of
Delta Robot will be convert to the movement of motor
and detectable by disturbance observer [10]. Moreover,
Delta Robot have better force transfer between travelling
plate (task space) and motor (joint space) due to higher
stiffness of system in 3 dimensional space because of
rotating coordinate closed chain system [11].
Furthermore, Delta Robot offer higher rigidity and
stiffness perpendicular to the travelling plate which
reduce noise cause by human hand as proposed to cure
Parkinson’s disease that need very high rigid human hand
to insert biopsy needle into brain called Parallel
Kinematic Machine (PKM) [12]. However, Delta Robot
have relatively smaller workspace compare to serial
robot, design difficulties and problem of finding closed
from expressions for direct kinematics. The widely
known example is the one designed by Clavel [13] with
closed-form solutions that enable accurate design and
efficient control method.

The mathematic represent the relation of force
between motor and travelling plate called dynamic model

Copyright © 2008 Praise Worthy Prize S.r.l. - All rights reserved
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is applied according to Andre Olsson’s method. Inverse
dynamic model is calculated by Newton-Euler method
[14] with d’Alembert virtual work principle is achieve by
mean of some Jacobian matrix. The friction force is
minimal by mechanism design and neglected to simplify
the dynamic system of Delta Robot.

In order to applied force control to the system, force
sensor usually be implemented at the end of travelling or
end effector. However, force sensor shown various
disadvantages such as high cost, limitations imposed on
bandwidth and resonant structural. Therefore, new
method to leave force sensor is implement and the force
applied on travelling plate is sensed by sensorless force
control technology with feedback disturbance observer to
improve the robustness of motor, various previous
practical force control system have confirmed that the
disturbance observer can estimate the external force
instead of the real force sensor [15] — [20].

This paper is organized as follows. The model and
mathematic calculation related to the proposed method
such as, converting between controllable space or joint
space and task space, disturbance observer and partial
gravity compensation is introduce in Section Il. The
proposed method is explained in Section Il and
experimental setup and parameter is shown in Section V.
The result and discussion are present in Section V and
followed by the conclusions in Section VI.

Il. Delta Robot Modelling

Delta Robot is a parallel robot with three kinematic
chains connect between base plate and travelling plate.
The movement of Delta Robot is defined by movement
of parallelograms of upper-arms, fore-arms and
bidirectional joint or ball joint, the component of Delta
Robot is shown in Fig. 1.

The reference frames is separated into two frames as
shown in Fig. 2 and Fig. 3, Inertial frames of base plate
(Op,Xp,Yn,Zp) and inertial frames of travelling plate
(OuX4, Y, Zy) have origin point at the center of base plate
and travelling plate, respectively. The direction of X-axis
is w/6 clockwise (CW) from first motor and m/2
counterclockwise (CCW) from third motor. The
reference frame of each motor from inertial frames of
base plate is represented by o; associated with each upper
arm is defined as 7/6, 57/6 and 37/2 for i = 1,2,3.

The length of upper-arm is represented by L, attached
at the edge of base plate with radius of R. Likewise, The
length of fore-arm is represented by L, attached to the
edge of travelling plate with the radius of r. Secondary
angle 6;, and third angle 63 of fore arm are correspond
with the position of ball joint and travelling plate or the
coordination between three motors. Using all variable
definitions in this section to convert both position and
force between joint space and task space. The method to
convert position called kinematic and method to convert
force using dynamic model properties of Delta Robot.

Copyright © 2008 Praise Worthy Prize S.r.l. - All rights reserved

Base Plate

Upper Arm

Ball Joint

Fore Arm

Travelling Plate

Fig. 1. Structure and component of Delta Robot

i

Fig. 2. Top view of a Delta Robot [21]

Fig. 3. Side and front view of Delta Robot [21]

I.L1.  Forward Kinematic

The position of travelling plate relative to position of
base plate is result of angular position of three motors,
the idea is to find the intersection of three sphere
equations with radius of fore-arm that have origin
position determinate g u by angular position of motors
and length of upper-arm as shown in Fig. 4. The origin
position of three sphere is expressed by (1) for i =1,2,3.

International Review of Automatic Control, Vol. 1, N. 1
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X; =(R+L,cos, —r)cose;
Y, =(R+L,cosd, —r)sing, 1)
Z,=-Lsing,

Using three sphere equations of each motor to
calculate the intersection which result in two answer as
shown in (2), pick the one with lower Z-axis, the position
of travelling plate (X, Yy,Z;) represented by

(Xt_xi)2+(Yt _Yi)2+(zt_zi)2:|‘§ (2)

1.2.  Inverse Kinematic

From forward kinematic, the position of travelling
plate is calculated by corresponded angular position of
motor, the inverse method applied easier calculation due
to close loop chain properties of Delta Robot to find
corresponded angular position of each motors that
provide desired travelling plate position (X.,YZ;). For
any travelling plate position given by [X,, Y;, Zi], combine
with only and only if the (3) is satisfied, the solution of
angular position is express in (4).

472 +4R? —S? +QF (1—%22]—Qi (4R1 +%J >0 (3)

-2z, J_r\j4z; +4R? -7 +Q [1—%22]—Qi [4R1 + ZRLfi ] @)
R

2R -Q (——1]—&

n[ % -
2

where
R, =R-r, Q =2X,cose; +2Y,sing,

L

1
S = E(_Xt? _Yti2 _Zt? + Li - Lf - R12)
fori=1,23.

R; represent the sum distance between base plate and
travelling plate, Q; is reference frames of motor using
dimension shifting method and S; provide the two circle
equation in proper form.

Copyright © 2008 Praise Worthy Prize S.r.l. - All rights reserved

Fig. 4. Forward Kinematic for Delta Robot

11.3.  Dynamic Model of Delta Robot

Dynamic model of Delta Robot has complexity due to
the interference movement of fore-arm, therefore the
dynamic model for Delta Robot is calculated with
Newton-Euler method with simplifying hypotheses [13]

as following.
e The rotational inertias of the forearms are
neglected.

e The masses of Delta Robot is separate at
fore-arm into top-links and bottom-links
given by inertial of 1=1/3mL? show that the
1/3 of the forearms mass can combine with
travelling plate and 2/3 of forearms mass can
combine with upper-arm when consider the
inertia at the ball joint.

e External force applied on and only on the
travelling plate of Delta Robot.

e The friction and elasticity is neglected.

The dynamic system of Delta Robot is achieved by
applied complicate linear decoupled and non-linear
coupled part as shown in Fig. 5, the linear decoupled part
consist of Kr describes matrix of the gear reduction ratio,
A is the diagonal matrix whose control elements
representing the average inertia at each joint, Fp
describes the friction coefficients of manipulator, A is the
inertia matrix, C describes the accounting of the
centrifugal and Coriolis forces and G contains the gravity
forces acting on the manipulator.

d’Alembert’s principle defined that the contribution of
all the inertial forces must equal the contribution of all
the non-inertial forces. More accurately, the force applied
on system must equal the force generated by moving part
of system. Therefore, the force of motors and force of
gravity is force applied on the system or non-inertial
forces and movement of top-links and bottom-links is
inertial forces as shown in (5). Assume that the operator
force or force applied on travelling is converted to the
movement of bottom-links.

v + Tour + Tonp = 1,0+ (5)

International Review of Automatic Control, Vol. 1, N. 1
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where 7y is torque generated by motor. zgys and zgrp are
torque applied by gravity on top-links and bottom-links,
respectively. 1, is sum of inertial applied on motor and 7
is torque from bottom-links movement express by (6).

Foe =(J T )71 Ti (6)

where Fe is disturbance force applied on travelling plate
and Jacobian matrix (J) [22] is a mapping from motor
angular velocity to travelling-plate linear velocity.
Simplifying hypotheses indicate that the inertial of
motor attach with top-links and bottom-links represented

by (7).

I, =1 kr*+1 kr2+l,§(%+mb+rmf) )

brake

where 1, is motor inertial, lpea IS inertial of break
attached to the motor, m, is mass of upper-arm, mj is
mass of ball joint or elbow, m; is mass of fore-arm where
r = 2/3 from simplifying hypotheses.

11.4. Disturbance Observer

In order to implement haptic system, the force sensor
is applied to the tip or contact position between object
and robot to sense external force and reproduce to the
operator on master side. However, force sensor shown
many disadvantage such as high cost, limitations on
bandwidth and resonant structural.  Therefore,
disturbance observer (DOB) has been used in many
application to estimate the external force using energy
model of conventional motor model which increase the
bandwidth of control system is proposed. Various
previous research confirm that DOB implemented as
feedforward control for a disturbance torque
compensation loop can obtain stable force control
system. The conventional motors model with disturbance
observer is considered as shown in Fig. 6 and expressed

by (8).

1,6, = K1, -(7; + DO, +7,,+Al,0,+AK )

7, =7, +DO, +1,,

(®)

Ty =7; + DO, + 7., +AM G, +AK I 9)

where 6, 6,, and 6,, denote motor angular position,
motor angular velocity and motor angular acceleration,
respectively. K; is torque coefficient of motor and I, is
motor current. The load torque 7 is summation of friction
toque 1, viscous friction D, and disturbance force on
motor side zqis IS expressed by (9)

Therefore, the relation between dynamic model of
Delta Robot (5) and DOB (7) indicate that the external
force on travelling or the movement due to external force

Copyright © 2008 Praise Worthy Prize S.r.l. - All rights reserved

include the gravity force on travelling plate can be
estimated as shown in (10).

Iuém = Ktlm

_ (Ti —Taut ~ Top ) (10)

This = (Ti “Tour ~ Top )

According to dynamic model of Delta Robot and
properties of disturbance observer, the complicate
dynamic model of Delta Robot can achieve dynamic
moment by install force feedback disturbance observer in
each motor. Therefore, the dynamic system of Delta
robot can be calculated by (5) and (7), the gravitational
have influence on motor in the same time as disturbance
force which is needed to be eliminated to acquire only
the external force on travelling plate as shown in (11)

Fot = (JT )71 (ais + Taur + TGftp) (11)

[ Non-linear Coupled Part
Kr'G(6) -« ]

Kr'C(6,6)Kr

\

- Encoder

s+G

Velocity estimation

Disturbance Observer

/

Fig. 6. Conventional motor model

I1.5.  Gravity Compensation

The dynamic model of Delta Robot is simplified by
Newton-Euler method using three motors generate torque

International Review of Automatic Control, Vol. 1, N. 1
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to both simulate the reaction force and compensate for
gravity force applied on the structure of Robot. This
method can be done because the forces and moments of
gravity force are transfer to upper-arm joint coordination.
The gravity force is separated into two part of top-links
and bottom-links. For bottom-link part, weight owing to
the travelling plate, payload, and portion of three fore-
arm links can be written as Wi, = mg,[0,0,-g]" where mg,
is 1/3 of the sum of three fore-arm masses (m/3),
travelling-plate mass (m;) and payload mass (m,).
Likewise, in top-links, weight from three upper arm and
the portion of three fore-arms is W,s = my[0,0,-g]" where
mys is sum of 2/3 of three fore-arm masses (2m¢/3), ball-
joint mass (my) and upper-arm mass (my). Gravity
torques resulted from top-link and bottom-link
gravitational forces represented by (12).

Tou =Wy loy [COSE, COSO,

17T
Top =93 Wiy

cos 6, | (12)

where rgys is defined as L; length weighted by ratio of
top-link mass and bottom-link mass (13).

m,/2+m, +2m, /3
m, +m, +2m, /3

(13)

rGuf -

However, the gravity force applied on top-links and
bottom-links of Delta Robot are difficult to accurately
calculate due to the measurement error of variable.
Therefore, this method only applied to help reduce the
gravity force load on operator which can be significantly
large due to force scaling gains.

I1l. Micro-macro Bilateral Control

Recently, the technology to enhance human ability
using robot has been given great success in various field
such as medicine, industries and information. The robot
with master-slave configuration controlled by bilateral

control has been proved in many research to achieve the
haptic sensing of the environment using sensorless force
control technology. In order to develop the technic
further, the method to increase human perception and
accuracy of bilateral control or haptic system called
micro-macro bilateral control. Micro-macro bilateral
control take advantage of data exchanges between two
robot by amplified the data of slave robot with some
value of scaling gains, the operator can increase or
decrease the accuracy and sensibility of position and
force, respectively.

Conventional micro-macro bilateral control using the
data from encoder and DOB to control the position and
force of each motor, such control method cannot
compensate for non-linear properties of Delta Robot and
result in distortion of both position and force response in
task space of master and slave robot. Therefore, new
method that concern on non-linear properties of system is
required in order to achieve proper control system.

The control target of micro-macro bilateral control is
minimize the different of displacement from origin of
travelling plate between master (X¢m,Ytm,Ztm) and scaled
slave robot (BX:s, BYis BZis), the origin position is set to
the position of travelling plate where the angular position
is zero or initial as shown in (14).

Yt:m =P (14)

where X, Yisand Z; s denote displacement from origin in
X-axis, Y-axis and Z-axis on travelling plate of master
robot, Xim, Yim and Z;, denote displacement from origin
in X-axis, Y-axis and Z-axis on travelling plate of slave
robot. £ denote displacement scaling gains.

Likewise, the second control target is acquired the
force response in travelling plate of master side
(Fxm:FymF.m) and travelling plate of slave side with
scaling gains (aFys, aFys aF,s) following the third law
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of Newton or Newton law of action and reaction as
shown in (15).

Font+aF,
Ay +0(|f‘S (15)
F.+aF,,

where Fym, Fym, F.m denote external force applied on x-
axis, y-axis and z-axis of travelling plate of master robot,
respectively. Fys, Fys, F,s denote external force applied
on x-axis, y-axis and z-axis of travelling plate of slave
robot. a denote force scaling gains.

The control of position and force in micro-macro
bilateral control is separated into common mode and
differential mode, respectively. The Hadamard matrix H,
[23] is applied as shown in Fig. 7 to convert position 6y,
Os and torque Tmext, Tsexx Of mMotor into virtual space
model which consist of position dimension of common
mode Oy and differential mode 6,4, external torque
dimension of common mode 7. and differential mode
Texta-- BOth system are calculated by (16) and (17),
respectively.

One | [1 T3, 30 )|[6.] ., [6n
L?m,dHl -£(6,5) MHS}_HZ[HJ (9

|:Text,c:| |:1 f( m? sva):||:7m,ext:|: Hz{rm,ext:| (17)
Text,d 1 ~f (6 ﬂ) Ts,ext Ts,ext

where f(Jy, Js) denote gain in joint space of torque which
can be calculated by ratio of Jacobian matrix of slave and
master robot as shown in (18). (0,5) denote gain in joint
space of angular position which is non-linear due to non-
linear kinematic of delta robot but can be calculated by

ratio of virtual angular position of slave 8. divide by
angular position of slave 65 as shown in (19) [24].

t(J, J, @) =ad] (3] (18)

£(0,5) = ‘2 (19)

The appropriate gain of position control is acquired by
convert the angular position of slave robot to position in
task space using forward kinematic of slave robot
represented by function (FKs@)) as shown in (20), then
reconvert into angular position using inverse kinematic
of master robot represented by function (1K (X, Y1,Zy)) as
shown in (21).

[Xt,s Yt,s Zt,sJT:FKs(és) (20)

é's:IKm([ﬁXtvs BY,. ,BZLSJT) (21)
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Finally, the control goal of micro-macro bilateral
control’s position (14) is confirm and realized by (22)
and force (15) is confirm and realized by (23).

FKm(ém)_ﬂ*FKs(és) =0

: @
|:Xt,m Yt,m Zt,m:| :[ﬂxt,s ﬂYl,s ﬂzt,s:|

ot Thex +a(J ! Tyoq =0 23)
[F. F ]+ aF,, aF,, aF,]=0
The control system is separate into two part according
to control target, position control in differential mode is
analyzed as the proportional-derivative controller. On the
other hand, force control in common mode is separately
analyzed as the proportional controller. The model space
of each mode is designed and controlled in acceleration
dimension as shown in (24) and (25).
é )C, (24)

ref,c (Tcrnd,c " Textc

Gret .0 = (Orma.a _Hm,d)(Kp +sKy) (25)

where 7,mg, iS the torque command and @qnqq is angular
position command. In order to achieve properties of
micro-macro bilateral control, both torque command and
angular position command were set as zero. Cs is gain of
force control, K, and Kq is proportional gain of force
control and differential gain of position control,
respectively.

In order to control the motor, the acceleration control
signal from model space is convert into real space of
master and slave robot by applied inverse Hadamard
matrix (H,)" (26) [23].

|:érefm:l 1|:érefc:|
e =yt
eref .S aref .d (26)
o 1 {f(e,ﬁ) f(3,, @)
H2
(f0.p)+ (3, . a) 1 -1

where éreﬁc and éreﬁd are the acceleration control signal
in common and differential modes, respectively.
éref‘m and éref,s are the acceleration control signals at
the master and slave sides, respectively.

IV. Experimental Setup

The experiment setup for micro-macro bilateral
control in task space for Delta Robot is verify by the
result of proposed method to control two Delta Robots
with different in size as shown in Fig. 8. The angular
position of each motor is acquired by 17-bit increase
encoder and force disturbance is estimated by
disturbance observer. The control method is performed
by PC with sampling time of 200 s with soft realtime-
OS windows 7 using 8 channels digital to analog
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converter and 8 channels encoder counter. The controller
program are written in C# language for better integrated
development environment and human interface. The
parameter of big and small robot used in this experiment
are shown in Table 1 and Table 2, respectively.

Master Robot

Slave Robot

Fig. 8. Two size of robots used in experiment to verified proposed
method

TABLEI
PARAMETER FOR BIG ROBOT

R Radius of base plate 0.11925 m
r Radius of travelling plate 0.06 m
Ly Length of upper-arm 0.15 m
L, Length of fore-arm 0.417 m
My Mass of upper-arm 0.174 kg
Mg Mass of fore-arm 0.062 kg
Mp Mass of bidirectional joint or 0.044 kg
ball joint
M, Mass of travelling plate 0.084 kg
Mp Mass of payload 0.0 kg

Symbol Parameter’s name Value Unit
In Nominal Motor inertia 0.0000769 kg-m?
ly Sum of motor inertia and 0.000781 kg-m?
structure inertia
Kin Nominal Force coefficient 0.487 Nm/A
Cs Force control gains 5
Ko Proportional gains of 500
position control
Kg Derivative gains of position 250
control
Gum Gain of low-pass filter for 500 rad/s
velocity estimation
Guis Gain of disturbance observer 500 rad/s
(encoder based)
R Radius of base plate 0.1585 m
r Radius of travelling plate 0.09 m
Ly Length of upper-arm 0.2 m
L, Length of fore-arm 0.587 m
M, Mass of upper-arm 0.673 kg
Mg Mass of fore-arm 0.182 kg
Mp Mass of bidirectional joint or 0.044 kg
ball joint
M Mass of travelling plate 0.236 kg
Mp Mass of payload 0.0 kg
TABLEII
PARAMETER FOR SMALL ROBOT
Symbol Parameter’s name Value Unit
In Nominal Motor inertia 0.000019 kg-m?
ly Sum of motor inertia and 0.000631 kg-m?
structure inertia
Kin Nominal Force coefficient 0.527 Nm/A
Cs Force control gains 5
Ko Proportional gains of position 500
control
Kq Derivative gain of position 250
control
Gum Gain of low-pass filter for 500 rad/s
velocity estimation
Guis Gain of disturbance observer 500 rad/s

(encoder based)
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Value of motor inertia is calculated from SolidWork
masses properties of designed upper-arm and inertial
calculation following d’Alembert’s principle. Reliable
variable is available from technical document from
manufacturer, mass and length of Delta Robot is acquired
by measure the finished part of Delta Robot. Low-pass
filter, gains of disturbance observer and control gains
using signal to noise ratio method to determine suitable
value [25]. Control gains is acquired by PID tuning
system of Simulink Program with simplification.

The experiment is separated into two experiment of
master and slave robot in same size and different side,
first experiment is the robot with same size as shown in
Fig. 9 using conventional micro-macro bilateral control
in joint space compare with proposed micro-macro
bilateral control in task space with position scaling gains
(#) of 2 and force scaling gains («) of 5, second
experiment is the performance of proposed micro-macro
bilateral control in task space with big robot as master
and small robot as slave as shown in Fig. 10, position
scaling gains (f) also set to 2 and force scaling gains («)
also set to 5. In order to easy understand of the result, the
position and force of slave robot is multiple with 2 and 5,
respectively to clarify the experiment result.

V. Experimental result

V.1. Micro-macro bilateral control
on robot with the same size

In this experiment, the micro-macro bilateral control is
setup for small robot as both master and slave robot is
show in Fig. 9. The experiment result is shown in Fig. 11
for conventional micro-macro bilateral control and Fig.
12 for proposed micro-macro bilateral control method.
The graph is separated into three part of X-axis, Y-axis
and Z-axis on part (a), (b) and (c), respectively. The time
is separated into two part of free movement (light yellow
area) and small impedance applied on each axis (light
green area). The performance of proposed method is
slightly better than conventional method in not only
position accuracy when the position is further away from
origin and also the force response between master and
slave robot where the conventional method show some
distortion as the position is further away from origin.
This result is cause by the fact that small robot have
small workspace and the cosine value of some value is
the same if that value is small. However, the small
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displacement still cause problem in force space that is
easy to observe. Moreover in impedance applied area, the
position of travelling plate in conventional method show
more error while proposed method have only problem on
quick movement that can be compensated by increase the
gains of position and force control. The offset in Z-axis
and force damping is cause by gravity and soft realtime
noise and still within acceptable range, respectively.

Slave Robot

Master Robot

Fig. 9. Same size robot setup for first experiment

V.2.  Micro-macro bilateral control
on robot with the different size

In this experiment, the micro-macro bilateral control is
setup for big robot as master and small robot as slave
show in Fig. 10. The experiment result is show in Fig. 13
and do not include conventional method due to
uncontrollable state and resonance as the force applied on
slave robot. The graph is separated into three part of X-
axis, Y-axis and Z-axis on part (a), (b) and (c),
respectively. The time is separated into two part of free
movement (light yellow area) and small impedance
applied on each axis (light green area). The performance
of proposed method show that even the size of master
and slave robot is different, the proposed control method
still be able to achieve the configuration of micro-macro
bilateral control. The offset in Z-axis is cause by gravity
that applied on structure.

VI. Conclusion

This thesis has present a new approach for micro-
macro bilateral control in Delta Robot that has nonlinear
kinematic and dynamic model with force estimation
using disturbance observer to replace force sensor and
reduce the complexity of dynamic system calculation of
Delta Robot. The disturbance observer with proper
dynamic model is able to observe the external force
applied on travelling plate while eliminate majority of
gravity using gravity compensation from mathematic.
The proposed task space micro-macro bilateral control in
delta robot verified the possibility to use both bilateral
control and micro-macro bilateral control in difference
workspace by transfer the data back and forward using
only mathematic model. Delta robot with micro-macro
bilateral control shown potential to use as human
interface and able to store or transfer experience of
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human from location to location in three dimensional
space. Moreover, this properties enable robot to learn the
position and force from human to perform certain task
and open new approach in Al and computer learning to
actively select the best position and trajectory planning
from previous performed task. The travelling plate of
Delta Robot achieved position ratio of position scaling
gains () in all three dimensions while second law of
Newton or Newton law of action and reaction is scaled
by force scaling gain (). The reference acceleration of
master and slave robot is obtained by applied invert
Hadamard matrix and Z-axis is shifted to clarify the
result.

This technology provide possibility to build 3
dimensional movement robot which have ability to
provide sensitivity of touch and reduce the noise from
human hand due to high impedance in Z-axis of delta
robot which is importance in work such as minimal
invasive surgery, increase accuracy and safety system of
industrial robot.

Master Robot

Slave Robot

Fig. 10. Different size robot setup for second experiment
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Abstract. Recently, delta robots is widely used in many industrial application because the structure
of delta robot is close loop chain and have properties of high rigid body and fast movement.
However, the moving part of delta robot is arranged in pattern that influenced by gravity and has an
impact on control system. In this paper, we proposed force and position control in master-slave
configuration while compensate gravity. The control system using disturbance observer (DOB) to
estimate sum of action/reaction force and gravity force of master-slave delta robot instead of the
force sensors. The external force on travelling plate of delta robot is estimated by disturbance force
on upper and computational gravity force from dynamic model. Moreover, the delta robot may
various in size due to the conditioning of workspace, therefore the method to control the task space
is proposed. The simulation is conduct to verify the control system, compare the position and force
of travelling plate with and without gravity compensation.

Introduction

The delta robot is widely used in many applications which have a high accuracy such as industry
and medical application to use with user. User has ability to control an operation to match with the
situation while robot has more accuracy and precision than user. So the combined operation
between user and robot together can improve the performance and efficiency.

Bilateral control system is a method to control bilaterally with the same position and force. The
master and slave robot based on bilateral control system are used in many haptic communications.
To design the bilateral control system should be design to confirm the human contact because
human has many degrees of freedom while robot has a degree of freedom due to the design. Due to
high noise and low bandwidth of force sensor, the disturbance observer is used to instead of force
Sensor.

Considering force on structure of delta robot, each component of the delta robot has mass in its
structure and lead to gravitational disturbance, and also has external force. Gravitational is
degrading the accuracy of the movement and force especially the upper arm of the delta robot. Due
to the DOB can assess external and gravity force, so we eliminate gravity force by calculate from
dynamics model to compensate it. So which improve the accuracy and performance of the
movement and force response of the delta robot.

This paper is organized as follows. First, we introduce model of delta robot and analyze force of
structure in Introduction. Second, proposed kinematics for delta robot in Delta Robot Kinematics.
Third, proposed dynamics of delta robot in Delta Robot Dynamics. Fourth, proposed Designing the
Bilateral Controller. Fifth, Simulation setup for proposed bilateral control and variables for
Simulink simulation in Simulation Setup. Final summarizes this paper in Conclusion.

Delta Robot Kinematics.

A. Forward Kinematics. Position of traveling plate can be mathematically calculated by
angular position of actuated revolute joints, this process called forward kinematic[1]. Consider three
spheres each with the center at the ball joint (C;) of each robot arm, and with the forearms lengths
(Ly) as radius which shown in Fig. 1 and 2. The center position of the travelling plate (x,y,z) is
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located at an intersection of three spheres. As result, center of ball joint (C;) represented by (1), (2)

and (3), respectively.
Xj = (1,1 +Lpcos 6;)cos oy (1)
yi = -(ro-1p+Lpcos 0;)sin o; (2)
z; = -Lysin 6; for i=1,2,3 and o;=0, 0,=27/3, az;=47/3 3)

Thus, three sphere equations must be solved simultaneously for (x,y,z) position, as in Eq.(4).
There will be two possible solutions that describe the two intersection points of the three spheres.
We will choose solution with negative z coordinate.

(x-x;)* + (y-yi)* + (z-z))* = L, for i=1,2,3 4)

B. Inverse Kinematics. For angular position of each motors could be find with position of
traveling plate in delta robot. Consider two circle to find the intersect position in yz plane (y;z;)
shown in Fig. 1, therefor the point with higher y-axis value is selected. As a result, the equation for
joint position in yz plane is represented by (3)and (4).

(yita)’ + 27 = L, and (yi-(ts+y))” + (2-2)” = Loy, (5)

Where L,,,. is projection of forearm on yz plane, from y; and z;, the angular position of motor 1 are
calculated by (6). Angular position of other motors are calculated using rotation position of x, y and
z have rotate 2n/3 and 4n/3

Gi = tan'l( .Zia) (6)

Tp
(X,¥,2)

Tdis

Fig.1. yz plane of delta robot ~ Fig.2. xy plane of delta robot  Fig.3. Disturbance Observer

Delta Robot Dynamics

The well-known dynamic for delta robot is express by motor torque. The dynamic model is
simplified in to mainly four component torque of motor include torque from gravity force on
traveling plate (t4), torque from gravity force at center of gravity for upper arm (t4,), torque from
inertial force on traveling plate (tj;) and torque contribution from each upper arm to the actuated
joints (13,). Gravitational torque is calculated separately between top-link part and bottom-link part
of robot which bottom-link part have total contribution mass of traveling plate (my) compose
traveling plate mass (m;), pay load mass (m,) and forearm mass (my). Top-link part have total
contribution mass of upper arm (m,s) consist upper arm mass (m,), ball joint mass (my) and 2/3 of
forearm mass.

1 =1"mg[0 0 -g]" and ty =T m[X § Z]' ()

Where J is Jacobian matrix [1], it is a mapping from motor angular velocity in joint space to
velocity in Cartesian space.

Tgu = Mys(-g)Cylcos B cos B, cos 03]" ®
Tiu = Iu e1 (9)

Where C, is center of gravity for upper arm is represented by (10), I, is inertia matrix of arm in
joint space [1], and g is gravitational constant.
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Zu 4 my+2m /3
Ce = Lt (10)

Thus, overall dynamic equation of the delta robot is represented by (11)
T+ Tgut Tgt = Tin + Tit (11)

Designing the Bilateral Controller

A. Disturbance Observer. This paper show the DOB which used instead of force sensor. It has
been confirmed that a stable force control loop can be obtained when a DOB is implemented as the
feedforward control for a disturbance torque compensation loop [2]. The disturbance torque is
obtained from the motor’s current (I,,,), torque constant (K;), motor and robot inertial (J,,,), and the
second derivative of the position signal (,,), as shown in (12). The structure of DOB is shown in
Fig. 3.

er émz ImKt - Tdis (12)
poo= Sdis K [ dg 76 yg ] (13)
dis ~ g S M Edis'mn’m/ " Egjg'mn’m

Where ggis denotes the cut-off frequency of the low pass filter.

B. Bilateral Control System. The bilateral control system is the method to control robot
bilaterally with the same position and force. The robot is consist of master delta robot and slave
delta robot. The goals of bilateral control ,is transfer sense between two place by using master robot
to simulate the force of slave robot that interacted by environment based on third law of Newton or
Newton law of action and reaction, as shown in (14). Moreover, the position in Cartesian space of
master delta robot and slave must have the same direction distance, as shown in (14).

Tmext,i — ~ Usmext,i and em,s,i = es,i fori=1,2,3 (14)

Where 7Tp,00¢; are approximation external torque of master delta robot, Tgpeyr; are
approximation external torque of slave on base master. 6, ; are angular position of slave ,and 6, ;
are angular position of master on base slave.

Bilateral control can be describe in two control modes, common mode and differential mode. It
can control torque and position simultaneously by using Hadamard matrix (H,). Hadamard matrix is
used to convert torque and position in real space to virtual space. That is torque and position in real
space is convert to virtual space by using (15)

Tl 1 [%mextl] [ mextl] of Om,si ]
= ~ H nd 5 = ms,l 15
lff?l [1 _1] Tsmext,i 2 Tsmext,i ;j —1] ( )

However, the conversion from virtual space to real space, can be use Inverse Hadamard matrix
(H,™"). which shown in Eq. (16).

l refll [1 1 _1 l refl l refl (16)
ref2 - 9ref eref

Simulation Setup. In this simulation setup, the master-slave delta robot is used. Each delta robot is
consist of 3 motors and disturbance observer is used to estimate the external torque. The simulation
is consist of two parts , both master-slave delta robot with gravity compensation and master delta

robot without gravity compensation have any disturbance force at Z axis. The block diagram of
simulation setup is shown in Fig.4.
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From Fig 5a, force responses of master-slave delta robot are effected by gravitational. So, this
makes force response of master delta robot isn't according to input disturbance. In Fig.5b, force
response can be meet the targets set, due to the robot aren't effected by gravitational.

From Fig. 6a, position of delta robot is moved down in 1 second and moved up and down
slightly according to input disturbance. But the results are not satisfied enough.

f l - \ fransformatia \ / \( \
N Grlﬁt.ys;l;n:qne | T
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Fig. 4. Bilateral Control of Delta robot with gravity compention
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Fig. 5. Force response of Delta robot (Z-Axis)
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Fig. 6. Position of Delta robot (Z-Axis)

Conclusion

In this paper propose the bilateral control based on DOB of master-slave delta robot with various
size and gravity compensation. Gravity affects the structure of the delta robot in vertical axis. It
makes force response of master and slave robot different from input disturbance. So, gravity
compensation is used to calculate gravitational force and compensate back to eliminate the effect of

gravity. For the future work, this method can be used in many applications such as medical
instrument and industrial robot.
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Abstract. In haptic technology, robot has to contact with objects and human operator. The robot
systems must be flexible systems, high accuracy and precision during the operation for safe the
human operator. So, analysis of the force response is a necessary ability to design the controller of
the robot systems. This paper proposes a methodology to analyze force response by mean of
spectrogram analysis. The master-slave robot based on bilateral control is used by human operator.
Disturbance Observe (DOB) is used to estimate the force response instead of force sensor to
improve the performance of the whole system. Finally, force response is analyzed by spectrogram.
The availability of the proposed method is shown in an experiment.

Introduction

Recently, robot is used in many applications to support human operator such as industrial robot,
surgical robot and rehabilitation robot. During the operation, robot has to contact with many kind of
objects or human operator. So, robot must be operated with high safety and accuracy to safe the
human operators. Therefore, force response of the robot is necessary to design the controller of the
robots. For these reasons, the analysis of the force response has become more interesting method.

Generally, a force sensor is widely used to measure the external force. However, force sensor has
a limitation which degrade the performance of the system, for example, a force sensor has a low
bandwidth, high noise level and high costs. Thus, Disturbance Observer (DOB) is used to estimate
the external force instead of force sensor to improve the robustness of the whole system [1].

Bilateral control system which consist of master and slave robot is used in many haptic
communication system [2]-[3]. The slave robot is used to contact with the environments and sent
force response back to the human operator through the master robot.

This paper proposes the method by analysis the force response through the spectrogram. The
wrist rehabilitation master-slave robot is used in the experiment. The torque response of master-
slave robot motors are estimated by DOB. Then the torque response are analysis by spectrogram
[4]. This paper is organized as follows. The section 2 explains the DOB and bilateral control system
of master-slave robot. In section 3, Short-Time Fourier Transform and spectrogram analysis is
described. The experimental results are represented in section 4. Finally, the last section
summarized the paper.

Bilateral Control System based on Disturbance Observer

A. Disturbance Observer. The goal of force control is to control the external force. So, force
sensor is widely used to measure the external force. However, force sensor have a limitation which
degrade the performance of the whole system. So, Disturbance observer (DOB) is used instead of
force sensor to estimate disturbance force at motor and feedback and compensate for improve the
robustness and bandwidth of the system. The structure of DOB is shown in Fig 1.

Where M denotes the mass of the motor, K; denotes the force coefficient, Gg;s is the cut-off
frequency of the low-pass filter. O, ©, and O, represent angular acceleration, velocity and
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position of the motor respectively. Tgis is disturbance torque and Tdis is the disturbance torque which
estimated by DOB.

K;
I 1 = i l 1|8 | B i, Houman Foree
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Fig 1. Disturbance Observer (DOB) Fig 2. Bilateral Control System

B. Bilateral Control System. The bilateral control system is consists of master and slave robot
which control bilaterally. Its control goals are represented as follows,

Tm+Ts=0 (1)
On — 6, = 0 (2)

According to Newton’s law of action and reaction, torque at master side is equal to slave side in
the opposite direction which shown in eq. (1). Moreover, the position of the master and slave robot
must be similar which shown in eq. (2).

To control torque and position simultaneously, two control modes namely common mode and
differential mode are used. Torque and position in each mode are controlled in an acceleration
dimension. Therefore, Hadamard matrix is used to convert from real space to virtual space as
follows,

- o 10Em zm

ol =l J R A (3)
| Text L T s | dis

AC - [Am [Am

eext R 6dis _ edis

. = = H 4)
9d 1 -1 2 §s

L ext - " dis L dis

Eq. (3) — (4) represent common and differential mode of torque and position respectively. The
subscript ¢ is a common mode, subscript d is a differential mode, subscript m is a master robot and
subscript s is a slave robot. The structure of bilateral control system is shown in Fig 2.

Analysis by using Spectrogram

A. Short-Time Fourier Transform. The Fourier Transform is a basic theory to extract the
frequency component of stationary signal which parameters are constant over time. But in real
world, the signals are non-stationary which parameters are vary with time. So, Fourier Transform is
completely losing time information. To deal with the non-stationary signal, Short-Time Fourier
Transform (STFT) which show in Fig 3 is applied in this paper instead of Fourier Transform. Short-
Time Fourier Transform equation is shown as follows,

(o)

Xsm(ej‘”,n)Z > X(n-myw(m)e om ®)

m=-co
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X(n) is separated into short parts by using window function w(n). Each window function must
overlap between other windows. Then the window function is shifted in time-domain. The Results
of each window is used to calculate the spectrogram by computed the squared magnitude of
the STFT.

Window Function F
requency

Short-Time Fourier Transform
(STFT)

t time

Fig 3. Short-Time Fourier Transform (STFT)

Amplitude

B. Spectrogram. Spectrogram is a graph with three dimensions. There are X, Y and Z axis
which represent time, frequency and amplitude of the signal respectively. Thus, spectrogram can
show time and frequency information at the same time. Considering 2 dimension on X-Y plane, a
high amplitude of torque response is represented by warm colors. While a low amplitude of torque
response is represented by cool colors.

Experiment and Result

A. Experimental Setup. The proposed method is applied to the wrist rehabilitation robot which
shown in Fig 4. Master and slave wrist rehabilitation robot are used. Each of robot is consist of two
servo motors. Upper motors 1 and 3 are controlled bilaterally same as lower motors 2 and 4 which
shown in Fig 5.

Master Robot Slave Robot

Joint 1 Joint 3
(Motor 1) (Motor 3)
Bilaterally
Joint 2
(Motor 2)

Fig 4. Wrist Rehabilitation Robot Fig 5. Wrist Rehabilitation Robot System

B. Experimental Results. Fig 6 shows the torque response of motor 1 and 3 which is master and
slave robot. Fig 7 shows the torque response of motor 2 and 4 which is master and slave robot. In
this experiment, motor 1 and 2 are used in master robot while motor 3 and 4 are used in slave robot.
Torque of motor 1 is equal to motor 3 in an opposite direction same as motor 2 and 4.

0.2

Torque[N]
(=]

1 2 3 4 5 6 7 8 9 10
Fig 6. Torque response of motor 1 and 3
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Fig. 8 shows the spectrogram of torque response. (a), (b), (c) and (d) are torque response of
motor 1, 2, 3 and 4 respectively. According to the results, motor 1 and 3 are controlled bilaterally
so, spectrogram of motor 1 is similar to motor 3, in the same way as spectrogram of motor 2 and
motor 4. From fig. 6, torque response of motor 1 and 3 at period 2, 4 and 5 are higher than other
period. So, the intensity of color at period 2, 4 and 5 are higher than other period which show in Fig
8(a) and (c¢).

Conclusion

This paper presents the analysis of force response by using spectrogram. From the
experimental results, the spectrogram analysis shows the vibrations of force response at the
different frequency. For the future work, the proposed method can apply with many applications
such as wrist rehabilitation. Wrist rehabilitation robot is used to collect data of people who are
normally and show by spectrogram. Physiotherapist can check wrist’s abnormality by using the data
of patient to compare with previous data. In industrial work, robots are used to knock the objects
and collect the force response data. By the spectrogram analysis, the objects can be discriminated.
So, robots can know what object that the robot is contacted with.
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Sensor Fusion of Acceleration and Position for Improved

External Force Estimation of Flexible Robot System
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Abstract

Force estimation is one of the most important techniques in the robot control application. In this research, acceler-
ation sensor based load-side disturbance observer (ALDOB) is proposed and developed by integrating an acceleration
sensor on the load side and the optical encoder on the motor side in order to estimate external force. The enhancement
of the force estimation was found to increase. Good estimation of force and robust force control could be obtained
using ALDOB observer. The simulation results are provided to illustrate the performance of the proposed algorithms.

A flexible robot model was established to simulate the robot dynamic in force control, and the results agree with the

analysis.

Key words: Force control, Disturbance Observer, Acceleration sensor, Kalman filter

1. Introduction

Recently, robotic systems find widespread application in
the industrial factory, automation and spacecraft, as well
as medical devices ¥~ ® . In order to interact with an un-
known environment or human, the development of robotic
systems focused on the using of force sensor ‘Y. Force sen-
sors on the end effectors send signals of external force to the
controller to control the force command. The distinguishing
characteristic of an force sensor structure is that it cannot
compensate for vibration effect that add to the signal due
to the soft structure of strain gauge. Moreover, the signal of
force sensor is corrupted not only by disturbance noise but
also by the limitation of the bandwidth of the sensor .

In order to overcome this problem, a disturbance observer
(DOB) ™ has become a preferred approach for improving
accuracy of the force estimation. It has been shown that
a superior performance with robustness can be achieved by
using the disturbance observer. Bandwidth of the force esti-
mation can be designed more conveniently in observer, often
by a simple adjustment of the cut-off frequency in the low-
pass filter. However, it does not suitable for the two-mass
system due to the structure vibrating in resonance = @1,
Two mass system consists of a motor and load connected by
a spring as shown in the Fig. 1. Its elasticity of mechanism
causes resonance in the system. The conventional PID con-
troller does not perform well when the plant system has a
resonance structural vibration. Therefore, it is necessary to
design a new approach that guarantees the robustness and
suppress vibration.

A load-side encoder may be often implemented to mea-
sure the load position in order to suppress vibration of the
system. Load-side based disturbance observer *® 3 then,
have the obvious advantage of greater accuracy than distur-
bance observer. However, parameter identification of spring
coefficient is very difficult to estimate.

A new estimation method, the multi-encoder based dis-

Spring
(¢ |

——

Fig.1. Two-mass system.

turbance observer (MEDOB) ™* | has been introduced as a
new way to estimate the load-side external force. In the our
previous research, the proposed observer is not necessary to
identify the spring coefficient. It is simple to design and
easily implemented into the system with the mechanical res-
onance. However, it is difficult to attach the encoder on the
load side of the robot system.

In this research, a new combined observer technique,
named acceleration sensor based load side disturbance ob-
server (ALDOB), has been proposed by using acceleration
sensor on the load side and encoder on the motor side.
Kalman filter and disturbance observer are designed to es-
timate the load-side external force. The mounting wax is
used to mount a piezoelectric acceleration sensor on the end-
effector of the robot. The space requirement for sensor is
very small. Thus, it is suitable for attaching sensor on the
load-side of robot system.

This paper is organized as follows. We introduce the mod-
eling of two-mass system in Section 2. The structure of the
disturbance observer, load-side disturbance observer, multi-
encoder based disturbance observer and acceleration sensor
based load-side disturbance observer is described in Section
3. The simulation results with discussion are shown in Sec-
tion 4, which is followed by the conclusion in Section 5.

2. System Description of Two Mass System

Generally, the mechanics of machine and robot system of-
ten consist of a motor M and a load L connected by a flexible

1/6
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Fig.2. Modeling of two-mass system.

structure to transmit the actuator torque to a distant joint
as shown in Fig. 1®~ Y Since the actuator is connected
to the load side with a transmission mechanism, its elasticity
causes resonance in the system. Therefore, the elasticity of
flexible robot is realized under assumptions that it can be
modeled by spring coefficient Ks and mass system. A block
diagram of the linear motor with two-mass system that con-
trols under the ideal current source is shown in Fig. 2. The
dynamic equation of the linear motor is described by:

K, K
D g 1
TR (1)
K, 1
X = S8 X — S Fgy, e 2
1= 7 fa (2)
D G (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;, M
and L denote the equivalent mass of the linear motor and
load mass, respectively. Naturally, this flexible transmission
can negatively affects the overall performance in terms of
increased vibrations. From Fig. 2, the transfer function
from current reference I,, to the velocity of motor side Xm
and the transfer function from current reference I,, to the
velocity of load side X; can be calculated as follows,

X _ WEHT) 0
I s34 (B 4Ky
XS (5)

3 Ks | Ko\~
Im s34+ (52 +58)s
Then, the anti-resonance w,, and resonance frequencies w,
can be described as follows,

Ks K
Wy = T + B R (6)
K
War Lo (7)

3. Estimation of Disturbance and External
Force on the load side

3.1 Disturbance Observer (DOB) Consequently,

Xo | 1 [Xn

e

( R
" Gy ™| Position
s+Gy, Encoder

Velocity
Estimation Loop

T s —

GgisMy

Disturbance
Observer

Fig.3. Disturbance observer.

a disturbance observer has been used, not only for improv-
ing the robustness and bandwidth of the control system, but
also for estimation the external force for examples, @ (7. It
has been confirmed that a robust force control can be ob-
tained, when a disturbance observer is implemented as the
feed forward control for a disturbance force compensation
loop. Here, the disturbance force on the motor side Fj is
defined as,

Fy = Fm + D Xom + Fo + AM X + AK Ly -+ (8)

where, the resistive force which the direction is opposite to
the motor force is the summation of friction force Fi,, vis-
cous friction Dme and the spring force Fs. AMXm is the
variation torque due to changed mass, AK;I,, 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

r- Gdis 5
F = 7(K ndm G isMnXm)
e G + Ga
—Gais M X o vvovreeeee 9)
B sGvi &
Xy = — 2 10
s+ Gy ( )

where Ky, 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 velocity is re-
quired to provide high accurate force sensing of disturbance
observer.

3.2 Load Disturbance Observer (LDOB) Because
of the advantages and unique features of disturbance ob-
server, this approach has received much attention in sensor-
less force control system. However, instability and vibration
of system can occur when using disturbance observer for the

2/6
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two-mass system because of the presence of spring that de-
grade the overall performance.

To address these problems, a load disturbance observer
(LDOB) "2 (% which is composed of the nominal spring
coefficient K, the nominal load mass L,, and the load-side
encoder, has been proposed as follows,

Fup = KXo — LpXgvovroeroromaeaaaaaaan. (11)
- Glob 5 5
Fog=——Ksn(Xi— Xm obLin X,

dl <S+Gzob( (Xi ) + Giob z)

_GlobLnXl) ............................. (12)
o SG'UZ ~
- X e 1
! S+ le ! ( 3)

where G,; and G, are the cut-off frequency of the load ve-
locity estimation and the LDOB, respectively. The structure
of LDOB as described in this section can be applied to es-
timate 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
(MEDOB) In our previous research, 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 ex-
ternal force at the load side is obtained from the equation
(14), (15) and a simple first-order low-pass filter as follows,

Fdl = Ktnlm - MnXm - LnXl

Fdl _ ( CTYmob
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_GmoanXm - GmobLnXl)

where Gop is the cut-off frequency of the MDOB. Com-
pared to the other conventional ways such as state observer
and LDOB, the proposed observer based on multi-encoder
system offers the advantages of faster response, and high ac-
curacy. By using the proposed observer, it is not necessary to
estimate the nominal spring coefficient. It is simple to design
and easily implemented into the system with the mechanical
resonance. However, it is difficult to attach the encoder on
the load side of the robot system.

3.4 Acceleration Sensor based Load Side Distur-
bance Observer (ALDOB)
combined observer technique, named acceleration sensor
based load side disturbance observer (ALDOB), has been
proposed by using acceleration sensor on the load side and
encoder on the motor side. The method to estimate the ex-
ternal force at the load side is obtained from the Kalman
filter, disturbance observer and a simple first-order low-pass
filter as follows,

In this research, a new

~ Gmob B B
Fu = (7(1( Lo + Gino Mnxm) — GrobMn X
dl st G t + b b
anXl)

As shown in Fig. 6, the Kalman-filter is applied to com-
pensate the unwanted white Gaussian noise of the acceler-
ation signal. The process of the Kalman-filter consisting of
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the operation in two phases: prediction and update. The
formulation of the Kalman filter equation is based on state
space formulation. A discrete sensor dynamics model can be
formulated in the state space form as

T(kt1) = A(k):n(k) + B(k)u(k) Wy e (17)
Z(p) = C(k)m(k) F Oy e (18)

where k represents the sampling instant, x) € R" is
the vector of states, u) € "™ is the vector of input vari-
ables, Ay € R and By € R™™ are system matrices,
C(ry € R is the measurement matrix, zy) € R’ is the
vector of measured variables, w ) is the process noise and
v (k) represents the measurement which is corrupted by white
Gaussian noise.

It is assumed that the covariance matrix of the process
noise Q, the covariance matrices of the measurement noise
R and the cross-covariance matrix are as given below:

Q= E{wa} S 0 (19)
R=FE{wo0"} 20 oo (20)
E{wvT} =0 oo (21)

The Kalman filter bandwidth and its susceptibility to mea-
surement noise depends on its covariance matrix of process
noise @ and the covariance matrix of measurement noise R.
These values are used to tune the accuracy and response of
the observer, and the matrices Q and R can be determined
by using the simulations for the testing of the measurement
sensors. A compromise between the performance of observer
and the compensation of acceleration signal noise can be

found.

The error covariance matrices P is the variance of the
difference between the state and the measurements. The
predicted equation which projects the current state estimate
ahead in time are given by

T(kle-1) = Ah-1)Tk-1/k-1) + Br-nUm-1) - (22)
Pji-1) = Ag- ) P11 A1) + Qmyy - (23)

The Kalman filter gain matrix M, that is based on the
total uncertainty measurement of matrix S is computed by
using the following equation

Sy = C(k)P(k\k—l)C%;g) F Ry v (24)
M, = P(k\kfnCﬁ)S(_kl) ..................... (25)

The estimated state vector and the error matrix are updated
by an actual measurement Z(;) of motion sensor at every
sampling instant as follows

Z(kik) = Tkjk—1) T M (k) (Zk) — C iy @ (kk—1)) - (26)
P ey = Pgjp—1) — M(k)s(k)Ma) ............. (27)

By using the acceleration sensor, the space requirement
for sensor is very small. The mounting wax is used to mount
a piezoelectric acceleration sensor on the end-effector of the
robot. Thus, it is suitable for attaching sensor on the load-
side of robot system.

4. Simulation and Results

The simulation was performed in order to evaluate the
performance of each observer with respect to the parameter
variation of the nominal spring coefficient K,. Fig. 7 shows
the simulation result of the load-side external force without
the variation of the spring coefficient. On the other hand,
Fig. 8 and 9 show the estimated response of the load-side ex-
ternal force with varying of the range of the spring coefficient
+ 5% , respectively.

External force was estimated through observer in which
the output is then processed by a low-pass filter (500 rad/sec
cutoff frequency). In the resonance ratio control '+ *) the
robot’s task is commanded to control force with a given si-
nusoidal signal with an amplitude 10 N.

As can be seen in Fig. 8 and 9, a bad tracking result
with phase shift and undesired vibration is obtained, since
the parameter identification of spring was not correct in the
LDOB. From the simulation result, the estimated load-side
external force of MEDOB and ALDOB is well estimated and
controlled to the command, although the parameter of the
nominal spring coefficient is varied. Moreover, the proposed
ALDOB observer was eliminated the need for the spring co-
efficient identification, and may also be used to achieve the
precise load-side force estimation. Thus, these simulation
outcomes could ensure high performance of the proposed ob-
server.

5. Conclusion

The purpose of this research was to compare the load-side
external force estimation under different types of observer
such as LDOB, MEDOB and ALDOB. Based on our previous
research, the MEDOB was very useful to implement in the
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system with mechanical resonance. However, it is difficult to
attach the encoder on the load side of the robot system. In

attachment is very small. Thus, it is suitable for attaching
sensor on the load-side of robot system. From the simulation

order to overcome this problem, the acceleration sensor with
Kalman filter was used in order to increase the accuracy of
the disturbance observer. The proposed ALDOB observer
was eliminated the need for the spring coefficient identifica-
tion, and may also be used to achieve the precise load-side
force estimation. Moreover, the space requirement for sensor

results, the load-side external force estimation response was
obtained without force sensor, since the ALDOB was im-
plemented. Therefore, the proposed system can be applied
practically for the robot system with mechanical resonance
in industrial applications.
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Abstract— Among all the sensor fusion approaches, Kalman
filter is the most widely used technique for system state estima-
tion. The Kalman filter has many uses, including applications
in tracking objects, navigation, economics, computer vision and
robot controlling. As an example application, it is suitable method
for compensating noise measurements from sensor data input
and also for sensor fusion. In this paper, a novel multilateral
control based on observer technique has been proposed by using
disturbance observer with Kalman filter, named Kalman-Filter
based Disturbance Observer (KFDOB). Kalman-filter is designed
to estimate velocity response and disturbance observer is used to
estimate the action/reaction force of haptic devices. The design
of multilateral control based on the Hadamard matrix is also
presented. With such a robust sensorless force control scheme,
high bandwidth of force sensing in multi-robot system may
be achieved since acceleration sensor and optical encoder are
used to estimate the external force information. Moreover, its
measured noise is also significantly reduced. The experimental
results are provided to illustrate the performance of the proposed
algorithms.

I. INTRODUCTION

Multimedia technologies are used widely today because of
their advantages to transform and record experience informa-
tion in a purposeful way as shown in Fig. 1. Such vision
or sound information is always transferred in only one way
direction (Unilateral). On the other hand, to provide the sense
of touch, haptic devices in master-slave configurations have
been proposed. The concept of the two way communication
(Bilateral) is made on the basis of the exchanged information
between motors. Both of master and slave robots are con-
trolled bilaterally with the same actions of force and motion
movements.

Recently, an intelligent robot system has been used exten-
sively for a wide range of applications. For example, the da
Vinci surgical system [1] and ZEUS surgical system [2] have
been introduced to perform the surgery effectively. However,
force information is still not available to the surgeon. Such lack
of the force sensing ability greatly limits effectiveness of the
operations. In order to develop a new surgical robot system,
an intelligent robot systems based on bilateral control or
multilateral control are being built to support human operator.
The multilateral control system consists of master and slave
robots assembled for the purpose of obtaining a same action
of force and motion movements with desired performance.
Generally, a force sensor has been widely applied to measure

978-1-4799-2323-6/14/$31.00 ©2014 IEEE 79

\ Unilateral = :: ))

Microphone

Speaker  Ear

Unilateral

Camera

Bilateral

- ) Hand
Haptic device

Work piece (Slave system)

Haptic device
(Master system)

Fig. 1. Overview of Human Experience in A Digital World

Acceleration Sensor

———

Linear Guide Devices

Optical Encoder

Fig. 2. Linear motor systems with multi-sensor fusion.

the external force information [3]. However, the problem of
sensor noise, such as undesirable oscillations and instability,
does not only degrade the performance at the slave side but
also at the whole system. The sensor noise represents a major
performance impairment that must be compensated.

To overcome this problem, a Kalman-Filter based Dis-
turbance Observer has been proposed by using disturbance
observer with Kalman filter to estimate an external force.
Moreover, the KFDOB is applied in the multi robot system
in order to confirm the effectiveness of the proposed method.
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II. MODEL OF THE HAPTIC DEVICE

In this research, an overview of the system hardware of
haptic device is shown in Fig. 2. The experimental setup of
haptic device consists of linear motors, linear guide devices,
and motion sensors. The multi-sensor systems which consists
of the optical linear encoder and acceleration sensor play a
major role in control of the haptic device, by measuring the
position and acceleration information. A non-contact optical
linear encoder (RGH24 series; Renishaw) with high resolution
grade of 0.1 pum is used to read the scale in order to convert
the encoded position into a digital square wave signal.

The mounting wax is used to mounted a piezoelectric accel-
eration sensors (NP-3211; Ono Sokki Technology, Inc.) on the
master and slave robots, and applied to converts mechanical
vibrations into analog signals. It offers a sensitivity of 1.02
mV with 1 m/s%. The frequency response range is provided
from 1Hz to 10kHz.

A model of the linear motor regulated under the ideal
current source is shown in Fig. 3. From this figure, the dynamic
equation of the linear motor is described by

MXm = Kil, - (Ff+DXm+FeIt+AMXm—|—
AKtIm) (1)
Fi = Fy+DXp+ Feat )

where, M denotes the motor mass. X,,,, Xm and Xm denote
the motor position, motor velocity and motor acceleration,
respectively. K, is the force coefficient, and I, is motor
current. The load force F; is the summation of friction force
Fy, viscous friction DX,,L and external force F..;. The
equation of the load force is considered as (2). AM X,, is
the variation torque due to changed mass, AK;I,, is the force
ripple due to space harmonics. The disturbance force on the
motor side F;, is defined as,

Fjis = Ff + DXy + Fope + AM X, + AK I, 3)
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III. MOTION SENSOR-BASED EXTERNAL FORCE
ESTIMATION

A. Disturbance Observer (DOB)

The structure of disturbance observer [4], [5] is shown in
Fig. 3. The method to estimate the velocity is obtained from a
derivative with simple first-order of low-pass filter as follows,

- Gdis 5
I s — o~ KnIm isMnXm
di: St G ( ¢ + Gy )
—GaisMp X, ©)
: SGue 4
X, = -—22ve % 5
S+ Gye )

where Gy;s is the cut-off frequency of the disturbance ob-
server, GG, is the cut-off frequency of the velocity estimation.
The low-pass filter is used to design bandwidth of force
estimation. 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 external forces have almost the same
values of the disturbance force.

Because of the advantages and unique features of distur-
bance observer, this approach has received much attention
in sensorless force control system. However, instability and
vibration of system can occur when using disturbance observer
for industrial applications because the presence of white
Gaussian noise is deteriorated at any range of frequency. Since
acceleration sensors is analog output, it have both continuous
time noise and quantization noise terms.

B. Kalman-Filter Based Disturbance Observer (KFDOB)

To address these problems, KFDOB, which is composed of
disturbance observer [4], [5] and Kalman filter [6], has been
proposed. The formulation of the Kalman filter equation is
based on state space formulation. A discrete sensor dynamics
model can be formulated in the state space form as
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(6)
)

where k represents the sampling instant, () € R" is the
vector of states, Ug) € PR™ is the vector of input variables,
Ay € R™" and B,y € R™™ are system matrices,
C(r) € \’¥" is the measurement matrix, z(;) € R° is the
vector of measured variables, w(k) is the process noise and
v () represents the measurement which is corrupted by white
Gaussian noise. The system matrices can be formulated into
the discrete state matrices as,

A (k) + B ey + W)

T(k+1) =

Zay = Cww) +vw

Tz
1 T, =+ 0
A= |01 T, |.B=| %], ®
0o 0 1 0
1 0 0
C_[IOO}

It is assumed that the covariance matrix of the process noise
Q, the covariance matrices of the measurement noise R and
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the cross-covariance matrix are as given below:

Q = E{ww'}>0 )
R = E{w'}>0 (10)
E{wv™} = 0 (11)

The Kalman filter bandwidth and its susceptibility to mea-
surement noise depends on its covariance matrix of process
noise Q@ and the covariance matrix of measurement noise R.
These values are used to tune the accuracy and response of
the observer, and the matrices Q and R can be determined
by using the simulations for the testing of the measurement
sensors. A compromise between the performance of observer
and the compensation of acceleration signal noise can be
found.

The error covariance matrices P is the variance of the differ-
ence between the state and the measurements. The predicted
equation which projects the current state estimate ahead in
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time are given by

T (k|k—1) Agp-Tx-1jk-1) + Bap-nuw-1 (12)
Poi-1y = AG-)Po1pi-1Al_1) + Q1) (13)

The Kalman filter gain matrix M, that is based on the total
uncertainty measurement of matrix S is computed by using
the following equation

S ) CiyPrin—1)Clay + Ry (14)
M@y = Pup-—CinSy (15)

The estimated state vector and the error matrix are updated
by an actual measurement Z(;) of motion sensor at every
sampling instant as follows

(1) T(lk—1) + M) (Zk) — C (o) T(1jk—1)) (16)
Py = Pup—r)— MuSuwM, (17)

IV. CONTROLLER DESIGN FOR MULTILATERAL CONTROL

This paper also deals with the construction of multilateral
control with the use of modal space design provided by the
calculation of Hadamard matrix [S], [7] as shown in Fig. 5.
The complexities that control of master-slave robots present
are synchronization in terms of movements and force. Master
and slave robot must be controlled similarly. Thus, the target
of the ideal multilateral control is to minimize the difference
between the force response in the master side Fwtl and slave

side Fextg, Fextg as follows,
Femtl + Feth + Fezt.‘B =0 (18)

Moreover, the position tracking of the master robot X1 and
slave robot X,,,2, X,,3 should be similar, as follows,

X1 = Xono X3 (19)
Xml - Xm2 = 0 (20)
Xz — Xz = 0 1)

Two control modes, namely the common mode and differ-
ential mode, are implemented and applied to control both
the position and force. The underscript number 1 2 and 3
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identify the master robot 1, slave robot 2, and slave robot
3 respectively. In order to obtain information for the modal
space design, the force estimation from the KFDOB at the
master side, Feztl, and the KFDOB at the slave side, F’em,
Femtg, are transformed into the virtual force in the common
mode, F¢123_ and the differential mode, F/%2, F¥23 by using
the Hybrid force/position transformation matrix based on the
third order of Hadamard matrix, H3. On the other hand, the
position signals from the KFDOB at the master side, X m1, and
the slave side, Xmg, Xmg are also transformed into the virtual
position in the common mode, X¢33, and the differential
mode, X712, X923 by using the Hs. The virtual position

of each mode is represented as follows:

[ Feczlt23 1 1 1 Fextl

Fdi2 = 1 -1 0 Fruio (22)
L Félg{?’ 0 1 —1 Fepis |
[ Xc12s 1 1 1 X1 ]

Xdi2 = 1 -1 0 Xn2 (23)
| X 0 1 -1 Xoms |

The force control in the common mode can be separately
analyzed as the proportional controller as shown in the fol-
lowing equation,

fel23 ( c (24)

cmd ext

_ F0123)Kf

where F¢ . is the force command and K is the propor-
tional gain of force control.

On the other hand, the position control in the differential
mode can be analyzed as the proportional-derivative (PD) con-
troller. The modal space designed of each mode is controlled
in the acceleration dimension as follows,

02— (X - K02 (Ko + sKa2) - (25)
X = (X = X2 (Ko + sKazs)  (26)

where X . is the position command. According to the targets
of the bilateral control, both force and position command were
set as zero. K12, Kpo3 and K412, K03 are the proportional
gain and the derivative gain of position control, respectively.

In order to transform into the master robot and slave robot,
the transformation matrix inverse matrix Hgy bs applied.
The transformation of acceleration control signals from modal
space design to the real space in the master robot X,e r1 and
slave robot Xre 125 X,«e r3 are calculated as follows,

Xrefl 1 1 2 1 j{:leS
Xrefo = 3 1 -1 1 X#2 1 @27
Xref3 1 -1 =2 X4z

where X123 is the acceleration control signal in the common
mode. In the differential mode, X912 is the acceleration
control signal between the first and the second haptic devices
and X923 js the acceleration control signal between the
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second and the third haptic device. A robust control system is
attained by applying the KFDOB. In addition, an acceleration
control system is attained on robust interaction force control.
Therefore, it is able to design the sensorless force control and
position control in acceleration dimension independently by
realizing the system based on common mode and differential
mode.

V. EXPERIMENTAL RESULTS

The experimental setup of multilateral control consists of
three set of haptic devices as shown in Fig. 6. The master-slave
robots are controlled by a PC using RT-Linux with a sampling
time of 100 ps. The computer is equipped 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 experiments were performed
to evaluate the performance of the proposed approach. The
slave robot was commanded by the human operator at the
master side to make contact with, and apply force to the
soft environment, which is a sponge, was used. User operates
haptic device 1 (Master robot) at 1.5s and operates haptic
device 2 at 6.0 s. The period between 5.0s and 6.0s is a
rest/transition period where no motion is produced. The haptic
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Experimental results of soft environment (a sponge).

device 3 (Slave robot) is controlled to move and contact a
soft sponge by the end-effectors of the robot. The force and
movement responses at both master and slave sides are shown
in Fig.7. Fig. 7(a), (b), and (c) show the experimental results
of the value of position, velocity, and acceleration response,
respectively. Figure 7(e) shows the results of the proposed
method where the action/reaction response at the master and
slave side were estimated by the KFDOB. The force response
at the slave side sensed by the KFDOB is in opposite directions
with respect to the force response at the master side sensed by
the DOB. From the experimental results, a high performance
of the position control and force control can be achieved by
applying the proposed KFDOB. In the second experiments, the
high stiffness environment, which is an aluminium block, was
used. From the experimental results of Fig. 8(d), the DOB did
not exhibit perfect transmission of the contact information to
the master side, especially at the onset of the contact phase.
When the impact force is performed beyond the frequency
bandwidth of the DOB, which is based on only optical linear
encoder, the force signals are distorted due to the cut-off
frequency of the low-pass filter. By using the proposed method,
the reaction response of master side can be tracked almost
identically over the action response of slave sides. After the
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slave robot is moved to contact the hard environment, the
force feedback is transmitted to the master robot with very
fast response and high bandwidth sensation.

VI. CONCLUSION

This paper presented a comparative study of force esti-
mation of the DOB and KFDOB for multilateral control of
a small-sized linear motor with different types of motion
sensors. Kalman-filter techniques were employed to enhance
the performance of velocity and force estimation. Thus, these
design techniques overcame limitation in the design of dis-
turbance observer. Moreover, feedback of disturbance com-
pensation loop can also be used to improve the robustness of
the multilateral control system. The modal space design tech-
niques is based upon realizing the Newton’s law of action and
reaction in order to achieve high transparency of multilateral
control. It is clear that high transparency and good perception
of the environmental stiffness with multi-robot system can be
achieve successfully. It is not necessary to modify parameter
gains according to the stiffness of environment. The system has
high robustness against the parameter variations, disturbance
effects, and unknown environments.
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Abstract—In recent years, rehabilitation technology has been
widely researched in order to help stroke patient recovery. In
this research, a new wrist robot assistive system has been
proposed by using bilateral control system based on disturbance
observer. The proposed wrist robot assistive system consists of
master and slave robot. The bilateral control supplies
interaction force feedback information of rehabilitation training
through a master robot of the physician. On the other hand, a
slave robot is applied to interact with the patient. This paper also
deals with the construction of disturbance observer to estimate
external force between patient and physician. From the results,
it is confirmed that the disturbance observer can be used instead
of the real force sensor. By using the proposed bilateral
controller, it is possible to provide a high transparency and good
perception interaction force of assisting rehabilitation training.
The simulation results are provided to illustrate the performance
of the proposed algorithms.

Keywords: wrist, cuff, rehabilitation robot, disturbance observer

I. INTRODUCTION

In recent years, the rehabilitation robotics can be considered
a challenge research to increase opportunities for facilitating
access between physiotherapist and patient. One of interesting
field to be applied for rehabilitation treatment is the
technology of bilateral control system used in master — slave
robot control. We were looking on scarcity in rehabilitation
robot technology, an experience of rehabilitation robot and
amount of physiotherapist in each region or country. Focus on
the experience; patients have a different age or point of
disorder then require different treatment/techniques of
physical therapy each. So we had the idea to make both unite
to achieve increasingly high performance is the idea to use
robots as an intermediary between doctors and patients.

A robot for wrist rehabilitation is as assistive technology
that focused on development of robot as a supporting tool for
patients. The robot has diver mechanic design for a different
target such as MIT-MANUS [3-5], mainly focused on the
shoulder, elbow and wrist. Or Wrist Gimbal [6], focused on
the forearm and wrist, develop with three degree of freedom
exoskeleton. On the control method has developed on force
control with load sensor or force sensor as well. This work
proposes on disturbance observer to control system without
force sensors and solve of noise and bandwidth range of
sensor.

In order of bilateral control, the method to control the robot
on master-slave system has been proposed on many task
applications, which controlled bilaterally with the same

978-1-4799-3174-3/14/$31.00 ©2014 IEEE

position movement and action force [1]. For example, haptic
system of robot arm is the master side that used by user. The
slave side has contracted on the unknown environment, robot
have feedback of force and movement to master side, which is
an ideal of bilateral control. That had been apply on
multilateral control, main control robot more than two system
(2]

In this paper, we introduce the acceleration control and the
disturbance observer in Section II. The design of bilateral
control present in Section III. Result with discussion are
shown in Section IV and the conclusions in Section V.an
application of haptic system on wrist rehabilitation by using
bilateral control based on disturbance observer. Our main
design goal has been developed of a robust, safe device with a
telemedicine for wrist rehabilitation, starter on the two active
DOF of wrist correspond to flexion/extension and radial
deviation/ulnar deviation. The model of robot system focused
on wrist movement only, show in Fig. 1.

Handle

Linear

Fig.1. Model of robot rehabilitation for wrist.

II. ROBUST ACCELERATION CONTROL SYSTEM
A. Acceleration control

The model of an electric motor is an ideal of current source
control. where 7, Iy, 6, are external force, motor current and
acceleration of motor, respectively. It can generated force by
dynamical equation of the motor and represented by multiply
current I, . The dynamic equation of an electric motor is
shown by equation (1):

]9-1.\4 = IyK:— 7 ()



Where: ] is mass of the actuator.

B. Disturbance observer
Control system based on disturbance observer (DOB) is an
effective method to estimate disturbance force 74 of 7,
which is used to compensate the disturbance torque on the
motor side and to assure the robustness of the system in
acceleration dimension. The design structure of the
disturbance observer is shown in Fig. 2. The disturbance
torque is estimated from the input motor current I, and
velocity response 8,, as follows,
is = U =10y + Ky =KLy + 7 + DOy + Tory (2)
Where: K; is the force Constance,f is the friction force, Db, is
the viscous friction and 7, is the external force.

In the equation (2), a low pass filter is applied to design
bandwidth of force estimation to avoid the effect form noise.
By setting a low bandwidth for the observer, the smoothing
sets of force data with low noise are obtained. However, both

stability and response of the force control system are damaged.

Gai
e Tais (3)

f' . =
dis S+Gais

where, G is a cutoff frequency of LPF.
It has been confirmed that a stable force control loop can
be obtained, when a disturbance observer is implemented as

the feedforward control for a disturbance torque compensation
loop.

9y 1| 6y
S

Tadis

Fig. 2. Block diagram of the disturbance observer.

II.BILATERAL CONTROL

Bilateral control system, information matching of force and
position base on Newton law of action-reaction, is necessary
to reproduce of the interaction force of rehabilitation training.
The target of the bilateral control is the difference between the
positions of master and slave which should be zero, as 6,, and
05 respectively, given by equation (4).

“

In the same way, follow the action-reaction law indicates
sum of force between master and slave which should be zero,
as Ty, and tg; respectively, given by equation (5).

Ty +Tq =0 &)

The ideal of bilateral control requires which equation (4)
and (5) at the same time. It can be described on two control
mode, namely, common mode, as shown in equation (6), and
differential mode, as shown in the equation (7). Each mode is
controlled separately in the acceleration dimension. Where
Hadamard matrix is convert real space to virtual space as

follows,
Text] [TMldLS] _ [fmldis] 6
[ Toxt [1 —1] Tstais Tsiais ©
ext| _ [1 1 [HM] _ [GM]
[gext] a [1 _1] 65 B HZ 65 (7)

where 7,4, and Tg4 are force estimate from the
disturbance observer in master and slave side respectively.
¢, and £2,, are force estimate in common and differential
mode in virtual space respectively. 6, and 6; are also
transformed into the virtual positions in the common and
differential mode, 85, and A%, , respectively. The modal
space designed for each mode is controlled in acceleration
dimension as show in equation (8) and (9).
Texe) Py ®)

re f = (Tcmd

'ref (ecmd ext)(P +Dp) (9)

where 75,4 is the force command, 8%, is the position
command, Py is the proportional gain of force control and
B,, D, are proportional gain and derivative gain of the position

control respectively.

While the equation (6) shows the controller of the
common mode which is a force servo control, equation (7) is
the differential mode which is a position regulator. The
transformation of acceleration control from virtual space to
real space is calculated as follows,

i R
HSref z -1 Gref Href

where éﬁef and éfef are acceleration control signals in
the common and differential modes, respectively. ngef and

(10)

Osrer are acceleration control signals at master and slave side.

Fig. 4 shows a design of bilateral system by using the
disturbance observer in this simulation follow equations (4) —
(10). Fig. 3 shows an overview of robot system designed by
using two bilateral control loops for two joints of the robot,
joint#1 and joint#2, identified by superscript number 1 and 2,
are assume to have minimum of dimension between joint#1
and joint#2.
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Fig. 3. Block diagram of robot system overview.
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Fig. 4. Block diagram of the propose bilateral control.
Fig. 7 shows about different position value of robot on
IV. RESULT

A. supposing input

Fig. 5 shows about force input. Generate from a basic
wrist movement on the master side, where the first motor
moves on Flexion and Extension, the second motor move on
radial deviation and ulnar deviation respective. There are three
movement combination , first active only motor one moving
left and right, second active only motor two moving up and
down, third both active moving like a donut. External force
assumes to be human force by multiply constant gain with
position and velocity.

B. Result

Result from MATLAB simulation of wrist rehabilitation
root shown in five parts of system result about force and
position.

master side and slave side with disturbance feedforward loop
(show on below side) and without disturbance feedforward
loop (show on upper side).

Fig. 8 shows position response between two joint of robot
by upper represent joint#1 and another represent joint#2. It
shows position response in the same between master side and
slave side.

Fig. 9 shows force result of robot on master and slave side
by upper represent joint#1 and lower represent joint#2. It
shown force results have inverse between master and slave
side. Follow a Newton law “Action = Reaction”.

An ideal of bilateral control that is the difference between
the positions of master and slave side should be zero, it show
on minimize of different like same as zero and sum of force
between master and slave should be zero, represent in Fig. 10.
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Fig.6. Force estimate by disturbance observer.
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Abstract— This research focuses on the high bandwidth force
sensation for haptic transmission with low noise disturbance. A
Kalman-filter-based state observer (KFSO) has been designed to
estimate action/reaction force of the master and slave robots. The
stable control loop can be obtained when a KFSO is implemented
as the feedforward control for a disturbance torque compensation
loop. Moreover, this paper also deals with the construction of
multilateral control with the use of modal space design provided
by the calculation of Hadamard matrix. With such a robust force
control scheme, significant high bandwidth haptic sensing in a
multilateral control can be achieved. It is possible to provide
high transparency and good perception of the environmental
stiffness with multi-robot system. Under noisy conditions, a
high performance of the position control and force control can
be achieved by applying the Kalman filtering. The simulation
results are provided to illustrate the performance of the proposed
algorithms.

I. INTRODUCTION

Multimedia technologies are used widely today because of
their advantages to transform and record experience informa-
tion in a purposeful way. As shown in Fig. 1, a microphone
is used for converting and recording sound into an electrical
signal. To adequately reproduce sound waves, an electrical
signal must be reconverted to analog form during playback
before it is applied to a speaker. Motion picture information
is obtained by a video camera, and a television or monitor
make it possible to transmit visual sensation by broadcasting
channel. However, such information is always transferred in
only one way direction (Unilateral).

To provide the sense of touch, haptic devices in master-
slave configurations have been proposed. The concept of the
two way communication (Bilateral) is made on the basis
of the exchanged information between motors. The bilateral
control supplies force feedback information to the human
operator through a master robot. On the other hand, a slave
robot applied to interact with unknown environments. Both
of master and slave robots are controlled bilaterally with the
same actions of force and motion movements.

There has been a lot of discussion of how to improve the
performance of bilateral control. Because of the advantages
and unique features of disturbance observer [?], this approach
has received much attention in sensorless force control system.

978-1-4799-3174-3/14/$31.00 ©2014 IEEE
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Fig. 1. Overview of Human Experience in A Digital World

Many practical application systems have been confirmed that
the disturbance observer can be used instead of the real
force sensor [?]. However, instability and vibration of system
can occur when using disturbance observer for industrial
applications because the presence of white Gaussian noise
is deteriorated at any range of frequency. In this research,
the proposed disturbance observer based on the Kalman filter
[?], named Kalman-Filter-Based State Observer (KFSO), is
designed to estimate the action/reaction force of each robot.
The main objective of this research is also to find the solution
for how we could design the multilateral controller as shown
in Fig.2. As the proposed algorithm transforms and controls
an acceleration information according to the Newtons law of
action and reaction, this feature may make it very useful to
control multi-robot with high transparency of force sensation.

II. MODEL OF THE HAPTIC DEVICE

A model of the linear motor regulated under the ideal
current source is shown in Fig. 3. From this figure, the dynamic
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Fig. 2. Multilateral control of multi-robot system

equation of the linear motor is described by

MXn = Kiln — (Ff+ DX+ Foat + AM K +
AKI,,) ()
Fiis = Fy+DXp+ Fer )

where, M denotes the motor mass. X,,,, Xm and Xm denote
the motor position, motor velocity and motor acceleration,
respectively. K, is the force coefficient, and I,, is motor
current. The load force Fj is the summation of friction force
F¢, viscous friction DXm and external force F.,;. The
equation of the load force is considered as (2). AM X, is
the variation torque due to changed mass, A K1, is the force
ripple due to space harmonics. The disturbance force on the
motor side F; is defined as,

Fuis = Ff + DXy + Fope + AM X, + AK I, (3)

III. ESTIMATION OF ACTION/REACTION FORCE USING
KALMAN-FILTER-BASED STATE OBSERVER (KFSO)

In this research, the action/reaction forces and motions
of the master-slave robots can be estimated with the use
of Kalman-Filter-Based State Observer (KFSO). In order to
extract accurate of forces on the robot, the nominal force
coefficient and the nominal motor mass needs to be modeled
and used in the observer. The model of the robot system can
be formulated into the discrete state matrices as,

1 T, —ik 0
A= |0 1 Lo |, B=|"E 1, @
0 0 1 0

C = [10 0]

where T} is a sampling time of the controller. The vector
of states consists of motor position, motor velocity, and the
external force. Motor current and position information are
the reference inputs of the KFSO whereas the estimation
of disturbance force Fdis is the output as shown in Fig. 3.
where we can think of K%ﬂ as a transfer function transforming
disturbance force to current. The estimation of disturbance
force is used to compensate for unwanted disturbance that

X | 1 [ X

l<=| Position |
Encoder

Disturbance
Compensation Loop

l<—m| Position [ |
Encoder

External Force
Estimation Loop

Fig. 3.

Modeling of Linear Motor System with KFSO.

enter a system. Therefore, the system can be designed to
follow the command input with small error.

A discrete sensor dynamics model can be formulated in the
state space form as

A (k) + B ey + W) ®)
Cyxmy + v (©6)

L(k+1) =
k) =

where k represents the sampling instant, x ;) € R" is the
vector of states, Uy € PR™ is the vector of input variables,
Ay € R™" and B,y € R™™ are system matrices,
C(r) € \R¥" is the measurement matrix, z() € R° is the
vector of measured variables, wy,) is the process noise and
v () represents the measurement which is corrupted by white
Gaussian noise.

The error covariance matrices P is the variance of the differ-
ence between the state and the measurements. The predicted
equation which projects the current state estimate ahead in
time are given by

T(k|k—1) AT (k—1)k—1) T Ba—numw—1 )
Pup-1y = Ap-nyPu-1p-1nAl_ 1)+ Qu1y ®

The Kalman filter gain matrix M, that is based on the total
uncertainty measurement of matrix S is computed by using
the following equation

S k) CiyPris-1)Cly + Ry ©)
Mgy = Pup-—ClnSy) (10)

The estimated state vector and the error matrix are updated
by an actual measurement Z(;) of motion sensor at every
sampling instant as follows

(1) T(plk—1) + M) (Zk) — Ce)Tsip—1)) (1D
Pry = Pupr-1) — MuSwM(, (12)
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Fig. 4. Block diagram of the proposed multilateral control based on KFSO.

IV. CONTROLLER DESIGN FOR MULTILATERAL CONTROL

The complexities that control of master-slave robots present
are synchronization in terms of movements and force. Master
and slave robot must be controlled similarly. Thus, the target
of the ideal multilateral control is to minimize the difference
betwegn the force response in the master side ﬁ‘ezﬂ and slave

side Fiyto, Ferts as follows,

Fextl + Feth + Fextl% =0 (13)
Moreover, the position tracking of the master robot X1 and

slave robot sz, Xm3 should be similar, as follows,
(14)

Two control modes, namely the common mode and dif-
ferential mode, are implemented and applied to control both
the position and force as shown in Fig. 4. In order to obtain
information for the modal space design, the force estimation
from the KFSO at the master side, Feztl, and the KFSO at the
slave side, ﬁ‘em, ﬁeztg, are transformed into the virtual force
in the common mode, F¢123, and the differential mode, £%12,
423 by using the Hybrid force/position transformation matrix
based on the third order of Hadamard matrix, H3. On the
other hand, the position signals from the KFSO at the master
side, Xml, and the slave side, Xmg, Xmg are also transformed
into the virtual position in the common mode, X123, and the

differential mode, X2, X423 by using the H. The virtual
position of each mode is represented as follows:

Fos 111 Fen

el o= |1 1o Fow | (15)
Fedxzi? B L 0 1 -1 4 L Femt?:
Xel2 ] (11 1 ][ Xm

Xdlz = 1 -1 0 Xon2 (16)
X423 L0 1 -1 ]| X,.3

The force control in the common mode can be separately
analyzed as the proportional controller as shown in the fol-
lowing equation,

Y123 _ ( c

cmd

_ Fcl23> Ky

ext

7)

where F . is the force command and K is the proportional
gain of force control On the other hand, the position control
in the differential mode can be analyzed as the proportional-
derivative (PD) controller. The modal space designed of each

mode is controlled in the acceleration dimension as follows,

X1z (Xgmd — X—gnl2) (Kp12 + SKdlg) (18)
de23 (Xgmd — X-gn23) (szg + SKdgg) (19)

where X2 . is the position command. According to the targets
of the bilateral control, both force and position command were
set as zero. Kpi12, Kpa3 and Kgi2, K403 are the proportional
gain and the derivative gain of position control, respectively.

In order to transform into the master robot and slave robot,
the transformation matrix inverse matrix Hy Lis applied.
The transformation of acceleration control signals from modal
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Fig. 5.

space design to the real space in the master robot X,e f1 and

slave robot X,¢r2, X;cr3 are calculated as follows,

)grefl 1 1 2 1 )'(::(;123
Xref2 = 3 1 -1 1 X412 | (20
X,ef3 1 -1 -2 Xd23

where X123 is the acceleration control signal in the common
mode. In the differential mode, X?!2 is the acceleration
control signal between the first and the second haptic devices
and X 923 s the acceleration control signal between the second
and the third haptic device.

V. SIMULATION RESULTS

The simulation was performed to evaluate the performance
of the proposed approach with the input pulse function. A
teacher operates haptic device 1 at 2.0 s, a student operates
haptic device 3 directly at 6.0 s and the haptic device 2 (Slave
robot) is contacted to an unknown environment twice times by
the end-effectors of the robot. Fig. 5(a) shows the simulation
result of hard environment On the other hand, Fig. 5(b) shows
the simulation result of soft environment, respectively.

By using the proposed method, the position response of
master side can be tracked almost identically over the position
response of slave sides. After the slave robot is moved to
contact the soft and hard environment, the force feedback
is transmitted to the master robot with very fast response
and high bandwidth sensation. It is not necessary to modify
parameter gains according to the stiffness of environment. The
system is high robustness against the parameter variations,
disturbance effects, and unknown environments.

Simulation results

VI. CONCLUSION

In this research, Kalman-filter techniques were employed to
estimate action/reaction force of haptic devices. An advantage
of Kalman filter is the ability to estimate state variable with
noise compensation. Thus, these design techniques overcame
limitation in the design of disturbance observer. Moreover,
feedback of disturbance compensation loop can also be used
to improve the robustness of the multilateral control system.

The modal space design techniques is based upon realizing
the Newton’s law of action and reaction in order to achieve
high transparency of multilateral control. We found that the
force and position response of the master robot are almost
equal to the slave robot. It is clear that high transparency
and good perception of the environmental stiffness with multi-
robot system can be achieve successfully. This controller may
thus be useful in many application areas, for example, to
support a doctor for the surgical operation, and to teach a
student in the haptic training system.

ACKNOWLEDGMENT

This research was supported in part by a grant-in-aids from
Thailand Research Fund (TRF).

REFERENCES

[1] K. Ohishi, K. Ohnishi, and K. Miyachi, “Torque-speed regulation of DC
motor based on load torque estimation,” in Proc. IEEJ IPEC, Tokyo,
Japan, Mar. 1983, vol. 2, pp. 1209-1216.

S. Katsura, and K. Ohishi, “Modal system design of multi-robot systems
by interaction mode control,” IEEE Trans. Ind. Electron., vol. 54, no. 3,
pp. 1537-1546, Jun. 2007.

C. Mitsantisuk, S. Katsura, and K. Ohishi, “Kalman-filter-based sensor
integration of variable power assist control based on human stiffness
estimation,” IEEE Trans. Ind. Electron., vol. 56, no. 10, pp. 3897-3905,
Oct. 2009.

(2]

(3]



The 29th International Technical Conference on Circuit/Systems Computers and Communications (ITC-CSCC), Phuket, Thailand, July 1-4, 2014

Vibration Suppression of Flexible Three-Mass
System Using PID Controller Based on
Resonance Ratio Control

"Phalakorn Kladjaroen, “Saran Jarudamrongsak *Chowarit Mitsantisuk, “Komsan Hongesombut

Department of Electrical Engineering, Faculty of Engineering
Kasetsart University, Bangkok 10900, Thailand
Email: 'pkbuna@gmail.com, *maxcubpom.mut@gmail.com, *chowarit.ku@gmail.com, 3fengcrm@ku.ac.th, *fengksh@ku.ac.th

Abstract—Generally, the industrial machine and robot
manipulator with the flexible tool can be modeled as the three-
mass system. By using the conventional PID controller, this
method cannot perform well due to the resonance in the
system. Thus, it is necessary to design the controller that
guarantees the robustness and suppress vibration. In this
paper, a new method is proposed and applied to control the
flexible robot by using PID controller based on resonance ratio
control. The effectiveness of the proposed method is verified by
numerical simulation results. By using the proposed method,
the vibration effect can be rejected very successfully in the
flexible three-mass system.

Keywords—Three-mass System; Resonance ratio control;
Multi-Encoder Disturbance Observer

L INTRODUCTION

Recently, the automatic machine and robot are very
important on an industry. Robots are used in many
applications for support human such as medical tools that
require accurate force and position control. Generally, force
control uses force sensors to measure external force and
feedback to the system. However, the force sensor has
limitations such as it has low bandwidth and too much noise.
The cost of force sensor depends on the size of bandwidth.
Most of the force sensors have structural vibration due to the
soft structure of the stain gauge. In order to solve this
problem, resonance ratio control based on disturbance
observer is proposed by Yuki [1]. In addition, the sensorless
force servoing system based on resonance ratio control was
proposed by Katsura [2]. Then Mitsantisuk proposed multi-
encoder based disturbance observer (MEDOB) to estimate
the force response from two-mass system [3-5]. This
research proposes a novel technique to compensate the
vibration effect of flexible three-mass system by using PID
controller based on resonance ratio control with MEDOB.

This paper is composed of four parts. In part II, a basic
structure of a three-mass system is shown. Next, the
disturbance observer is used to guarantee the robust force
control. Then the reaction torque estimation method based on
MEDORB is also explained. The collaborative PID controller
with the resonance ratio control is shown in part III. Part IV
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shows the simulation results and the conclusions of the
proposed approach.

II.  THREE MASS SYSTEM

A. The model of three-mass system

The model of three-mass system has the same structure
as two-mass system, but three-mass system has two loads.
Three-mass system consists of a motor M, two loads L; and
L, connected by a flexible structure to transmit the actuator
torque to a distant joint as shown in Fig. 1. Therefore, the
elasticity of flexible robot is realized under assumptions that
it can be modeled by constant spring coefficient K, and mass
system [6].

A block diagram of the linear motor with three-mass
system that controls under the ideal current source is shown
in Fig. 2. The dynamic equation of the linear motor is
described by:

. K. K
g= Ky Ky M)
MM

. K K

¥ =—tx —-—2x (2
1 Ll 1 Ll 2

. K,

¥ =fex _Lp 3)
2 L2 2 Lz 2
)'(S1 =X, —X,l, 4)
Xsﬁ :Xz, _Xz,r (5)

where subscripts m and / denote the motor side and load
side, respectively. X; is the torsional position from the
position of the motor X, and the position of the load X;, M
and L denote the equivalent mass of the motor and load
mass, respectively. Fy is the external force on the load side.

X and X denote the acceleration and velocity, respectively.
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B. Disturbance Observer

Disturbance observer is an external disturbance
estimation algorithm that is based upon motor current and
velocity information[1]. The disturbance observer has been
used for improving the robustness and bandwidth of the
control system. It has been guarantee a robust force control,
when the disturbance observer is implemented as the feed
forward control for a disturbance force compensation loop as
shown in the next section.

C. Multi-Encoder based on disturbance observer

Generally, a force sensor has been widely applied to
measure the external force information [7-9]. However, the
bandwidth of the force sensor is not very high since the
strain gauge with soft structure is used. Moreover, the
information of the force sensor has much noise. Thus, the
deterioration to use of force sensor is the presence of
significant oscillation in the system. Based on the sensorless
force control technology, a disturbance observer can be used
instead of the real force sensor. But, instability and vibration
of system can occur when using disturbance observer for the
flexible robot system because of the presence of spring that
degrade the overall performance. To solve this problem, a
load disturbance observer (LDOB) is proposed to estimate
the external force at the load side. However, the exact
parameters of the spring coefficient are difficult to obtain.
Moreover, it can be assumed by a non-linear relationship.

A multi encoder based disturbance observer (MEDOB) is
used to estimation the external force at the load side of
flexible three-mass system as shown in Fig. 3. It is not
necessary to estimate the nominal spring coefficient
parameters. The method to estimate the external force at the
load side is obtained from the equation and a simple first-
order low-pass filter as follows,

F,=KI,-LX, -LX, -MX, (6)
~ G 2 2
Fdl = L[)})(Kmlm + GmoanXm + GmobLlnXll
S+ Gmab
+GmobL2nX12) - GmoanXm - GmobLlnX/l - GdisL2nX/2 (7)

Compared to the other conventional ways such as state
observer and LDOB, MEDOB offers the advantages of faster
response, and high accuracy.

III.  CONTROL SYSTEM

A. Resonance ratio control

The simplified block diagram of this reaction force
feedback is shown in Fig. 4. The controllers of robot system
consist of a force gain K, a velocity gain K1, K,», a reaction
force gain K,;, K,». The feedback force will depend on the
force contacted on the robot by a known environment
stiffness K.. The transfer function from the force command
F.ma to the force response F., can be calculated as follows,
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K., K2, K., and K,, have affected in characteristic
equation of the transfer function. This means that the
resonance frequency of the system can be changed to an
arbitrarily value which it extends bandwidth for better
control of higher frequency input as shown in the results.

B. PID Controller

PID controller is used to adjust the transient and error of
the system. The output U(?) of the PID controller is

U(1)=K,e()+ K Je(r)de+ Kpe())  (16)

0

Where, K,, K; and K, are the proportional, integral and
derivative gains, respectively. e(?) is the error between the
reference input 7(z) and the output y(z) at time ¢.

In three-mass system, it has vibration effect. Therefore,
only PID controller cannot be used to control the three-mass
system. In this paper, the PID controller based on resonance
ratio control has been used for improving the force response
and bandwidth of the system. The PID controller based on
resonance ratio control has two feedback reaction forces Fi;,
F,> and feedback velocity of motor X, and feedback velocity

at load side X, , - The block diagram is shown in Fig. 5.

IV. RESULTS AND CONCLUSIONS

A. Results

In the simulation results, the force command input is
applied by a step function with the magnitude of 1.0 N as
shown in Fig. 6. The PID controller gives a poor response
with overshoot and vibration. For using PID controller based
on resonance ratio control, the force response has shorter
setting time and smaller error than PID controller without
resonance ratio control. In the simulation of soft
environment, it has a little vibration as shown in Fig. 6 (a).
On the other hand, the oscillation effect is occurred in the
force response of the simulation result of the hard
environment as shown in Fig 6. (b). The position response of
each type of environment is shown in Fig.7. It has the same
effect as shown in the force response. The specifications of
the linear motor and the parameters used in the simulations
are shown in Table 1.
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Fig. 7. The position response of three-mass system.

TABLE L. PARAMETERS USED IN SIMULATIONS
Details Parameters Values

Mass of Motor M 0.245 kg
Load L, L, 0.245 kg
Force Constant K, 3.333
Environment stiffness K, 110
Spring coefficient K, K> 200, 220 N/m
Cut-off freq. of velocity. Ge 250 rad/s
Cut-off freq. of DOB. Glis 250 rad/s
Cut-off freq. of MEDOB. | G 250 rad/s
Proportional gain K, Kp2 2.2973,7.0498e-05
Integral gain K, Ki» 13.0104,0
Derivative gain Ka, Ko -0.0739, 0.0015

B. Conclusions

In this paper, the PID controller based on resonance ratio
control and MEDOB is proposed. It can be found in the
results that the proposed method can reduce vibration and
error of the system even if the environment is changed. This
method can be applied in many applications which system
has more than two or three masses such as surgery, high
resolution milling. Moreover, the proposed method can be
used to improve the better performance for the future robot
applications.
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Abstract—Recently, robots have been used in many applications.
A necessary ability is discrimination of the objects. The
hardness of each object is analyzed for design the controller of
the robot system. This paper proposes a methodology to
discriminate objects by mean of spectrogram analysis. The force
signals are obtained by knocking of master-slave robot and then
improved by Disturbance Observer (DOB). Finally, the
spectrogram of force signal is analyzed to discriminate the
objects. The simulation results demonstrate the effectiveness of
the proposed method.

Keywords—Disturbance Observer, Bilateral Control System,
Master-Slave Robot, Short-Time Fourier Transform, Spectrogram

I. INTRODUCTION

Many researches used the knocking sound signal or signal
compression to classify the kinds of objects. However, the
sound signal always come with high noise and consequently
while the signal compression gives the lower noise. However
it partly damage the data and the distortion could be occurred.
For these reasons, the analysis force response has become
more interesting method.

Bilateral control robots which consist of master and slave
robot is used in many haptic communication system [1]-[2].
Due to higher noise level and low bandwidth of force sensor
the Disturbance Observer (DOB) was used To estimate
disturbance force instead [3]

This paper proposes the effective method by analysis the
force response through the spectrogram. The master-slave
robot is used to knock the objects which have different
hardness. The force response data from knocking are
processed via DOB. The force response are analysis by mean
of spectrogram to classify the objects [4]. This paper consists
of 5 sections. The section 2 shows the DOB and bilateral
control system of master-slave robot. In section 3,
spectrogram analysis is described The simulation results and
discussions are demonstrated in section 4. Finally, the last
section summarized the paper.

Il. BILATERAL CONTROL SYSTEM BASED ON
DISTURBANCE OBSERVER

This section describes the bilateral control system and
DOB for controlling master-slave robot

970

A. Disturbance Observer

The purpose of Disturbance observer (DOB) is to estimate
disturbance force at motor and feed back for compensation
and improvement the robustness and bandwidth of the
system. The structure of DOB is shown in Fig. 1.

F.
Lo - L l 1% [1]x, 1] x,
: ' M =]
lvl/ /—\ + oo+ G.. M
H Km dis™¥'n
| | T l —
1 Gais
Ky |i s + Ggis
. e
% G(hsMn
Y el
‘ﬁdxs

Fig 1. Disturbance Observer (DOB)

Where M denotes the mass of the motor, K; denotes the
force coefficient. I is the current of motor, Fgis is disturbance
force and Ggis is the cut-off frequency of the low-pass filter
for design the bandwidth of observer respectively. Using a
low bandwidth, it can reduce a high-frequency noise. Xm, Xm
and X represent acceleration, velocity and position of the
motor respectively. The disturbance force Fgis estimated by
DOB is fed back to the system for robust control.

B. Bilateral Control System

The bilateral control system is consists of master and slave
robot which control similarly. And its control goals are
represented as follows,

F +F =0 @)

X =X =0 @

where Fy and Fs are the force at master robot side and slave
robot side. X and Xs are the position of master and slave
robot respectively.

Eqg. (1) represents the law of action and reaction. Force at
master robot side is equal the force at slave robot side but
opposite in direction. Eq. (2) represents position tracking of
master and slave robot. Master robot position is equal to slave
robot position.
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The virtual spaces of force and position at master and slave
side using Hadamard matrix are as follow:

e ram r~m

Fext | _ |1 1| Fais | _ H Fdis @)
IA:d 1 1| gS. 2 £S.
L"ext L dis L dis

o C m m

Rext | _ |1 1| Rdis | _ H Xdis @
)A<d 1 - XS 2 XS
L7 ext L dis L dis

Eqg. (3) — (4) comprise common and differential mode of
force and position. The subscript ¢ is a common mode and
subscript d is a differential mode. The structure of bilateral
control system based on DOB system is shown in Fig. 2.

I11. ANALYSIS FORCE RESPONSE BY USING
SPECTROGRAM

A. Spectrogram

The Fourier Transform is a basic theory to extract the
frequency component of stationary signal. But in real word,
the signals are non-stationary i.e. vary with time. To deal with

the non-stationary signal, the spectrogram analysis together
with Fourier Transform are applied in this paper.
Spectrogram is a graph with three geometric dimensions.
X axis represents time and Y axis represents frequency and Z
axis represents amplitude of the signal respectively.
Considering X-Y plane, warm colors represent a high
amplitude of force response. While the cool colors represent
a low amplitude of force response. The spectrogram could be
calculated from Short-Time Fourier Transform (STFT) as
shown in Fig. 3. Eq. (5) shows STFT equation. X(n) is
separated into short parts by sliding window function w(n).

o0
Xerer (07,0 = D0 X(n-m)w(m)e ™™

m=-o0

®)

Window function must be overlap between other
windows. It can be described on two spectrogram depend on
window length, wideband spectrogram and narrowband
spectrogram. The narrow window gives wideband
spectrogram compared with that from the wider window. The
spectrum magnitude of each window is calculated by Fast-
Fourier Transform (FFT) and then the window function is
shifted in time domain. Finally, the results are displayed in
the spectrogram.
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IV. EXPERIMENT AND RESULT

A. Experimental Setup

The master-slave robot is used for knocking the objects
and collect force data through DOB. The master robot is
received the unit step input of human force with initial time
at 5 second as shown in Fig. 4. The slave robot move to
contact the object with the same unit step input force of
master robot. DOB estimates interaction force when the slave
robot contact the object. The spectrogram of force is then
analyzed the hardness of the object and the discrimination
results are presented. The experiments perform on the 3
different hardness objects. The hardness is controlled by
adjusting stiffness Ks and damping Kq gain of the impedance
control.

Unit Step Function
T

Time

Fig 4. Unit step input at initial time 5 s

B. Experimental Result |

Fig. 5-7 show the force response in the case of stiffness
gain 1, 10 and 100 respectively. In Fig. 5 force response is
less than one of Fig. 6 and 7 which has a higher gain. The
higher hardness the objects have, the higher the force
response they produce. This because the hard object produce
more vibration than that of soft object. Hard object has a force
response more than soft object. Therefore, hard object has
more vibrating than soft object.
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Fig. 8 shows the spectrogram of force response with gain
1. According to the results, the red square box shows the
vibration of force response at the low frequency.

Fig. 9 shows spectrogram of force response with gain 10.
The vibration in this case occurs at higher frequency
compared with the former case.

Fig. 10 represents spectrogram of force response with gain
100 which is the highest hardness in the experiments.
Obviously, the result shows the vibration at the highest
frequency compared with the two previous cases.

0 a0 100 150 200 250 300 350 400 450 500
Frequency [Hz]

Fig 10. Spectrogram of force response (gain 100)

V. CONCLUSION

This paper presents the application of the spectrogram to
discriminate objects. Bilateral control system based on DOB
is implemented on master-slave. The objects can be
discriminated by the spectrogram analysis of force response.
From the experimental results, the spectrogram analysis show
the vibrations of force response at the different frequency. To

0 &0 100 150 200 250 300 350 400 450 500 the proposed method is simply to classify the objects. For the
Frequency [Hz] future work, the method will be applied to the sound and
Fig 8. Spectrogram of force response (gain 1) compression signal.
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Abstract— This paper proposes a new wideband bilateral
motion-scaling control to apply in the small size robot system.
The scaling Hadamard matrix is applied to reduce or magnify the
force and position response of bilateral motion-scaling control.
The technique to estimate the action/reaction forces of master-
slave robot is designed using Kalman-filter based disturbance
observer (KFDOB). Optical encoder and acceleration signals
were fused to estimate contact forces occurring during an exper-
iment. With the bilateral motion-scaling control and KFDOB,
we can control the small scale master-slave robot with high
precision. Comparative experiments show the KFDOB and its
multi-sensor fusion to provide performance superior to that of
previously disturbance observer. As seen in the experimental
results, it is clear that high transparency and good perception of
the environmental stiffness with the response of the master-slave
robot can be achieve successfully. An additional result of FFT
analysis which guarantees noise compensation is also presented.

I. INTRODUCTION

Recently, robot systems are increasingly applied in many
applications to support human operators. The development
of a robot collaborating with human operators provides an
effective applicability in which the intelligence and experience
of human operators are combined with the accuracy and
repeatability of the robot system. Human support robot is a
widely discussed field. For example, the da Vinci surgical
system [1] and ZEUS surgical system have been introduced
to perform the surgery effectively. Search and rescue robot
[2] provides an ability to detect and identify victims by using
various sensors on multiple robots and enables the operator to
control the robot as desired.

For a more flexible usage of robot systems, The ability
to feedback force sensation is another important performance
specification in order to increase safety. Several researchers
have applied the bilateral control in order to feedback force
sensation to human operator. The bilateral control system
consists of master and slave robots assembled for the purpose
of obtaining a same action of force and motion movements
with desired performance. One of the drawbacks of bilateral
control, using force sensor [3], is that undesirable oscillations
is occurred due to the sensor noise.

Generally, a task operation in the robot system may in-
volve more than one dimensional scale at the same time.
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For example, the slave robot can be used to operate task in
dangerous locations or in a small space by controlling the
master robot. To develop the applications for specific task,
several researchers have designed the method to make the
system function in different scaled environment as shown in
Fig. 1. Previous work on this problem has been motivated
by using a disturbance observer [4], [5]. Nevertheless, the
problem of sensor noise with a small sensory device, such as
undesirable oscillations and instability, does not only degrade
the performance at the slave side but also at the whole system.
By using the low bandwidth of the observer, the smoothing
sets of force data without noise are obtained. However, both
the stability and response of the force control system are
deteriorated. Therefore, the sensor noise represents a major
performance impairment that must be compensated.

To provide correct feedback of action/reaction force with
low noise, Kalman-filter-based disturbance observer is pro-
posed. Moreover, the scaling Hadamard matrix is also applied
to reduce or magnify the force and position response of
bilateral control. As the proposed algorithm transforms and
controls an acceleration information according to Newtons’s
law of action and reaction, this feature may make it very
useful to apply in the bilateral motion-scaling control with
high transparency of force sensation.

The rest of paper is organized as follows: In section 2,
the modeling of master-slave robot is described. In section 3,
we review one previously reported disturbance observer and
present a Kalman-filter based disturbance observer. In section
4, the structure of the bilateral motion-scaling control based
on the scale ratio of Hadamard matrix is explained. In section
5, we present comparative experimental results of position and
force responses which coroborate the theory and compare the
performance of the proposed method with the conventional
method. It is clear that high transparency and good perception
of the environmental stiffness with the response of the small
scales of master-slave robot can be achieve successfully. An
additional result of FFT analysis which guarantees noise
compensation is also presented. Section 6 concludes and
summarizes the results.
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II. MODELLING OF THE MASTER-SLAVE ROBOT

The system hardware of haptic device consists of linear
motors, linear guide devices, and motion sensors as shown in
Fig. 2. The next step is to develop mathematical modelling of
the master-slave robot from schematics of physical system. A
model of the linear motor regulated under the ideal current
source is shown in Fig. 3. From this figure, the dynamic
equation of the linear motor based on translational mechanical
system is described by

MXm = KtIm_ (Ff+DXm+Fezt+AMXm+
AKtIm> (D
F, = F;+DXp+ Fopt )

where, M denotes the motor mass. X,,,, Xm and Xm denote
the motor position, motor velocity and motor acceleration,
respectively. K, is the force coefficient, and I,, is motor
current. The load force Fj is the summation of friction force
F¢, viscous friction DXm and external force F.,;. The
equation of the load force is considered as (2). AM X, is
the variation torque due to changed mass, AK;1,, is the force
ripple due to space harmonics. The disturbance force on the
motor side F;, is defined as,

Fuis = Ff + DXpp + Fepr + AM X, + AK L, (3)
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III. MOTION SENSOR-BASED EXTERNAL FORCE
ESTIMATION

A. Disturbance Observer (DOB)

The structure of disturbance observer [4], [5] is shown in
Fig. 3. The method to estimate the velocity is obtained from a
derivative with simple first-order of low-pass filter as follows,

- Gdis 5
F s — o~ KnIm G ’LSM’I’LX’ITL
d ST G ( t + Gqg )
—Gais My X, &)
2 SGue 4
Xm = —X,, 5
S+ Gpe )

where Gg;s is the cut-off frequency of the disturbance ob-
server, G, is the cut-off frequency of the velocity estimation.
K, and M,, are the nominal force coefficient and nominal
mass parameters, respectively. The low-pass filter is used to
design bandwidth of force estimation.

A robust motion control of each motor has been achieved
by feedback the inner disturbance observer loop. By using the
divider’s gain 1/K},, the disturbance force is transformed to
the compensation current fdis, and it is utilized to cancel out
the disturbance on the motor side and the uncertainty of a sys-
tem due to the parameter variation. Because of the advantages
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and unique features of disturbance observer, this approach has
received much attention in sensorless force control system.
However, instability and vibration of system can occur when
using disturbance observer for industrial applications because
the presence of white Gaussian noise is deteriorated at any
range of frequency. Since acceleration sensors is analog output,
it have both continuous time noise and quantization noise
terms.

B. Kalman-Filter Based Disturbance Observer (KFDOB)

To address these problems, KFDOB, which is composed of
disturbance observer [4], [5] and Kalman filter [6], has been
proposed. The formulation of the Kalman filter equation is
based on state space formulation. A discrete sensor dynamics
model can be formulated in the state space form as

A (k) + Byt + w) (©6)
Ciyrm) + v (7)

T(k+1)
Zk) =

where k represents the sampling instant, x(;) € " is the
vector of states, Uy € PR is the vector of input variables,
Ay € R™" and By € R™™ are system matrices,
Cy € R¥" is the measurement matrix, z(;) € R is the
vector of measured variables, w(y) is the process noise and
v(y,) represents the measurement which is corrupted by white
Gaussian noise. The system matrices can be formulated into
the discrete state matrices as,

1 7, 0
A= |01 T, |.B=|%gx1], ®
0o 0 1
1 0 0
C_[OOI}

where T}, is a sampling time of the controller. It is assumed
that the covariance matrix of the process noise @, the co-
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variance matrices of the measurement noise R and the cross-
covariance matrix are as given below:

Q = FE{ww'}>0 9)
R = E{w!l>0 (10)
E{wT} = 0 (11)

The matrices @ and R are used to tune the accuracy and
response of the observer, and these values can be determined
by using the simulations for the testing of the measurement
sensors. A compromise between the performance of observer
and the compensation of acceleration signal noise can be
found. The error covariance matrices P is the variance of
the difference between the state and the measurements. The
predicted equation which projects the current state estimate
ahead in time are given by

T(k|k—1) AT (k—1)k—1) T Br—num—1) (12)
Pup-1y = Ap-1Pu-1p-1Afl_ 1)+ Qu_1y (13)

The Kalman filter gain matrix M, that is based on the total
uncertainty measurement of matrix S is computed by using
the following equation

Sty = CuwyPurr-—1Cly + Ry (14)
Mgy = Pup-CinSy (15)

The estimated state vector and the error matrix are updated
by an actual measurement Z(;) of motion sensor at every
sampling instant as follows

(k| ) T(lk—1) + M) (Z(k) — C (o) T(jk—1)) (16)
Pugy = Pupor)— MuSuM, (17

IV. CONTROLLER DESIGN FOR BILATERAL
MOTION-SCALING CONTROL

The complexities that control of master-slave robots present
are synchronization in terms of movements and force. Master
and slave robot must be controlled similarly. Thus, the target of
the ideal bilateral control is to minimize the difference between
the force response in the master side Fextl and slave side
Fem. We now write the equation of motion using Newton’s
law to sum to zero all of the forces as follows,

Fortr + Fogrs = 0 (18)

Moreover, the position tracking of the master robot X1 and
slave robot X,,,» should be similar, as follows,

X1 — X2 = 0 (19)

This paper also deals with the construction of bilateral motion-
scaling control with the use of modal space design provided
by the calculation of the scaling Hadamard matrix [5], [4]
as shown in Fig. 5. Suppose we want to reduce or increase
the size of position and force response of slave robot. That
is, we must specify how much to change the size along each
dimension. The scaling for the force dimension does not have
to be the same as the position dimension.
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In order to reduce or magnify the force and position
response of master-slave robot system, the scaling transforma-
tions are represented by using the scaling Hadamard matrix as
follows,

ﬁeztl + aﬁ‘ezﬂ = 0 (20)
X1 = BXpm2 = 0 1)

The force and position outputs have been scaled simply by
multiplying each of its responses by the appropriate scaling
factor in the force control v and the position control .

Two control modes, namely the common mode and differ-
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ential mode, are implemented and applied to control both the
position and force. The underscript number 1 and 2 identify
the master robot 1, and slave robot 2, respectively. In order
to obtain information for the modal space design, the force
estimation from the KFDOB at the master side, Ferx;tl and
the KFDOB at the slave side, f’extg, are transformed into the
virtual force in the common mode, F<,,, and the differential
mode, ﬁ‘fxt, by using the scaling of Hadamard matrix based
on the second order, H». On the other hand, the position
signals from the KFDOB at the master side, Xml, and the
slave side, Xmg, are also transformed into the virtual position
in the common mode, an, and the differential mode, X ;in, by
using the H,. The virtual position of each mode is represented
as follows:

el 1« Fovtt

|: Fgmt :| B |: 1 _IB :| |: Femt2 :| (22)
Xl  [1 «a Xon1

[X;z] - [1 —ﬁHm] @9

The force control in the common mode can be separately
analyzed as the proportional controller as shown in the fol-
lowing equation,

":ef = (Fccmd - ngt>Kf (24)



where F¢ . is the force command and K is the propor-
tional gain of force control. X¢, ¢ is the acceleration control
signal in the common mode.

On the other hand, the position control in the differential
mode can be analyzed as the proportional-derivative (PD) con-
troller. The modal space designed of each mode is controlled
in the acceleration dimension as follows,

Xy = (Xha—X0) UG +sK)  @9)
where X s the position command. X% 7 is the acceleration
control signal between the master and slave robot. According
to the targets of the bilateral control, both force and position
command were set as zero. K, and K, are the proportional
gain and the derivative gain of position control, respectively.

In order to transform into the master robot and slave robot,
the inverse of scaling hadamard matrix Hy Lis applied. The
transformation of acceleration control signals from modal
space design to the real space in the master robot X,e 1 and
slave robot Xre f2 are calculated as follows,

|: ).?7’6 f1 :| _ )gvfe f
Xre f2 ere f
A robust control system is attained by applying the KFDOB. In
addition, an acceleration control system is attained on robust
interaction force control. Therefore, it is able to design the
sensorless force control and position control in acceleration

dimension independently by realizing the system based on
common mode and differential mode.

B _a
(“Tﬂ) (qu)
(at+B)  (at+B)

(26)

V. EXPERIMENTAL RESULTS

The experimental setup of bilateral motion-scaling control
consists of two set of haptic devices as shown in Fig. 6. The
master-slave robots are controlled by a PC using RT-Linux
with a sampling time of 100 us. The computer is equipped
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 multi-
sensor systems which consists of the optical linear encoder
and acceleration sensor play a major role in control of the
haptic device, by measuring the position and acceleration
information. A non-contact optical linear encoder (RGH24
series; Renishaw) with high resolution grade of 0.1 pm is
used to read the scale in order to convert the encoded position
into a digital square wave signal.

The mounting wax is used to mounted a piezoelectric accel-
eration sensors (NP-3211; Ono Sokki Technology, Inc.) on the
master and slave robots, and applied to converts mechanical
vibrations into analog signals. It offers a sensitivity of 1.02
mV with 1 m/s%. The frequency response range is provided
from 1Hz to 10kHz.

The experiments were performed to evaluate the perfor-
mance of the proposed approach with the human operators.
The slave robot was commanded by the human operator at
the master side to make contact with, and apply force to the
high stiffness environment, which is an aluminum block, was
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used. User operates haptic device 1 (Master robot) at 2.0s. The
period between 0.0s and 2.0s is a rest/transition period where
no motion is produced. The scale ratio parameters of o and 3
are set as 20 in order to reduce the scaling of force and position
of slave robot 20 times. The position responses at both master
and slave sides are shown in Fig.7. The grey line and black line
represent for the position response of slave and master robot,
respectively. The red line represents for the position response
of slave robot which is times by 20 in order to compare with
the master robot side. As shown in the results, the position
response of master side can be tracked almost identically over
the position response of slave sides.

Fig. 8 and 9 show the experimental results of the value
of action/reaction force responses by using the conventional
and the proposed method, respectively. As shown in Fig. 9,
the force response at the slave side sensed by the KFDOB
is in opposite directions with respect to the force response
at the master side sensed by the DOB. Fig. 10 and 11 show
the experimental results of the value of velocity responses by
using the conventional and the proposed method, respectively.
From the experimental results, the DOB did not exhibit perfect
transmission of the contact information to the master side,
especially at the onset of the contact phase. When the impact
force is performed beyond the frequency bandwidth of the
DOB, which is based on only optical linear encoder, the
force signals are distorted due to the cut-off frequency of the
low-pass filter. By using the proposed method, the reaction
response of master side can be tracked almost identically
over the action response of slave sides. We analyze the force
estimation by fast Fourier transform to obtain the frequency
components of the estimated torque as shown in Fig. 12.
Because the disturbance observer is deteriorated with a white
Gaussian noise, the frequency components in the estimated
action/reaction shown in Fig. 8 and 12 are undesired noise.
After the slave robot is moved to contact the hard environment,
the force feedback is transmitted to the master robot with very
fast response and high bandwidth sensation. It is not necessary
to modify parameter gains according to the stiffness of envi-
ronment. The system is high robustness against the parameter
variations, disturbance effects, and unknown environments.
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VI. CONCLUSION

This paper proposes the bilateral motion-scaling control
based on KFDOB to apply in the small size robot system.
The scale ratio of Hadamard matrix is applied to reduce or
magnify the force and position response of bilateral control.
By using the proposed method, the position response of
master side can be tracked almost identically over the position
response of slave sides. After the slave robot is moved to
contact the high stiffness environment, the force feedback is
transmitted to the master robot with very fast response and
high bandwidth sensation. Comparative experiments show the
kalman-filter based disturbance observer and its multi-sensor
fusion to provide performance superior to that of previously
disturbance observer. As seen in the experimental results, it
is clear that high transparency and good perception of the
environmental stiffness with the response of the small scales of
master-slave robot can be achieve successfully. An additional
result of FFT analysis which guarantees noise compensation
is also presented.
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Abstract— Recently, the robotic devices are used mainly as
therapy aids in the rehabilitation process of a disabled persons.
The robotic device are designed with applications of techniques to
support the adaptive exercise possible. It can apply to repeat the
process exercise as many times as you wish. Moreover, the data
measurements of their improvement or decline can be analyzed
through the sensors on the device.

This paper proposes a specially designed force sensorless
bilateral control based on Kalman-Filter Based State Observer
(KFSO) for the hand and the wrist of the patient. By using KFSO,
it can be applied to estimate a high bandwidth force sensation
and good perception of an unknown environmental stiffness.
Moreover, bilateral control based on the shadow mode and
mirror mode is also proposed in order to improve human hand
movement. To successfully implement neuro-recovery process,
the mirror mode is proposed to help the brain into thinking
the weaker hand or wrist is moving according to the stronger
hand or wrist. With such a robust bilateral control scheme,
significant high bandwidth haptic sensing in a rehabilitation
robot can be achieved. The simulation results of the rehabilitation
robot are provided to illustrate the performance of the proposed
algorithms.

I. INTRODUCTION

Recently, the robot system are extending their capability
to work in medical application such as remote surgery, ex-
oskeletons for aiding limb or hand movement, autonomous
wheelchair for disable people, treadmill training with partial
body-weight support and rehabilitation process. Appropriate
medical devices or robot systems have an important role for
the rehabilitation process to support the exercise task which
require close interaction between patient and doctor. The MIT-
MANUS robotic arm use a performance-based progressive
algorithm and embedded joint torque sensors to retrain motor
movement of the limb for clinical neurological applications.
Reference The finger-hand rehabilitation, namely AMADEO
[1], has been proposed to improves the motor skills as well
as the power of fingers or hand, and reduces spasticity by
selecting passive, assistive and active variants from the dif-
ferent modules depending on the progress achieved in the
course of therapy. The Bi-Manu Track [2] is developed to
enable the bilateral practice of two distal movement cycles
by offering different position and compliance control modes
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for therapy. Recently, bimanual training is one of suggested
rehabilitation technique to improve dexterity, grip strength and
functional ability of the paretic limb [3]. It engages both
limbs simultaneously in order to encourage the inter-limb
coordination.

To successfully implement neuro-rehabilitation training pro-
cess, the robot system also aims to aid recovery from a
nervous system issues. Human-robot interaction and visual
reality provide patients with an interactive way to improve
mobility, perceptual skill development and strength.

The idea of functionality for a bilateral control system
based on disturbance observer has been proposed to divide the
system role into minimum components by [4]. The proposed
method is implemented in the three parallel link manipulators
with 3 DOF with twin drive systems. The contribution of
this research is a robotics-assisted rehabilitation therapy for
a wrist based on force sensorless bilateral control. A two-
DOF rehabilitation robot is proposed and designed for active
bilateral therapeutic exercises of the upper limb. In this paper,
two bilateral control modes, namely the shadow mode and
Mirror mode, are implemented and applied to control four
AC servo motors synchronically in the same time according to
the target of each modes. The shadow mode is implemented
in the motor to support the movement of the patient in the
same direction by using a simple bilateral control[5]. On the
other hand, the mirror mode is applied to help the brain into
thinking the weaker hand or wrist is moving according to
the stronger hand or wrist. Moreover, the estimation of motor
torque or force is obtained by applying Kalman-Filter Based
State Observer (KFSO) [6]. A prototypical two-DOF with the
proposed bilateral control is simulated and examined in order
to illustrate the performance of the proposed algorithms.

II. MODEL OF THE ROBOTIC REHABILITATION SYSTEM

A two-DOF rehabilitation robot is designed for active
bilateral therapeutic exercises of the upper limb as shown in
Fig.1. Two AC servo motors are used to drive the robot system.
The encoder attached to these motors can measure the angular
position response.Arm supporter have been also implemented
to fix the movement of the patient’s arms. It can be easily



Motor and
Encoder 1

Arm Supporter

Motor and
Encoder 2

Fig. 1. A two-DOF rehabilitation robot for wrist orthopedic

adjusted the distance of the patient’s arms. A model of the
servo motor regulated under the ideal current source is shown
in Fig. 2. From this figure, the dynamic model of the robot
may be obtained in the following form

Jb, = K.I, — (Tf + DO,y + Tewt + AT O, +
AKtIm) (D)
T = Tp+ Dby + Teat 2)

where, J denotes the motor inertia. 6,,, 9m and ém denote
the angular position of motor, angular velocity of motor and
angular acceleration of motor, respectively. K; is the torque
coefficient, and [,, is motor current. The load torque 7; is
the summation of friction torque 7y, viscous friction D6,
and external torque 7.,;. The equation of the load torque is
considered as (2). AJ0,,, is the variation torque due to changed
inertia, AK;I,, is the torque ripple due to space harmonics.
The disturbance torque on the motor side 74 is defined as,

3)

III. ESTIMATION OF ACTION/REACTION FORCE USING
KALMAN-FILTER-BASED STATE OBSERVER (KFSO)

Tdis = Tf + DOy + Tear + AJO,, + AKL T,

In recent years, a Kalman filter has been used extensively
for a wide range of applications, such as signal processing and
control applications. It is applied to estimate past, present and
future state and generally used in sensor fusion and data fusion
in order to combine the multiple measurements and generate
the system’s state at that time instant. The Kalman filter is an
optimal recursive data processing algorithm that is based upon
the process and measurement noise characteristics.

In this research, the action/reaction forces and motions of
the master-slave robots can be estimated with the use of
Kalman-Filter-Based State Observer (KFSO) [6]. In order to
extract accurate of forces or torques on the robot, the nominal
torque coefficient and the nominal motor inertia needs to be
modeled and used in the observer. The model of the robot
system can be formulated into the discrete state matrices as,

1 T 4 0
A= |0 1 -I | ,B=| "l | @&
0 0 1 0

cC = [10 0]
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Fig. 2. Modeling of Servo Motor System with KFSO.

where T}, is a sampling time of the controller. The vector of
states consists of angular position of motor, angular velocity
of motor, and the external torque. The output disturbance
torque 745 is also updated by the input of motor current and
angle position of motor as shown in Fig. 3 where we can
think of ﬁ as a transfer function transforming disturbance
torque to current. The estimation of disturbance force is used
to compensate for unwanted disturbance that enter a system.
Therefore, the system can be designed to follow the command
input with small error.

A discrete sensor dynamics model can be formulated in the
state space form as

(&)
(6)

where k represents the sampling instant, ;) € R" is the
vector of states, u) € PR™ is the vector of input variables,
Ay € R™" and By € R™™ are system matrices,
C(r) € \’¥" is the measurement matrix, z() € R° is the
vector of measured variables, w() is the process noise and
V() represents the measurement which is corrupted by white
Gaussian noise.

It is assumed that the covariance matrix of the process noise
Q, the covariance matrices of the measurement noise R and
the cross-covariance matrix are as given below:

A (k) + B ey + W)
Cyxy + v

L (k+1)
Z (k)

Q = F{ww'}>0 7
R = E{w'}>0 (®)
E{wv™} = 0 )

The Kalman filter bandwidth and its susceptibility to mea-
surement noise depends on its covariance matrix of process
noise @ and the covariance matrix of measurement noise R.
These values are used to tune the accuracy and response of
the observer, and the matrices  and R can be determined
by using the simulations for the testing of the measurement
sensors. A compromise between the performance of observer
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Fig. 3.

and the compensation of acceleration signal noise can be
found.

The error covariance matrices P is the variance of the differ-
ence between the state and the measurements. The predicted
equation which projects the current state estimate ahead in
time are given by

T (k|k—1) AT (k—1)k—1) T Br—nu@—-1) (10)
Pup-1y = Ap-1yPr-1p-1Afj_1) + Qu_1y (1D

The Kalman filter gain matrix M, that is based on the total
uncertainty measurement of matrix S is computed by using
the following equation

S () CiyPrin—1)Clay + Ry (12)
Mgy = Pup-0ClnSy) (13)

The estimated state vector and the error matrix are updated
by an actual measurement Z(;) of motion sensor at every
sampling instant as follows

(k1) T (kik—1) + M) (Z) — CiyT(sjr—1)) (14)
Pry = Pp-1) — MSwM(, (15)

IV. BILATERAL CONTROL DESIGN BASED ON THE
SHADOW MODE AND MIRROR MODE

Two rehabilitation robots are used to transfer the position
and torque data between the master and slave side. Thus, four
AC servo motors are controlled synchronically in the same
time. The underscript number 1, 2, 3, and 4 identify the master
robot 1, 2 and slave robot 3, 4 respectively as shown in Fig.
3. Two bilateral control modes, namely the shadow mode and
Mirror mode, are implemented and applied to the rehabilitation
robot system. The shadow mode is implemented in the motor
1 and 3. On the other hand, the mirror mode is applied to
control the motor 2 and 4.

A. The Shadow Mode

Many efforts have been made in controlling master-slave
robot to the same movement responses. In the mirror mode,
a simple bilateral control is applied in this mode. The com-
plexities that control of master-slave robots present are syn-
chronization in terms of movements and torque. Master and
slave robot must be controlled similarly. Thus, the target of the
ideal bilateral control is to minimize the difference between
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Overview of the proposed bilateral control based on the shadow mode and mirror mode.

the force response in the master side F,;; and slave side

F..t3. We now write the equation of motion using Newton’s
law to sum to zero all of the forces as follows,

Z:ﬂewtl + FeztS = 0 (16)

Moreover, the position tracking of the master robot Xml and
slave robot X,,,» should be similar, as follows,

X1 — Xz = 0 (17)

B. The Mirror Mode

To successfully implement neurorehabilitation training pro-
cess, the robot system also aims to aid recovery from a
nervous system issues. Human-robot interaction and visual
reality provide patients with an interactive way to improve
mobility, perceptual skill development and strength. The mir-
ror mode can be used to help the brain into thinking the weaker
hand/wrist is moving according to the stronger hand/wrist. In
the mirror mode, the reflection of movements of the slave robot
must be controlled in the opposite in direction of the master
robot. According to the robot movement, the desired target of
the bilateral control may be achieve with the following control
law,

Fpto — Fogra = 0 (18)

Moreover, the position tracking of the master robot X1 and
slave robot X,,2 should be similar amplitude but opposite in
direction, as follows,

C. Controlling the Designed Targets Using Hadamard matrix

The bilateral control will modulate the angular position and
torque to achieve the ideal target of bilateral control according
to the mirror mode and shadow mode. Hadamard matrix based
on the second order, H 5 is used to transformed into the virtual
space design [5]. The calculation of the Hadamard matrix in
the shadow mode can be expressed as:

Aec; _ 1 1 7A—ewtl
E] - Al e
] - A e



Transformation to Shadow Mode Design

Actuators

Position
Encoder

172 172 11

_ 3 el 1 €
o-g
Inverse of
Hadamard Matrix
(Shadow Mode)

Position

Virtual Space of

Position Control Motor ©
y i’
\ 4 :
N s N

Transformation to Mirror Mode Design

Actuators

Virtual Space o, : Motor ®
Force Control|

1/2  1/2

0,
-1/2 1/2 o Sl 1 1 1
Jy s s
Inverse of
Position

Hadamard Matrix
(Mirror Mode)
Motor @ - Texs

(b) Bilateral Control based on Mirror Mode

Fig. 4. Block diagram of the proposed multilateral control based on KFSO.

On the other hand, the calculation of Hadamard matrix in the [ o ] _ [ L -1 ] [ Orm2 ] 23)
mirror mode can be determined as: o L1 Oma
%ed;? B 1 -1 Text2 22) The proposed bilateral control will modulate the angular
Tom a 1 1 Textd ( position and torque to achieve the ideal target of bilateral
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Fig. 5. Human external force

control. A simple PD controller is used to control angular
position of motor and the P controller is applied to control
torque of the motor as shown in the following equation,

The Shadow Mode:

A R LY 4

bisp = (egﬁm 9ds) (Kp + sKq) (25)
The Mirror Mode:

iy = (v — 7 ) K 26)

”;c = (0ema- ezr)wp +sKy) @D
where 757, and 7.7, are the force command and K is the

proportlonal gain of force control. Ggfnd and 65", are the
position command. K, and K are the proportional gain and
the derivative gain of position control, respectively. According
to the targets of the bilateral control, both force and position
command were set as zero.

In order to transform into the master robot and slave robot,
the inverse of scaling hadamard matrix Hy Lis applied. The
transformation of acceleration control signals from modal
space design to the real space in the master robot and slave
robot are calculated as follows,

The Shadow Mode:

Ore1 05 05 1] s 1
Z - 28
|: eref?) :| |: 0.5 —-0.5 :l Hggf ( )
The Mirror Mode:
Orep2 | 0.5 05 [ dém ]
|: é7'ef4 :| N |: —0.5 0.5 :| ?Z} (29)

A robust control system is attained by applying the KFDOB. In
addition, an acceleration control system is attained on robust
interaction force control. Therefore, it is able to design the
force sensorless bilateral control with shadow mode and mirror
in acceleration dimension independently.

V. SIMULATION AND DISCUSSIONS

Various simulation results have been conducted to investi-
gate the effectiveness of the controller performance. In this
simulation, the designed controller is performed in Simulink

545

x 10

—Master Robot1
- --Slave Robot3

Position [rad]
=1

-5 I I I I I I . | I

0 1 2 3 4 5 6 7 8 9 10
Time [s]
Fig. 6. Angular position response in the shadow mode
0.3
—Master Robot]
0.2- ---Slave Robot3
3 | ‘ ; :
S o1 J
S o0l
A=l
>
=
Q
S
= —0.1F g
> ; |
—02F J
: \ : : : : : : :
0 1 2 3 4 5 6 7 8 9 10
Time [s]
Fig. 7. Angular velocity response in the shadow mode

— Master Robot]
- --Slave Robot3

-10 | I I I I I ! I I

0 1 2 3 4 5 6 7 8 9 10
Time [s]
Fig. 8. Torque response in the shadow mode

MATLAB with the sampling time 0.0001 s. To model humand
hand at the slave side, the normal stiffness and damping values
are set to 500 Nm/rad and 10 Nm-s/rad, respectively. The input
pulse function as shown in Fig. 5 is applied as the external
torque from human at the master side.

In the shadow mode, the angular position and velocity of the
slave robot follows the response of the master robot closely
because of the disturbance rejection as shown in Fig. 6 and 7,
respectively. After the slave robot is moved, the force feedback
in the opposite direction is transmitted to the master robot with
very fast response and high bandwidth sensation as shown in
Fig. 8.

In the mirror mode, similar parameters are also implemented
with the simulation. Tracking results of the angular of position
and velocity is depicted in Fig. 9 and 10, respectively. The
movement response of master side can be tracked almost
identically over the movement response of the slave sides.
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Figure 11 displayed the estimated interaction force of the
master-salve robots. The interaction torque of the slave robot
tracks the external torque of the master robot faithfully. It is
seen that the bilateral control which is designed for the mirror
mode objective, may be used in the rehabilitation application
as well.

VI. CONCLUSION

A prototypical system of a two-DOF rehabilitation robot is
designed and analysed. The KFSO is employed to estimate
the action/reaction force of master-slave robot. An advantage
of Kalman filter is the ability to estimate state variable with
noise compensation. Thus, these design techniques overcame
limitation in the design of the conventional disturbance ob-
server. Two modes bilateral control, namely the shadow mode
and the mirror mode, are developed within the Hadamard
matrix calculation. From the simulation results,the controller
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TABLE I
PARAMETERS USED IN SIMULATION

Controller parameters [ Symbol | Value | Units
Inertia moment of motor and load Jn 0.106 | 10~% x kgm?
Torque coefficient Kin 0.327 Nm/A
Gain of torque control Ky 4.3
Proportional Gain of position control Ky 1000
Derivative Gain of position control Ky 1500

Fig. 12. A prototypical system of a master-slave rehabilitation robot

exhibits satisfactory results. The proposed controller is capable
of regulating the output response according to the target of
bilateral control. The desired target of the shadow mode and
mirror mode is therefore accomplished. The tracking error
is small enough for the rehabilitation process therefore the
proposed rehabilitation robot system can be used for the actual
application. In the future work, the real experimental set up
as shown in Fig.12 will be examined and tested with the
suggestions from the rehabilitation therapist.
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Abstract

Generally, the industrial machine and robot manipulator can
be modeled as the two-mass system. By using the conventional PID
controller, this method cannot perform well due to the resonance in the
system. Thus, it is necessary to design the controller that guarantees the
robustness and suppress vibration. In this paper, a new method is
proposed and applied to control the flexible master-slave robot by using
the resonance ratio control with the Coefficient Diagram Method
(CDM). The effectiveness of the proposed method is verified by
numerical simulation results. By using the proposed method, the

vibration on the system can be rejected very successfully in the force

response in the common mode. Moreover, the position error between
both master and slave robot in the differential mode can be reduced.
Keywords: Two-mass System, Resonance ratio control, Multi-Encoder
Disturbance Observer, Bilateral control, Master-Slave robot
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Abstract

Robotic system is a high performance tool that offers distinct
advantages in medical and industrial application. However, the drawback
due to the use of force sensor presents a limitation in the force control.
This paper proposes a specially designed bilateral control based on KFSO
that can be applied to obtain a high transparency and good perception of
an unknown environmental stiffness. Moreover, the ratio gain of
Hadamard matrix is also analyzed in order to transform the scaling of
force and position response

Keywords: bilateral control, external force estimation, kalman filter
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