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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 ra tio 
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, th is 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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งานวิจัยฉบบัน้ีน าเสนอ การออกแบบตัวสังเกตการณ์สญัญาณรบกวนโดยใช้เซนเซอรว์ดั
ความเร่ง และตวักรองสัญญาณคาลมาลท่ีสามารถใช้ในการประมาณค่าแรงสมัผ ัสภายนอกท่ีด้านฝัง่
ของภาระโหลดส าหรับระบบหลายมวล ตวัสงัเกตการณ์สญัญาณรบกวนท่ีน าเสนอประยุกตใ์ช้
เซนเซอรว์ดัความเร่ง และ เซนเซอรว์ดัต าแหน่งด้วยวิธีการแสงในการวดัหาค่าแรงสัมผสั เน่ืองจาก
เซนเซอรว์ดัความเร่งสามารถติดตัง้ไว้ในพ้ืนท่ีขนาดเลก็ท่ีด้านปลายแขนของหุ่นยนต ์ ท าให้วิธีการ
ดงักล่าวน าไปใช้กับการใช้งานจริงได้อย่างเหมาะสม โดยการใช้ตัวสังเกตการณ์ท่ีน าเสนอไม่
จ าเป็นต้องประมาณหาค่าสมัประสิทธ์ิของระบบออกมาก่อน 

ในระบบการควบคุมแรงโดยไม่จ าเป็นต้องใช้เซนเซอรว์ดัแรง ตวัสงัเกตการณ์สญัญาณ
รบกวนสามารถน ามาใช้ร่วมกับการควบคุมอัตราส่วนการสัน่พ้อง เพ่ือท่ีจะลดการสัน่จากความถ่ีสูง
ของสปริง เน่ืองจากค่าตวัแปรของระบบควบคุมถกูออกแบบให้เหมาะสมโดยการใช้วิธีการแผนผงัค่า
สมัประสิทธ์ิ การควบคุมอตัราการสัน่พ้องสามารถท าให้มัน่ใจได้ว่าระบบควบคุมแรงสมัผสัมีสภาพ
ทนทางท่ีดี ค่าตวัแปรของการควบคุมอัตราการสัน่พ้องทัง่ในระบบสองมวล และสามมวล ซ่ึงแสดงใน
ระบบกายภาพทัว่ๆไปได้ถกูท าการวิเคราะหโ์ดยใช้วิธีท่ีได้น าเสนอดังกล่าวน้ี นอกจากน้ีวิธีการท่ีได้
น าเสนอยงัสามารถน าไปประยุกต์ใช้กับระบบหลายมวลได้อีกด้วย ผลการทดลองประสิทธิภาพของ
ระบบควบคุมในแง่ของการลดการสัน่สะเทือนนัน้ มีผลลพัธท่ี์ดีออกมาสอดคล้องกับทฤษฎีและการ
จ าลองด้วยสมการทางคณิตศาสตร ์
Keywords : (ค าหลกั) การประมาณค่าหาแรงสมัผสัภายนอก, ตวักรองสญัญาณคาลมาล , ระบบ
หลายมวล, การสัน่ 
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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 distu rbance 
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 coef ficient, 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 coeffic ient, 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 propose d 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 u sed 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:  

 
where subscripts M and L denote the motor side and load side, respectively. KS is the spring 
coefficient. FS and FL are the spring force and the external force on the load side. KT is the force 
coefficient, IM is the current, XS  is the torsional position from the position of the motor XM and the 
position of the load XL, M and L denote the equivalent mass of the linear motor and load mass,  



 

 
Fig. 1. Modeling of two mass system. 

 

 
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 IM  to the velocity of motor side XM 

and the transfer function from current reference IM to the velocity of load side XL can be calculated 
as follows, 

 
Then, the anti-resonance 𝜔AR and resonance frequencies 𝜔R can be described as follows, 
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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 a nd 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, 
 



 

 
Fig. 4. Schematic diagram of Acceleration Sensor based Load Side Disturbance Observer for 

three mass system 

      (8) 
       

where KTN and MN are refer to the nominal force coefficient and the nominal motor mass, 
respectively. XM is the velocity of motor side. GMOB is the cut-off frequency of the observer; LN and 
XL 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, 

.. 
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(9) 
(10)                                  

 
where A denotes the parameters of the third mass. 
The total external force on the load side FLA without the vibration effect can be estimated as  

                                                                                                   
(11)                                  

 
                          (12)                                  
 
 

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 
 

(13)           
(14)                                                         

 
where k represents the sampling instant, x(k) is the vector of states, u(k)  is the vector of input 
variables, A(k) and B(k) are system matrices, C(k) is the measurement matrix, z(k)  is the vector of 
measured variables, w(k) 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 Q, the 
covariance matrices of the measurement noise R and the cross-covariance matrix are as given 
below:   

                                                           (15)         
                                                          (16)         

                                                                       (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: 
 

                                                           (18)         
                                                          (19)         

                                                                       (20) 
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Fig. 5. The simplified block diagram of the resonance ratio control for two mass system 

 
  (22)           

(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(k) is an actual measurement of acceleration sensor 
which is updated the estimated state vector and the error matrix at every sampling instan t. 
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 vibrat ion 
effects. Yuki et al. have developed a resonance ratio control 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 KV and a reaction force gain KR. The feedback force will depend on the 
force contact on the robot by known environment stiffness KE. 



 

From Fig. 5, the transfer functions from acceleration reference XREF to motor position XM and motor 
position XM to load position XL can be calculated as follows, 

 
                             (24) 

           
  (25)                                                         

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

                                                                                       (26) 

              
                                                                                       (27)                                                         

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

      (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 i are found as, 
 

(29) 
(30) 
(31) 
(32) 
(33) 

The standard stability indices 𝜸i for the Manabe form are chosen as 𝜸1 =2.5, 𝜸2 =2.0, and 𝜸3 =2.0. 
 

               (34) 
 

              (35) 
 

             (36) 
 

              (37) 
Thus, the controller parameters calculated by the design of CDM are given as follow,  

.. 



 

 
Fig. 6. The simplified block diagram of the resonance ratio control for three mass system  

                (38) 
               (39) 

      (40) 
      (41) 
 

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 fro m the 
load-side could be determined and compensated with a simple multiplication  of the reaction force 
gain KRA to the motor side. From the block diagram in Fig. 6, the transfer function of the three mass 
systems from the force command FCMD to the motor displacement XM can be expressed as 
                         (42) 
 



 

where 𝜔R1 and 𝜔AR1 are the first resonance and anti-resonance frequency, and 𝜔R2 and 𝜔AR2 are 
the second resonance and anti-resonance frequency. The value of the 𝜔AR1 and 𝜔AR2 can be 
defined as the following calculation: 

     (43) 
 

             (44) 
From the block diagram in Fig. 6, the transfer function of the three mass system from the 

force response FRES to the force command FCMD can be expressed as 
         

(45) 
The coefficients of characteristic polynomial ai are found as, 
 

        (46) 
        (47) 
        (48) 

         
(49) 
(50) 
(51) 
(52) 

 

The standard stability indices 𝜸i for the Manabe form are chosen as 𝜸1 = 2.5, 𝜸2 =2.0, 𝜸3 =2.0, 𝜸4  = 
2.0 and 𝜸5 =2.0. 
 
              (53) 
            
             (54)  
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Thus, the controller parameters calculated by the design of CDM are given as follow,  

        (60) 
              (61) 
             
              (62)   
              
                                                                                                                                 (63) 
 
                                                                                                                                 (64) 
 
where 

     (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 FCMD to FRES as shown in (45) and from FL to FRES as follows, 

      (66) 
 
Then, the inverse system can be calculated by the following equation:  
 

       (67) 
 



 

 
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 FRES, to 

the external force at the load side FLA, for the three mass systems is 
   
                                                       (68)   
where 
 
            
 
Then, the feedforward load disturbance compensation for three mass systems can be expressed as 
                                                                                                                
                      (69) 
          
 
 



 

 

 
Fig. 8. Simulation results of two mass system. 

 

 
Fig. 9. Simulation results of three mass system. 

 
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. 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 𝝁s. A summary of the parameters used in the experiment and the specification of 
sensors are presented in Table I and Table II , 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  
 



 

 
Fig. 10. Experimental setup of flexible robot system. 

 

 
Table. 2. Specification of sensors. 

of the identified parameters were 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. 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. 1 1 (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  
 



 

 
 

Fig. 11. Experimental results of linear motor in contact with a sponge. 
 

 
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 KS 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 dur ing 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

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 [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 KS 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:

ẌM = −KS

M
XS +

KT

M
IM , (1)

ẌL =
KS

L
XS −

1

L
FL, (2)

ẊS = ẊM − ẊL (3)

where subscripts M and L denote the motor side and load
side, respectively. FS and FL are the spring force and the
external force on the load side. KT is the force coefficient,
IM is the current, XS is the torsional position from the
position of the motor XM and the position of the load XL,
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
IM to the velocity of motor side ẊM and the transfer function
from current reference IM to the velocity of load side ẊL can
be calculated as follows,

ẊM

IM
=

KT

M (s2+ KS

L )

s3 + (KS

L + KS

M )s
, (4)

ẊL

IM
=

KTKs

ML

s3 + (KS

L + KS

M )s
. (5)

Motor        Spring         Load

Fig. 1. Modeling of two mass system.

1
s

XL              XL XL1
s

1
L

KS

1
s

1
s

1
M

Spring

Motor

Load

KT

XM             XM XM

..

..

.

.
IM

FD

FS XS

+

-
+

+

-

-

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

Then, the anti-resonance ωAR and resonance frequencies
ωR can be described as follows,

ωR =

√
KS

L
+
KS

M
, (6)

ωAR =

√
KS

L
. (7)

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 FD is defined as,

FD = FFM +DM ẊM + FS + ∆MẌM + ∆KT IM (8)

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

viscous friction DM ẊM and the spring force FS . ∆MẌM

is the variation torque due to changed mass, ∆KT IM 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

F̂D =
GDIS

s+GDIS

(
KTNIM +GDISMN

ˆ̇XM

)
−GDISMN

ˆ̇XM (9)
ˆ̇XM =

sGVM

s+GVM
X̂M (10)

where KTN and MN are refer to the nominal force co-
efficient and the nominal motor mass, respectively. GDIS

is the cut-off frequency of the disturbance observer, GVM

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 1

KTN
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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Fig. 4. Schematic diagram of load side disturbance observer.

coefficient Ksn, the nominal load mass Ln and the load-side
encoder, has been proposed as follows,

FL = KSXS − LN ẌL (11)

F̂L =
( GLOB

s+GLOB

(
KSN (X̂L − X̂M ) +GLOBLN

ˆ̇XL

)
−GLOBLN

ˆ̇XL

)
(12)

ˆ̇XL =
sGV L

s+GV L
X̂L (13)

where GV L and GLOB 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 (MEDOB)

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

FL = KTNIM −MN ẌM − LN ẌL (14)

F̂L =
( GMOB

s+GMOB

(
KTNIM +GMOBMn

ˆ̇XM

)
+GMOBLN

ˆ̇XL −GMOBMN
ˆ̇XM −GmobLN

ˆ̇XL

)
(15)

where GMOB 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
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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,

F̂L =
( GMOB

s+GMOB

(
KTNIM +GMOBMN

ˆ̇XM

)
−GMOBMN

ˆ̇XM − LN
ˆ̈XL

)
(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,

ẌM = −KS

M
XS +

KT

M
IM , (17)

ẌLA
=

KSA

LA
XSA −

1

LA
FLA

, (18)

ẊSA = ẊL − ẊLA
(19)

where A denotes the parameters of the third mass. The total
external force on the load side FLA without the vibration effect
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can be estimated as

FLA
= KTNIM −MN ẌM − LN ẌL − LAN ẌLA

(20)

F̂LA
=

( GMOB

s+GMOB

(
KTNIM +GMOBMN

ˆ̇XM

)
−GMOBMN

ˆ̇XM − LN
ˆ̈XL − LAN

ˆ̈XLA

)
(21)

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

x(k+1) = A(k)x(k) + B(k)u(k) + w(k) (22)
z(k) = C(k)x(k) + v(k) (23)

where k represents the sampling instant, x(k) ∈ Rn is the
vector of states, u(k) ∈ Rm is the vector of input variables,
A(k) ∈ Rn×n and B(k) ∈ Rn×m are system matrices,

C(k) ∈ Rs×n is the measurement matrix, z(k) ∈ Rs is the
vector of measured variables, w(k) 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{wwT } > 0 (24)
R = E{vvT } > 0 (25)

E{wvT } = 0 (26)

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
time are given by

x(k|k−1) = A(k−1)x(k−1|k−1) + B(k−1)u(k−1) (27)

P (k|k−1) = A(k−1)P (k−1|k−1)A
T
(k−1) + Q(k−1) (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

S(k) = C(k)P (k|k−1)C
T
(k) + R(k) (29)

M (k) = P (k|k−1)C
T
(k)S

−1
(k) (30)

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

x(k|k) = x(k|k−1) + M (k)(z̄(k) −C(k)x(k|k−1))(31)

P (k|k) = P (k|k−1) −M (k)S(k)M
T
(k) (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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the simplified block diagram of this reaction force feedback
is shown in Fig. 8. The controller of robot system consist of
a force gain Kp, a velocity gain Kv and a reaction force gain
Kr. The feedback force will depend on the force contacted on
the robot by a known environment stiffness Ke.

From Fig. 6, the transfer functions from acceleration refer-
ence Ẍref to motor position X̂m and motor position X̂m to
load position X̂l can be calculated as follows,

X̂M

ẌREF

=
Ls2 +KS

Ls4 +KS(1 +KRL)s2
(33)

X̂L

X̂M

=
KS

Ls2 +KS
(34)

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

ωR =

√
KS

L
(1 +KRL), (35)

ωAR =

√
KS

L
. (36)

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

FRES

FCMD
=

KPKEω
2
AR

s4 +KV s3 + ω2
Rs

2 +KV ω2
ARs+KPKEω2

AR

(37)

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 ai
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are found as,

a0 = KPKEω
2
AR (38)

a1 = KV ω
2
AR (39)

a2 = ω2
R (40)

a3 = KV (41)
a4 = 1.0 (42)

The standard stability indices γi for the Manabe form are
chosen as γ1=2.5, γ2=2.0, and γ3=2.0.

τ =
a1
a0

=
KV

KPKE
(43)

γ1 =
a21
a0a2

=
K2

V ω
2
AR

KPKEω2
R

= 2.5 (44)

γ2 =
a22
a1a3

=
ω4
R

K2
V ω

2
AR

= 2.0 (45)

γ3 =
a23
a2a4

=
K2

V

ω2
R

= 2.0 (46)

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

KV =
√

2ωR (47)

KP =
4ω2

AR

5KE
(48)

K =
ωR

ωAR
= 2.0 (49)

KR =
3

L
(50)
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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 KRA to the motor side. From the block diagram in Fig.
9, the transfer function of the three mass system from the
force command FCMD to the motor displacement XM can be
expressed as

XM

FCMD
=

(s2 + ω2
AR1)(s2 + ω2

AR2)

Ms2(s2 + ω2
R1)(s2 + ω2

R2)
(51)

where ωR1 and ωAR1 are the first resonance and anti-resonance
frequency, and ωR2 and ωAR2 are the second resonance and
anti-resonance frequency. The value of the ωAR1 and ωAR2

can be defined as the following calculation:

ω2
AR1 + ω2

AR2 =
KS +KSA

L
+
KSA

LA
(52)

ω2
AR1ω

2
AR2 =

KSKSA

LLA
(53)

FRES

FCMD
=

KPKEω
2
AR1ω

2
AR2

a6s6 + a5s5 + a4s4 + a3s3 + a2s2 + a1s+ a0
(54)

The coefficients of characteristic polynomial ai are found as,

a0 = KEKPω
2
AR1ω

2
AR2 (55)

a1 = (KV +KV A)ω2
AR1ω

2
AR2 (56)

a2 = ω2
AR1ω

2
AR2 + (L+ LA)KRω

2
AR1ω

2
AR2

+LAKRAω
2
AR1ω

2
AR2 (57)

a3 = KV (ω2
AR1 + ω2

AR2) (58)
a4 = ω2

AR1 + ω2
AR2 +KSAKR (59)

a5 = KV (60)
a6 = 1 (61)
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The standard stability indices γi for the Manabe form are
chosen as γ1=2.5, γ2=2.0, γ3=2.0, γ4=2.0 and γ5=2.0.

τ =
a1
a0

=
KV +KV A

KPKE
(62)

γ1 =
a21
a0a2

=
(KV +KV A)2

KPKE(1 + (L+ LA)KR + LAKRA)
= 2.5 (63)

γ2 =
a22
a1a3

=
ω2
AR1ω

2
AR2(1 + (L+ LA)KR + LAKRA)2

KV (KV +KV A)(ω2
AR1 + ω2

AR2)
= 2.0

(64)

γ3 =
a23
a2a4

=
K2

V (ω2
AR1 + ω2

AR2)

ω2
AR1ω

2
AR2(1 + (L+ LA)KR + LAKRA)

× 1

(ω2
AR1 + ω2

AR2 +KSKR)
= 2.0 (65)

γ4 =
a24
a3a5

=
(ω2

AR1 + ω2
AR2 +KSKR)2

KSKR(ω2
AR1 + ω2

AR2)
= 2.0 (66)

γ5 =
a25
a4a6

=
K2

V

ω2
AR1 + ω2

AR2 +KSKR
= 2.0 (67)

Thus, the controller parameters calculated by the design of

CDM are given as follow,

KV =
√

8(ω2
AR1 + ω2

AR2) (68)

KV A =

√
8(ω2

AR1 + ω2
AR2)((ω2

AR1 + ω2
AR2)2 − 16ω2

AR1ω
2
AR2)

16ω2
AR1ω

2
AR2

(69)

KR =
3(ω2

AR1 + ω2
AR2)

KS
(70)

KRA =
KS(ω2

AR1 + ω2
AR2)− ω2

AR1ω
2
AR2(KS + 3(L+ LA))

KS(L+ LA)ω2
AR1ω

2
AR2

(71)

KP =
LKSA

2
√

8A

40KE(LAKS(A2 −B) + LB(KS + 3(LA− LA)))
(72)

where

A = ω2
AR1 + ω2

AR2, B = ω2
AR1ω

2
AR2 (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 Fcmd to Fres as shown in (20) and from Fdl to Fres as
follows,

FRES

FL
=

1
LKE(s2 +KV s+KRKS)

s4 +KV s3 + ω2
Rs

2 +KV ω2
ARs+KPKEω2

AR

(74)

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

FCMD

FL
=

s2 +KV s+KRKS

KPKS
(75)

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

FRES

FLA
=

KE(b4s
4 + b3s

3 + b2s
2 + b1s+ b0)

a6s6 + a5s5 + a4s4 + a3s3 + a2s2 + a1s+ a0
(76)

where

b0 = (KR +KRA)KSKSA, b1 = (KS +KSA)KV

b2 = KRKSL+KS +KSA, b3 = KV L, b4 = L

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

FCMD

FL
=
b4s

4 + b3s
3 + b2s

2 + b1s+ b0
KPKSKSA

(77)

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.
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Fig. 12. Simulation results of two mass system.
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Fig. 13. Simulation results of three mass system.

V. SIMULATION RESULTS

In order to show the validity and usefulness, numerical
simulations are given to confirm of the proposed controller and

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 µs. 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 µm 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 6.4×11.4×3.6 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

TABLE I
PARAMETERS USED IN EXPERIMENTAL SETUP

Controller parameters Symbol Value Units
Mass of motor M 0.245 kg

Force constant coefficient Kt 3.333 N/A
Mass of load L 0.245 kg

Spring coefficient KSN 1100 N/m
Force gain KP 3.59

Velocity gain KV 189.52
Reaction force gain KR 12.24

Resonance ratio gain K 2
Cut-off freq. of vel. GV E 1000 rad/s

Cut-off freq. of DOB. GDIS 1000 rad/s
Cut-off freq. of LDOB. GLOB 800 rad/s

Cut-off freq. of MEDOB. GMOB 800 rad/s

Specification of sensors Symbol Value Units
Optical encoder 0.1 µm

Acceleration sensor Symbol Value Units
Bandwidth of acceleration sensor 1∼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 KS

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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Fig. 15. Experimental results of sensorless force control system with aluminum block.
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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 

 

 

I. 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 

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 
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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 II. The 

proposed method is explained in Section III and 

experimental setup and parameter is shown in Section IV. 

The result and discussion are present in Section V and 

followed by the conclusions in Section VI. 

II. 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 

(Ob,Xb,Yb,Zb) and inertial frames of travelling plate 

(Ot,Xt,Yt,Zt) have origin point at the center of base plate 

and travelling plate, respectively. The direction of X-axis 
is π/6 clockwise (CW) from first motor and π/2 

counterclockwise (CCW) from third motor. The 

reference frame of each motor from inertial frames of 

base plate is represented by αi associated with each upper 

arm is defined as π/6, 5π/6 and 3π/2 for i = 1,2,3. 

The length of upper-arm is represented by L1 attached 

at the edge of base plate with radius of R. Likewise, The 

length of fore-arm is represented by L2 attached to the 

edge of travelling plate with the radius of r. Secondary 

angle θi2 and third angle θi3 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. 

 

 

 

 
 

Fig. 1. Structure and component of Delta Robot 

 

 
 

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

 

 
 

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

 

II.1. 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. 
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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 (Xt,Yt,Zt) represented by  

 

 

      
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II.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 (Xt,Yt,Zt). For 

any travelling plate position given by [Xt, Yt, Zt], combine 

with only and only if the (3) is satisfied, the solution of 

angular position is express in (4). 
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where 

1R R r  , 2 2i ti i ti iQ X cos Y sin    

2 2 2 2 2 2
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1

1
( )i ti ti tiS X Y Z L L R
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for i = 1,2,3. 

 R1 represent the sum distance between base plate and 

travelling plate, Qi is reference frames of motor using 

dimension shifting method and Si provide the two circle 

equation in proper form. 

 

 

 
 

Fig. 4. Forward Kinematic for Delta Robot 

II.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. 

 The rotational inertias of the forearms are 

neglected. 

 The masses of Delta Robot is separate at 

fore-arm into top-links and bottom-links 

given by inertial of I=1/3mL2 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. 

 External force applied on and only on the 

travelling plate of Delta Robot. 

 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,  

Ā is the diagonal matrix whose control elements 

representing the average inertia at each joint, Fm 

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. 
 

 
M Guf Gftp u iI         (5) 
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where τM is torque generated by motor. τGuf and τGftp are 

torque applied by gravity on top-links and bottom-links, 

respectively. Iu is sum of inertial applied on motor and τi 

is torque from bottom-links movement express by (6). 

 

 1( )T

ext iF J   (6) 

 

where Fext 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). 

 

 
2 2 2 ( )
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m
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where In is motor inertial, Ibreak is inertial of break 

attached to the motor, mu is mass of upper-arm, mb is 

mass of ball joint or elbow, mf is mass of fore-arm where 

r = 2/3 from simplifying hypotheses. 

II.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). 
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dis f m ext m t mD M K I          (9) 

 

where θm,     and     denote motor angular position, 
motor angular velocity and motor angular acceleration, 

respectively. Kt is torque coefficient of motor and Im is 

motor current. The load torque τl is summation of friction 

toque τf, viscous friction      and disturbance force on 
motor side τdis 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 

include the gravity force on travelling plate can be 

estimated as shown in (10). 

 

 
 
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u m t m i Guf Gftp

dis i Guf Gftp

I = K I   
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  

 (10) 

 

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) 

 

 1( ) ( )T

ext dis Guf GftpF J       (11) 

 
 

Fig. 5. Conventional dynamic system for delta robot [22] 

 

 
 

Fig. 6. Conventional motor model 

 

II.5. Gravity Compensation 

The dynamic model of Delta Robot is simplified by 

Newton-Euler method using three motors generate torque 
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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 Wftp = mftp[0,0,-g]T where mftp 
is 1/3 of the sum of three fore-arm masses (mf/3), 

travelling-plate mass (mt) and payload mass (mp). 

Likewise, in top-links, weight from three upper arm and 

the portion of three fore-arms is Wuf = muf[0,0,-g]T where 

muf is sum of 2/3 of three fore-arm masses (2mf/3), ball-

joint mass (mb) and upper-arm mass (mu). Gravity 

torques resulted from top-link and bottom-link 

gravitational forces represented by (12). 

 

  1 2 3cos cos cosGuf uf Guf

T

Gftp ftp

W r

J W

   
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
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where rGuf is defined as L1 length weighted by ratio of 

top-link mass and bottom-link mass (13). 
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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. 

III. 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 (Xt,m,Yt,m,Zt,m) and scaled 

slave robot (βXt,s, βYt,s, βZt,s), the origin position is set to 

the position of travelling plate where the angular position 

is zero or initial as shown in (14). 
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where Xt,s, Yt,s and Zt,s denote displacement from origin in 

X-axis, Y-axis and Z-axis on travelling plate of master 

robot, Xt,m, Yt,m and Zt,m denote displacement from origin 

in X-axis, Y-axis and Z-axis on travelling plate of slave 

robot. β denote displacement scaling gains. 

Likewise, the second control target is acquired the 

force response in travelling plate of master side 

(Fx,m,Fy,m,Fz,m) and travelling plate of slave side with 

scaling gains (αFx,s, αFy,s, αFz,s) following the third law 

 
Fig. 7.  Proposed Task Space Micro-macro Bilateral Control in Delta Robot for 3-Dimensional Tele-operated Manipulator 

Model 



 

S. Stapornchaisit, C. Mitsantisuk, T. C. Author 

Copyright © 2008 Praise Worthy Prize S.r.l. - All rights reserved                                      International Review of Automatic Control, Vol. 1, N. 1 

of Newton or Newton law of action and reaction as 

shown in (15). 
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where Fx,m, Fy,m, Fz,m denote external force applied on x-

axis, y-axis and z-axis of travelling plate of master robot, 

respectively. Fx,s, Fy,s, Fz,s denote external force applied 

on x-axis, y-axis and z-axis of travelling plate of slave 

robot. α 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 H2 

[23] is applied as shown in Fig. 7 to convert position θm, 

θs and torque  τm,ext, τs,ext of motor into virtual space 

model which consist of position dimension of common 
mode θm,c and differential mode θm,d, external torque 

dimension of common mode τext,c and differential mode 

τext,d.. Both system are calculated by (16) and (17), 

respectively. 
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where f(Jm, 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). f(θ,β) 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   
  divide by 

angular position of slave θs as shown in (19) [24]. 
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 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(θ)) as shown in (20), then 

reconvert into angular position using inverse kinematic 

of master robot represented by function (IKm(Xt,Yt,Zt)) as 

shown in (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). 
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 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). 
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where τcmd,c is the torque command and θcmd,d 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. Cf is gain of 

force control, Kp and Kd 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 (H2)
-1 (26) [23]. 
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where         and         are the acceleration control signal 

in common and differential modes, respectively. 

        and         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 μs 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. 
 

 
 

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

method 

 

TABLE I 

PARAMETER FOR BIG ROBOT 

Symbol Parameter’s name Value Unit 

In Nominal Motor inertia 0.0000769 kg·m
2
 

Iu Sum of motor inertia and 

structure inertia 

0.000781 kg·m
2
 

Ktn Nominal Force coefficient 0.487 Nm/A 
Cf Force control gains 5  

Kp Proportional gains of  

position control 

500  

Kd Derivative gains of position 

control 

250  

Gvm Gain of low-pass filter for  

velocity estimation 

500 rad/s 

Gdis Gain of disturbance observer  

(encoder based) 

500 rad/s 

R Radius of base plate  0.1585 m 

r Radius of travelling plate 0.09 m 

L1 Length of upper-arm 0.2 m 

L2 Length of fore-arm 0.587 m 

Mu Mass of upper-arm 0.673 kg 

Mf Mass of fore-arm 0.182 kg 

Mb Mass of bidirectional joint or 

ball joint 

0.044 kg 

Mt Mass of travelling plate 0.236 kg 

Mp Mass of payload 0.0 kg 

 
TABLE II 

PARAMETER FOR SMALL ROBOT 

Symbol Parameter’s name Value Unit 

In Nominal Motor inertia 0.000019 kg·m
2
 

Iu Sum of motor inertia and 

structure inertia 

0.000631 kg·m
2
 

Ktn Nominal Force coefficient 0.527 Nm/A 
Cf Force control gains 5  

Kp Proportional gains of position 

control 

500  

Kd Derivative gain of position 

control 

250  

Gvm Gain of low-pass filter for  

velocity estimation 

500 rad/s 

Gdis Gain of disturbance observer  

(encoder based) 

500 rad/s 

R Radius of base plate  0.11925 m 

r Radius of travelling plate 0.06 m 

L1 Length of upper-arm 0.15 m 

L2 Length of fore-arm 0.417 m 

Mu Mass of upper-arm 0.174 kg 

Mf Mass of fore-arm 0.062 kg 

Mb Mass of bidirectional joint or 

ball joint 

0.044 kg 

Mt Mass of travelling plate 0.084 kg 

Mp Mass of payload 0.0 kg 

 

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 

(β) of 2 and force scaling gains (α) 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 (β) also set to 2 and force scaling gains (α) 

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. 
 

 
 

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 

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 AI 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 (β) in all three dimensions while second law of 
Newton or Newton law of action and reaction is scaled 

by force scaling gain (α). 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. 

 
 

Fig. 10. Different size robot setup for second experiment 
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Fig. 11. Position and Force response with same size robot at 

travelling plate of master (red) and slave multiply position and force by 

2 and 5, respectively (blue) with conventional micro-macro bilateral 

control separate in (a) X-axis, (b) Y-axis and (c) Z-axis. 

 
 

Fig. 12. Position and Force response with same size robot at 

travelling plate of master (red) and slave multiply position and force by 

2 and 5, respectively (blue) with proposed micro-macro bilateral control 

separate in (a) X-axis, (b) Y-axis and (c) Z-axis. 
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Fig. 13.  Position and Force response with different size robot at travelling plate of master (red) and slave multiply 

position and force by 2 and 5, respectively (blue) with proposed micro-macro bilateral control separate in (a) X-axis, (b) 

Y-axis and (c) Z-axis. 
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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 (Ci) of each robot arm, and with the forearms lengths 

(Lb) 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 (Ci) represented by (1), (2) 

and (3), respectively. 

xi = (ra-rb+Lbcos θi)cos αi                    (1) 

yi = -(ra-rb+Lbcos θi)sin αi                    (2) 

zi = -Lbsin θi  for i=1,2,3 and α1=0, α2=2π/3, α3=4π/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-xi)
2
 + (y-yi)

2
 + (z-zi)

2
 = Lb

2
  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 (yi,zi) 

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). 
 

 (yi-ra)
2
 + zi

2
 = La

2
 and (yi-(ra+y))

2
 + (zi-z)

2
 = Lb,yz

2
                (5) 

 

Where Lb,yz  is projection of forearm on yz plane, from yi and zi, 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 2π/3 and 4π/3 
          

z-1 iθ = tan ( )y -ri ai
                        (6) 

                          
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 (τgt), torque from gravity force at center of gravity for  upper arm (τgu), torque from 

inertial force on traveling plate (τit) and torque contribution from each upper arm to the actuated 

joints (τiu). 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 (mts) compose 

traveling plate mass (mt), pay load mass (mp) and forearm mass (mf). Top-link part have total 

contribution mass of upper arm (mus) consist upper arm mass (mu), ball joint mass (mb) and 2/3 of 

forearm mass. 
 

 
 

τgt = J
T
 mts[0  0  -g]

T
 and τit = J

T
 mts[ x   y   z ]

T
                  (7) 

 

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

velocity in Cartesian space. 
 

τgu = mus(-g)Cg[cos θ1  cos θ2  cos θ3]
T
                  (8)

 

τiu = Iu iθ                       (9) 
 

Where Cg is center of gravity for  upper arm is represented by (10), Iu is inertia matrix of arm in 

joint space [1], and g is gravitational constant.  
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Cg  =  La	
��� 	�	���	��	/�	

���                   (10)  
   

Thus, overall dynamic equation of the delta robot is represented by (11) 

τ + τgu + τgt = τiu + τit                  (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 (
�), torque constant (��), motor and robot inertial (Jmr), and the 

second derivative of the position signal (���), as shown in (12). The structure of DOB is shown in 

Fig. 3. 
  

Jmr mθ = ImKt - τdis                   (12)

g
disτ̂ = (K I + g J θ ) - g J θm mn m mn mtndis dis disg +S

dis
              (13) 

 

Where gdis 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). 
 τ�����,� = −τ������,� and  θ��,�,� = θ��,�  for i=1,2,3               (14) 
 

Where �̂�!"�,# are approximation external torque of master delta robot, �̂$�!"�,# are 

approximation external torque of slave on base master.	��$,# are angular position of slave ,and  ���,$,# 
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 (H2). 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)  
 

%τ��&τ��'( = )1 			11 −1+ ,
τ�����,�τ������,�- = H� , τ�����,�τ������,�- and %θ� �&θ� �'( = )1 			11 −1+ %

θ��,�,�
θ��,� ( = H� ,θ��,�,�	 -        (15) 

 

However, the conversion from virtual space to real space, can be use Inverse Hadamard matrix 

(H2
-1

).  which shown in Eq. (16). 
 

%θ� /�01	
θ� /�0�	 ( = )1 			11 −1+

21 %θ� /�0&
θ� /�0' 	( = H�21 %θ� /�0

&
θ� /�0' 	(                 (16) 

 

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.  

 
Fig. 4. Bilateral Control of Delta robot with gravity compention 

 

        
(a) With out gravity compensation            (b) With gravity compensation 

Fig. 5. Force response of Delta robot (Z-Axis) 

 

        
(a) Without gravity compensation        (b) With gravity compensation 

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, Kt denotes the force coefficient, Gdis is the cut-off 

frequency of the low-pass filter. Ɵ̈m, Ɵ̇m and Ɵm represent angular acceleration, velocity and 
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position of the motor respectively. Ʈdis is disturbance torque and Ʈ̂dis is the disturbance torque which 

estimated by DOB. 

  

 

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, 

Ʈm   +   Ʈs   =   0                                           (1) 

Ɵm   –   Ɵs   =   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, 

 
c m mˆ ˆ ˆτ τ τ1 1ext dis dis

   =      =  H                                                                                                        s s2d 1 -1 ˆ ˆτ ττ̂ dis disext

c
θ̂ext

θ̂

(3)
      
      
           

m mˆ ˆθ θ1 1 dis dis
   =      =  H                                                                                                        

2d s sˆ ˆ1 -1 θ θext dis dis

(4)
                         

  

Eq. (3) – (4) represent common and differential mode of torque and position respectively. The 

subscript c 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, 

jω jωm
STFT

m=-

X (e ,n) = X(n-m)w(m)e (5)                                                                               
∞

−

∞

∑
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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. 

 
Fig 3. Short-Time Fourier Transform (STFT) 

 

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. 

         

 
        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.  

 

 
Fig 6. Torque response of motor 1 and 3 

  

468 Advanced Engineering Research



 
Fig 7. Torque response of motor 2 and 4  

 
       (a)                                                   (b) 

 
                            (c)                                                 (d) 

Fig 8. Spectrogram of motor’s torque. (a) Motor 1. (b) Motor 2. (c) Motor 3. (d) Motor 4. 

 

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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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 (1)− (3). In order to interact with an un-

known environment or human, the development of robotic

systems focused on the using of force sensor (4). 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 (5).

In order to overcome this problem, a disturbance observer

(DOB) (6) (7) 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 (8)− (11).

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 (12) (13), 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 

 Motor                         Load 

Fig. 1. Two-mass system.

turbance observer (MEDOB) (14), 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
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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 (8)− (11). 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:

Ẍm = −Ks

M
Xs +

Kt

M
Im, · · · · · · · · · · · · · · · · · · · · · · · · (1)

Ẍl =
Ks

L
Xs −

1

L
Fdl, · · · · · · · · · · · · · · · · · · · · · · · · · · (2)

Ẋs = Ẋm − Ẋl · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (3)

where subscripts m and l denote the motor side and load

side, respectively. Fs and Fdl are the spring force and the

external force on the load side. Kt is the force coefficient,

Im is the current, Xs is the torsional position from the po-

sition of the motor Xm and the position of the load Xl, 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 Im to the velocity of motor side Ẋm

and the transfer function from current reference Im to the

velocity of load side Ẋl can be calculated as follows,

Ẋm

Im
=

Kt
M

(s2+ Ks
L

)

s3 + (Ks
L

+ Ks
M

)s
, · · · · · · · · · · · · · · · · · · · · · · · · (4)

Ẋl

Im
=

KtKs
ML

s3 + (Ks
L

+ Ks
M

)s
. · · · · · · · · · · · · · · · · · · · · · · · · · (5)

Then, the anti-resonance ωar and resonance frequencies ωr

can be described as follows,

ωr =

√
Ks

L
+

Ks

M
, · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (6)

ωar =

√
Ks

L
. · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (7)

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

3.1 Disturbance Observer (DOB) Consequently,

           Velocity  
    Estimation Loop 
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           Observer 
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M 
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s 
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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, (6) (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 Fl is

defined as,

Fl = Ffm + DmẊm + Fs + ∆MẌm + ∆KtIm · · · · (8)

where, the resistive force which the direction is opposite to

the motor force is the summation of friction force Ffm, vis-

cous friction DmẊm and the spring force Fs. ∆MẌm is the

variation torque due to changed mass, ∆KtIm 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

F̂l =
Gdis

s + Gdis

(
KtnIm + GdisMn

ˆ̇Xm

)
−GdisMn

ˆ̇Xm · · · · · · · · · · · · · · · · · · · · · · · · · · · · (9)

ˆ̇Xm =
sGvl

s + Gvl
X̂m · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (10)

where Ktn and Mn are refer to the nominal force coeffi-

cient and the nominal motor mass, respectively. Gdis is the

cut-off frequency of the disturbance observer, Gvl 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
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Fig. 4. Load side disturbance observer

two-mass system because of the presence of spring that de-

grade the overall performance.

To address these problems, a load disturbance observer

(LDOB) (12) (13), which is composed of the nominal spring

coefficient Ksn, the nominal load mass Ln and the load-side

encoder, has been proposed as follows,

Fdl = KsXs − LnẌl · · · · · · · · · · · · · · · · · · · · · · · · · · · · (11)

F̂dl =
( Glob

s + Glob

(
Ksn(X̂l − X̂m) + GlobLn

ˆ̇Xl

)
−GlobLn

ˆ̇Xl

)
· · · · · · · · · · · · · · · · · · · · · · · · · · · · · (12)

ˆ̇Xl =
sGvl

s + Gvl
X̂l · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (13)

where Gvl and Glob 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 = KtnIm −MnẌm − LnẌl · · · · · · · · · · · · · · · · · (14)

F̂dl =
( Gmob

s + Gmob

(
KtnIm + GmobMn

ˆ̇Xm + GmobLn
ˆ̇Xl

)
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Fig. 5. Multi encoder based disturbance Observer

−GmobMn
ˆ̇Xm −GmobLn

ˆ̇Xl

)
· · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (15)

where Gmob 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) In this research, a new

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,

F̂dl =
( Gmob

s + Gmob

(
KtnIm + GmobMn

ˆ̇Xm

)
−GmobMn

ˆ̇Xm

−Ln
ˆ̈Xl

)
· · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (16)

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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Fig. 6. Acceleration sensor based load side disturbance

observer.

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

x(k+1) = A(k)x(k) + B(k)u(k) + w(k) · · · · · · · · · · (17)

z(k) = C(k)x(k) + v(k) · · · · · · · · · · · · · · · · · · · · · · (18)

where k represents the sampling instant, x(k) ∈ Rn is

the vector of states, u(k) ∈ Rm is the vector of input vari-

ables, A(k) ∈ Rn×n and B(k) ∈ Rn×m are system matrices,

C(k) ∈ Rs×n is the measurement matrix, z(k) ∈ Rs is the

vector of measured variables, w(k) 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{wwT } > 0 · · · · · · · · · · · · · · · · · · · · · · · (19)

R = E{vvT } > 0 · · · · · · · · · · · · · · · · · · · · · · · · (20)

E{wvT } = 0 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (21)

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

difference between the state and the measurements. The

predicted equation which projects the current state estimate

ahead in time are given by

x(k|k−1) = A(k−1)x(k−1|k−1) + B(k−1)u(k−1) · · · (22)

P (k|k−1) = A(k−1)P (k−1|k−1)A
T
(k−1) + Q(k−1) · · (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

S(k) = C(k)P (k|k−1)C
T
(k) + R(k) · · · · · · · · · · · · · · (24)

M (k) = P (k|k−1)C
T
(k)S

−1
(k) · · · · · · · · · · · · · · · · · · · · · (25)

The estimated state vector and the error matrix are updated

by an actual measurement z̄(k) of motion sensor at every

sampling instant as follows

x(k|k) = x(k|k−1) + M (k)(z̄(k) −C(k)x(k|k−1)) · · (26)

P (k|k) = P (k|k−1) −M (k)S(k)M
T
(k) · · · · · · · · · · · · · (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 Ksn. 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 (14) (15), 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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Fig. 7. Estimated response of the load-side external force.
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Fig. 8. Estimated response of the load-side external force with the Ks parameter variation +5%
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Fig. 9. Estimated response of the load-side external force with the Ks parameter variation -5%

system with mechanical resonance. However, it is difficult to

attach the encoder on the load side of the robot system. In

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

attachment is very small. Thus, it is suitable for attaching

sensor on the load-side of robot system. From the simulation

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
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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 𝜇m 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/𝑠2. 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

𝑀𝑋̈𝑚 = 𝐾𝑡𝐼𝑚 −
(
𝐹𝑓 +𝐷𝑋̇𝑚 + 𝐹𝑒𝑥𝑡 +Δ𝑀𝑋̈𝑚 +

Δ𝐾𝑡𝐼𝑚

)
(1)

𝐹𝑙 = 𝐹𝑓 +𝐷𝑋̇𝑚 + 𝐹𝑒𝑥𝑡 (2)

where, 𝑀 denotes the motor mass. 𝑋𝑚, 𝑋̇𝑚 and 𝑋̈𝑚 denote
the motor position, motor velocity and motor acceleration,
respectively. 𝐾𝑡 is the force coefficient, and 𝐼𝑚 is motor
current. The load force 𝐹𝑙 is the summation of friction force
𝐹𝑓 , viscous friction 𝐷𝑋̇𝑚 and external force 𝐹𝑒𝑥𝑡. The
equation of the load force is considered as (2). Δ𝑀𝑋̈𝑚 is
the variation torque due to changed mass, Δ𝐾𝑡𝐼𝑚 is the force
ripple due to space harmonics. The disturbance force on the
motor side 𝐹𝑑𝑖𝑠 is defined as,

𝐹𝑑𝑖𝑠 = 𝐹𝑓 +𝐷𝑋̇𝑚 + 𝐹𝑒𝑥𝑡 +Δ𝑀𝑋̈𝑚 +Δ𝐾𝑡𝐼𝑚 (3)
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Fig. 4. Modeling of Linear Motor System with KFDOB.

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,

𝐹𝑑𝑖𝑠 =
𝐺𝑑𝑖𝑠

𝑆 +𝐺𝑑𝑖𝑠

(
𝐾𝑡𝑛𝐼𝑚 +𝐺𝑑𝑖𝑠𝑀𝑛

ˆ̇𝑋𝑚

)

−𝐺𝑑𝑖𝑠𝑀𝑛
ˆ̇𝑋𝑚 (4)

ˆ̇𝑋𝑚 =
𝑆𝐺𝑣𝑒

𝑆 +𝐺𝑣𝑒
𝑋̂𝑚 (5)

where 𝐺𝑑𝑖𝑠 is the cut-off frequency of the disturbance ob-
server, 𝐺𝑣𝑒 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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Fig. 5. Block diagram of the proposed multilateral control based on KFDOB.

𝒙(𝑘+1) = 𝑨(𝑘)𝒙(𝑘) +𝑩(𝑘)𝒖(𝑘) +𝒘(𝑘) (6)

𝒛(𝑘) = 𝑪(𝑘)𝒙(𝑘) + 𝒗(𝑘) (7)

where 𝑘 represents the sampling instant, 𝒙(𝑘) ∈ ℜn is the
vector of states, 𝒖(𝑘) ∈ ℜm is the vector of input variables,
𝑨(𝑘) ∈ ℜn×n and 𝑩(𝑘) ∈ ℜn×m are system matrices,
𝑪(𝑘) ∈ ℜs×n is the measurement matrix, 𝒛(𝑘) ∈ ℜs is the
vector of measured variables, 𝒘(𝑘) is the process noise and
𝒗(𝑘) represents the measurement which is corrupted by white
Gaussian noise. The system matrices can be formulated into
the discrete state matrices as,

𝑨 =

⎡
⎣ 1 𝑇𝑘

𝑇 2
𝑘

2
0 1 𝑇𝑘

0 0 1

⎤
⎦ ,𝑩 =

⎡
⎣ 0

𝐾𝑡𝑛𝑇𝑘

𝑀𝑛

0

⎤
⎦ , (8)

𝑪 =

[
1 0 0
1 0 0

]

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{𝑤𝑤𝑇 } > 0 (9)

𝑹 = 𝐸{𝑣𝑣𝑇 } ⩾ 0 (10)

𝐸{𝑤𝑣𝑇 } = 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

𝒙(𝑘∣𝑘−1) = 𝑨(𝑘−1)𝒙(𝑘−1∣𝑘−1) +𝑩(𝑘−1)𝒖(𝑘−1) (12)

𝑷 (𝑘∣𝑘−1) = 𝑨(𝑘−1)𝑷 (𝑘−1∣𝑘−1)𝑨
𝑇
(𝑘−1) +𝑸(𝑘−1) (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(𝑘) = 𝑪(𝑘)𝑷 (𝑘∣𝑘−1)𝑪
𝑇
(𝑘) +𝑹(𝑘) (14)

𝑴 (𝑘) = 𝑷 (𝑘∣𝑘−1)𝑪
𝑇
(𝑘)𝑺

−1
(𝑘) (15)

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

𝒙(𝑘∣𝑘) = 𝒙(𝑘∣𝑘−1) +𝑴 (𝑘)(𝒛(𝑘) −𝑪(𝑘)𝒙(𝑘∣𝑘−1))(16)

𝑷 (𝑘∣𝑘) = 𝑷 (𝑘∣𝑘−1) −𝑴 (𝑘)𝑺(𝑘)𝑴
𝑇
(𝑘) (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 [5], [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 𝐹𝑒𝑥𝑡1 and slave
side 𝐹𝑒𝑥𝑡2, 𝐹𝑒𝑥𝑡3 as follows,

𝐹𝑒𝑥𝑡1 + 𝐹𝑒𝑥𝑡2 + 𝐹𝑒𝑥𝑡3 = 0 (18)

Moreover, the position tracking of the master robot 𝑋̂𝑚1 and
slave robot 𝑋̂𝑚2, 𝑋̂𝑚3 should be similar, as follows,

𝑋̂𝑚1 = 𝑋̂𝑚2 = 𝑋̂𝑚3 (19)

𝑋̂𝑚1 − 𝑋̂𝑚2 = 0 (20)

𝑋̂𝑚2 − 𝑋̂𝑚3 = 0 (21)

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

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, 𝐹𝑒𝑥𝑡1, and the KFDOB at the slave side, 𝐹𝑒𝑥𝑡2,
𝐹𝑒𝑥𝑡3, are transformed into the virtual force in the common
mode, 𝐹 𝑐123

𝑒𝑥𝑡 , and the differential mode, 𝐹 𝑑12
𝑒𝑥𝑡 , 𝐹 𝑑23

𝑒𝑥𝑡 , 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, 𝑋̂𝑚1, and
the slave side, 𝑋̂𝑚2, 𝑋̂𝑚3 are also transformed into the virtual
position in the common mode, 𝑋̂𝑐123

𝑚2 , and the differential
mode, 𝑋̂𝑑12

𝑚 , 𝑋̂𝑑23
𝑚 , by using the 𝑯3. The virtual position

of each mode is represented as follows:

⎡
⎣ 𝐹 𝑐123

𝑒𝑥𝑡

𝐹 𝑑12
𝑒𝑥𝑡

𝐹 𝑑23
𝑒𝑥𝑡

⎤
⎦ =

⎡
⎣ 1 1 1

1 −1 0
0 1 −1

⎤
⎦
⎡
⎣ 𝐹𝑒𝑥𝑡1

𝐹𝑒𝑥𝑡2

𝐹𝑒𝑥𝑡3

⎤
⎦ (22)

⎡
⎣ 𝑋̂𝑐123

𝑚

𝑋̂𝑑12
𝑚

𝑋̂𝑑23
𝑚

⎤
⎦ =

⎡
⎣ 1 1 1

1 −1 0
0 1 −1

⎤
⎦
⎡
⎣ 𝑋̂𝑚1

𝑋̂𝑚2

𝑋̂𝑚3

⎤
⎦ (23)

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

𝑋̈𝑐123 =
(
𝐹 𝑐
𝑐𝑚𝑑 − 𝐹 𝑐123

𝑒𝑥𝑡

)
𝐾𝑓 (24)

where 𝐹 𝑐
𝑐𝑚𝑑 is the force command and 𝐾𝑓 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,

𝑋̈𝑑12 =
(
𝑋𝑑

𝑐𝑚𝑑 − 𝑋̂𝑑12
𝑚

)
(𝐾𝑝12 + 𝑠𝐾𝑑12) (25)

𝑋̈𝑑23 =
(
𝑋𝑑

𝑐𝑚𝑑 − 𝑋̂𝑑23
𝑚

)
(𝐾𝑝23 + 𝑠𝐾𝑑23) (26)

where 𝑋𝑑
𝑐𝑚𝑑 is the position command. According to the targets

of the bilateral control, both force and position command were
set as zero. 𝐾𝑝12, 𝐾𝑝23 and 𝐾𝑑12, 𝐾𝑑23 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 𝑯−1

3 is applied.
The transformation of acceleration control signals from modal
space design to the real space in the master robot 𝑋̈𝑟𝑒𝑓1 and
slave robot 𝑋̈𝑟𝑒𝑓2, 𝑋̈𝑟𝑒𝑓3 are calculated as follows,⎡

⎣ 𝑋̈𝑟𝑒𝑓1

𝑋̈𝑟𝑒𝑓2

𝑋̈𝑟𝑒𝑓3

⎤
⎦ =

1

3

⎡
⎣ 1 2 1

1 −1 1
1 −1 −2

⎤
⎦
⎡
⎣ 𝑋̈𝑐123

𝑋̈𝑑12

𝑋̈𝑑23

⎤
⎦ (27)

where 𝑋̈𝑐123 is the acceleration control signal in the common
mode. In the differential mode, 𝑋̈𝑑12 is the acceleration
control signal between the first and the second haptic devices
and 𝑋̈𝑑23 is the acceleration control signal between the
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(a) Position response                                   (d) Force estimated by DOB  

(b) Velocity response                               (e) Force estimated by KFDOB 

 (c) Acceleration response                                                               

Fig. 7. Experimental results of soft environment (a sponge).

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 𝜇s. 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

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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(a) Position response                                   (d) Force estimated by DOB  
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Fig. 8. Experimental results of hard environment (an aluminium block).

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— 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.

Monitor 

Speaker Microphone 

Camera 

Sound 

Picture 

Ear 

Eye 

Hand 

Unilateral 

  Haptic device     
(Master system) Work piece 

 Haptic device 
(Slave system) 

Unilateral  

Bilateral  

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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equation of the linear motor is described by

𝑀𝑋̈𝑚 = 𝐾𝑡𝐼𝑚 −
(
𝐹𝑓 +𝐷𝑋̇𝑚 + 𝐹𝑒𝑥𝑡 +Δ𝑀𝑋̈𝑚 +

Δ𝐾𝑡𝐼𝑚

)
(1)

𝐹𝑑𝑖𝑠 = 𝐹𝑓 +𝐷𝑋̇𝑚 + 𝐹𝑒𝑥𝑡 (2)

where, 𝑀 denotes the motor mass. 𝑋𝑚, 𝑋̇𝑚 and 𝑋̈𝑚 denote
the motor position, motor velocity and motor acceleration,
respectively. 𝐾𝑡 is the force coefficient, and 𝐼𝑚 is motor
current. The load force 𝐹𝑙 is the summation of friction force
𝐹𝑓 , viscous friction 𝐷𝑋̇𝑚 and external force 𝐹𝑒𝑥𝑡. The
equation of the load force is considered as (2). Δ𝑀𝑋̈𝑚 is
the variation torque due to changed mass, Δ𝐾𝑡𝐼𝑚 is the force
ripple due to space harmonics. The disturbance force on the
motor side 𝐹𝑑𝑖𝑠 is defined as,

𝐹𝑑𝑖𝑠 = 𝐹𝑓 +𝐷𝑋̇𝑚 + 𝐹𝑒𝑥𝑡 +Δ𝑀𝑋̈𝑚 +Δ𝐾𝑡𝐼𝑚 (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,

𝑨 =

⎡
⎢⎣

1 𝑇𝑘 − 𝑇 2
𝑘

2𝑀𝑛

0 1 − 𝑇𝑘

𝑀𝑛

0 0 1

⎤
⎥⎦ ,𝑩 =

⎡
⎣ 0

𝐾𝑡𝑛𝑇𝑘

𝑀𝑛

0

⎤
⎦ , (4)

𝑪 =
[
1 0 0

]
where 𝑇𝑘 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 1

𝐾𝑡𝑛
as a transfer function transforming

disturbance force to current. The estimation of disturbance
force is used to compensate for unwanted disturbance that
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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

𝒙(𝑘+1) = 𝑨(𝑘)𝒙(𝑘) +𝑩(𝑘)𝒖(𝑘) +𝒘(𝑘) (5)

𝒛(𝑘) = 𝑪(𝑘)𝒙(𝑘) + 𝒗(𝑘) (6)

where 𝑘 represents the sampling instant, 𝒙(𝑘) ∈ ℜn is the
vector of states, 𝒖(𝑘) ∈ ℜm is the vector of input variables,
𝑨(𝑘) ∈ ℜn×n and 𝑩(𝑘) ∈ ℜn×m are system matrices,
𝑪(𝑘) ∈ ℜs×n is the measurement matrix, 𝒛(𝑘) ∈ ℜs is the
vector of measured variables, 𝒘(𝑘) is the process noise and
𝒗(𝑘) 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

𝒙(𝑘∣𝑘−1) = 𝑨(𝑘−1)𝒙(𝑘−1∣𝑘−1) +𝑩(𝑘−1)𝒖(𝑘−1) (7)

𝑷 (𝑘∣𝑘−1) = 𝑨(𝑘−1)𝑷 (𝑘−1∣𝑘−1)𝑨
𝑇
(𝑘−1) +𝑸(𝑘−1) (8)

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) = 𝑪(𝑘)𝑷 (𝑘∣𝑘−1)𝑪
𝑇
(𝑘) +𝑹(𝑘) (9)

𝑴 (𝑘) = 𝑷 (𝑘∣𝑘−1)𝑪
𝑇
(𝑘)𝑺

−1
(𝑘) (10)

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

𝒙(𝑘∣𝑘) = 𝒙(𝑘∣𝑘−1) +𝑴 (𝑘)(𝒛(𝑘) −𝑪(𝑘)𝒙(𝑘∣𝑘−1))(11)

𝑷 (𝑘∣𝑘) = 𝑷 (𝑘∣𝑘−1) −𝑴 (𝑘)𝑺(𝑘)𝑴
𝑇
(𝑘) (12)
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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
between the force response in the master side 𝐹𝑒𝑥𝑡1 and slave
side 𝐹𝑒𝑥𝑡2, 𝐹𝑒𝑥𝑡3 as follows,

𝐹𝑒𝑥𝑡1 + 𝐹𝑒𝑥𝑡2 + 𝐹𝑒𝑥𝑡3 = 0 (13)

Moreover, the position tracking of the master robot 𝑋̂𝑚1 and
slave robot 𝑋̂𝑚2, 𝑋̂𝑚3 should be similar, as follows,

𝑋̂𝑚1 = 𝑋̂𝑚2 = 𝑋̂𝑚3 (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, 𝐹𝑒𝑥𝑡1, and the KFSO at the
slave side, 𝐹𝑒𝑥𝑡2, 𝐹𝑒𝑥𝑡3, are transformed into the virtual force
in the common mode, 𝐹 𝑐123

𝑒𝑥𝑡 , and the differential mode, 𝐹 𝑑12
𝑒𝑥𝑡 ,

𝐹 𝑑23
𝑒𝑥𝑡 , 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, 𝑋̂𝑚1, and the slave side, 𝑋̂𝑚2, 𝑋̂𝑚3 are also transformed
into the virtual position in the common mode, 𝑋̂𝑐123

𝑚2 , and the
differential mode, 𝑋̂𝑑12

𝑚 , 𝑋̂𝑑23
𝑚 , by using the 𝑯3. The virtual

position of each mode is represented as follows:

⎡
⎣ 𝐹 𝑐123

𝑒𝑥𝑡

𝐹 𝑑12
𝑒𝑥𝑡

𝐹 𝑑23
𝑒𝑥𝑡

⎤
⎦ =

⎡
⎣ 1 1 1

1 −1 0
0 1 −1

⎤
⎦
⎡
⎣ 𝐹𝑒𝑥𝑡1

𝐹𝑒𝑥𝑡2

𝐹𝑒𝑥𝑡3

⎤
⎦ (15)

⎡
⎣ 𝑋̂𝑐123

𝑚

𝑋̂𝑑12
𝑚

𝑋̂𝑑23
𝑚

⎤
⎦ =

⎡
⎣ 1 1 1

1 −1 0
0 1 −1

⎤
⎦
⎡
⎣ 𝑋̂𝑚1

𝑋̂𝑚2

𝑋̂𝑚3

⎤
⎦ (16)

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

𝑋̈𝑐123 =
(
𝐹 𝑐
𝑐𝑚𝑑 − 𝐹 𝑐123

𝑒𝑥𝑡

)
𝐾𝑓 (17)

where 𝐹 𝑐
𝑐𝑚𝑑 is the force command and 𝐾𝑓 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,

𝑋̈𝑑12 =
(
𝑋𝑑

𝑐𝑚𝑑 − 𝑋̂𝑑12
𝑚

)
(𝐾𝑝12 + 𝑠𝐾𝑑12) (18)

𝑋̈𝑑23 =
(
𝑋𝑑

𝑐𝑚𝑑 − 𝑋̂𝑑23
𝑚

)
(𝐾𝑝23 + 𝑠𝐾𝑑23) (19)

where 𝑋𝑑
𝑐𝑚𝑑 is the position command. According to the targets

of the bilateral control, both force and position command were
set as zero. 𝐾𝑝12, 𝐾𝑝23 and 𝐾𝑑12, 𝐾𝑑23 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 𝑯−1

3 is applied.
The transformation of acceleration control signals from modal
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Fig. 5. Simulation results

space design to the real space in the master robot 𝑋̈𝑟𝑒𝑓1 and
slave robot 𝑋̈𝑟𝑒𝑓2, 𝑋̈𝑟𝑒𝑓3 are calculated as follows,

⎡
⎣ 𝑋̈𝑟𝑒𝑓1

𝑋̈𝑟𝑒𝑓2

𝑋̈𝑟𝑒𝑓3

⎤
⎦ =

1

3

⎡
⎣ 1 2 1

1 −1 1
1 −1 −2

⎤
⎦
⎡
⎣ 𝑋̈𝑐123

𝑋̈𝑑12

𝑋̈𝑑23

⎤
⎦ (20)

where 𝑋̈𝑐123 is the acceleration control signal in the common
mode. In the differential mode, 𝑋̈𝑑12 is the acceleration
control signal between the first and the second haptic devices
and 𝑋̈𝑑23 is 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.

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.
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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 

I.  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 
MEDOB is also explained. The collaborative PID controller 
with the resonance ratio control is shown in part III. Part IV 

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 L1 and 
L2 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 Ks 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: 

 1

1
,s t

m s m

K K
X X I

M M
    (1)

  1 2

1 1 2
1 1

,s s

l s s

K K
X X X

L L
   (2)

 2

2 2 2
2 2

1 ,s

l s dl

K
X X F

L L
   (3)


1 1

,s m lX X X     (4)


2 1 2

,s l lX X X     (5)

where subscripts m and l denote the motor side and load 
side, respectively. Xs is the torsional position from the 
position of the motor Xm and the position of the load Xl, M 
and L denote the equivalent mass of the motor and load 
mass, respectively. Fdl is the external force on the load side. 
X and X  denote the acceleration and velocity, respectively.   
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Fig. 1. The model of three-mass system. 

 

Fig. 2. The block diagram of three-mass system. 

 

Fig. 3. Multi-encoder based on disturbance observer. 

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, 


1 21 2dl t m l l mF K I L X L X MX       (6)

 1 1
ˆ ˆˆ (mob

dl tn m mob n m mob n l
mob

G
F K I G M X G L X

s G
  


  

2 2 1 1 2 2
ˆ ˆ ˆ ˆ)mob n l mob n m mob n l dis n lG L X G M X G L X G L X       (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 Kp, a velocity gain Kv1, Kv2, a reaction 
force gain Kr1, Kr2. The feedback force will depend on the 
force contacted on the robot by a known environment 
stiffness Ke. The transfer function from the force command 
Fcmd to the force response Fres can be calculated as follows, 
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
1 2

6 5 4 3 2
6 5 4 3 2 1 0
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cmd a s a s a s a s a s a s

K
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K K KF

F


       (8)

1 20 ,e p s sa K K K K   (9)
1 2 1 1 2 21 ,s s v s s va K K K K K K    (10)
1 2 1 2 1 2 1 1 2 2 1 22 1 2 1 2 ),s s s s s s r s s r s sa K K K K L K K L K K K L K K K L     (11)
1 1 2 1 2 13 2 1 2 ,s v s v s va K K L K K L K K L    (12)

1 2 2 1 1 14 2 1 2 1 2 1 2,s s s s r sa K L K L K L K L L K K L L      (13)
15 1 2,va K L L   (14)

6 1 2 ,a L L   (15)

Kr1, Kr2, Kv1, and Kv2 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(t) of the PID controller is  

        
0

t

p i dU t K e t K e d K e t     (16)

Where, Kp, Ki and Kd are the proportional, integral and 
derivative gains, respectively. e(t) is the error between the 
reference input r(t) and the output y(t) at time t. 

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 Fs1, 
Fs2 and feedback velocity of motor mX and feedback velocity 
at load side

2l
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. 

 

Fig. 4. The simplified block diagram of the resonance ratio control. 

 

Fig. 5. PID controller based on resonance ratio control. 

 
(a) Soft environment. 

 
(b) Hard environment. 

Fig. 6. The force response of three-mass system. 
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(a) Soft environment. 

 
(b) Hard environment. 

Fig. 7. The position response of three-mass system. 

TABLE I.  PARAMETERS USED IN SIMULATIONS 

Details Parameters Values 

Mass of Motor  M 0.245 kg 

Load  L1, L2 0.245 kg 

Force Constant  Kt 3.333 

Environment stiffness  Ke 110 

Spring coefficient  Ks1, Ks2 200, 220 N/m 

Cut-off freq. of velocity. Gve 250 rad/s 

Cut-off freq. of  DOB. Gdis 250 rad/s 

Cut-off freq. of  MEDOB. Gmob 250 rad/s 

Proportional gain Kp1,Kp2 2.2973,7.0498e-05 

Integral gain Ki1,Ki2 13.0104, 0 

Derivative gain Kd1,Kd2 -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. 

 

II. BILATERAL CONTROL SYSTEM BASED ON 

DISTURBANCE OBSERVER 
 

       This section describes the bilateral control system and 

DOB for controlling master-slave robot   

 

 

 

 

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.  

  

 
Fig 1. Disturbance Observer (DOB) 

 

Where M denotes the mass of the motor, Kt denotes the 

force coefficient. Im is the current of motor, Fdis is disturbance 

force and Gdis 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. Ẍm, Ẋm 

and Xm represent acceleration, velocity and position of the 

motor respectively. The disturbance force Fdis 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   0                       (1) 
m s

X X 0                       (2)
m s

F  

 
 

 

where Fm and Fs  are  the force at master robot side and slave 

robot side. Xm and Xs are the position of master and slave 

robot respectively. 

Eq. (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: 

 
m mc ˆ ˆˆ F FF 1 1ext dis dis

   =      =  H              (3)s sd 2ˆ ˆˆ 1 -1 F FFext dis dis

m mcˆ X XX 1 1ext dis dis
  =     =  H             (4)

d 2s sˆ 1 -1X X Xext dis dis

      
                 

      
                 

 

      

     Eq. (3) – (4) comprise common and differential mode of 

force and position. The subscript c 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. 

 

 
 

III. 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). 

 

jω jωm

STFT
(5)

m=-

X (e , n) = X(n-m)w(m)e                







 

 

     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. 

 

 

 

 

 

 

 

 

Fig 2. The block diagram of bilateral control system based on disturbance observer 
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Fig 3. Short-Time Fourier Transform (STFT) 
 

 

 

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 Kd gain of the impedance 

control. 

      

 
Fig 4. Unit step input at initial time 5 s 

  

B. Experimental Result I 

 

     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. 

 

 

 

 

 

Fig 5. Force response of the object (gain 1) 
 

 

 Fig 6. Force response of the object (gain 10) 

 

      

Fig 7. Force response of the object (gain 100) 
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C. Experimental Result II 

 

     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. 
 

 
Fig 8. Spectrogram of force response (gain 1) 

 

 

 
 

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 

the proposed method is simply to classify the objects. For the 

future work, the method will be applied to the sound and 

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.

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.

978-1-4799-4033-2/14/$31.00 ©2014 IEEE 2884
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Fig. 2. Linear motor systems with multi-sensor fusion.

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

𝑀𝑋̈𝑚 = 𝐾𝑡𝐼𝑚 −
(
𝐹𝑓 +𝐷𝑋̇𝑚 + 𝐹𝑒𝑥𝑡 +Δ𝑀𝑋̈𝑚 +

Δ𝐾𝑡𝐼𝑚

)
(1)

𝐹𝑙 = 𝐹𝑓 +𝐷𝑋̇𝑚 + 𝐹𝑒𝑥𝑡 (2)

where, 𝑀 denotes the motor mass. 𝑋𝑚, 𝑋̇𝑚 and 𝑋̈𝑚 denote
the motor position, motor velocity and motor acceleration,
respectively. 𝐾𝑡 is the force coefficient, and 𝐼𝑚 is motor
current. The load force 𝐹𝑙 is the summation of friction force
𝐹𝑓 , viscous friction 𝐷𝑋̇𝑚 and external force 𝐹𝑒𝑥𝑡. The
equation of the load force is considered as (2). Δ𝑀𝑋̈𝑚 is
the variation torque due to changed mass, Δ𝐾𝑡𝐼𝑚 is the force
ripple due to space harmonics. The disturbance force on the
motor side 𝐹𝑑𝑖𝑠 is defined as,

𝐹𝑑𝑖𝑠 = 𝐹𝑓 +𝐷𝑋̇𝑚 + 𝐹𝑒𝑥𝑡 +Δ𝑀𝑋̈𝑚 +Δ𝐾𝑡𝐼𝑚 (3)
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Fig. 3. Modeling of Linear Motor System with DOB.

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,

𝐹𝑑𝑖𝑠 =
𝐺𝑑𝑖𝑠

𝑆 +𝐺𝑑𝑖𝑠

(
𝐾𝑡𝑛𝐼𝑚 +𝐺𝑑𝑖𝑠𝑀𝑛

ˆ̇𝑋𝑚

)

−𝐺𝑑𝑖𝑠𝑀𝑛
ˆ̇𝑋𝑚 (4)

ˆ̇𝑋𝑚 =
𝑆𝐺𝑣𝑒

𝑆 +𝐺𝑣𝑒
𝑋̂𝑚 (5)

where 𝐺𝑑𝑖𝑠 is the cut-off frequency of the disturbance ob-
server, 𝐺𝑣𝑒 is the cut-off frequency of the velocity estimation.
𝐾𝑡𝑛 and 𝑀𝑛 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/𝐾𝑡𝑛, the disturbance force is transformed to
the compensation current 𝐼𝑑𝑖𝑠, 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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Fig. 4. Modeling of Linear Motor System with KFDOB.

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

𝒙(𝑘+1) = 𝑨(𝑘)𝒙(𝑘) +𝑩(𝑘)𝒖(𝑘) +𝒘(𝑘) (6)

𝒛(𝑘) = 𝑪(𝑘)𝒙(𝑘) + 𝒗(𝑘) (7)

where 𝑘 represents the sampling instant, 𝒙(𝑘) ∈ ℜn is the
vector of states, 𝒖(𝑘) ∈ ℜm is the vector of input variables,
𝑨(𝑘) ∈ ℜn×n and 𝑩(𝑘) ∈ ℜn×m are system matrices,
𝑪(𝑘) ∈ ℜs×n is the measurement matrix, 𝒛(𝑘) ∈ ℜs is the
vector of measured variables, 𝒘(𝑘) is the process noise and
𝒗(𝑘) represents the measurement which is corrupted by white
Gaussian noise. The system matrices can be formulated into
the discrete state matrices as,

𝑨 =

⎡
⎣ 1 𝑇𝑘

𝑇 2
𝑘

2
0 1 𝑇𝑘

0 0 1

⎤
⎦ ,𝑩 =

⎡
⎣ 0

𝐾𝑡𝑛𝑇𝑘

𝑀𝑛

0

⎤
⎦ , (8)

𝑪 =

[
1 0 0
0 0 1

]

where 𝑇𝑘 is a sampling time of the controller. It is assumed
that the covariance matrix of the process noise 𝑸, the co-

variance matrices of the measurement noise 𝑹 and the cross-
covariance matrix are as given below:

𝑸 = 𝐸{𝑤𝑤𝑇 } > 0 (9)

𝑹 = 𝐸{𝑣𝑣𝑇 } ⩾ 0 (10)

𝐸{𝑤𝑣𝑇 } = 0 (11)

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 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

𝒙(𝑘∣𝑘−1) = 𝑨(𝑘−1)𝒙(𝑘−1∣𝑘−1) +𝑩(𝑘−1)𝒖(𝑘−1) (12)

𝑷 (𝑘∣𝑘−1) = 𝑨(𝑘−1)𝑷 (𝑘−1∣𝑘−1)𝑨
𝑇
(𝑘−1) +𝑸(𝑘−1) (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(𝑘) = 𝑪(𝑘)𝑷 (𝑘∣𝑘−1)𝑪
𝑇
(𝑘) +𝑹(𝑘) (14)

𝑴 (𝑘) = 𝑷 (𝑘∣𝑘−1)𝑪
𝑇
(𝑘)𝑺

−1
(𝑘) (15)

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

𝒙(𝑘∣𝑘) = 𝒙(𝑘∣𝑘−1) +𝑴 (𝑘)(𝒛(𝑘) −𝑪(𝑘)𝒙(𝑘∣𝑘−1))(16)

𝑷 (𝑘∣𝑘) = 𝑷 (𝑘∣𝑘−1) −𝑴 (𝑘)𝑺(𝑘)𝑴
𝑇
(𝑘) (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 𝐹𝑒𝑥𝑡1 and slave side
𝐹𝑒𝑥𝑡2. We now write the equation of motion using Newton’s
law to sum to zero all of the forces as follows,

𝐹𝑒𝑥𝑡1 + 𝐹𝑒𝑥𝑡2 = 0 (18)

Moreover, the position tracking of the master robot 𝑋̂𝑚1 and
slave robot 𝑋̂𝑚2 should be similar, as follows,

𝑋̂𝑚1 − 𝑋̂𝑚2 = 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,

𝐹𝑒𝑥𝑡1 + 𝛼𝐹𝑒𝑥𝑡2 = 0 (20)

𝑋̂𝑚1 − 𝛽𝑋̂𝑚2 = 0 (21)

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

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 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, 𝐹𝑒𝑥𝑡1 and
the KFDOB at the slave side, 𝐹𝑒𝑥𝑡2, are transformed into the
virtual force in the common mode, 𝐹 𝑐

𝑒𝑥𝑡, and the differential
mode, 𝐹 𝑑

𝑒𝑥𝑡, by using the scaling of Hadamard matrix based
on the second order, 𝑯2. On the other hand, the position
signals from the KFDOB at the master side, 𝑋̂𝑚1, and the
slave side, 𝑋̂𝑚2, are also transformed into the virtual position
in the common mode, 𝑋̂𝑐

𝑚, and the differential mode, 𝑋̂𝑑
𝑚, by

using the 𝑯2. The virtual position of each mode is represented
as follows:

[
𝐹 𝑐
𝑒𝑥𝑡

𝐹 𝑑
𝑒𝑥𝑡

]
=

[
1 𝛼
1 −𝛽

] [
𝐹𝑒𝑥𝑡1

𝐹𝑒𝑥𝑡2

]
(22)

[
𝑋̂𝑐

𝑚

𝑋̂𝑑
𝑚

]
=

[
1 𝛼
1 −𝛽

] [
𝑋̂𝑚1

𝑋̂𝑚2

]
(23)

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

𝑋̈𝑐
𝑟𝑒𝑓 =

(
𝐹 𝑐
𝑐𝑚𝑑 − 𝐹 𝑐

𝑒𝑥𝑡

)
𝐾𝑓 (24)
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where 𝐹 𝑐
𝑐𝑚𝑑 is the force command and 𝐾𝑓 is the propor-

tional gain of force control. 𝑋̈𝑐
𝑟𝑒𝑓 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,

𝑋̈𝑑
𝑟𝑒𝑓 =

(
𝑋𝑑

𝑐𝑚𝑑 − 𝑋̂𝑑
𝑚

)
(𝐾𝑝 + 𝑠𝐾𝑑) (25)

where 𝑋𝑑
𝑐𝑚𝑑 is the position command. 𝑋̈𝑑

𝑟𝑒𝑓 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. 𝐾𝑝 and 𝐾𝑑 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 𝑯−1

2 is applied. The
transformation of acceleration control signals from modal
space design to the real space in the master robot 𝑋̈𝑟𝑒𝑓1 and
slave robot 𝑋̈𝑟𝑒𝑓2 are calculated as follows,

[
𝑋̈𝑟𝑒𝑓1

𝑋̈𝑟𝑒𝑓2

]
=

[
𝛽

(𝛼+𝛽)
𝛼

(𝛼+𝛽)
1

(𝛼+𝛽)
−1

(𝛼+𝛽)

][
𝑋̈𝑐

𝑟𝑒𝑓

𝑋̈𝑑
𝑟𝑒𝑓

]
(26)

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 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 𝜇s. 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 𝜇m 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/𝑠2. 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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Fig. 7. Position response

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 𝛼 and 𝛽
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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Fig. 8. Force response by using the conventional disturbance observer.
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Fig. 9. Force response by using the proposed method
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Fig. 10. Velocity response by using the conventional disturbance observer.

0 1 2 3 4 5 6 7 8 9 10
-0.04

-0.03

-0.02

-0.01

0

0.01

0.02

0.03

0.04

Time [s]

V
el

oc
ity

 [m
/s

]

Slave Robot (X20)
Master Robot
Slave Robot

Fig. 11. Velocity response by using the proposed method
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Fig. 12. FFT analysis of DOB and KFDOB.

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

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



 
 

Arm Supporter

    Motor and

Encoder 1

Handle

    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

𝐽𝜃𝑚 = 𝐾𝑡𝐼𝑚 −
(
𝜏𝑓 +𝐷𝜃𝑚 + 𝜏𝑒𝑥𝑡 +Δ𝐽𝜃𝑚 +

Δ𝐾𝑡𝐼𝑚

)
(1)

𝜏𝑙 = 𝜏𝑓 +𝐷𝜃𝑚 + 𝜏𝑒𝑥𝑡 (2)

where, 𝐽 denotes the motor inertia. 𝜃𝑚, 𝜃𝑚 and 𝜃𝑚 denote
the angular position of motor, angular velocity of motor and
angular acceleration of motor, respectively. 𝐾𝑡 is the torque
coefficient, and 𝐼𝑚 is motor current. The load torque 𝜏𝑙 is
the summation of friction torque 𝜏𝑓 , viscous friction 𝐷𝜃𝑚
and external torque 𝜏𝑒𝑥𝑡. The equation of the load torque is
considered as (2). Δ𝐽𝜃𝑚 is the variation torque due to changed
inertia, Δ𝐾𝑡𝐼𝑚 is the torque ripple due to space harmonics.
The disturbance torque on the motor side 𝜏𝑑𝑖𝑠 is defined as,

𝜏𝑑𝑖𝑠 = 𝜏𝑓 +𝐷𝜃𝑚 + 𝜏𝑒𝑥𝑡 +Δ𝐽𝜃𝑚 +Δ𝐾𝑡𝐼𝑚 (3)

III. ESTIMATION OF ACTION/REACTION FORCE USING

KALMAN-FILTER-BASED STATE OBSERVER (KFSO)

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,

𝑨 =

⎡
⎢⎣

1 𝑇𝑘 − 𝑇 2
𝑘

2𝐽𝑛

0 1 −𝑇𝑘

𝐽𝑛

0 0 1

⎤
⎥⎦ ,𝑩 =

⎡
⎣ 0

𝐾𝑡𝑛𝑇𝑘

𝐽𝑛

0

⎤
⎦ , (4)

𝑪 =
[
1 0 0

]

Fig. 2. Modeling of Servo Motor System with KFSO.

where 𝑇𝑘 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 𝜏𝑑𝑖𝑠 is also updated by the input of motor current and
angle position of motor as shown in Fig. 3 where we can
think of 1

𝐾𝑡𝑛
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

𝒙(𝑘+1) = 𝑨(𝑘)𝒙(𝑘) +𝑩(𝑘)𝒖(𝑘) +𝒘(𝑘) (5)

𝒛(𝑘) = 𝑪(𝑘)𝒙(𝑘) + 𝒗(𝑘) (6)

where 𝑘 represents the sampling instant, 𝒙(𝑘) ∈ ℜn is the
vector of states, 𝒖(𝑘) ∈ ℜm is the vector of input variables,
𝑨(𝑘) ∈ ℜn×n and 𝑩(𝑘) ∈ ℜn×m are system matrices,
𝑪(𝑘) ∈ ℜs×n is the measurement matrix, 𝒛(𝑘) ∈ ℜs is the
vector of measured variables, 𝒘(𝑘) 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{𝑤𝑤𝑇 } > 0 (7)

𝑹 = 𝐸{𝑣𝑣𝑇 } ⩾ 0 (8)

𝐸{𝑤𝑣𝑇 } = 0 (9)

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
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Fig. 3. Overview of the proposed bilateral control based on the shadow mode and mirror mode.

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

𝒙(𝑘∣𝑘−1) = 𝑨(𝑘−1)𝒙(𝑘−1∣𝑘−1) +𝑩(𝑘−1)𝒖(𝑘−1) (10)

𝑷 (𝑘∣𝑘−1) = 𝑨(𝑘−1)𝑷 (𝑘−1∣𝑘−1)𝑨
𝑇
(𝑘−1) +𝑸(𝑘−1) (11)

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) = 𝑪(𝑘)𝑷 (𝑘∣𝑘−1)𝑪
𝑇
(𝑘) +𝑹(𝑘) (12)

𝑴 (𝑘) = 𝑷 (𝑘∣𝑘−1)𝑪
𝑇
(𝑘)𝑺

−1
(𝑘) (13)

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

𝒙(𝑘∣𝑘) = 𝒙(𝑘∣𝑘−1) +𝑴 (𝑘)(𝒛(𝑘) −𝑪(𝑘)𝒙(𝑘∣𝑘−1))(14)

𝑷 (𝑘∣𝑘) = 𝑷 (𝑘∣𝑘−1) −𝑴 (𝑘)𝑺(𝑘)𝑴
𝑇
(𝑘) (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

the force response in the master side 𝐹𝑒𝑥𝑡1 and slave side
𝐹𝑒𝑥𝑡3. We now write the equation of motion using Newton’s
law to sum to zero all of the forces as follows,

𝐹𝑒𝑥𝑡1 + 𝐹𝑒𝑥𝑡3 = 0 (16)

Moreover, the position tracking of the master robot 𝑋̂𝑚1 and
slave robot 𝑋̂𝑚2 should be similar, as follows,

𝑋̂𝑚1 − 𝑋̂𝑚𝑤3 = 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,

𝐹𝑒𝑥𝑡2 − 𝐹𝑒𝑥𝑡4 = 0 (18)

Moreover, the position tracking of the master robot 𝑋̂𝑚1 and
slave robot 𝑋̂𝑚2 should be similar amplitude but opposite in
direction, as follows,

𝑋̂𝑚2 + 𝑋̂𝑚4 = 0 (19)

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, 𝑯2 is used to transformed into the virtual
space design [5]. The calculation of the Hadamard matrix in
the shadow mode can be expressed as:[

𝜏 𝑐𝑠𝑒𝑥𝑡
𝜏𝑑𝑠𝑒𝑥𝑡

]
=

[
1 1
1 −1

] [
𝜏𝑒𝑥𝑡1
𝜏𝑒𝑥𝑡3

]
(20)

[
𝜃𝑐𝑠𝑚
𝜃𝑑𝑠𝑚

]
=

[
1 1
1 −1

] [
𝜃𝑚1

𝜃𝑚3

]
(21)
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Fig. 4. Block diagram of the proposed multilateral control based on KFSO.

On the other hand, the calculation of Hadamard matrix in the
mirror mode can be determined as:[

𝜏𝑑𝑚𝑒𝑥𝑡

𝜏 𝑐𝑚𝑒𝑥𝑡

]
=

[
1 −1
1 1

] [
𝜏𝑒𝑥𝑡2
𝜏𝑒𝑥𝑡4

]
(22)

[
𝜃𝑑𝑚𝑚
𝜃𝑐𝑚𝑚

]
=

[
1 −1
1 1

] [
𝜃𝑚2

𝜃𝑚4

]
(23)

The proposed bilateral control will modulate the angular
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:

𝜃𝑐𝑠𝑟𝑒𝑓 =
(
𝜏 𝑐𝑠𝑐𝑚𝑑 − 𝜏 𝑐𝑠𝑒𝑥𝑡

)
𝐾𝑓 (24)

𝜃𝑑𝑠𝑟𝑒𝑓 =
(
𝜃𝑑𝑠𝑐𝑚𝑑 − 𝜃𝑑𝑠𝑚

)
(𝐾𝑝 + 𝑠𝐾𝑑) (25)

The Mirror Mode:

𝜃𝑑𝑚𝑟𝑒𝑓 =
(
𝜏𝑑𝑚𝑐𝑚𝑑 − 𝜏𝑑𝑚𝑒𝑥𝑡

)
𝐾𝑓 (26)

𝜃𝑐𝑚𝑟𝑒𝑓 =
(
𝜃𝑐𝑚𝑐𝑚𝑑 − 𝜃𝑐𝑚𝑚

)
(𝐾𝑝 + 𝑠𝐾𝑑) (27)

where 𝜏 𝑐𝑠𝑐𝑚𝑑 and 𝜏𝑑𝑚𝑐𝑚𝑑 are the force command and 𝐾𝑓 is the
proportional gain of force control. 𝜃𝑑𝑠𝑐𝑚𝑑 and 𝜃𝑐𝑚𝑐𝑚𝑑 are the
position command. 𝐾𝑝 and 𝐾𝑑 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 𝑯−1

2 is 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:[

𝜃𝑟𝑒𝑓1
𝜃𝑟𝑒𝑓3

]
=

[
0.5 0.5
0.5 −0.5

] [
𝜃𝑐𝑠𝑟𝑒𝑓
𝜃𝑑𝑠𝑟𝑒𝑓

]
(28)

The Mirror Mode:[
𝜃𝑟𝑒𝑓2
𝜃𝑟𝑒𝑓4

]
=

[
0.5 0.5
−0.5 0.5

] [
𝜃𝑑𝑚𝑟𝑒𝑓
𝜃𝑐𝑚𝑟𝑒𝑓

]
(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
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Master Robot1

Slave Robot3

Fig. 6. Angular position response in the shadow mode
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Master Robot1

Slave Robot3

Fig. 7. Angular velocity response in the shadow mode
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Master Robot1

Slave Robot3

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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Fig. 9. Angular position response in the mirror mode
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Fig. 10. Angular velocity response in the mirror mode
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Fig. 11. Torque response in the mirror mode

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

TABLE I

PARAMETERS USED IN SIMULATION

Controller parameters Symbol Value Units

Inertia moment of motor and load 𝐽𝑛 0.106 10−4 ∗ 𝑘𝑔𝑚2

Torque coefficient 𝐾𝑡𝑛 0.327 𝑁𝑚/𝐴
Gain of torque control 𝐾𝑓 4.3

Proportional Gain of position control 𝐾𝑝 1000
Derivative Gain of position control 𝐾𝑑 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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บทคดัย่อ 
 การสร้างแบบจ าลองในการควบคุมมอเตอร์ผ่านภาระโหลด
ในเคร่ืองจกัรกล หรือแขนกลอุตสาหกรรมท่ีมีความยืดหยุน่ท่ีขอ้ต่อนั้น 
สามารถออกแบบ และ จ าลองได้โดยใช้ระบบสองมวล (Two-Mass 
System) การน าระบบควบคุมแบบเก่า เช่น PID Controller มาประยกุตใ์ช ้
อาจจะท าให้ได้ผลตอบสนองท่ีไม่ดี เน่ืองจากมีการสั่นสะเทือนจาก
โครงสร้างท่ียืดหยุ่น ดงันั้นการออกแบบตวัควบคุมแบบใหม่ท่ีมีความ
คงทนต่อการสั่นท่ีเ กิดข้ึนจึงเป็นส่ิงส าคัญ ในบทความน้ีน าเสนอ
แบบจ าลองการควบคุมหุ่นยนต์แบบมาสเตอร์-สเลฟท่ีมีความยืดหยุ่น 
โดยใช้การควบคุมอตัราการสั่นพอ้ง (Resonance Ratio Control) ท่ีมีการ
ปรับค่าสัมประสิทธ์ิจากวิธีแผนผงัค่าสัมประสิทธ์ิ (Coefficient Diagram 
Method : CDM) ร่วมกบั PID Controller จากการทดลองทางคณิตศาสตร์
สรุปได้ว่า วิธีแบบใหม่ท่ีน าเสนอสามารถชดเชยการสั่นสะเทือนใน
ผลตอบสนองของแรงในโหมดร่วมกนั และลดขอ้ผิดพลาดการเคล่ือนท่ี
ของหุ่นยนตม์าสเตอร์-สเลฟในโหมดต่างกนั 
 ค  าส าคญั: ระบบสองมวล, การควบคุมอตัราการสั่นพอ้ง, ตวัสังเกตแรง
รบกวนหลายตวั, การควบคุมทั้งสองทาง, หุ่นยนตม์าสเตอร์-สเลฟ 

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 

1. บทน า 
ปัจ จุบันระบบอัตโนมัติ ใน เค ร่ืองจักร  และ หุ่นยนต์มี

ความส าคัญอย่างมากในอุตสาหกรรม การน าหุ่นยนต์มาประยุกต์ใช้
ท  างานแทนมนุษย ์หรือเคร่ืองมือทางการแพทยท่ี์จ าเป็นตอ้งมีการควบคุม
ต าแหน่งและแรงท่ีถูกต้องแม่นย  า โดยทั่วไปการควบคุมแรงจะใช้
เซ็นเซอร์แรงมาประยกุต์ในการวดัหาค่าแรงจากภายนอก และป้อนกลบั
เขา้มาค านวณในระบบควบคุม แต่เซ็นเซอร์แรงจะมีขอ้เสียคือ 1. ช่วง
ความถ่ี (Bandwidth) ของเซ็นเซอร์แรงนั้นไม่สูงมากนกั และมีสัญญาณ
รบกวนในการควบคุม 2. ส่วนประกอบหลกัของเซ็นเซอร์คือ สเตรนเกจ 
(strain gauge) ท  าให้ออกแบบการควบคุมยากข้ึน เน่ืองจากความยืดหยุน่
ของสเตรนเกจ จึงตอ้งออกแบบการควบคุมให้มีการชดเชยผลกระทบท่ี
เกิดจากการสั่น 3. เซ็นเซอร์แรงท่ีคุณภาพดีมีราคาสูง และสามารถวดั
ค่าแรงได้เฉพาะจุดท่ีเซ็นเซอร์แรงติดอยู่เท่านั้น งานวิจยัทางด้านการ
ควบคุมแรงท่ีลดการสั่นในระบบสองมวลด้วยวิธีการควบคุมอตัราการ
สั่นพอ้งถูกน าเสนอโดย Yuki [1] ต่อมาMitsantisuk [2] ไดน้ าเสนอการ
ประมาณค่าแรงท่ีไดจ้ากระบบสองมวลท่ีมีค่าแม่นย  ามากข้ึน และใช้วิธี
แผนผงัค่าสมัประสิทธ์ิในการหาค่าสมัประสิทธ์ิท่ีดีข้ึนในการควบคุมแรง
ด้วยวิธีการควบคุมอัตราส่วนการสั่นพ้อง ในบทความน้ีจะน าเสนอ
แบบจ าลองการควบคุมหุ่นยนต์แบบมาสเตอร์-สเลฟ ท่ีเป็นระบบสอง
มวล โดยใชก้ารควบคุมอตัราการสั่นพอ้งท่ีมีการปรับค่าสัมประสิทธ์ิจาก
วิธีแผนผงัค่าสัมประสิทธ์ิร่วมกบั PID Controller ซ่ึงวิธีน้ีท  าให้สามารถ
ส่งผ่านแรงจากฝ่ังมาสเตอร์ไปฝ่ังสเลฟ ได้โดยลดการสั่นท่ีเกิดข้ึนใน
ระบบ และให้ค่าท่ีถูกตอ้งแม่นย  ามากข้ึน และยงัสามารถลดขอ้ผิดพลาด
ในการควบคุมต าแหน่งในหุ่นยนตแ์บบมาสเตอร์-สเลฟไดดี้ข้ึนดว้ย 
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รูปท่ี 1 การควบคุมแบบสองขา้งพร้อมกนั Master-Slave 

 
รูปท่ี 2 Multi-Encoder Based Disturbance Observer 

2. การควบคุมทั้งสองทศิทาง (Bilateral Control) 
ในหุ่นยนต์มาสเตอร์-สเลฟ จะท างานด้วยการควบคุมทั้ ง

สองทิศทาง ซ่ึงการควบคุมน้ีจะตอ้งเป็นไปตามกฎของนิวตนั กล่าวคือ 
แรงกิริยาเท่ากบัแรงปฏิกิริยา และระยะทางการเคล่ือนท่ีของทั้งสองฝ่ัง
จะตอ้งเท่ากนั [3] ดงัท่ีไดแ้สดงไวใ้นท่ี (1) และ (2)  

 ˆ ˆ 0m sF F   (1)     ˆ ˆ 0m sX X    (2) 

เม่ือ ˆmF และ ˆ
sF  คือแรงจากฝ่ังมาสเตอร์และฝ่ังสเลฟ ˆ mX และ ˆ

sX คือ
ระยะทางจากฝ่ังมาสเตอร์ และฝ่ังสเลฟตามล าดบั 
2.1 การประมาณหาค่าแรงจากภายนอก 
 ในบทความน้ีใช้ตวัสังเกตสัญญาณรบกวนจากเอ็นโคดเดอร์ 
หลายตวั (Multi-Encoder based Disturbance Observer : MEDOB) ใน
การประมาณค่าแรง โดยค านวณจากค่ากระแส, ความเร็ว และตวักรอง
ความถ่ีต ่ าอันดับหน่ึงเป็นไปตามสมการดัง ท่ี  (3) และ (4) ซ่ึงมี
บล็อกไดอะแกรมดงัรูปท่ี 2 

dl tn m n m lF K I M X LX      (3)

 ˆ ˆˆ ( mob
dl tn m mob n m mob n l

mob

G
F K I G M X G L X

s G
  


 

ˆ ˆ
)mob n m mob n lG M X G L X     (4) 

เม่ือ 
tnK และ

nM  คือ ค่าแรงและค่าน ้ าหนกัของมอเตอร์ท่ีประมาณไว้

disG คือ ค่ากรองความถ่ีต  ่าของตวัสงัเกตแรง
vmG คือ ค่ากรองความถ่ีต  ่า

ของการประมาณความเร็วมอเตอร์
mobG คือ ค่ากรองความถ่ีต ่าของตวั

สังเกตสัญญาณรบกวนหลายตวัจากผลการทดลอง [2] การประมาณค่า
แบบ MEDOB สามารถประมาณค่าแรงจากภายนอกได้ดีกว่าวิธีแบบ 
Disturbance Observer (DOB) และ Load Disturbance Observer (LDOB) 
โดยไม่จ  าเป็นตอ้งใชส้มัประสิทธ์ิสปริง และเซ็นเซอร์แรงในการค านวณ 

2.2 การแบ่งโหมดการควบคุมด้วยเมตริกซ์ฮาดามาร์ด   
 เมตริกซ์ฮาดามาร์ด (Hadamard Matrix) คือ เมตริกซ์จตัุรัสท่ีมี
ค่าเป็น ±1 และเป็นเมตริกซ์เชิงตั้งฉาก(Orthogonal matrix) ซ่ึงถ้าเป็น
เมตริกซ์ฮาดามาร์ดท่ีมีขนาด 2×2 จะท าให้แถวแรกของเมตริกซ์ถูกใช้เป็น
โหมดร่วมกัน(Common mode) และแถวท่ีสองใช้เป็นโหมดต่างกัน 
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(Differential mode) ถ้าก าหนดให้ ˆ m

extF และ ˆ s

extF คือแรงภายนอกท่ี

ประมาณไดจ้ากฝ่ังมาสเตอร์และฝ่ังสเลฟ ˆ c

extF และ ˆ d

extF คือแรงภายนอก
ในโหมดร่วมกนัและโหมดต่างกนั จะสามารถหาไดต้ามสมการท่ี (5) ใน

ส่วนของระยะทาง ถา้ก าหนดให้ ˆ m

lX และ ˆ s

lX คือระยะทางท่ีวดัไดจ้าก

โหลดฝ่ังมาสเตอร์และฝ่ังสเลฟ ˆ c

lX และ ˆ d

lX คือระยะทางของโหลดใน
โหมดร่วมกนัและโหมดต่างกนัจะสามารถหาไดต้ามสมการท่ี (6)  

2

ˆ ˆ ˆ1 1

ˆ ˆ ˆ1 1

c m m

ext ext ext

d s s

ext ext ext

F F F
H

F F F

      
       

           

  (5) 

2

ˆ ˆ ˆ1 1

ˆ ˆ ˆ1 1

c m m

l l l

d s s

l l l

X X X
H

X X X

      
       

           

  (6) 

ในแต่ละโหมดจะไดรั้บสัญญาณความเร่งท่ีใช้ในการควบคุม 
โดยตอ้งแปลงค่าสัญญาณความเร่งดว้ย 1

2H  ให้เป็นสัญญาณความเร่งท่ี
ใชค้วบคุมมอเตอร์ของทั้งฝ่ังมาสเตอร์และสเลฟ จะเป็นดงัสมการท่ี (7)  

1

2

1 11

1 12

m c c

ref ref ref

m d d

ref ref ref

X X X
H

X X X


      

       
           

  (7) 

เม่ือก าหนดให้ ˆ c

refX และ ˆ d

refX คือ สัญญาณความเร่งท่ีได้

จากโหมดร่วมกนัและโหมดต่างกนั และ ˆ m

refX และ ˆ s

refX คือ สัญญาณ

ความเร่งท่ีป้อนเขา้ แบบจ าลองของฝ่ังมาสเตอร์และฝ่ังสเลฟ          

2.3 การควบคุมอตัราการส่ันพ้อง โดยวธีิ CDM 
การควบคุมอตัราการสั่นพอ้ง จะเพ่ิมความคงทนของระบบ 

และลดการสั่นท่ีเกิดจากการสั่นพอ้งในระบบสองมวล [1] การควบคุม
อตัราการสั่นพอ้งสามารถลดการสั่นได้ เน่ืองจากการชดเชยแรงท่ีวดัได้
ให้กบัมอเตอร์ซ่ึงจะเป็นดงัรูปท่ี 3 เม่ือ pK คือ ค่าขยายแรง (Force gain) 

vK คือ ค่าขยายความเร็ว (Velocity gain) 
rK คือ ค่าขยายแรงสะทอ้น

กลบั (Reaction force gain) 
eK คือ ค่าความแข็งสภาพของส่ิงแวดลอ้ม 

(Known environment stiffness) จากรูปท่ี 3 จะหาทรานส์เฟอร์ฟังก์ชัน
(Transfer function) ไดด้งัสมการท่ี (8) และ(9) ซ่ึงจะได้ความถ่ีการสั่น
พอ้ง และความถ่ีต่อตา้นการสัน่พอ้งไดต้ามสมการท่ี (10) และ(11)  

2

4 2

ˆ

ˆ (1 )

m s
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s rref

X Ls K
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
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 
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ˆ
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
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 (9) 

 1s
r r
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K L

L
    (10)  s

ar

K

L
   (11) 

ส่วนทรานส์เฟอร์ฟังก์ชันของแรงท่ีอยู่ในการควบคุมอตัรา
การสัน่พอ้งจะเป็นดงัสมการท่ี (12)  

2
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p e arres

cmd v r v ar p e ar

K KF
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

   
 (12) 

การใช้วิธีแผนผงัค่าสัมประสิทธ์ิ (Coefficient Diagram Method) ในการ
หาค่าสมัประสิทธ์ิท่ีเหมาะสมท่ีสุด [1] เร่ิมจากหา Bode plot ของระบบ 
 

 
รูปท่ี 3 Resonance Ratio Control 

 
รูปท่ี 4 Bode plot ของระบบสองมวล 

สองมวล [4] เพ่ือหาค่าความถ่ีการสัน่พอ้ง และความถ่ีต่อตา้นการสั่นพอ้ง
จากกราฟ Bode plot ดงัรูปท่ี 4 เพ่ือน าไปใช้หาค่า

sK  กบั L โดยใช้
สมการท่ี (10) และ (11) หลังจากนั้นน าสมการท่ี (12) มาหาค่า
สัมประสิทธ์ิโดยก าหนดให้ 2
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ดงันั้นจะไดค้่าพารามิเตอร์ท่ีค  านวณได ้ตามสมการขา้งล่างน้ี 

2v vc rK K     (17) 
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โดยตั้งค่าพารามิเตอร์ของอตัราส่วนการสั่นพอ้งเป็น 2.0 ซ่ึง
บล็อกไดอะแกรมของโมเดลแบบการควบคุมมอเตอร์ทั้งสองขา้งท่ีมีการ
ชดเชยแรงดว้ยตวัสังเกตแรงหลายตวั และค่าสัมประสิทธ์ิท่ีค  านวณดว้ย 
CDM ในการควบคุมอตัราการสัน่พอ้ง จะเป็นดงัรูปท่ี 1 
3. ผลการทดลอง 

ในการทดลองจะใช้ค่าพารามิเตอร์จาก [2] มาจ าลองทาง
คณิตศาสตร์ ซ่ึงค่าแรงท่ีไดใ้นการควบคุมแบบสองทิศทางทั้งฝ่ังมาสเตอร์  
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(ก) 

(ข) 
 รูปท่ี 5 เปรียบเทียบแรง 

และฝ่ังสเลฟ ท่ีน ามาเปรียบเทียบกันจะเป็นดังรูปท่ี 5 รูปท่ี 5.(ก) คือ 
กราฟท่ีไม่มีการชดเชยค่าแรงท่ีประมาณได ้รูปท่ี 5.(ข) คือกราฟท่ีมีการ
ชดเชยค่าแรงท่ีประมาณได้กับเข้าระบบ พบว่าเม่ือมีการชดเชยให้กับ
ระบบแลว้นอกจากลดการสัน่ท่ีเกิดข้ึน เวลาไต่ข้ึน(Rise time) ก็ลดลงดว้ย 
และสามารถเขา้สู่ภาวะคงท่ีไดเ้ร็วกว่า ท  าให้สามารถส่งค่าแรงท่ีถูกตอ้ง
และแม่นย  า จากฝ่ังมาสเตอร์มาท่ีฝ่ังสเลฟได ้ จากการวดัต าแหน่งในการ
ควบคุมแบบสองทิศทางจากทั้ ง ฝ่ังมาสเตอร์ และฝ่ังสเลฟ น ามา
เปรียบเทียบกนัเป็นดงัรูปท่ี 6 รูป 6.(ก) คือ กราฟท่ีไม่มีการชดเชยค่าแรง
ท่ีประมาณไดเ้ขา้สู่ระบบ ส่วนรูป 6.(ข) คือ กราฟท่ีมีการชดเชยค่าแรงท่ี
ประมาณได้เข้าสู่ระบบ พบว่าท าให้สามารถลดข้อผิดพลาดในการ
เคล่ือนท่ีของหุ่นยนตฝ่ั์งสเลฟ เม่ือเทียบกบัฝ่ังมาสเตอร์ได ้

4. สรุป 
การควบคุมแบบสองทิศทางในแบบจ าลองหุ่นยนตม์าสเตอร์-

สเลฟ ท่ีควบคุมด้วยการควบคุมอตัราการสั่นพอ้ง และใช้วิธีแผนผงัค่า
สัมประสิทธ์ิ ท  าให้สามารถส่งผ่านแรงจากฝ่ังมาสเตอร์ไปฝ่ังสเลฟได ้
โดยลดการสัน่ท่ีเกิดข้ึนในระบบท าให้ไดค้่าท่ีถูกตอ้งแม่นย  ามากข้ึน และ
สามารถลดขอ้ผิดพลาดในการควบคุมระยะทางหรือต าแหน่งในหุ่นยนต์
แบบมาสเตอร์-สเลฟได้ดีข้ึน จากผลการทดลองน้ีสามารถน าไป
ประยุกต์ใช้ในงานอุตสาหกรรมการกัดช้ินงาน ท่ีมีการใช้หุ่นยนต์
มาสเตอร์-สเลฟ หรือเคร่ืองมือแพทยท่ี์ใชใ้นการผา่ตดัส่วนท่ียากจะเขา้ถึง 
และตอ้งการความละเอียดอ่อนท่ีจ าเป็นตอ้งมีแรงสะทอ้นกลบัมา เพ่ือช่วย
ในการควบคุมท่ีดีข้ึน  

5. กติตกิรรมประกาศ 

(ก) 

(ข) 
รูปท่ี 6 เปรียบเทียบต าแหน่ง 

ขอขอบคุณส านกังานกองทุนสนบัสนุนการวิจยั (สกว.) ท่ีให้
การสนบัสนุนทุนวิจยัหวงัวา่งานวิจยัน้ีจะเป็นประโยชน์กบัผูท่ี้สนใจ และ
นกัวิชาการท่ีจะน างานวิจยัน้ีไปประยกุตแ์ละพฒันาระบบการควบคุมแรง
ให้ดีข้ึนต่อไป 
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บทคัดย่อ 

ระบบหุ่นยนตเ์ป็นเคร่ืองมือท่ีมีประสิทธิภา พสูงท่ีมีประโย ชน์
ในการประยุกตใ์ชง้านทางด้า นกา รแพทย์และอุตสา หกรรม แต่กา รนํา
เซนเซอร์วัดแรงมาใชน้ั้นเกิดปัญหา ในเ ร่ืองข้อจ ํา กัดในกา รคว บคุมแรง 
บทความฉบับน้ีนาํเสนอการออกแบบระบบควบคุมแบบสองทิศทา งแบบ
ใหม่ โดยใชต้วัสังเกตกา รณ์ สัญญา ณ รบกว น KFSO ซึ่งสา มา รถนํา มา
ประยุกตใ์ชใ้ห้เกิดประสิทธิภาพสูงในกา รส่งข้อมูล มีแรงสัมผัสท่ีดีต่อ
สภาพแวดล้อม นอกจากน้ีอัตรา ส่ว นของ เมทริกซ ์ Hadamard ยังไ ด้ถูก
นาํเสนอเพือ่ปรับอัตราส่วนของผลตอบสนองของตาํแหน่งและแรงอีกด้วย 

คาํสาํคญั: การควบคุมสองทิศทาง, การประมาณค่าแรงภายนอก, ตัว กรอง
คาลมาน 

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 

1. บทนาํ 

ในปัจจุบันมีการนาํหุ่นยนตม์าใชใ้นโรงงา นอุตสา หกรรมเ ป็น
จาํนวนมากเพือ่ช่วยในการเพิม่ผลผลิตของสินคา้  รวมถึงการช่ว ย ปรับปรุง
คุณภาพของสินคา้ให้ดียิ่งขึ้น กระบวนการผลิตดังกล่าวเป็นการทาํงา นแบบ
ซ ํา้ๆในพืน้ท่ีปิด ดังน้ันคุณสมบัตท่ีิสาํคญัในหุ่นย นต์ประ เภ ทน้ี ไ ด้แก่ มี
ความถูกตอ้งแม่นยาํ มีความรวดเร็วสูง และตอ้งคุม้ค่าแก่การลงทุน กา รนํา
หุ่นยนตม์าประยุกตใ์ชเ้พือ่ช่วยเหลือการทาํงานของมนุษย์มีแนวโน้มคว า ม
ตอ้งการท่ีสูงมากยิ่งขึ้นในอนาคต หุ่นย นต์ดังกล่า ว จะนํา มา ใช้ในพื้นท่ี

บริเว ณ กว้ า ง  และ สา มา รถ สัมผัสกับ สิ่งแว ดล้ อมแบบเ ปิดท่ีมีกา ร
เปล่ียนแปลงได้ตลอดเวลา คุณสมบัตท่ีิสาํคญัในหุ่นยนตป์ระเภทน้ีได้แก่ มี
ความปลอดภัย และมีลักษณะภายนอกท่ีเ ป็นมิตรกับมนุษย์   ดังน้ันกา ร
ออกแบบระบบคว บคุมแบบเ ก่า ท่ีใช้ในหุ่นย นต์อุตสา หกรรมจึงไ ม่
เหมาะสมสาํหรับการประยุกตใ์ชง้านกับมนุษย์  

การออกแบบระบบควบคุมสมัยใหม่จึงจาํเป็นตอ้งออกแบบให้
สอดคล้องกับกา รสัมผัสกับสิ่งแว ดล้อม ภ า ย นอก   เมื่อพิจา รณ า จา ก
สภาพแวดล้อมภายนอกจะเห็นได้ว่ามีมิติกา รสัมผัสท่ีไ ม่จ ํา กัด ในทา ง
กลับกันระบบหุ่นยนตม์ีองศาอิสระ Degree of freedom (DOF) ท่ีจาํกัดตาม
โครงสร้างท่ีออกแบบ  ระบบควบคุมจึงควรจะแสดงขอ้มูลของสิ่งแว ดล้อม
โดยใชค่้าจากเซนเซอร์  และตวัแปรภายในของระบบหุ่นย นต์เองเพื่อนํา
ระบบหุ่นยนตไ์ปใชง้านกับมนุษย์ระบบคว บคุมแรงไ ด้ถูกนํา เสนอและ
ประยุกตใ์ชใ้นหลายงานวิจัย  ระบบควบคุมแรงดังกล่าวมีพืน้ฐา นจา กกา ร
พฒันามาจากเซนเซอร์วัดแรงท้ังส้ิน [1] เน่ืองจากว่าเซนเซอร์วัดแรงน้ันมี
ช่วงความถ่ี (Bandwidth) ท่ีไม่ได้สูงมากนักและยังมีสัญญาณรบกวนเขา้มา
รบกวน (Noise) [2] ในระบบควบคุม ดังน้ันจึงทํา ให้ประสิทธิภ า พของ
ระบบควบคุมไม่เพยีงพอต่อการนาํมาใชง้านบางประเภ ท  ท่ีต้องกา รกา ร
ส่งผ่านแรงป้อนกลับท่ีมีความถูกตอ้งและมีคว า ม ถ่ีสูง   งา นวิจัย ฉบับน้ี
นาํเสนอวิธีการใหม่ในการนาํประโยชน์จา กข้อมูลท่ีไ ด้จา กสิ่งแว ดล้อม
ภายนอกมาใชป้ระมาณค่าแรงภายนอก และ นํา มา ประยุกต์ใช้กับระบบ
ควบคุมท้ังสองทิศทางโดยท่ีไม่จาํเป็นตอ้งใชเ้ซนเซอร์วัดแรง นอกจา กน้ียัง
นาํเสนอวิธีการในการเทียบอัตราส่ว นแรง  และตาํ แหน่ง  เพื่อใช้ในกา ร
ประยุกตใ์ชกั้บชิน้งานท่ีมีขนาดเล็กมากอีกด้วย 

2. แบบจําลองของหุ่นยนต์เพื่อช่วยในการส่งผ่านแรงสัมผัส

2.1 มอเตอร์เชิงเส้น (Linear Shaft Motor) 

ส่วนประกอบหลักท่ีสาํคญัในการออกแบบหุ่นยนตเ์พื่อช่วยใน
การส่งผ่านแรงสัมผสั ได้แก่ มอเตอร์เชงิเส้น (Linear Shaft Motor) กลไก
ช่วยการเคล่ือนท่ี และ เซนเซอร์ท่ีใชใ้นการวัดการเคล่ือนท่ีดังท่ีได้แสดงใน
รูปท่ี 1       โดยระบบของเซนเซอร์ประกอบด้วย    เอนโคดเดอร์แบบ  

Optical ใชใ้นการวัดค่าตาํแหน่ง    มอเตอร์เชงิเส้นจะนาํมาใชท้ั้งหมด 2 ชุด 
ได้แก่ ฝ่ัง     Master Robot   นาํมาใชค้วบคุมการเคล่ือนท่ีโดยผูใ้ชง้าน  และ 
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รูปท่ี 1 ส่วนประกอบของหุ่นยนตเ์พือ่ใชใ้นระบบควบคุมสองทิศทาง 

Slave Robot นาํมาใชใ้นการสัมผสักับสิ่งแวดล้อมภ า ย นอก แบบจ ํา ลอง
ของมอเตอร์เชิงเ ส้นท่ีคว บคุมกา รเคล่ือนท่ีโดย กา รปรับเปล่ีย นของ
กระแสไฟฟ้าสามารถแสดงได้ดังรูปท่ี 2 จากรูปดังกล่าวสมกา รพลศา สตร์
ของลิเนียร์มอเตอร์สามารถคาํนวนได้ดังต่อไปน้ี    

            𝑀𝑋̈𝑚 = 𝐾𝑡𝐼𝑚 − �𝐹𝑓 + 𝐷𝑋̇𝑚 +𝐹𝑒𝑥𝑡 +∆𝑀𝑋̇𝑚 +∆𝐾𝑡𝐼𝑚�                 (1) 

𝐹𝑙 = 𝐹𝑓 +𝐷𝑋̇𝑚 +𝐹𝑒𝑥𝑡                                                       (2) 

โดย ท่ี  M คือค่า มว ลของมอเตอร์ 𝑋𝑚,  𝑋̇𝑚 และ  𝑋̈𝑚 คือค่า
ตาํแหน่ง ความเร็ว และคว า มเ ร่งของมอเตอร์ตา มลํา ดับ𝐾𝑡 คือค่า คงท่ี
โมเมนตแ์รงบิดของมอเตอร์ และ 𝐼𝑚  คอืค่ากระแสของมอเตอร์ ค่า โหลด
ของแรง 𝐹𝑙 คอืผลรวมของค่าแรงเสียดทาน 𝐹𝑓   ค่าแรงเ สีย ดทา งท่ีเ กิดจา ก
ความเร็ว 𝐷𝑋̇𝑚    และค่าแรงจากภายนอก 𝐹ext  ค่า ∆𝑀𝑋̇𝑚 คอืค่า คว า มผัน
แปรของแรงบิดท่ีเ กิดจา กกา รเปล่ีย นแปลงมว ล  ∆𝐾𝑡𝐼𝑚  คือค่า แรงท่ี
กระเพือ่มเน่ืองจากฮาร์มอนิก ค่าสัญญาณรบกวนของแรง  𝐹𝑑𝑖𝑠  ในฝ่ังของ
มอเตอร์สามารถนิยามได้จาก 

𝐹𝑑𝑖𝑠 = 𝐹𝑓 +𝐷𝑋̇𝑚 +𝐹𝑒𝑥𝑡 ∆𝑀𝑋̇𝑚 +∆𝐾𝑡𝐼𝑚                        (3) 

2.2 การประมาณค่าแรงภายนอกโดยไม่จําเป็นต้องใช้เซนเซอ ร์

วัดแรง 

ในงานวิจัยน้ีได้นาํเสนอวิธีการใหม่ในการประมาณหาค่าแรง 

โดยใช ้ Kalman filter ในรูปท่ี 2 แสดงถึงโครงสร้างของตวัสังเกตการณ์
สัญญาณรบกวนโดยใชต้วักรองสัญญาณคาล์มาน Kalman filter (Kalman 

Filter based State Observer, KFSO)  สมการของ  Kalman filter สามารถ
คาํนวณได้ในรูปแบบเมทริกซส์ถานะดังต่อไปน้ี 

𝐴 =

⎣
⎢
⎢
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0
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0

� ,𝐶 = [1 0 0]                (4) 

สัญญาณขาเขา้ของตวัสังเกตการณ์คอืค่ากระแสไฟฟ้า และ  
ความเร็วของมอเตอร์โดยท่ี 𝑇𝑘   คอืค่าเวลาการสุ่มตวัอย่าง (Sampling time)  

ของคอนโทรลเลอร์จากสมการดังกล่าว ค่าท่ีประมาณออกมาได้คอืค่า
ตาํแหน่ง ความเร็ว และค่าแรงภายนอกน้ันตอ้งใช้ค่าตวัแปรมวลของมอเตอร์ 
𝑀𝑛    และ ค่าคงท่ีโมเมนตแ์รงบิดของมอเตอร์ 𝐾𝑡𝑛 ในการคาํนวณ ซ ึ่ง 

 
รูปท่ี 2 แบบจาํลองมอเตอร์และการประมาณค่ารบกวนโดย KFSO 

สามารถหาได้จากขอ้มูลของผูผ้ลิตมอเตอร์  สมการของ Kalman filter 

สามารถคาํนวนได้ในรูปแบบ state space form ดังต่อไปน้ี 
𝑥(𝑘+1) = 𝐴(𝑘)𝑥(𝑘) + 𝐵(𝑘)𝑢(𝑘) +𝑤(𝑘)                         (5) 

z(𝑘) = 𝐶(𝑘)𝑥(𝑘) +𝑣(𝑘)                                (6) 
โดยท่ีค่า k คอืค่าอัตราการสุ่ม 𝑥(𝑘)  คอื เวกเตอร์ของสถานะ 𝑢(𝑘)

คอืเวกเตอร์ของสัญญาณตวัแปรขาเขา้ 𝐴(𝑘) และ 𝐵(𝑘)   คอืเมทริกซ ์ของ
ระบบ  𝐶(𝑘) คอืเมทริกซก์ารวัด 𝑧(𝑘) คอืเวกเตอร์ของตวัแปรท่ีวัดได้ 𝑤(𝑘)  คอื
กระบวนการประมวลผลค่าสัญญาณรบกวน และ 𝑣(𝑘) คอืการวัดซ ึ่งถูก
รบกวนโดยสัญญาณรบกวน white Gaussian noise โดยสมมุตเิมทริกซ ์ 
covariance ของกระบวนการประมวลผลค่าสัญญาณรบกวน Q เมทริกซ ์ 
covariance ของการวัดสัญญาณรบกวน R และ เมทริกซ ์ cross-covariance 

ได้จากสมการดังน้ี 
𝑄 = 𝐸{𝑤𝑤𝑇 } > 0                                                    (7) 
𝑅 = 𝐸{𝑤𝑤𝑇 } > 0                                                    (8) 

𝐸{𝑤𝑤𝑇 } = 0                                                             (9) 

ขอบเขตของความถ่ีของ Kalman filter และความอ่อนไหวต่อ
การวัดสัญญาณรบกวนขึ้นอยู่ กับเมทริกซ ์ Q และ R ค่าน้ีจะใชใ้นการปรับ
ความถูกตอ้งแม่นยาํ และผลตอบสนองของตวัสังเกตการณ์ให้เหมาะสม ค่า
ความผดิพลาดของเมทริกซ ์ covariance P คอืค่าการเปล่ียนแปลงของความ
แตกต่างระหว่าสถานะและการวัด สมการการทาํนายสถานะล่วงหน้าของ
ค่าประมาณปัจจุบันคาํนวณได้โดย 

𝑥(k|𝑘+1) = 𝐴(𝑘−1)𝑥(𝑘−1|𝑘−1) +𝐵(𝑘−1)𝑢(𝑘−1)              (10) 
          𝑃(k|𝑘+1) = 𝐴(𝑘−1 )𝑃(𝑘−1|𝑘−1)𝐴(𝑘−1)

𝑇 +𝑄(𝑘−1)              (11) 
 

𝑀(𝑘) คอืค่าเมทริกซเ์กนของ Kalman filter ซึ่งพจิารณาจากเมท
ริกซผ์ลรวมของความไม่แน่นอนในการวัด 𝑆(𝑘)  สามารถคาํนวณได้จาก
สมการดังต่อไปน้ี 

     𝑆(𝑘) = 𝐶(𝑘)𝑃(𝑘|𝑘−1)𝐶(𝑘)
𝑇 +𝑅(𝑘)                            (12) 

          𝑀(𝑘) = 𝑃(𝑘 |𝑘−1)𝐶(𝑘)
𝑇 𝑆(𝑘)

−1                                      (13) 
การประมาณหาค่าเวกเตอร์สถานะและ ค่าความผดิพลาดของ

เมทริกซจ์ะปรับขอ้มูลให้เป็นปัจจุบันโดยการใชค่้าจากการวัดจริงโดยใช ้
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รูปท่ี 3 โครงสร้างของระบบควบคุมสองทิศทางแบบย่อ/ขยาย อัตราส่วน 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

เซนเซอร์เอนโคดเดอร์ และ เซนเซอร์ความเร่งในทุกๆช่วงเวลา
สุ่มดังน้ี  

𝑥(k|𝑘) = 𝑥(𝑘|𝑘−1) + 𝑀(𝑘) (𝑧(̅𝑘) −𝐶(𝑘)𝑥(𝑘 |𝑘−1) )           (14) 
          𝑃(𝑘|𝑘) = 𝑃(𝑘 |𝑘−1) −𝑀(𝑘)𝑆(𝑘)𝑀(𝑘)

𝑇                              (15) 

โดยค่า 1/𝐾𝑡𝑛 นาํมาใชป้้อนกลับเพือ่ชดเชยการผนัผวนจากภายนอก 

3.. โครงสร้างของระบบควบคุมแรงสั มผัส เพื่อ ช่วยรวมการ

ทํางานระหว่างมนุษย์และหุ่นยนต์ 

การควบคุมแบบสองทิศทาง (Bilateral control)  น้ันมี
ประโยชน์อย่างยิ่งในการส่งผ่านประสบการณ์การสัมผสั ผูใ้ชง้านสามารถ
ใชหุ่้นยนตจ์ากฝ่ัง Master ควบคุมการเคล่ือนท่ีของหุ่นยนตฝ่ั์ง Slave และ
แรงท่ีกระทาํกับสิ่งแวดล้อมจากหุ่นยนตฝ่ั์ง Slave น้ันสามารถป้อนกลับ
มายังผูใ้ชง้านได้โดยผ่านหุ่นยนตฝ่ั์ง Master ตามกฎแห่งกิริยาและปฎกิิริยา
ของนิวตัน (Newton law of action and reaction)  คอืแรงท่ีวัตถุท่ีหน่ึง
กระทาํต่อวัตถุท่ีสองย่อมเท่ากับแรงท่ีวัตถุท่ีสองกระทาํกับอีกวัตถุท่ีหน่ึง 

แต่ทิศทางตรงกันขา้ม และ การเคล่ือนท่ีของตาํแหน่งมีทิศทางเดียวกัน 

ดังน้ันเป้าหมายในการออกแบบระบบควบคุมแรงคอืการลดค่าความ
แตกต่างระหว่างผลตอบสนองของแรงสัมผสัระหว่างหุ่นยนต์ฝ่ัง Master  

𝐹�𝑒𝑥𝑡1  และ Slave 𝐹�𝑒𝑥𝑡2  
𝐹�𝑒𝑥𝑡1 +𝐹�𝑒𝑥𝑡2 = 0                                   (16) 

นอกจากน้ีเป้าหมายของการออกแบบระบบควบคุมตาํแหน่ง 

คอืการทาํให้ผลตอบสนองของการเคล่ือนท่ีของหุ่นยนตท้ั์งสองฝ่ัง 𝑋�𝑚1 ,  

𝑋�𝑚2  มีค่าท่ีเท่ากัน  
𝑋�𝑚1 = 𝑋�𝑚2                                                                     (17) 

 จากเป้าหมายในการออกแบบระบบควบคุมดังกล่าว จึงสามารถแบ่งโหมด 

การควบคุมได้สองส่วนน่ันคอื โหมดการควบคุมท่ีร่วมกัน (Common 

mode) และ โหมดการควบคุมท่ีต่างกัน (Differential mode)  โดยโหมดการ
ควบคุมท่ีร่วมกันน้ันใชใ้นการควบคุมตาํแหน่ง และ โหมดการควบคุมท่ี 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ต่างกันน้ันใชใ้นการควบคุมแรงของท้ังหุ่นยนต์ Master และ Slave ใน
ระบบควบคุมแบบเก่าออกแบบโดยการควบคุมความเร็วในลูปภายใน 

(Inner loop) และควบคุมแรงด้วยลูปภายนอก (Outer loop) ในทางกลับกัน
ระบบควบคุมแบบใหม่ท่ีนาํเสนอน้ันจะใช ้ Hadamard metrics 𝑆2    ในการ
เปล่ียนค่าตาํแหน่งของมอเตอร์  𝑋�𝑚1,𝑋�𝑚2  และแรงสัมผสัจาก
ผลตอบสนองของมอเตอร์ 𝐹�𝑒𝑥𝑡1 ,𝐹�𝑒𝑥𝑡2 ไปสู่การควบคุมในมิตขิองตาํแหน่ง
เสมือนร่วม 𝑋�𝑚𝑐  เสมือนต่าง 𝑋�𝑚𝑑  และ ผลตอบสนองของแรงเสมือนร่วม 

𝐹�𝑒𝑥𝑡𝑐 , เสมือนต่าง 𝐹�𝑒𝑥𝑡𝑑  และควบคุมท้ังสองโหมดในเวลาเดียวกันดังท่ีได้
แสดงในรูปท่ี 3 และสามารถคาํนวณสมการได้ดังต่อไปน้ี 

�𝐹
�𝑒𝑥𝑡𝑐

𝐹�𝑒𝑥𝑡𝑑
� = �1 𝛼

1 −𝛽� �
𝐹�𝑒𝑥𝑡1
𝐹�𝑒𝑥𝑡2

� =𝑺𝟐 �
𝐹�𝑒𝑥𝑡1
𝐹�𝑒𝑥𝑡2

�                                  (18) 

�𝑋
�𝑚𝑐

𝑋�𝑚𝑑
� = �1 𝛼

1 −𝛽��
𝑋�𝑚1

𝑋�𝑚2

� = 𝑺𝟐 �
𝑋�𝑚1

𝑋�𝑚2

�                                      (19) 

ในงานวิจัยน้ีได้นาํเสนอวิธีการใหม่ในการกาํหนดค่าอัตราส่วน
ย่อ/ขยายแรงและตาํแหน่งโดยท่ี 𝛼,𝛽  คอืค่าอัตราส่วนท่ีต้องการย่อ/ขยาย
ของแรง และตาํแหน่งตามลาํดับ โหมดการควบคุมท้ังสองสามารถทาํการ
วิเคราะห์แยกออกจากกันได้ โดยในท่ีน้ีจะใชโ้หมดการควบคุมท่ีต่างกันใน
การควบคุมตาํแหน่งด้วย Proportional-derivative controller   

𝑋̈𝑟𝑒𝑓𝑑 = (𝑋𝑐𝑚𝑑
𝑑 − 𝑋�𝑚𝑑 )(𝐾𝑝+ 𝑠𝐾𝑑)                     (20) 

โดยท่ีค่า 𝑋̈𝑟𝑒𝑓𝑑  คอืค่าความเร่งในโหมดความแตกต่าง 𝑋cmd𝑑  คอื
ค่าคาํส่ังตาํแหน่งท่ีต้องการในโหมดความแตกต่าง 𝐾𝑝   คอืค่า Proportional 

เกนของการควบคุมตาํแหน่ง และ 𝐾𝑑 คอืค่า  Derivative เกนของการ
ควบคุมตาํแหน่ง สาํหรับโหมดการควบคุมท่ีร่วมกันน้ันใชส้าํหรับการ
ควบคุมแรงด้วย Derivative controller   

Ẍ𝑟𝑒𝑓𝑐 = (𝐹𝑐𝑚𝑑
𝑐 − 𝐹�𝑒𝑥𝑡𝑐 )𝐾𝑓                                    (21) 

โดยท่ีค่า 𝑋̈𝑟𝑒𝑓𝑐  คอืค่าความเร่งในโหมดความเหมือนร่วม 𝐹cmd𝑐  

คอืค่าคาํสั่งแรงสัมผสัท่ีตอ้งการในโหมดความเหมือนร่วม 𝐾𝑓    คอืค่า 

Proportional เกนของการควบคุมแรงสัมผสั 
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ในทางกลับการการเปล่ียนมิตจิากความเร่งเสมือน 𝑋̈ref𝑐  , 𝑋̈refd

กลับมาเพือ่นป้อนเขา้สู่ระบบมอเตอร์แต่ละตวั 𝑋̈𝑟𝑒𝑓1 , 𝑋̈𝑟𝑒𝑓2 สามารถทาํได้
โดยการใช ้ inverse matrix ของ Hadamard matrix 𝑺𝟐−𝟏ดังต่อไปน้ี 

�
𝑋̈𝑟𝑒𝑓1
𝑋̈𝑟𝑒𝑓2

� = �
𝛽

(𝛼+𝛽 )

𝛼

(𝛼+𝛽)
1

(𝛼+𝛽 )

−1

(𝛼+𝛽)

� �
𝑋̈𝑟𝑒𝑓𝑐

𝑋̈𝑟𝑒𝑓𝑑
� = 𝑺𝟐−𝟏 �

𝑋̈𝑟𝑒𝑓𝑐

𝑋̈𝑟𝑒𝑓𝑑
�                       (22) 

4. ผลการทดลองจากแบบจําลอง Simulation results 

 แบบจาํลองท้ังหมดเขยีนโดยโปรแกรม  MATLAB Simulink 

หุ่นยนต์ตวัแรกถูกควบคุมโดยผูใ้ชง้าน โดยท่ีส่วนปลายของมอเตอร์น้ันไม่
มีวัตถุใดๆมาขวางไว้ และ หุ่นยนตต์วัท่ีสองจะใชใ้นการสัมผสักับวัตถุท่ี
แขง็มาก โดยท่ีค่า  𝛼 = 5 ,𝛽 = 2   น่ันหมายความว่า ค่าแรงและตาํแหน่ง
ของฝ่ัง Slave robot จะถูกย่อลง 5 เท่า  และ 2 เท่า ตามลาํดับ การทดลอง
น้ันทาํได้โดยการขยับหุ่นยนต์ตวัแรกเพื่อทาํการเคาะกับวัตถุดังกล่าว
จาํนวนส่ีคร้ัง ผลการทดลองของผลตอบสนองของแรงสัมผสั สามารถ
แสดงในรูปท่ี 4(a) ผลการทดลองแสดงให้เห็นว่าตวัสังเกตการณ์ KFSO 

แบบใหม่ท่ีนาํเสนอ สามารถส่งผ่านแรงเสมือนไปยังมือของผูใ้ชง้านได้
อย่างดีเยีย่ม มีผลตอบสนองท่ีรวดเร็ว โดยเฉพาะอย่างยิ่งในช่วงท่ีหุ่นยนต์
สัมผสักับวัตถุน้ัน ค่าแรงท่ีกระทาํและแรงเสมือนสะท้อนกลับมีค่าออกมา
ท่ีเท่ากันในทิศทางตรงกันขา้ม และมีการย่อลง 5 เท่า ผลการเปรียบเทียบ
ระหว่างค่าตาํแหน่งจาก Kalman filter และ เอนโคดเดอร์สามารถแสดงได้
ดังรูปท่ี 4 (b) จะเห็นได้ว่าการเคล่ือนท่ีของหุ่นยนตฝ่ั์ง  Slave น้ันมี
ผลตอบสนองของตาํแหน่งท่ีเป็นอัตราส่วนย่อลง 2 เท่าเมื่อเทียบกับ
หุ่นยนตฝ่ั์ง Master และมีทิศทางเดียวกัน จึงสามารถสรุปได้ว่าการ
ออกแบบระบบควบคุมดังกล่าวน้ันสามารถทาํได้ตามเป้าหมายท่ีวางเอาไว้ 

5. สรุป 

ในงานวิจัยน้ีได้นาํเสนอวิธีการใหม่ ในการควบคุมแบบ
สองทิศทางท่ีสามารถกาํหนดอัตราส่วนย่อ/ ขยาย ท้ังผลตอบสนองของแรง
และตาํแหน่งได้  จากการใช ้ KFSO และวิธีดังกล่าวทาํให้ง่ายต่อการ
ควบคุมท้ังแรง และตาํแหน่งพร้อมกันในมิติของความเร่ง จึงทาํให้
ประสิทธิภาพการส่งผ่านแรงสัมผสัดียิ่งขึ้นโดยท่ีไม่จาํเป็นตอ้งใชเ้ซนเซอร์
วัดแรงดังท่ีได้แสดงไว้ในผลการทดลอง งานวิจัยดังกล่าวสามารถนาํมา
ประยุกตใ์ชง้านได้หลากหลายท้ังด้านอุตสาหกรรมและการแพทย์ 

6. กติติกรรมประกาศ 

ผูเ้ขยีนขอขอบคุณสาํนักงานกองทุนสนับสนุนการวิจัย (สกว., 

TRF)  และภาควิชาวิศวกรรมไฟฟ้า มหาวิทยาลัยเกษตรศาสตร์ ท่ีให้การ
สนับสนุนทุนพฒันาศักยภาพในการทาํงานวิจัยของอาจารย์รุ่นใหม่  
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