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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 

mailto:fengcrm@ku.ac.th
mailto:chowarit.ku@gmail.com


 

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

        (60) 
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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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