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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)
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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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Fig. 4. Schematic diagram of Acceleration Sensor based Load Side Disturbance Observer for
three mass system
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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,



v

&
KE\

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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Fig. 12. Experimental results of linear motor in contact with an aluminum block.



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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