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Abstract 
Haptic mechanisms, based on the technology of human and robot interaction using the tactile sensation, are a 

rapidly growing field with applications ranging from tele-robotics, entertainment and education to realistic 

simulators for the training and design of complex surgical procedures. 

Medical procedures often involve the use of tactile sense to manipulate organs or tissues by using special 

tools. Conventional medical interventions aim to address the problems of educating and training residents. 

These procedures usually take extended time to learn so as to complications and risks in relation to the actual 

surgical procedures. Research shows that a minimum of 750 operations are needed to acquire sufficient 

experience to perform medical procedures correctly. 

Virtual surgery simulations are able to provide reliable and repeatable learning experiences in a safe 

environment, thus allowing the trainees to gradually improve their skills and eventually be capable of handling 

real ς life procedures. Initially, the simulators only provided a three-dimensional viewing experience with only 

the visual feedback. However, tactile mechanisms have evolved considerably and are thought to improve 

training dramatically as they allow the user to interact with the virtual environment by adding tactile sensation 

during simulation. 

This diploma thesis deals with the evolution of the haptic simulator of weak forces that was constructed in 

the context of the PhD thesis of Konstantinos Vlachos in the Control System Laboratory of the School of 

Mechanical Engineering of the National Technical University under the supervision of Prof. Evangelos 

Papadopoulos. The evolution of the mechanism includes the following stages: Initially, the equipment needs 

were evaluated in order to restore all the degrees of freedom of the mechanism. Then, in the standards of a 

computer chassis a box, which contains all the electronics parts, was constructed for easy and safe handling of 

the device. 

At the same time, the kinematic analysis of the prototype mechanism, that has been constructed to provide 

the tactile feedback of the simulator, is presented. The modeling of the haptic mechanism was made using the 

Spring - Mass - Demister method. In the same way we modeled the force sensor used to capture the forces and 

the torques that the user feels. Then, the way that the measurements of the force sensor are recorded and 

filtered through Matlab is presented. 

The modeling of the entire system was done in Simulink where the linear control, which is the main object 

of my thesis, was implemented. A key contribution of this research is to extend force control to the 5 degrees 

of freedom of the mechanism. Finally, in order to achieve the goal for Real Time Simulation, the Matlab toolbox 

called Real - Time is described extensively. 
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ɼʰˍʱ˂ˇʴˇˌ ˋˎ˃ʲˈ˂˖˄ 
όˋʶ ʰ˂˒ʰʲʹˍʽˁʺ ˋʶʽˊʱύ 

 y : ʅˎ˄ˍʶ˂ʶˋˍʺˌ ʰˉˈˋʲʶˋʹˌ όɮʽˋʻʹˍʺˊʰ ʵˏ˄ʰ˃ʹˌ ϧ ɾʹ˔ʰ˄ʽˋ˃ˇˏ ʰ˄ˍʾˋˍˇʽ˔ʰύ 

 ˃ : ɹˋˇʵˏ˄ʰ˃ʹ ˃ʱʸʰ ʰʽˋʻʹˍʺˊʰ ʵˏ˄ʰ˃ʹˌΦ 

n̟ : ʊˎˋʽˁʺ ʴ˖˄ʽʰˁʺ ˋˎ˔˄ˈˍʹˍʰΦ 

d̟ : ɱ˖˄ʽʰˁʺ ˋˎ˔˄ˈˍʹˍʰ ˃ʶ ʰˉˈˋʲʶˋʹΦ 

q1Ą5 : ɱ˖˄ʾʶˌ ʰˊʻˊ˗ˋʶ˖˄ ˍˇˎ ˃ʹ˔ʰ˄ʽˋ˃ˇˏΦ 

x, y, ˒ x, ˒ y, ˒ z : ʃʰˊʱ˃ʶˍˊˇʽ ˉˇˎ ˉˊˇˋʵʽˇˊʾʸˇˎ˄ ˍʹ˄ ʻʷˋʹ ˁʰʽ ˍˇ˄ ˉˊˇˋʰ˄ʰˍˇ˂ʽˋ˃ˈ ˍˇˎ ˍʶ˂ʽˁˇˏ ˋʹ˃ʶʾˇˎ ʵˊʱˋʹˌ 

όʆʅɲύΦ 

fr : ʅˎ˔˄ˈˍʹˍʰ ˋˎ˄ˍˇ˄ʽˋ˃ˇˏ ˍˇˎ ʰʽˋʻʹˍʺˊʰ ʵˏ˄ʰ˃ʹˌΦ 

fn : ʊˎˋʽˁʺ ˋˎ˔˄ˈˍʹˍʰ ˍˇˎ h ʽˋʻʹˍʺˊʰ 

Fcontrol : ɲˏ˄ʰ˃ʹ ˉˇˎ ˎˉˇ˂ˇʴʾʸʶˍʰʽ ˗ˋˍʶ ˄ʰ ʵʽˇˊʻ˗˄ʶˍʰʽ ˍˇ ˋ˒ʱ˂˃ʰ ˃ʶˍʰ˅ˏ Fdes ˁ ʰʽ Fsensor. 

Fdes : ɳˉʽʻˎ˃ʹˍʺ ʵˏ˄ʰ˃ʹ ʹ ˇˉˇʾʰ ˉˊˇˁˏˉˍʶʽ ʰˉˈ ˍˇ ʶʽˁˇ˄ʽˁˈ ˉʶˊʽʲʱ˂˂ˇ˄ ˍʹˌ ʶ˒ʰˊ˃ˇʴʺˌΦ 

Fmotor : ɲˏ˄ʰ˃ʹ ˉˇˎ ʰˋˁˇˏ˄ ˇʽ ˁʽ˄ʹˍʺˊʶˌ ˋˍˇ˄ ˃ʹ˔ʰ˄ʽˋ˃ˈΦ 

Fsensor : ɲˏ˄ʰ˃ʹ ˉˇˎ ˁʰˍʰʴˊʱ˒ʶʽ ˇ ʰʽˋʻʹˍʺˊʰˌ ʵˏ˄ʰ˃ʹˌ ˁʰʽ ˁʰˍʱ ˋˎ˄ʷˉʶʽʰ ʰʽˋʻʱ˄ʶˍʰʽ ˇ ˔ˊʺˋˍʹˌΦ 

Fh : ɲˏ˄ʰ˃ʹ ˉˇˎ ʰˋˁʶʾˍʰʽ ˋˍˇ ˔ʷˊʽ ˋˍˇ ˋʹ˃ʶʾˇ ˉˇˎ ʶ˒ʰˊ˃ˈʸʶˍʰʽ ʹ vh. 

J1 : ɶ ɹʰˁ˖ʲʽʰ˄ʺ ˉˇˎ ˋˎ˄ʵʷʶʽ ˍʽˌ ˍʰ˔ˏˍʹˍʶˌ ˉʶˊʽˋˍˊˇ˒ʺˌ ˍ˖˄ ʰˊʻˊ˗ˋʶ˖˄ ˃ʶ ˍʹ ʴˊʰ˃˃ʽˁʺ ˁʰʽ ʴ˖˄ʽʰˁʺ 

ˍʰ˔ˏˍʹˍʰ ̱ ˇˎ ʅˎˋˍʺ˃ʰˍˇˌ ʅˎ˄ˍʶˍʰʴ˃ʷ˄˖˄ όʅΦʅΦύ ϑрϒ ˖ˌ ˉˊˇˌ ˍˇ ʰʵˊʰ˄ʶʽʰˁˈ ʅΦʅΦ ϑлϒΦ 

J2 : ɶ ɹʰˁ˖ʲʽʰ˄ʺ ˉˇˎ ˋˎ˄ʵʷʶʽ ˍʽˌ ˍʰ˔ˏˍʹˍʶˌ ˉʶˊʽˋˍˊˇ˒ʺˌ ˍ˖˄ ʰˊʻˊ˗ˋʶ˖˄ ˃ʶ ˍʽˌ ˍʰ˔ˏˍʹˍʶˌ ˉʶˊʽˋˍˊˇ˒ʺˌ 

ˍ˖˄ ˁʽ˄ʹˍʺˊ˖˄Φ 

k1, b1 : ʃʰˊʱ˃ʶˍˊˇʽ ʶ˂ʰˋˍʽˁˈˍʹˍʰˌ ϧ ʰˉˈˋʲʶˋʹˌ ˍˇˎ ʰʽˋʻʹˍʺˊʰ ʵˏ˄ʰ˃ʹˌΦ 

k2, b2 : ʃʰˊʱ˃ʶˍˊˇʽ ʶ˂ʰˋˍʽˁˈˍʹˍʰˌ ϧ ʰˉˈˋʲʶˋʹˌ ˍˇˎ ˃ʹ˔ʰ˄ʽˋ˃ˇˏ ˉʷ˄ˍʶ ˊʱʲʵ˖˄Φ 

KP : ɼʷˊʵˇˌ ʰ˄ʰ˂ˇʴʽˁˇˏ ʶ˂ʶʴˁˍʺΦ 

KD : ɼʷˊʵˇˌ ʵʽʰ˒ˇˊʽˁˇˏ ʶ˂ʶʴˁˍʺΦ 

KI : ɼʷˊʵˇˌ ˇ˂ˇˁ˂ʹˊ˖ˍʽˁˇˏ ʶ˂ʶʴˁˍʺΦ 

mFS : ɾʱʸʰ ˍˇˎ ʰʽˋʻʹˍʺˊʰ ˋˏ˃˒˖˄ʰ ˃ʶ ˍˇ˄ ˁʰˍʰˋˁʶˎʰˋˍʺΦ 

mx, my : ʊʰʽ˄ˈ˃ʶ˄ʹ ˃ʱʸʰ ˃ʹ˔ʰ˄ʽˋ˃ˇˏ ˋˍˇ˄ x ˁ ʰʽ ˋˍˇ˄ y ɦ ˅ˇ˄ʰ ʰ˄ˍʾˋˍˇʽ˔ʰΦ 

Pti : ɶ i ˁ ˇˊˎ˒ʺ ˍʹˌ ˁʰ˃ˉˏ˂ʹˌ ˍʹˌ ʰˉˈˁˊʽˋʹˌ ˋʶ ʲʹ˃ʰˍʽˁʺ ʶʾˋˇʵˇΦ 

TD : ʋˊˈ˄ˇˌ ʵʽʰ˒ˈˊʽˋʹˌ ʶ˂ʶʴˁˍʺΦ 

TI : ʅˍʰʻʶˊʱ ˇ˂ˇˁ˂ʺˊ˖ˋʹˌ ʶ˂ʶʴˁˍʺΦ 

iTj : ʁ˃ˇʴʶ˄ʺˌ ˃ʶˍʰˋ˔ʹ˃ʰˍʽˋ˃ˈˌ ˍˇˎ ʅΦʅΦ ϑj} ̟ ˌ ˉˊˇˌ ˍˇ ʅΦʅΦ {i}. 

iRj : ʃʾ˄ʰˁʰˌ ˉʶˊʽˋˍˊˇ˒ʺˌ ˍˇˎ ˋˎˋˍʺ˃ʰˍˇˌ ˋˎ˄ˍʶˍʰʴ˃ʷ˄˖˄ ʅΦʅΦ ϑj} ̟ ˌ ˉˊˇˌ ˍˇ ˋˏˋˍʹ˃ʰ ʅΦʅΦ ϑi}. 

Ri : ɮˁˍʾ˄ʰ ˍʹˌ ˍˊˇ˔ʰ˂ʾʰˌ ˇʵʺʴʹˋʹˌ ˍˇˎ ƛ ˋˍˊˇ˒ʽˁˇˏ ʲʰʻ˃ˇˏ ʶ˂ʶˎʻʶˊʾʰˌΦ 

ri : ɮˁˍʾ˄ʰ ˍˇˎ capstan ̱ ˇˎ i ˁ ʽ˄ʹˍʺˊʰΦ 

R3,2 : ɮˁˍʾ˄ʰ ˍ˖˄ ʶ˂ʶˏʻʶˊ˖˄ ˍˊˇ˔ʰ˂ʽ˗˄ ʴʽʰ ˍˇ˄ ˍˊʾˍˇ ˋˍˊˇ˒ʽˁˈ ʲʰʻ˃ˈ ʶ˂ʶˎʻʶˊʾʰˌ ˇʽ ˇˉˇʾʶˌ ʲˊʾˋˁˇ˄ˍʰʽ 

ˉʱ˄˖ ˋˍˇ˄ ˃ʹ˔ʰ˄ʽˋ˃ˈ ˉʷ˄ˍʶ ˊʱʲʵ˖˄ ˁʰʽ ʰˉ˂ʱ ʰ˂˂ʱʸˇˎ˄ ˁʰˍʶˏʻˎ˄ˋʹ ˋˍʰ ˃ʽˁˊˇ˄ʺ˃ʰˍʰΦ 

vh, vm1, vm2 : ʆʰ˔ˏˍʹˍʶˌ ˁʾ˄ʹˋʹˌ ˔ʶˊʽˇˏ ˁʰʽ ˃ʰʸ˗˄ m1 & m2. 
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1 ɳʽˋʰʴ˖ʴʺ 

1.1 ʅˁˇˉˈˌ ɳˊʴʰˋʾʰˌ 
ʅˍˇ ʶˊʴʰˋˍʺˊʽˇ ʰˎˍˇ˃ʱˍˇˎ ʶ˂ʷʴ˔ˇˎ ˍˇˎ ɳʻ˄ʽˁˇˏ ɾʶˍˋˈʲʽˇˎ ʃˇ˂ˎˍʶ˔˄ʶʾˇˎ ʷ˔ʶʽ ʰ˄ʰˉˍˎ˔ʻʶʾ ʷ˄ʰˌ ʰˉˍʽˁˈˌ 

˃ʹ˔ʰ˄ʽˋ˃ˈˌ р ʲʰʻ˃˗˄ ʶ˂ʶˎʻʶˊʾʰˌ όʲΦʶΦύ ˖ˌ ˃ʷˊˇˌ ʶ˄ˈˌ ʶ˅ˇ˃ˇʽ˖ˍʺ ˇˎˊˇ˂ˇʴʽˁʺˌ ʶˉʷ˃ʲʰˋʹˌ όʅ˔ʺ˃ʰ м-1)Φ ʁ 

ʶ˅ˇ˃ˇʽ˖ˍʺˌ ʰˎˍˈˌ ʰ˄ʰˉˍˏ˔ʻʹˁʶ ˋˍ ̌ˉ˂ʰʾˋʽ ̌ˍʹˌ ʵʽʵʰˁˍˇˊʽˁʺˌ ʵʽʰˍˊʽʲʺˌ ˍˇˎ ɼ˖˄ˋˍʰ˄ˍʾ˄ˇˎ ɰ˂ʱ˔ˇˎ όнллпύ [1] 

ˁʰʽ ʰˉˇˍʶ˂ʶʾˍʰʽ ʰˉˈΥ 

1. ʆˇ ˃ʹ˔ʰ˄ʽˋ˃ˈ ʰ˄ʱʵˊʰˋʹˌ ʵˎ˄ʱ˃ʶ˖˄. 

2. ʆˇ ˋˏˋˍʹ˃ʰ ʰˎˍˇ˃ʱˍˇˎ ʶ˂ʷʴ˔ˇˎ. 

3. ʆˇ ˋˏˋˍʹ˃ʰ ʴˊʰ˒ʽˁʺˌ ʰ˄ʰˉʰˊʱˋˍʰˋʹˌ. 

ʆˇ ˋˏˋˍʹ˃ʰ ʴˊʰ˒ʽˁʺˌ ʰ˄ʰˉʰˊʱˋˍʰˋʹˌ ˍʹˌ ʶˉʷ˃ʲʰˋʹˌ ʰ˄ʰˉˍˏ˔ʻʹˁʶ ˋˍˇ ˉ˂ʰʾˋʽˇ ˍʹˌ ʵʽˉ˂˖˃ʰˍʽˁʺˌ 

ʶˊʴʰˋʾʰˌ ˍˇˎ ɮ˂ˁʽʲʽʱʵʹ ʆˋʱ˃ʹ ώнϐ ˁʰʽ ʶ˅ʶ˂ʾ˔ʻʹˁʶ ˋˍʹ˄ ˃ʶˍʰˉˍˎ˔ʽʰˁʺ ʶˊʴʰˋʾʰ ˍˇˎ ɱʽʱ˄˄ˇˎ ʆˋʱ˃ʹ ώоϐΦ ʆˇ 

ˋˏˋˍʹ˃ʰ ˉˇˎ ʷ˔ʶʽ ʰ˄ʰˉˍˎ˔ʻʶʾ ʶ˅ˇ˃ˇʽ˗˄ʶʽ ˃ʽʰ ˇˎˊˇ˂ˇʴʽˁʺ ʶˉʷ˃ʲʰˋʹ ˁʰʽ ʶˉˇ˃ʷ˄˖ˌ ʹ ˁʽ˄ʹ˃ʰˍʽˁʺ ˍˇˎ 

˔ʰˊʰˁˍʹˊʾʸʶˍʰʽ ʰˉˈ ˍʽˌ ʰˉʰʽˍʺˋʶʽˌ ˍʹˌ ʶˉʷ˃ʲʰˋʹˌ ʰˎˍʺˌΦ ɶ ˃ʶ˂ʷˍʹ ˍʹˌ ʲʽʲ˂ʽˇʴˊʰ˒ʾʰˌ ʷʵʶʽ˅ʶ ˈˍʽ ˉˊˇˁʶʽ˃ʷ˄ˇˎ 

˄ʰ ˋ˔ʶʵʽʰˋˍʶʾ ʷ˄ʰ ʶˁˉʰʽʵʶˎˍʽˁˈ ˋˏˋˍʹ˃ʰ ˍˇ ˇˉˇʾˇ ˉ˂ʹˋʽʱʸʶʽ ˍʽˌ ˉˊʰʴ˃ʰˍʽˁʷˌ ˋˎ˄ʻʺˁʶˌ ˉˊʷˉʶʽ ˄ʰ ˋ˔ʶʵʽʰˋˍʶʾ 

ʷ˄ʰ ʶ˅ʶʽʵʽˁʶˎ˃ʷ˄ˇ ˔ʶʽˊʽˋˍʺˊʽˇ ˍˇˎ ˇˉˇʾˇˎ ˍʰ ˔ʰˊʰˁˍʹˊʽˋˍʽˁʱ ʰ˄ˍʰˉˇˁˊʾ˄ˇ˄ˍʰʽ ˉ˂ʺˊ˖ˌ ˋʶ ʰˎˍʱ ˍʹˌ 

ʶ˅ˇ˃ˇʽ˖˃ʷ˄ʹˌ ʶˉʷ˃ʲʰˋʹˌΦ 

 
ʅ˔ʺ˃ʰ 1-1. ɮˉˍʽˁˈˌ ʶ˅ˇ˃ˇʽ˖ˍʺˌ [1]. 

ʅˁˇˉˈˌ ˍʹˌ ˉʰˊˇˏˋʰˌ ʵʽˉ˂˖˃ʰˍʽˁʺˌ ʶˊʴʰˋʾʰˌ ʶʾ˄ʰʽ ʰˊ˔ʽˁʱ ʹ ʶˉʰ˄ʰ˂ʶʽˍˇˎˊʴʾʰ ˍˇˎ ˃ʹ˔ʰ˄ʽˋ˃ˇˏ ˁʰʻ˗ˌ ˁʰʽ 

ʹ ʵʹ˃ʽˇˎˊʴʾʰ ʶ˄ˈˌ ˋˎˋˍʺ˃ʰˍˇˌ ʁ ˂ʷʴ˔ˇˎ ˁ˂ʶʽˋˍˇˏ ʲˊˈ˔ˇˎ ˗ˋˍʶ ˇʽ ʵˎ˄ʱ˃ʶʽˌ ˉˇˎ ʰʽˋʻʱ˄ʶˍʰʽ ˇ ʶˁˉʰʽʵʶˎˈ˃ʶ˄ˇˌ 

ˋˍˇ ˍʶ˂ʽˁˈ ˋʹ˃ʶʾˇ ʵˊʱˋʹˌ ˄ʰ ʶʾ˄ʰʽ ʰ˄ʶˉʹˊʷʰˋˍʶˌ ʰˉˈ ˍˎ˔ˈ˄ ʵʽʰˍʰˊʰ˔ʷˌ ˂ˈʴ˖ ʰʵˊʱ˄ʶʽʰˌ ʺ ˍˊʽʲ˗˄Φ ɳʾ˄ʰʽ 

ʰˉʰˊʰʾˍʹˍˇ ʹ ˉʰˊˇˎˋʾʰ ˍˇˎ ˃ʹ˔ʰ˄ʽˋ˃ˇˏ ˄ʰ ˃ʹ˄ ʴʾ˄ʶˍʰʽ ʰ˄ˍʽ˂ʹˉˍʺ ʰˉˈ ˍˇ˄ ʶˁˉʰʽʵʶˎˈ˃ʶ˄ˇ ʰ˂˂ʱ ˍʰˎˍˈ˔ˊˇ˄ʰ 

˄ʰ ʶʾ˄ʰʽ ʽˁʰ˄ˈˌ ˄ʰ ˉʰˊʷ˔ʶʽ ʽˋˇʵˏ˄ʰ˃ʹ ʰʾˋʻʹˋʹ ˃ʶ ʶˁʶʾ˄ʹ ˍʹˌ ˉˊʰʴ˃ʰˍʽˁʺˌ ʶˉʷ˃ʲʰˋʹˌΦ ʆˈˍʶ ˇ ˃ʹ˔ʰ˄ʽˋ˃ˈˌ 

˔ʰˊʰˁˍʹˊʾʸʶˍʰʽ ˖ˌ ζʵʽʰ˒ʰ˄ʺˌη όtransparent).  

ɶ ʰ˄ʱʴˁʹ ʴʽʰ ʷ˂ʶʴ˔ˇ ʵˏ˄ʰ˃ʹˌ ˋˍˇ˄ ˋˎʴˁʶˁˊʽ˃ʷ˄ˇ ˃ʹ˔ʰ˄ʽˋ˃ˈ ˉˊˇˁˏˉˍʶʽ ʰˉˈ ˍˇ ʴʶʴˇ˄ˈˌ ˈˍʽ ˇʽ ˊˇˉʷˌ ˁʰʽ 

ˇʽ ʵˎ˄ʱ˃ʶʽˌ ˉˇˎ ʰˋˁˇˏ˄ˍʰʽ ˋˍˇ ˔ʷˊʽ ˍˇˎ ˔ʶʽˊˇˎˊʴˇˏ ˁʰˍʱ ˍʹ ʵʽʱˊˁʶʽʰ ˍʹˌ ʶʴ˔ʶʾˊʹˋʹˌ ʶʾ˄ʰʽ ˉˇ˂ˏ ˃ʽˁˊʷˌ ʰ˂˂ʱ 

ˍʰˎˍˈ˔ˊˇ˄ʰ ˉˇ˂ˏ ˋʹ˃ʰ˄ˍʽˁʷˌ ʴʽʰ ˍʹ˄ ʶˉʽˍˎ˔ʾʰ ˍʹˌ ʶˉʷ˃ʲʰˋʹˌΣ ʵʽˈˍʽ ˉʰˊʷ˔ˇˎ˄ ˔ˊʺˋʽ˃ʶˌ ˉ˂ʹˊˇ˒ˇˊʾʶˌ ʴʽʰ ˍʹ˄ 

ˉˇˊʶʾʰ ˍʹˌΦ ʃʰˊʰˍʹˊʶʾˍʰʽ ˈˍʽ ˁʰʽ ˋˍʽˌ ʵˏˇ ˒ʱˋʶʽˌ ˃ʽʰˌ ˇˎˊˇ˂ˇʴʽˁʺˌ ʶˉʷ˃ʲʰˋʹˌ ˇʽ ʵˎ˄ʱ˃ʶʽˌ ˉˇˎ ʰˋˁˇˏ˄ˍʰʽ 

ˋˍˇ˄ ˔ʶʽˊˇˎˊʴˈ ʶʾ˄ʰʽ ˁʰʻˇˊʽˋˍʽˁʷˌ ˁʰʻ˗ˌ ʵʾ˄ˇˎ˄ ˍʽˌ ˉ˂ʹˊˇ˒ˇˊʾʶˌΥ 
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¶ ʴʽʰ ˍʹ˄ ˇˊʻˈˍʹˍʰ ˍʹˌ ʵʽʰʵˊˇ˃ʺˌ ˉˇˎ ʰˁˇ˂ˇˎʻʶʾ ˇ ˔ʶʽˊˇˎˊʴˈˌ ˁʰˍʱ ˍʹ˄ ˒ʱˋʹ ˍʹˌ ʶʽˋʰʴ˖ʴʺˌ ˍˇˎ 

ʶ˄ʵˇˋˁˇˉʾˇˎ 

¶ ʴʽʰ ˍˇ ʶʾʵˇˌ ˁʰʽ ˍʹ ˋˏˋˍʰˋʹ ˍ˖˄ ʵʽʰ˒ˈˊ˖˄ ʽˋˍ˗˄ ˁʰʽ ˇˊʴʱ˄˖˄Σ ˃ʶ ˍʰ ˇˉˇʾʰ ʷˊ˔ʶˍʰʽ ˋʶ ʶˉʰ˒ʺ ˍˇ 

ʶ˄ʵˇˋˁˈˉʽˇ ʺ ˍʰ ʽʰˍˊʽˁʱ ˈˊʴʰ˄ʰ ˉˇˎ ʶʽˋʱʴˇ˄ˍʰʽ ˋʶ ʰˎˍˈ 

ʁʽ ˉʰˊʰʵˇˋʽʰˁˇʾ ˍˊˈˉˇʽ ʶˁˉʰʾʵʶˎˋʹˌ ˍ˖˄ ˄ʷ˖˄ ʽʰˍˊ˗˄ ˔ˊʹˋʽ˃ˇˉˇʽˇˏ˄ ʶʾˍʶ ˄ʶˁˊʱ ˋ˗˃ʰˍʰΣ ʶʾˍʶ 

ˉʶʽˊʰ˃ʰˍˈʸ˖ʰ ʶʾˍʶ ˋˎ˄ʻʶˍʽˁˈ ʵʷˊ˃ʰ ˁʰʽ ˈˊʴʰ˄ʰΦ ʅˎ˄ʶˉ˗ˌ ˇʽ ˍˊˈˉˇʽ ʰˎˍˇʾ ʶʴʶʾˊˇˎ˄ ʰˊˁʶˍʷˌ ʵˎˋˁˇ˂ʾʶˌ 

όʵʽʰ˒ˇˊʶˍʽˁʱ ˔ʰˊʰˁˍʹˊʽˋˍʽˁʱ ʽˋˍ˗˄ ϧ ˇˊʴʱ˄˖˄ύ ʰ˂˂ʱ ˁʰʽ ʹʻʽˁʱ ʸʹˍʺ˃ʰˍʰΦ ɶ ʶ˒ʰˊ˃ˇʴʺ ˃ʶʻˈʵ˖˄ ʶˁˉʰʾʵʶˎˋʹˌ 

˃ʶ ʲʱˋʹ ˍʹ˄ ˄ʶˈˍʶˊʹ ˍʶ˔˄ˇ˂ˇʴʾʰ ˁʰʽ ˍʹ˄ ʶʽˁˇ˄ʽˁʺ ˉˊʰʴ˃ʰˍʽˁˈˍʹˍʰ όʅ˔ʺ˃ʰ м-2) ˃ˉˇˊʶʾ ˄ʰ ʶ˒ʰˊ˃ˇˋˍʶʾ ˋˍˇ˄ 

ˍˇ˃ʷʰ ˍʹˌ ʽʰˍˊʽˁʺˌ ˁʰʽ ˄ʰ ʲˇʹʻʺˋʶʽ ˍˇˎˌ ʷ˃ˉʶʽˊˇˎˌ ʽʰˍˊˇˏˌ ˄ʰ ˁʰʻˇʵʹʴʺˋˇˎ˄ ˁʰ˂ˏˍʶˊʰ ˍˇˎˌ 

ʶˁˉʰʽʵʶˎˈ˃ʶ˄ˇˎˌ ˁʰˍʱ ˍʹ˄ ʵʽʱˊˁʶʽʰ ʽʰˍˊʽˁ˗˄ ʶˉʶ˃ʲʱˋʶ˖˄Φ ɳˁˍˈˌ ʰˉˈ ˍʹ˄ ˉˊˇˋ˖ˉʽˁʺ ʶ˅ʱˋˁʹˋʹ ˇʽ 

ˉˊˇˋˇ˃ˇʽ˖ˍʷˌ ʽʰˍˊʽˁ˗˄ ʶˉʶ˃ʲʱˋʶ˖˄ ʵʾ˄ˇˎ˄ ˍʹ˄ ʵˎ˄ʰˍˈˍʹˍʰ ˔ˊʺˋʹˌ ʶ˄ˈˌ ʰˁˈ˃ʰ ˍˏˉˇˎ ʶˁ˃ʱʻʹˋʹˌ ˉˇˎ 

˔ˊʹˋʽ˃ˇˉˇʽʶʾˍʰʽ ˋˍʹ˄ ʶˁˉʰʾʵʶˎˋʹΦ ɮˎˍˈˌ ʶʾ˄ʰʽ ˍʰ ˉʶˊʽʲʱ˂˂ˇ˄ˍʰ ˋˎ˄ʶˊʴʰˋʾʰˌ ˈˉˇˎ ˇʽ ˃ʰʻʹˍʷˌ ʰ˂˂ʹ˂ʶˉʽʵˊˇˏ˄ 

˃ʶˍʰ˅ˏ ˍˇˎˌ ʰ˂˂ʱ ˁʰʽ ˃ʶ ʷ˄ʰ˄ ʶˁˉʰʽʵʶˎˍʺ ʴʽʰ ˄ʰ ˂ˏˋˇˎ˄ ˇˊʽˋ˃ʷ˄ʰ ˉˊˇʲ˂ʺ˃ʰˍʰ ˁʰʽ ʴʽʰ ˄ʰ ʶˁˉʰʽʵʶˎˍˇˏ˄ ˖ˌ 

ˇ˃ʱʵʰΦ ʆʷ˂ˇˌΣ ʰˊˁʶˍʱ ʱˊʻˊʰ ˋ˔ʶˍʽˁʱ ˃ʶ ˍˇ˄ ˍˇ˃ʷʰ ˍʹˌ ʶˁˉʰʾʵʶˎˋʹˌ ˄ʷ˖˄ ʽʰˍˊ˗˄Σ ˉʽˋˍˇˉˇʽˇˏ˄ ˉ˖ˌ ˇʽ ˄ʷʶˌ 

˃ʷʻˇʵˇʽ ʲʶ˂ˍʽ˗˄ˇˎ˄ ˍʹ˄ ʶˁ˃ʱʻʹˋʹ ˍ˖˄ ˔ʶʽˊˇˎˊʴ˗˄ ˋʶ ˋˏʴˁˊʽˋʹ ˃ʶ ˍʽˌ ˉʰˊʰʵˇˋʽʰˁʷˌΦ ɳʾ˄ʰʽ ʶ˃˒ʰ˄ʷˌ ˉ˖ˌ ˇʽ 

ʶ˅ˇ˃ˇʽ˖ˍʷˌ ˉʷˊʰ ʰˉˈ ˍʹ˄ ˇˉˍʽˁʺ ʶʽˁˇ˄ʽˁʺ ˉˊʰʴ˃ʰˍʽˁˈˍʹˍʰ ˔ˊʹˋʽ˃ˇˉˇʽˇˏ˄ ʰˉˍʽˁˇˏˌ ˃ʹ˔ʰ˄ʽˋ˃ˇˏˌ ʴʽʰ ˄ʰ 

ʲʶ˂ˍʽ˗ˋˇˎ˄ ˍˇ˄ ˊʶʰ˂ʽˋ˃ˈ ˍˇˎˌΦ  

 
ʅ˔ʺ˃ʰ 1-2. ɳˁˉʰʽʵʶˎˍʽˁˈˌ ʰˉˍʽˁˈˌ ʶ˅ˇ˃ˇʽ˖ˍʺˌ ˋʶ ˉʶˊʽʲʱ˂˂ˇ˄ ʶʽˁˇ˄ʽˁʺ ̩̄ ˊʰʴ˃ʰˍʽˁˈˍʹˍʰ 

(https:// www.fundamentalvr.com/ ).  

https://www.fundamentalvr.com/
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1.2 ɰʽʲ˂ʽˇʴˊʰ˒ʽˁʺ ɮ˄ʰˋˁˈˉʹˋʹ 
ɴ˔ˇˎ˄ ˉˊˇˍʰʻʶʾ ʰˊˁʶˍʷˌ ˃ʷʻˇʵˇʽ ʴʽʰ ˍʹ˄ ˍʶ˔˄ʹˍʺ ʵʹ˃ʽˇˎˊʴʾʰ ˍʹˌ ʰʾˋʻʹˋʹˌ ˍʹˌ ʰ˒ʺˌΦ ɾʷ˔ˊʽ ˋʺ˃ʶˊʰΣ ˍˊʶʽˌ ʶʾ˄ʰʽ 

ʶˁʶʾ˄ʶˌ ˉˇˎ ˁˎˊʽʰˊ˔ˇˏ˄ ˁʰʽ ˇʽ ˇˉˇʾʶˌ ˃ˉˇˊˇˏ˄ ˄ʰ ˔ˊʹˋʽ˃ˇˉˇʽʹʻˇˏ˄ ˅ʶ˔˖ˊʽˋˍʱ ʺ ˋʶ ˋˎ˄ʵˎʰˋ˃ˈΦ ɮˎˍʷˌ ʶʾ˄ʰʽ 

ˇʽ ˉʰˊʰˁʱˍ˖Υ 

¶ ʅˎˋˁʶˎʷˌ ʵˈ˄ʹˋʹˌ ʴʽʰ ʰˉˍʽˁʺ ʰ˄ʱʵˊʰˋʹ. 

¶ ʅˎˋˍʺ˃ʰˍʰ ˃ʶ ʰ˄ʱʵˊʰˋʹ ʵˏ˄ʰ˃ʹˌ. 

¶ ʁʻˈ˄ʶˌ ˁ ʰˍʰ˄ʶ˃ʹ˃ʷ˄ʹˌ h ˒ʺˌ (distributed tactile displays). 

 
ʅ˔ʺ˃ʰ 1-3. ɰʰˋʽˁʺ ʰˊ˔ʺ ˂ʶʽˍˇˎˊʴʾʰˌ ʶ˄ˈˌ ʽʰˍˊʽˁˇˏ ʰˉˍʽˁˇˏ ʶ˅ˇ˃ˇʽ˖ˍʺ [4]. 

ʅʶ ˇˉˇʽʰʵʺˉˇˍʶ ˂ʶʽˍˇˎˊʴʾʰ ʰˉˈ ʰˉˈˋˍʰˋʹΣ ʶʾ˄ʰʽ ˋˎ˄ʹʻʽˋ˃ʷ˄ˇ ˄ʰ ˇˊʾʸˇˎ˃ʶ ˍˇ ʽʵʰ˄ʽˁˈ ˋˏˋˍʹ˃ʰ 

ˍʹ˂ʶ˔ʶʽˊʽˋ˃ˇˏ ˖ˌ ʷ˄ʰ ʰʲʰˊʷˌΣ ʱˉʶʽˊʰ ʱˁʰ˃ˉˍˇ ˃ʹ˔ʰ˄ʽˋ˃ˈΣ ˇ ˇˉˇʾˇˌ ˔ˊʹˋʽ˃ˇˉˇʽʶʾˍʰʽ ʴʽʰ ˄ʰ ʶˊʴʱʸʶˍʰʽ ʰˉˈ 

ʰˉˈˋˍʰˋʹΦ ʇˉˈ ʰˎˍʺ ˍʹ˄ ʰˉ˂ˇˏˋˍʶˎˋʹ ˁʰʽ ʵʶʵˇ˃ʷ˄ˇˎ ˈˍʽ ˇ ˃ʹ˔ʰ˄ʽˋ˃ˈˌ ʵʶ˄ ʷ˔ʶʽ ˃ʱʸʰΣ ʰ˄ʱ ˉʱˋʰ ˋˍʽʴ˃ʺ ˇ 

˔ʶʽˊʽˋˍʺˌ ʻʰ ʷ˄ʽ˖ʻʶ ˍˇ ʰ˄ˍʽˁʶʾ˃ʶ˄ˇ ˉˇˎ ʰˁˇˎ˃ˉʱʶʽ ˋʶ ʰˉˈˋˍʰˋʹ ˋʰ˄ ˄ʰ ˃ʹ˄ ˎˉʺˊ˔ʶ ˇ ˃ʹ˔ʰ˄ʽˋ˃ˈˌΦ ɶ ʽʵʷʰ ˍʹˌ 

ʰ˄ʱʵˊʰˋʹˌ ʵˏ˄ʰ˃ʹˌ ˋˍʹ˄ ʶʽˁˇ˄ʽˁʺ ˉˊʰʴ˃ʰˍʽˁˈˍʹˍʰ ʵʹ˃ʽˇˎˊʴʶʾˍʰʽ ʴʽʰ ˄ʰ ʰ˄ˍʽˁʰˍʰˋˍʺˋʶʽ ˍˇ ˉˊʰʴ˃ʰˍʽˁˈ 

ʰ˄ˍʽˁʶʾ˃ʶ˄ˇ ˁʰʽ ˍˇ˄ ˒ʰ˄ˍʰˋˍʽˁˈ ˃ʹ˔ʰ˄ʽˋ˃ˈ ˃ʶ ʷ˄ʰ ˋˏˋˍʹ˃ʰ ʰˉˈ ʰʽˋʻʹˍʺˊʶˌ ˁʰʽ ʶˉʶ˄ʶˊʴʹˍʷˌ ˋˎ˄ʵʶʵʶ˃ʷ˄ˇˎˌ 

˃ʶ ʷ˄ʰ˄ ʹ˂ʶˁˍˊˇ˄ʽˁˈ ˎˉˇ˂ˇʴʽˋˍʺΦ ɮ˄ ˁʱˉˇʽˇˌ ˃ʶˍˊʺˋʶʽ ˍʹ˄ ʰˉˈˋˍʰˋʹΣ dΣ ˍˇˎ ʶˊʴʰ˂ʶʾˇˎ ˃ ʶˍʱ ˍʹ˄ ˉˊ˗ˍʹ ʶˉʰ˒ʺ 

˃ʶ ˍˇ ʰ˄ˍʽˁʶʾ˃ʶ˄ˇΣ ˈˉ˖ˌ ˇˊʾʸʶˍʰʽ ʰˉˈ ˍʹ˄ ʰ˄ʾ˔˄ʶˎˋʹ ʶˉʰ˒ʺˌ όcollision detectionύΣ ˁʰʽ ʶʱ˄ ʵ˗ˋˇˎ˃ʶ ˍʹ˄ ʶ˄ˍˇ˂ʺ 

ˋʶ ʷ˄ʰ˄ ˁʽ˄ʹˍʺˊʰ ˄ʰ ˉʰˊʷ˔ʶʽ ˃ʾʰ ʵˏ˄ʰ˃ʹΣ ˍʹ˄ fe Σ ˍˈˍʶ ʻʶ˖ˊʹˍʽˁʱ ˇ ˔ʶʽˊʽˋˍʺˌ ˍˇˎ ˃ʹ˔ʰ˄ʽˋ˃ˇˏ ʻʰ ʷˉˊʶˉʶ ˄ʰ 

ʷ˔ʶʽ ˃ʽʰ ʰʾˋʻʹˋʹ ˈ˃ˇʽʰ ˃ʶ ʰˎˍʺ ˉˇˎ ʻʰ ʶʾ˔ʶ ʰ˄ ʱʴʴʽʸʶ ˍˇ ˉˊʰʴ˃ʰˍʽˁˈ ʰ˄ˍʽˁʶʾ˃ʶ˄ˇΦ ʃˊˇ˒ʰ˄˗ˌΣ ʰˎˍ ̍ˍˇ ʽʵʶʰˍˈ 

ˋʶ˄ʱˊʽˇ ʶʾ˄ʰʽ ˎˉʷˊ˃ʶˍˊʰ ʵˏˋˁˇ˂ˇ ˄ʰ ʶˉʽˍʶˎ˔ʻʶʾ ʴʽʰ ˍʽˌ ˉʶˊʽˋˋˈˍʶˊʶˌ ʶˉʽ˒ʱ˄ʶʽʶˌ ˁʰʽ ˍʰ ˉʶˊʽˋˋˈˍʶˊʰ ʶˊʴʰ˂ʶʾʰΦ 

ɱʽʰ ˍʽˌ ˉʶˊʽˋˋˈˍʶˊʶˌ ʶˉʽ˒ʱ˄ʶʽʶˌ ˇˉˇʽʰˋʵʺˉˇˍʶ ʰˁʰ˃˕ʾʰˌΣ ʹ ʰ˄ʱʵˊʰˋʹ fe(dύ ʶʾ˄ʰʽ ʰˉˈˍˇ˃ʹΣ ʵʹ˂ʰʵʺ ʴʽʰ ˉˇ˂ˏ 

˃ʽˁˊʷˌ ˃ʶˍʰˍˇˉʾˋʶʽˌ ˇʽ ʵˎ˄ʱ˃ʶʽˌ ʶʾ˄ʰʽ ˉˇ˂ˏ ˃ʶʴʱ˂ʶˌΦ 

ʍˋˍˈˋˇΣ ʶʾ˄ʰʽ ʴ˄˖ˋˍˈ ˉ˖ˌ ˇʽ ʱ˄ʻˊ˖ˉˇʽ ʵʶ˄ ʲʰˋʾʸˇ˄ˍʰʽ ˃ˈ˄ˇ ˋˍʹ˄ ʰˁʰ˃˕ʾʰ ʴʽʰ ˄ʰ ʰʽˋʻʰ˄ʻˇˏ˄ ˁʰʽ ˄ʰ 

ˁˊʾ˄ˇˎ˄ ʷ˄ʰ ʰ˄ˍʽˁʶʾ˃ʶ˄ˇ ώ5ϐΦ ɯ˂˂ʰ ˋˍˇʽ˔ʶʾʰ ˉʶˊʽ˂ʰ˃ʲʱ˄ˇˎ˄ ˍʹ˄ ʽˁʰ˄ˈˍʹˍʰ ˄ʰ ʰ˄ˍʽˋˍʷˁˇ˄ˍʰʽ ˋʶ ˉˇ˂ˏ ˃ʶʴʱ˂ʶˌ 

ʵˎ˄ʱ˃ʶʽˌ  ̋˃ʶˍʰˁʽ˄ʺˋʶʽˌ ˎ˕ʹ˂ʺˌ ʶˉʽˍʱ˔ˎ˄ˋʹˌΣ ˍʹ˄ ʰˉˈˁˊʽˋʹ ˁʰˍʰˋˁʶˎʺˌΣ ˍʹ˄ ʰˏ˅ʹˋʹ ˍˇˎ ˊˎʻ˃ˇˏ ˃ʶˍʰʲˇ˂ʺˌ 
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and forceupdate
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ˍʹˌ ʵˏ˄ʰ˃ʹˌ ˁʰʽ ˍʹ˄ ʶˉʽʲˇ˂ʺ ˁʱˉˇʽˇˎ ˋˇˁΦ ɮˎˍʱ ˍʰ ˋˍˇʽ˔ʶʾʰ ʶʾ˄ʰʽΣ ˉˇ˂˂ʷˌ ˒ˇˊʷˌ ˋʶ ˋˎ˄ʵˎʰˋ˃ˈ ˃ʶ ˁʱˉˇʽˇˎˌ 

ʶʽʵʽˁʱ ˋ˔ʶʵʽʰˋ˃ʷ˄ˇˎˌ ʺ˔ˇˎˌ ʺ ˇˊʽˋ˃ʷ˄ʹ ˇˉˍʽˁʺ ʰ˄ʱʵˊʰˋʹΣ ˎˉʶˏʻˎ˄ʰ ʴʽʰ ˍʹ˄ ʽˁʰ˄ˈˍʹˍʰ ˍ˖˄ ˃ʹ˔ʰ˄ʽˋ˃˗˄ 

ʰ˄ʰˍˊˇ˒ˇʵˈˍʹˋʹˌ ʵˏ˄ʰ˃ʹˌ ˄ʰ ˃ʶˍʰ˒ʷˊˇˎ˄ ˍʹ˄ ʰʾˋʻʹˋʹ ˁʱˉˇʽʰˌ ʶˉʽ˒ʱ˄ʶʽʰˌΦ ɴ˄ʰˌ ʰˁˈ˃ʰ ˋʹ˃ʰ˄ˍʽˁˈˌ ˍˏˉˇˌ 

ʰ˂˂ʹ˂ʶˉʾʵˊʰˋʹˌ ʶʾ˄ʰʽ ʹ ʶˉʰ˒ʺ ˍˇˎ ʶˊʴʰ˂ʶʾˇˎ ˋˍʹ˄ ʶˉʽ˒ʱ˄ʶʽʰ ˍˇˎ ʶʽˁˇ˄ʽˁˇˏ ʰ˄ˍʽˁʶʽ˃ʷ˄ˇˎ ˃ʶ ˍʹ˄ 

ˉˊˇˋˇ˃ˇʽ˖˃ʷ˄ʹ ˎ˒ʺΣ ˍˊʽʲʺΣ ˋˁ˂ʹˊˈˍʹˍʰ ˁʰʽ ˈ˂ʶˌ ˍʽˌ ʱ˂˂ʶˌ ˉʰˊʰ˃ʷˍˊˇˎˌ ˍʹˌ ʶˉʽ˒ʱ˄ʶʽʰˌΦ ʅˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ʰˎˍʺ 

ˍʰ ˄ˇˏ˃ʶˊʰ ʶʾ˄ʰʽ ˋʹ˃ʰ˄ˍʽˁʱ ˁʰʻ˗ˌ ˋˍʽˌ ˉʽˇ ˋˎ˄ʹʻʽˋ˃ʷ˄ʶˌ ˉʶˊʽˉˍ˗ˋʶʽˌ ʰ˂˂ʹ˂ʶˉʾʵˊʰˋʹˌ ʶˉʽ˒ʱ˄ʶʽʰˌ ˇʽ 

ʰˉʰʽˍˇˏ˃ʶ˄ʶˌ ˃ʷʴʽˋˍʶˌ ʵˎ˄ʱ˃ʶʽˌ ˎˉʶˊʲʰʾ˄ˇˎ˄ ˋʹ˃ʰ˄ˍʽˁʱ ˍʽˌ ʵˎ˄ʰˍˈˍʹˍʶˌ ˍ˖˄ ʵʽʰʻʷˋʽ˃˖˄ ˋˎˋˁʶˎ˗˄Φ ʁʽ 

ˋ˔ʶʵʽʰˋˍʷˌ ˍ˖˄ ʵʽʶˉʰ˒˗˄ ʰˉˍʽˁʺˌ ʰ˄ʱʵˊʰˋʹˌ ˉˊʷˉʶʽ ˄ʰ ˋˍʹˊʾʸˇ˄ˍʰʽ ˋˍʽˌ ʽˁʰ˄ˈˍʹˍʶˌ ʰ˄ˍʾ˂ʹ˕ʹˌ ˍˇˎ ˁʱʻʶ 

˔ˊʺˋˍʹ ʴʽʰ ˄ʰ ˉʰˊʱʴˇˎ˄ ˊʶʰ˂ʽˋˍʽˁʺ ʰʾˋʻʹˋʹΦ 

ʃʾ˄ʰˁʰˌ 1-1. ɮˉˍʽˁˇʾ ˃ʹ˔ʰ˄ʽˋ˃ˇʾ. 

ɳʆɮɹʄɳɹɮ ʅʇʅɼɳʇɶ 
ɰɮɸɾʁɹ 
ɳɽɳʇɸɳʄɹɮʅ 
όɰΦɳΦύ 

ɰΦɳΦ 
ɮɿɮɲʄɮʅɶʅ 
ɲʇɿɮɾɶʅ 

3D SYSTEMS 

https:// www.3dsystems.com/  

Phantom Premium 3.0 

Touch 

Touch X 

3 

6 

6 

3 

6 

6 

FORCE DIMENSION 

http://www.forcedimension.com/ 

Sigma.7 

Omega.3, 6, 7 

Delta.3, 6 

7 

3, 6, 7 

3, 6 

6 

3, 6 

3, 6 

NOVINT Falcon 3 3 
CYBER GLOVE SYSTEMS 

http://www.cyberglovesystems.com/ 

Cyber Glove III 
Cyber Grasp 
Cyber Force 
Cyber Touch 

5 (ɻ ʱˁˍˎ˂ʰ) 
5 (ɻ ʱˁˍˎ˂ʰ) 

6 
5 (ɻ ʱˁˍˎ˂ʰ) 

5 (ɻ ʱˁˍˎ˂ʰ) 
5 (ɻ ʱˁˍˎ˂ʰ) 

3 
5 (ɻ ʱˁˍˎ˂ʰ) 

HAPTION 

https:// www.haption.com/en/  

Virtuose 
6D 
6D TAO 
6D Desktop 
3D 
3D Desktop 

Scale 1 
Inca 
MAT 6D 

 
6 
6 
6 
3 
3 
4 
6 
7 

 
6 
6 
6 
3 
3 
2 
6 
6 

MIMIC 

http://mimicsimulation.com/ 

Xperience Team Trainer 6 6 

QUANSER 

https:// www.quanser.com/  

HD2 (High Definition 
Haptic Device) 
Joint Control Robot 

6 
 
6 

5 
 

6 
MOOG 

http:// www.moog.com/products/haptic

s-robotics/  

Desktop Haptic 

HapticMaster 

3 

3 

3 

3 

MPB TECHNOLOGIES INC. 

http://www.mpb -

technologies.ca/index.html 

Freedom 6 & 7 6, 7 6, 6 

https://www.3dsystems.com/
http://www.forcedimension.com/
http://www.cyberglovesystems.com/
https://www.haption.com/en/
http://mimicsimulation.com/
https://www.quanser.com/
http://www.moog.com/products/haptics-robotics/
http://www.moog.com/products/haptics-robotics/
http://www.mpb-technologies.ca/index.html
http://www.mpb-technologies.ca/index.html
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ʁʽ ʰˉˍʽˁʷˌ ˋˎˋˁʶˎʷˌ (ʃʾ˄ʰˁʰˌ м-1 ϧ ʅ˔ʺ˃ʰ м-4) ʁ ʾ˄ʰʽ ʹ˂ʶˁˍˊˇ˃ʹ˔ʰ˄ʽˁʷˌ ˋˎˋˁʶˎʷˌ ˃ʶ ˔ʶʽˊʽˋˍʺˊʽʰ ˍʰ ˇˉˇʾʰ 

ʶˉʽˍˊʷˉˇˎ˄ ˍʹ˄ ˁʾ˄ʹˋʹ ˋʶ ʰˊˁʶˍˇˏˌ ʲʰʻ˃ˇˏˌ ʶ˂ʶˎʻʶˊʾʰˌΦ ʂˍʰ˄ ˋˎ˄ʵˎʱʸˇ˄ˍʰʽ ˃ʶ ʶʽˁˇ˄ʽˁˇˏˌ ʶ˅ˇ˃ˇʽ˖ˍʷˌΣ 

ˉʰˊʷ˔ˇˎ˄ ˋˍˇ ˔ˊʺˋˍʹ ˍʹ˄ ʰʾˋʻʹˋʹ ˍʹˌ ʰ˒ʺˌ ʶˉʽˉˊˈˋʻʶˍʰ ˃ʶ ˍʹ˄ ʶʽˁˈ˄ʰΦ ʅˍˇ ˉʶˊʽʲʱ˂˂ˇ˄ ʶ˄ˈˌ ʰˉˍʽˁˇˏ 

˃ʹ˔ʰ˄ʽˋ˃ˇˏ ˍˇ˄ ˊˈ˂ˇ ˍʹˌ ʰʾˋʻʹˋʹˌ ˍʹˌ ʰ˒ʺˌ ˃ˉˇˊʶʾ ˄ʰ ʵʽʰʵˊʰ˃ʰˍʾʸʶʽ ʷ˄ʰˌ ʱ˄ʻˊ˖ˉˇˌΣ ˃ʾʰ ˃ʹ˔ʰ˄ʺ ʺ 

ˋˎ˄ʵˎʰˋ˃ˈˌ ˍ˖˄ ʵˏˇΣ ʶ˄˗ ˍʰ ʰ˄ˍʽˁʶʾ˃ʶ˄ʰ ˁʰʽ ˍˇ ˉʶˊʽʲʱ˂˂ˇ˄ ˃ˉˇˊʶʾ ˄ʰ ʶʾ˄ʰʽ ˉˊʰʴ˃ʰˍʽˁʱΣ ʶʽˁˇ˄ʽˁʱ ʺ ˁʰʽ ˍʰ 

ʵˏˇΦ ʁʽ ˋˏʴ˔ˊˇ˄ʶˌ ʰˉˍʽˁʷˌ ˋˎˋˁʶˎʷˌ ˉʰˊˇˎˋʽʱʸˇˎ˄ ˇˊʽˋ˃ʷ˄ʹ ˍˊʽʲʺ  ́ˇˉˇʾʰ ˃ˉˇˊʶʾ ˄ʰ ʴʾ˄ʶʽ ʰ˄ˍʽ˂ʹˉˍʺ ˖ˌ 

ʻˈˊˎʲˇˌ ˁʰʽ ˋʶ ˉˇ˂˂ʷˌ ˉʶˊʽˉˍ˗ˋʶʽˌ ˉˊˇˁʰ˂ʶʾ ˁˇˏˊʰˋʹ ˋˍˇ˄ ˔ˊʺˋˍʹΦ ʃʰˊʱ˂˂ʹ˂ʰΣ ʹ ˋˎˋˁʶˎʺ ʰˉˈ ˃ˈ˄ʹ ˍʹˌ ʷ˔ʶʽ 

ˁʱˉˇʽʰ ˋˎʴˁʶˁˊʽ˃ʷ˄ʹ ʰʵˊʱ˄ʶʽʰΣ ʹ ˇˉˇʾʰ ˃ˉˇˊʶʾ ˄ʰ ʵʹ˃ʽˇˎˊʴʺˋʶʽ ˉˊˈʲ˂ʹ˃ʰ ʰ˄ ˇ ˔ˊʺˋˍʹˌ ˁʽ˄ʺˋʶʽ ˍʹ˄ ˋˎˋˁʶˎʺ 

ʰˊˁʶˍʱ ʴˊʺʴˇˊʰΦ ʁʽ ʰˉˍʽˁʷˌ ˋˎˋˁʶˎʷˌ ˉˊˇˋˉʰʻˇˏ˄ ˄ʰ ʰˁˎˊ˗ˋˇˎ˄ ʰ˄ʶˉʽʻˏ˃ʹˍʶˌ ʵˎ˄ʱ˃ʶʽˌ ʵʽʰˍʰˊʰ˔˗˄ ˈˉ˖ˌ 

ʹ ˍˊʽʲʺΦ ɴ˔ˇˎ˄ ʶˉʾˋʹˌ ˃ʹ˔ʰ˄ʽˋ˃ˇˏˌ ˇʽ ˇˉˇʾˇʽ ˃ˉˇˊˇˏ˄ ˄ʰ ˉʰˊʷ˔ˇˎ˄ ʶˉʰˊˁʺ ʰ˄ˍʾʵˊʰˋʹ ˗ˋˍʶ ˄ʰ 

ˉˊˇˋˇ˃ˇʽʱˋˇˎ˄ ˍʹ˄ ʰʾˋʻʹˋʹ ˁʱˉˇʽʰˌ ˋˁ˂ʹˊʺˌ ʶˉʽ˒ʱ˄ʶʽʰˌΦ ɶ ʰ˄ʱ˂ˎˋʹΣ ʵʹ˂ʰʵʺ ˍˇ ˋˏ˄ˇ˂ˇ ˍʹˌ ʰ˄ʱʵˊʰˋʹˌ ʰ˄ʱ 

˃ˇ˄ʱʵʰ ʰˉˈˋˍʰˋʹˌΣ ˔ˊʶʽʱʸʶˍʰʽ ˄ʰ ʶʾ˄ʰʽ ˍˈˋˇ ˎ˕ʹ˂ʺ ˗ˋˍʶ ˄ʰ ˉʰˊʷ˔ʶʽ ˍʹ˄ ˁʰ˂ˏˍʶˊʹ ˂ʶˉˍˇ˃ʷˊʶʽʰ ˍʹˌ ʰ˒ʺˌ ˋˍˇ 

ʶʽˁˇ˄ʽˁˈ ˉʶˊʽʲʱ˂˂ˇ˄Φ ɳˉʾˋʹˌ ˍˇ ˉʶʵʾˇ ˁʾ˄ʹˋʹˌ ˉˊʷˉʶʽ ˄ʰ ʶʾ˄ʰʽ ˍˈˋˇ ˃ʶʴʱ˂ˇ ˗ˋˍʶ ˄ʰ ˉˊˇˋˇ˃ˇʽʱʸʶˍʰʽ ˇ 

ˉˊʰʴ˃ʰˍʽˁˈˌ ˔˗ˊˇˌ ʶˊʴʰˋʾʰˌΦ ʁʽ ʰˉˍʽˁʷˌ ˋˎˋˁʶˎʷˌ ʵʽʰ˒ʷˊˇˎ˄ ˖ˌ ˉˊˇˌ ˍˇˎˌ ʲʰʻ˃ˇˏˌ ʶ˂ʶˎʻʶˊʾʰˌ ˉˇˎ ʷ˔ˇˎ˄ 

όʶ˄ʶˊʴˇˏˌ ʺ ˃ʹύΣ ʵʹ˂ʰʵʺ ˍʽˌ ˁʰˍʶˎʻˏ˄ˋʶʽˌ ˁʰˍʱ ˍʽˌ ˇˉˇʾʶˌ ˃ˉˇˊˇˏ˄ ˄ʰ ˁʽ˄ʹʻˇˏ˄Φ ʁʽ ˉʽˇ ˁˇʽ˄ʷˌ ˋˎˋˁʶˎʷˌ ʷ˔ˇˎ˄ 

о ˃ʶˍʰ˒ˇˊʽˁˇˏˌ ʲʰʻ˃ˇˏˌ ʶ˂ʶˎʻʶˊʾʰˌ ˋˍˇˎˌ ʱ˅ˇ˄ʶˌ ʋʇɵΦ 

ʁʽ ˋˏʴ˔ˊˇ˄ʶˌ ʰˉˍʽˁʷˌ ˋˎˋˁʶˎʷˌ ˔ˊʹˋʽ˃ˇˉˇʽˇˏ˄ ʵˏˇ ʲʰˋʽˁʷˌ ʶ˄ʰ˂˂ʰˁˍʽˁʷˌ ˃ʶʻˈʵˇˎˌ ʴʽʰ ˍˇ˄ ʷ˂ʶʴ˔ˇ ˍʹˌ 

ʵʽʶˉʰ˒ʺˌΥ ˍˇ˄ ʷ˂ʶʴ˔ˇ ʶ˃ˉʷʵʹˋʹˌ όimpedance controlύ ˁʰʽ ˍˇ˄ admittance control [6]. ʅˍˇ˄ impedance control 

ˁʰˍʰʴˊʱ˒ʶˍʰʽ ʹ ˁʾ˄ʹˋʹ ˉˇˎ ʵʾ˄ʶˍʰʽ ʰˉˈ ˍˇ˄ ˔ˊʺˋˍʹ ˁ ʰʽ ʶ˂ʷʴ˔ʶˍʰʽ ʹ ʵˏ˄ʰ˃ʹ ˉˇˎ ˉʰˊʱʴʶˍʰʽ ʰˉˈ ˍʹ˄ ˋˎˋˁʶˎʺΦ 

ɴˍˋʽΣ ʹ ʶ˒ʰˊ˃ˇʴʺ ʶʾ˄ʰʽ ˎˉʶˏʻˎ˄ʹ ʴʽʰ ˍˇ˄ ʷ˂ʶʴ˔ˇ ˍʹˌ ʰ˄ʱʵˊʰˋʹˌΦ ɼˏˊʽʰ ˉʰˊʰʵʶʾʴ˃ʰˍʰ ˍʷˍˇʽʰˌ ˃ˇˊ˒ʺˌ ʶ˂ʷʴ˔ˇˎ 

ʶʾ˄ʰʽ ˍˇ Touch ̄ ˇˎ ʷ˔ʶʽ ˁʰˍʰˋˁʶˎʰˋˍʶʾ ʰˉˈ ˍʹ˄ оD SYSTEMS ˁ ʰʽ ˍˇ Falcon ̱ ˇ ˇˉˇʾˇ ʶʾ˄ʰʽ ʵˇˎ˂ʶʽʱ ˍʹˌ Novint. 

ɮ˄ˍʾʻʶˍʰ ˋˍʽˌ ˋˎˋˁʶˎʷˌ ˉˇˎ ˔ˊʹˋʽ˃ˇˉˇʽˇˏ˄ admittance control ˇ ˔ˊʺˋˍʹˌ ʰˋˁʶʾ ˇˊʽˋ˃ʷ˄ʹ ʵˏ˄ʰ˃ʹ ˋˍʹ˄ 

ˋˎˋˁʶˎʺΣ ʹ ˇˉˇʾʰ ˃ʶˍʰ˒ˊʱʸʶˍʰʽ ˋʶ ˃ʾʰ ʰ˄ʱ˂ˇʴʹ ˃ʶˍʰˍˈˉʽˋʹΦ ɮˎˍʺ ʹ ˃ʶˍʰˍˈˉʽˋʹ ˔ˊʹˋʽ˃ˇˉˇʽʶʾˍʰʽ ˖ˌ ʶʾˋˇʵˇˌ 

ˍˇˎˌ ˋˎˋˍʺ˃ʰˍˇˌ ˁʰʽ ʹ ʰ˄ʱʵˊʰˋʹ ˍʹˌ ʵˏ˄ʰ˃ʹˌ ˖ˌ ʷ˅ˇʵˈˌ ˍˇˎΦ ɮˎˍˈˌ ˇ ˍˏˉˇˌ ʶ˂ʷʴ˔ˇˎ ˉʰˊʷ˔ʶʽ ˋˍˇˎˌ ˔ˊʺˋˍʶˌ 

ˉˇʽˁʽ˂ʾʰ ˋˍˇ˄ ˋ˔ʶʵʽʰˋ˃ˈ ˍʹ˄ ˋˎˋˁʶˎʺˌ ˈˉ˖ˌ ˁʰʽ ʵˎ˄ʰˍˈˍʹˍʰ ˋˍʽˌ ˋˎˋˁʶˎʷˌ ˄ʰ ˉʰˊʱʴˇˎ˄ ˃ʶʴʰ˂ˏˍʶˊʶˌ 

ʵˎ˄ʱ˃ʶʽˌ ˁʰʽ ˋˁ˂ʹˊˈˍʹˍʰΦ ʂ˃˖ˌ ʶʾ˄ʰʽ ˋˏ˄ʻʶˍʶˌ ˁʰʽ ˋˎ˔˄ʱ ʰˊˁʶˍʱ ˃ʶʴʱ˂ʶˌ ˋˎˋˁʶˎʷˌ ˃ʶ ʰˉˇˍʷ˂ʶˋ˃ʰ ˄ʰ ˉˊʷˉʶʽ 

˄ʰ ˋ˔ʶʵʽʰˋˍˇˏ˄ ˉʱˊʰ ˉˇ˂ˏ ˉˊˇˋʶˁˍʽˁʱ ˗ˋˍʶ ˄ʰ ˎˉʱˊ˔ʶʽ ʰˋ˒ʰ˂ʺˌ ˋˎ˄ʶˊʴʰˋʾʰ ˃ʶ ˍˇ˄ ʱ˄ʻˊ˖ˉˇΦ ɴˍˋʽΣ ˍʶ˂ʽˁʱ 

ʵʶ˄ ˉʰˊʰˍʹˊˇˏ˄ˍʰʽ ˋˎ˔˄ʱΦ ʃʰˊʰʵʶʾʴ˃ʰˍʰ ˍʷˍˇʽ˖˄ ˋˎˋˁʶˎ˗˄ ʶʾ˄ʰʽ ˍˇ HapticMaster ̄ ˇˎ ʶʾ˄ʰʽ ˁʰˍʰˋˁʶˎʰˋ˃ʷ˄ˇ 

ʰˉˈ ˍʹ˄ Moog. 

ʁ ˋˍˈ˔ˇˌ ˍʹˌ ʰˉʶʽˁˈ˄ʽˋʹˌ όrenderingύ ˍ˖˄ ʰˉˍʽˁ˗˄ ˋˎˋˁʶˎ˗˄ ʶʾ˄ʰʽ ˄ʰ ʶˉʽˍˊʷˉʶʽ ˋˍˇ˄ ˔ˊʺˋˍʹ ˄ʰ 

ʰʽˋʻʱ˄ʶˍʰʽΣ ʰˁˇˎ˃ˉʱʶʽ ˁʰʽ ˄ʰ ˔ˊʹˋʽ˃ˇˉˇʽʶʾ ʶʽˁˇ˄ʽˁʱ ʰ˄ˍʽˁʶʾ˃ʶ˄ʰ ˁʰˍʱ ˍʹ ʵʽʱˊˁʶʽʰ ˍʹˌ ʶˊʴʰˋʾʰˌΦ ʁ ˍˏˉˇˌ ˍʹˌ 

ʶˉʽˁˇʽ˄˖˄ʾʰˌ ˉˊˇˋʵʽˇˊʾʸʶʽ ˍʹ˄ ʵʽʰʵʽˁʰˋʾʰ ˍʹˌ ʰˉʶʽˁˈ˄ʽˋʹˌ ˁʰʻ˗ˌ ˁʰʽ ˍˇ˄ ˍˊˈˉˇ ˉˇˎ ˇʽ ʵˎ˄ʱ˃ʶʽˌ ʰˉˇʵʾʵˇ˄ˍʰʽΦ 

ɮˎˍʷˌ ˇʽ ˃ʷʻˇʵˇʽ ˃ˉˇˊˇˏ˄ ˄ʰ ˔ʰˊʰˁˍʹˊʽˋˍˇˏ˄ ʰˉˈ ˍˇ˄ ˍˊˈˉˇ ˉˇˎ ˃ˇ˄ˍʶ˂ˇˉˇʽˇˏ˄ ˍʹ˄ ʶˉʽˁˇʽ˄˖˄ʾʰ ˍʹˌ ʰˉˍʽˁʺˌ 

ˋˎˋˁʶˎʺˌ ˋˍˇ ʶʽˁˇ˄ʽˁˈ ˉʶˊʽʲʱ˂˂ˇ˄Φ ʁʽ ˍˊˈˉˇʽ ˉˇˎ ʶˉʽˍˎʴ˔ʱ˄ʶˍʰʽ ˍˇ rendering ˋˍʽˌ ʰˉˍʽˁʷˌ ˋˎˋˁʶˎʷˌ ʶʾ˄ʰʽ ˇʽ 

ˉʰˊʰˁʱˍ˖Υ 

¶ Point ς based (ʲʰˋʽˋ˃ʷ˄ˇ ˋʶ ˋʹ˃ʶʾʰύ. 

¶ Ray ς based (ʲʰˋʽˋ˃ʷ˄ˇ ˋʶ ʾ˔˄ʹύ. 

¶ ɰʰˋʽˋ˃ʷ˄ˇ ˋʶ оD ˃ ˇ˄ˍʷ˂ʰ ˍʰ ˇˉˇʾʰ ˒ˍʽʱ˔˄ˇ˄ˍʰʽ ʰˉˈ ˇ˃ʱʵʶˌ ˋʹ˃ʶʾ˖˄Σ ʴˊʰ˃˃˗˄ ˁʰʽ ˉˇ˂ˎʴ˗˄˖˄. 
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ɶ ʰˉʶʽˁˈ˄ʽˋʹ ˉʰˊʰ˃ˇˊ˒˗ˋʽ˃˖˄ ʰ˄ˍʽˁʶʽ˃ʷ˄˖˄ ˋˎ˔˄ʱ ʰˉʰʽˍʶʾˍʰʽ ˋˍʽˌ ʽʰˍˊʽˁʷˌ ʶˉʶ˃ʲʱˋʶʽˌΦ ɶ ʰ˄ʰ˄ʷ˖ˋʹ 

ˍˇˎ ˇˉˍʽˁˇˏ ʶˊʶʻʾˋ˃ʰˍˇˌ ʶʾ˄ʰʽ ʽˁʰ˄ˇˉˇʽʹˍʽˁʺ ʰ˄ ʴʾ˄ʶˍʰʽ ˃ʶ ˍʹ˄ ˋˎ˔˄ˈˍʹˍʰ ˍ˖˄ ол HzΦ ɮ˄ˍʾʻʶˍʰ ʹ ʰ˄ʰ˄ʷ˖ˋʹ 

ˍ̟ ˄ ʵˎ˄ʱ˃ʶ˖˄ ʰ˄ʱʵˊʰˋʹˌ ʶʾ˄ʰʽ ˉˊˇˍʶʽ˄ˈ˃ʶ˄ˇ ˄ʰ ʴʾ˄ʶˍʰʽ ˃ʶ ˋˎ˔˄ˈˍʹˍʰ ˍʹˌ ˍʱ˅ʹˌ ˍ˖˄ мллл HzΦ ɮˎˍʺ ʹ ʵʽʰ˒ˇˊʱ 

ʰˉʰʽˍˇˏ˃ʶ˄˖˄ ˋˎ˔˄ˇˍʺˍ˖˄ ˁʱ˄ʶʽ ˍˇ˄ ˋ˔ʶʵʽʰˋ˃ˈ ˁʰʽ ˍʹ˄ ˎ˂ˇˉˇʾʹˋʹ ˍˇˎ ˃ʹ˔ʰ˄ʽˋ˃ˇˏ ˁʰʽ ˍ˖˄ ˉˊˇʴˊʰ˃˃ʱˍ˖˄Σ 

ˉˇˎ ʶʾ˄ʰʽ ˎˉʶˏʻˎ˄ʰ ʴʽʰ ˍʽˌ ʰˉʰˊʰʾˍʹˍʶˌ ʵʽʶˊʴʰˋʾʶˌ ˉˊˇˋˇ˃ˇʾ˖ˋʹˌΣ ʰˊˁʶˍʱ ˉˇ˂ˏˉ˂ˇˁˇΦ ɶ ˇˉˍʽˁʺ ʰˉʶʽˁˈ˄ʽˋʹ 

˃ʶ˂ʶˍʱˍʰʽ ʶˁˍʶˍʰ˃ʷ˄ʰ ˋˍˇ˄ ˍˇ˃ʷʰ ˍ˖˄ computer graphicsΦ ʇˉʱˊ˔ˇˎ˄ ʵˏˇ ˍˊˈˉˇʽ ʰˉʶʽˁˈ˄ʽˋʹˌΣ ʰˎˍˈˌ ˉˇˎ 

ʲʰˋʾʸʶˍʰʽ ˋˍʹ˄ ʴʶ˖˃ʶˍˊʾʰ ˁʰʽ ʰˎˍˈˌ ˉˇˎ ʲʰˋʾʸʶˍʰʽ ˋˍʹ˄ ˒ˎˋʽˁʺ ώ7]. 

¶ ɮˉʶʽˁˈ˄ʽˋʹ ʲʰˋʽˋ˃ʷ˄ʹ ˋˍʹ˄ ʴʶ˖˃ʶˍˊʾʰΥ ɶ ˋˎʴˁʶˁˊʽ˃ʷ˄ʹ ˍʶ˔˄ʽˁʺ ˉʰˊʰ˃ˇˊ˒˗˄ʶʽ ˍˇ ʰ˄ˍʽˁʶʾ˃ʶ˄ˇ 

ʲʰˋʽʸˈ˃ʶ˄ʹ ˋʶ ʴʶ˖˃ʶˍˊʽˁˇˏˌ ˃ʶˍʰˋ˔ʹ˃ʰˍʽˋ˃ˇˏˌΦ ɱʽʰ ˉʰˊʱʵʶʽʴ˃ʰΣ ˇ ˔ˊʺˋˍʹˌ ˔ˊʹˋʽ˃ˇˉˇʽʶʾ ˁʱʻʶˍʰ ʺ 

ʱ˂˂ʰ ˋʹ˃ʶʾʰ ʶ˂ʷʴ˔ˇˎ ʴˏˊ˖ ʰˉˈ ˍˇ ˍˊʽˋʵʽʱˋˍʰˍˇ ʰ˄ˍʽˁʶʾ˃ʶ˄ˇ ʴʽʰ ˄ʰ ˍˊˇˉˇˉˇʽʺˋʶʽ ˍˇ ˋ˔ʺ˃ʰ ˍˇˎˌΦ 

ʆʷˍˇʽʶˌ ˍʶ˔˄ʽˁʷˌ ʶʾ˄ʰʽ ˋˎ˔˄ʱ ʴˊʺʴˇˊʶˌ ˁʰʽ ʶˏˁˇ˂ʶˌ ˋˍˇ ˄ʰ ʶ˒ʰˊ˃ˇˋˍˇˏ˄Φ ʃʰˊˈ˂ʰ ʰˎˍʱ ʶˋˍʽʱʸˇˎ˄ 

ˁˎˊʾ˖ˌ ˋˍʹ˄ ˇˉˍʽˁʺ ʰ˄ʰˉʰˊʱˋˍʰˋʹ ˁʱˍʽ ˍˇ ˇˉˇʾˇ ʵʶ˄ ˋʹ˃ʰʾ˄ʶʽ ʰˉʰˊʰʾˍʹˍʰ ˉ˗ˌ ˉˊˇˋˇ˃ˇʽ˗˄ʶʽ ˁʰʽ ˍʹ˄ 

ˎˉʱˊ˔ˇˎˋʰ ˃ʹ˔ʰ˄ʽˁʺ ˉʰˊʰ˃ˈˊ˒˖ˋʹΦ 

¶ ɮˉʶʽˁˈ˄ʽˋʹ ʲʰˋʽˋ˃ʷ˄ʹ ˋˍʹ˄ ˒ˎˋʽˁʺΥ ʅˎʴˁʶˁˊʽ˃ʷ˄ˇʽ ʰ˂ʴˈˊʽʻ˃ˇʽ ˉˊˇˋʻʷˍˇˎ˄ ˒ˎˋʽˁʺ ˉˊˇˋˇ˃ˇʾ˖ˋʹ 

ˋˍʹ˄ ˍˊˇˉˇˉˇʾʹˋʹ ˍˇˎ ʰ˄ˍʽˁʶʽ˃ʷ˄ˇˎ ˁʰʻ˗ˌ ˃ˇ˄ˍʶ˂ˇˉˇʽˇˏ˄ ˍˇˎˌ ˄ˈ˃ˇˎˌ ˍʹˌ ˒ˎˋʽˁʺˌ ˉˇˎ 

ˋˎ˃˃ʶˍʷ˔ˇˎ˄ ˋˍʹ˄ ˁʾ˄ʹˋʹ ˍˇˎ ʰ˄ˍʽˁʶʽ˃ʷ˄ˇˎ ˁʰʻ˗ˌ ˁʰʽ ˍʹ˄ ʵˎ˄ʰ˃ʽˁʺ ˍʹˌ ʰ˂˂ʹ˂ʶˉʾʵˊʰˋʹˌ ˃ʶ ʰˎˍˈΦ ɶ 

˒ˎˋʽˁʺ ˉˊˇˋʷʴʴʽˋʹ ʶʾ˄ʰʽ ʰˉʰˊʰʾˍʹˍʹ ʴʽʰ ˍʹ˄ ˊʶʰ˂ʽˋˍʽˁʺ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˍʹˌ ˋˎ˃ˉʶˊʽ˒ˇˊʱˌ ʶ˄ˈˌ 

ˉʰˊʰ˃ˇˊ˒˗ˋʽ˃ˇˎ ʰ˄ˍʽˁʶʽ˃ʷ˄ˇˎΦ ʂ˃˖ˌΣ ʹ ʰˉʶʽˁˈ˄ʽˋʹ ʲʰˋʽˋ˃ʷ˄ʹ ˋˍʹ˄ ˒ˎˋʽˁʺ ʶʾ˄ʰʽ ˎˉˇ˂ˇʴʽˋˍʽˁʱ 

ʰˊˁʶˍʱ ˉʽˇ ʰˁˊʽʲʺ ʰˉˈ ˍʹ˄ ʰ˃ʽʴ˗ˌ ʴʶ˖˃ʶˍˊʽˁʺ ˉˊˇˋʷʴʴʽˋʹΦ 

 
ʅ˔ʺ˃ʰ 1-4. ɮˉˍʽˁʷˌ ˋˎˋˁʶˎʷˌ ʶ˃ˉˇˊʾˇˎΦ ʰύ Touch ̡ ύ TouchX ɹ ύ Desktop Haptic ɻ ύ Virtuose 6D Desktop. 
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1.3 ɹʰˍˊʽˁˇʾ ʶ˅ˇ˃ˇʽ˖ˍʷˌ 
ʃʰˊʰˁʱˍ˖ ʴʾ˄ʶˍʰʽ ˉʶˊʽʴˊʰ˒ʺ ˁʰʽ ʰ˄ʱ˂ˎˋʹ ˍ˖˄ ˉˊˈˋ˒ʰˍ˖˄ ʶʽˁˇ˄ʽˁ˗˄ ˉˊˇˋˇ˃ˇʽ˖ˍ˗˄ ˉˇˎ ˔ˊʹˋʽ˃ˇˉˇʽˇˏ˄ 

ʰˉˍʽˁʷˌ ˋˎˋˁʶˎʷˌ ʴʽʰ ˍʹ˄ ˉˊʰʴ˃ʰˍˇˉˇʾʹˋʹ ʽʰˍˊʽˁ˗˄ ʶˉʶ˃ʲʱˋʶ˖˄Φ ɮˎˍˇʾ ʶʾ˄ʰʽ ˁʰˍʹʴˇˊʽˇˉˇʽʹ˃ʷ˄ˇʽ ʰ˄ʱ˂ˇʴʰ 

˃ʶ ˍˇ˄ ˍˏˉˇ ˍʹˌ ʽʰˍˊʽˁʺˌ ʶˉʷ˃ʲʰˋʹˌ ˉˇˎ ˉˊˇˋˇ˃ˇʽ˗˄ˇˎ˄ ώ8]. 

1.3.1 ʆʶ˔˄ʽˁʷˌ ˔ʶʽˊˇˎˊʴʽˁʺˌ ˊʰ˒ʺˌ όStitching Techniques) 

ɶ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˍʹˌ ˔ʶʽˊˇˎˊʴʽˁʺˌ ˊʰ˒ʺˌ ʶʾ˄ʰʽ ʷ˄ʰˌ ʰˉˈ ˍˇˎˌ ˍˇ˃ʶʾˌ ˈˉˇˎ ʹ ʰˉˍʽˁʺ ˍʶ˔˄ˇ˂ˇʴʾʰ ʷ˔ʶʽ ʶ˒ʰˊ˃ˇˋˍʶʾ 

ʴʽʰ ˄ʰ ʵʹ˃ʽˇˎˊʴʹʻˇˏ˄ ʶˁˉʰʽʵʶˎˍʽˁˇʾ ˉˊˇˋˇ˃ˇʽ˖ˍʷˌΦ ʆˇ ʵʷˊ˃ʰ ˁʰʽ ˍʰ ˈˊʴʰ˄ʰ ˍˇˎ ʰ˄ʻˊ˗ˉˇˎ ʷ˔ˇˎ˄ ʶ˂ʰˋˍʽˁʱ 

ˋˍˇʽ˔ʶʾʰ ˁʰʽ ˁʰˍʱ ˋˎ˄ʷˉʶʽʰ ˇʽ ˉˊˇˋˇ˃ˇʽ˖ˍʷˌ ˔ʶʽˊˇˎˊʴʽˁʺˌ ˊʰ˒ʺˌ ʰˋ˔ˇ˂ˇˏ˄ˍʰʽ ˁˎˊʾ˖ˌ ˃ʶ ˍʽˌ ˍʶ˔˄ʽˁʷˌ 

ʰˉʶʽˁˈ˄ʽˋʹˌ ˉʰˊʰ˃ˇˊ˒˗ˋʽ˃˖˄ ʰ˄ˍʽˁʶʽ˃ʷ˄˖˄Φ ʃʰˊʱ˂˂ʹ˂ʰΣ ˇʽ ʰˉˍʽˁˇʾ ˉˊˇˋˇ˃ˇʽ˖ˍʷˌ ˋˎ˄ʵˎʰˋ˃ʷ˄ˇʽ ˃ʶ ʷ˄ʰ 

ʶ˄ʶˊʴˈ ʶˁˉʰʽʵʶˎˍʽˁˈ ˉʶˊʽʲʱ˂˂ˇ˄ ˃ˉˇˊˇˏ˄ ˄ʰ ˉʰˊʷ˔ˇˎ˄ ˋˍˇˎˌ ˔ˊʺˋˍʶˌ ˋˍˇʽ˔ʶʾʰ ˈˉ˖ˌ ʹ ˉʰˊʰ˃ˈˊ˒˖ˋʹ ˍʹˌ 

ˁ˂˖ˋˍʺˌ ˍˇˎ ˊʱ˃˃ʰˍˇˌΣ ˍˇ ˉˈˋˇ ˋ˒ʽ˔ˍʱ ʷ˔ʶʽ ʴʾ˄ʶʽ ˇ ˁˈ˃ˉˇˌ ʰ˂˂ʱ ˁʰʽ ʹ ʰ˂˂ʹ˂ʶˉʾʵˊʰˋʹ ˃ʶˍʰ˅ˏ ˍ˖˄ ʶˊʴʰ˂ʶʾ˖˄Σ 

ˍʹˌ ˁ˂˖ˋˍʺˌ ˁʰʽ ˍˇˎ ˉʶˊʽʲʱ˂˂ˇ˄ˍˇˌΦ ʆʷ˂ˇˌ ˃ʽʰ ʰˁˈ˃ʰ ˉʰˊʱ˃ʶˍˊˇˌ ˉˇˎ ˉˊʷˉʶʽ ˄ʰ ʶ˅ʶˍʰˋˍʶʾ ʰˉˈ ˍˇˎˌ ʶˊʶˎ˄ʹˍʷˌ 

ʶʾ˄ʰʽ ʹ ˉʰˊˇ˔ʺ ˇˊʽˋ˃ʷ˄ʹˌ ˉ˂ʹˊˇ˒ˇˊʾʰˌ ʴʽʰ ˍʹ˄ ʻʷˋʹ ˋˍˇ˄ ˔˗ˊˇΦ ɮˊˁʶˍʷˌ ˒ˇˊʷˌ ˇʽ ʶˁˉʰʽʵʶˎˈ˃ʶ˄ˇʽ ˔ʱ˄ˇ˄ˍʰʽ 

ʰ˄ ʵʶ˄ ˂ʰ˃ʲʱ˄ˇˎ˄ ˁʱˉˇʽˇ ˇˉˍʽˁˈ ʶˊʷʻʽˋ˃ʰ ˁʰˍʱ ˍʹ˄ ˉ˂ˇʺʴʹˋʹΦ ɴˍˋʽΣ ʹ ˉˊˇˋʻʺˁʹ ˋˁʽ˗˄ ˍ˖˄ ʰ˄ˍʽˁʶʽ˃ʷ˄˖˄ 

ʲʶ˂ˍʽ˗˄ʶʽ ˍˇ˄ ˊʶʰ˂ʽˋ˃ˈ ˍʹˌ ˉˊˇˋˇ˃ˇʾ˖ˋʹˌΦ 

ʅˍˇ ώ9] ʷ˔ʶʽ ʰ˄ʰˉˍˎ˔ʻʶʾ ʷ˄ʰˌ ˉˊˇˋˇ˃ˇʽ˖ˍʺˌ ˔ʶʽˊˇˎˊʴʽˁʺˌ ˊʰ˒ʺˌ ˇ ˇˉˇʾˇˌ 

˔ˊʹˋʽ˃ˇˉˇʽʶʾ ˍʹ˄ ʰˉˍʽˁʺ ˋˎˋˁʶˎʺ Phantom DesktopΦ ʅˍʹ˄ ʷˊʶˎ˄ ɦ ˍˇˎˌ 

˃ˇ˄ˍʶ˂ˇˉˇʽˇˏ˄ ˍʹ˄ ʰ˂˂ʹ˂ʶˉʾʵˊʰˋʹ ˁʰʽ ˍʹ˄ ˉʰˊʰ˃ˈˊ˒˖ˋʹ ˍˇˎ ˄ʺ˃ʰˍˇˌ ˍʹˌ 

˔ʶʽˊˇˎˊʴʽˁʺˌ ˊʰ˒ʺˌ ˁʰʽ ˍˇˎ ʵʷˊ˃ʰˍˇˌΦ ɱʽʰ ˍʹ˄ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˍˇˎ ˄ʺ˃ʰˍˇˌ 

˔ˊʹˋʽ˃ˇˉˇʽˇˏ˄ ˍˇ˄ ʰ˂ʴˈˊʽʻ˃ˇ Follow The Leader (FTLύ ʶ˄˗ ʴʽʰ ˍˇ ˉʰˊʰ˃ˇˊ˒˗ˋʽ˃ˇ 

ʵʷˊ˃ʰ ˔ˊʹˋʽ˃ˇˉˇʽˇˏ˄ ʷ˄ʰ ˋˏˋˍʹ˃ʰ ˃ʱʸʰˌ ς ʶ˂ʰˍʹˊʾˇˎΦ ɶ ʰ˄ʾ˔˄ʶˎˋʹ ʶˉʰ˒ʺˌ 

ʶˉʽˍˎʴ˔ʱ˄ʶˍʰʽ ˃ʷˋ˖ ˍʹˌ ˔ˊʺˋʹˌ ˍʹˌ ˍʶ˔˄ʽˁʺˌ Axis ς Aligned Bounded BoxΣ ˈˉˇˎ ˍˇ 

ˋ˔ʺ˃ʰ ˍ˖˄ ˉ˂ʰʽˋʾ˖˄ ˇˊʽˇʻʷˍʹˋʹˌ ʶ˄ʹ˃ʶˊ˗˄ʶˍʰʽ ˁʰˍʱ ˍʹ˄ ʵʽʱˊˁʶʽʰ ˍʹˌ 

ˉˊˇˋˇ˃ˇʾ˖ˋʹˌΦ ʆʷ˂ˇˌ ʴʽʰ ˍʹ˄ ʰʾˋʻʹˋʹ ˍˇˎ ˔˗ˊˇˎ ʷ˔ˇˎ˄ ˉˊˇˋʻʷˋʶʽ ˍʹ˄ ˋˁʽʱ ˍˇˎ 

˄ʺ˃ʰˍˇˌΦ ɶ ˁʰʽ˄ˇˍˇ˃ʾʰ ˉˇˎ ˉʰˊˇˎˋʽʱʸʶʽ ʹ ʵˇˎ˂ʶʽʱ ˍ˖˄ Jian ˁʰʽ Pan ʶʾ˄ʰʽ ʹ 

ˉʶˊʽʴˊʰ˒ʺ ˍʶˋˋʱˊ˖˄ ˉʽʻʰ˄˗˄ ˁʰˍʰˋˍʱˋʶ˖˄ ʴʽʰ ˍʹ˄ ʻʷˋʹ ˍʹˌ ʲʶ˂ˈ˄ʰˌ ʰ˄ʱ˂ˇʴʰ ˃ʶ 

ˍʹ˄ ʰ˂˂ʹ˂ʶˉʾʵˊʰˋʹ ˃ʶ ˍˇ ʶʽˁˇ˄ʽˁˈ ʵʷˊ˃ʰ ̍ ˉ˖ˌ ˒ʰʾ˄ʶˍʰʽ ˋˍˇ ʅ˔ʺ˃ʰ м-5. 

ʃʰˊˈ˃ˇʽʰ ʷˊʶˎ˄ʰ ˉʰˊʰˍʹˊʶʾˍʰʽ ˋˍˇ ώ10] ˈˉˇˎ ʷ˔ʶʽ ʵʹ˃ʽˇˎˊʴʹʻʶʾ ʷ˄ʰ ʶˁˉʰʽʵʶˎˍʽˁˈ ˉʰʽ˔˄ʾʵʽ ʴʽʰ ˄ʰ 

ʵʽʵʱ˅ˇˎ˄ ˍʹ˄ ˔ʶʽˊˇˎˊʴʽˁʺ ˊʰ˒ʺ ˁʰʽ ˍˇ ʵʷˋʽ˃ˇ ˍ˖˄ ˊʰ˃˃ʱˍ˖˄ ˃ʶ ˋˁˇˉˈ ˍˇ ˁ˂ʶʾˋʽ˃ˇ ˉ˂ʹʴʺˌ ˋʶ ʰˉ˂ˈ ʵʷˊ˃ʰ ʺ 

˃ʰ˂ʰˁˈ ʽˋˍˈΦ ʁʽ ʰˉˍʽˁʷˌ ˋˎˋˁʶˎʷˌ ˉˇˎ ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʰ˄ ˋˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ʰˎˍʺ 

ʺˍʰ˄ ʵˏˇ Phantom OmniΦ ɱʽʰ ˍʹ˄ ˃ˇ˄ˍʶ˂ˇˉˇʾʹˋʹ ˍˇˎ ˉʰˊʰ˃ˇˊ˒˗ˋʽ˃ˇˎ ʵʷˊ˃ʰˍˇˌ 

ˁʰʽ ˍˇˎ ˎ˂ʽˁˇˏ ˍʹˌ ˊʰ˒ʺˌ ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʶ ˈˉ˖ˌ ˁʰʽ ˉˊʽ˄ ʷ˄ʰ ˃ˇ˄ˍʷ˂ˇ ˃ʱʸʰˌ ς 

ʶ˂ʰˍʹˊʾˇˎ ˁʰʽ ʴʽʰ ˍʹ˄ ʰ˄ʾ˔˄ʶˎˋʹ ʶˉʰ˒ʺˌ ˔ˊʹˋʽ˃ˇˉˇʾʹˋʰ˄ ˍʹ˄ ˍʶ˔˄ʽˁʺ Bounding ς 

Volume Hierarchy (BVHύΦ ɮ˄ʷˉˍˎ˅ʰ˄ ʷ˄ʰ˄ ˉˊˇˋˇ˃ˇʽ˖ˍʺ ˇ ˇˉˇʾˇˌ ʲʰˋʾʸʶˍʰʽ ˋʶ 

˃ˇ˄ˍʷ˂ʰ ˒ˎˋʽˁʺˌ ˁʰʽ ʁ ˉʽˍˊʷˉʶʽ ˋˍˇˎˌ ˔ˊʺˋˍʶˌ ˄ʰ ʵʷˋˇˎ˄ ˁˈ˃ˉˇ ˈˉ˖ˌ ˒ʰʾ˄ʶˍʰʽ ˁʰʽ 

ˋˍˇ ʅ˔ʺ˃ʰ м-сΦ ɶ ˁʰʽ˄ˇˍˇ˃ʾʰ ˉˇˎ ˉˊʷˉʶʽ ˄ʰ ˉʰˊʰˍʹˊʹʻʶʾ ʶʾ˄ʰʽ ˉ˖ˌ ʶʽˋʺʴʰʴʰ˄ ˍˇ 

ˋˁʾˋʽ˃ˇ ˍˇˎ ʽˋˍˇˏΦ  

ʅ˔ʺ˃ʰΦ 1-5 ɳ˅ˇ˃ˇʾ˖ˋʹ 
ˊʱ˃˃ʰˍˇˌ ό{Ƙƛȅǳ Wƛŀ ϧ 

Zhenkuan Pan [9]). 

ʅ˔ʺ˃ʰ 1-6. ɳ˅ˇ˃ˇʾ˖ˋʹ 
˔ʶʽˊˇˎˊʴʽˁʺˌ ˊʰ˒ʺˌ 

(Shahram Payandeh & 
Fuhan Shi [10]). 
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ɾʽʰ ʰˁˈ˃ʰ ˉʰˊʶ˃˒ʶˊʺˌ ʷˊʶˎ˄ʰ ˃ˉˇˊʶʾ ˄ʰ ʲˊʶʻʶʾ ˋˍˇ [11] 

ˈˉˇˎ ˔ˊʹˋʽ˃ˇˉˇʽˇˏ˄ˍʰʽ ˅ʰ˄ʱ ʵˏˇ ˋˎˋˁʶˎʷˌ Phantom Omni όʅ˔ʺ˃ʰ 

1-7)Φ ɱʽʰ ˍʹ˄ ˃ˇ˄ˍʶ˂ˇˉˇʾʹˋʹ ˍˇˎ ˉʰˊʰ˃ˇˊ˒˗ˋʽ˃ˇˎ ʵʷˊ˃ʰˍˇˌ 

˔ˊʹˋʽ˃ˇˉˇʽˇˏ˄ˍʰʽ ʶ˂ʰˍʺˊʽʰ ʶ˄˗ ʴʽʰ ʹ ʲʶ˂ˈ˄ʰ ʵʹ˃ʽˇˎˊʴʶʾˍʰʽ ˖ˌ ˃ʽʰ 

ʰ˂ˎˋʾʵʰ ˋ˒ʰʽˊ˗˄ ʵʽʰˋˎ˄ʵʶʵʶ˃ʷ˄˖˄ ˋʶ ˍ˃ʺ˃ʰˍʰΣ ˁʱˍʽ ˉˇˎ 

ʵʽʶˎˁˇ˂ˏ˄ʶʽ ˍʹ˄ ʶ˂ʰˋˍʽˁˈˍʹˍʰ ˍ˖˄ ˋˍˇʽ˔ʶʾ˖˄ ˁʰʽ ʶˉʽˍˊʷˉʶʽ ˄ʰ 

ʰ˄ʰˉʰˊʱʴʶˍʰʽ ʹ ˁˇˉʺ ˍˇˎ ʵʷˊ˃ʰˍˇˌ ˉʽˇ ʶˏˁˇ˂ʰΦ ʋˊʹˋʽ˃ˇˉˇʽʶʾˍʰʽ 

ˁʰʽ ʶʵ˗ ˇ ʰ˂ʴˈˊʽʻ˃ˇˌ FTL ɹ ʽʰ ˍʹ˄ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˍˇˎ ˄ʺ˃ʰˍˇˌΣ ˈ˃˖ˌ 

ˇ ʰ˂ʴˈˊʽʻ˃ˇˌ ʷ˔ʶʽ ˍˊˇˉˇˉˇʽʹʻʶʾ ˗ˋˍʶ ˄ʰ ˔ˊʹˋʽ˃ˇˉˇʽʶʾ ˃ʱʸʶˌ ˁʰʽ 

ʶ˂ʰˍʺˊʽʰ ˋˍʽˌ ʰˊʻˊ˗ˋʶʽˌ ˍˇˎ ˄ʺ˃ʰˍˇˌ ˃ʶ ˋˁˇˉˈ ˍʹ˄ ˊʶʰ˂ʽˋˍʽˁˈˍʶˊʹ 

ʰʾˋʻʹˋʹΦ 

ɴ˄ʰ ˉʶˊʽʲʱ˂˂ˇ˄ ˔ʶʽˊˇˎˊʴʽˁʺˌ ˊʰ˒ʺˌ ˉˇˎ ˇ˄ˇ˃ʱʸʶˍʰʽ SutureHap ˉʰˊˇˎˋʽʱʸʶˍʰʽ ˋˍˇ [12]Φ ɱʽʰ ˍʹ˄ 

ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˍ˖˄ ʰˉʰˊʰʾˍʹˍ˖˄ ʰʽˋʻʺˋʶ˖˄ ̝ ˊʹˋʽ˃ˇˉˇʽˇˏ˄ˍʰʽ н ʰˉˍʽˁʷˌ ˋˎˋˁʶˎʷˌ Phantom OmniΦ ʆˇ ˋˏˋˍʹ˃ʰ 

ʲʰˋʾʸʶˍʰʽ ˋˍʹ˄ ʶˁˉˈ˄ʹˋʹ ˃ʽʰˌ ˔ʶʽˊˇˎˊʴʽˁʺˌ ˊʰ˒ʺˌ ˔ˊʹˋʽ˃ˇˉˇʽ˗˄ˍʰˌ ˃ʽʰ ˉˊʰʴ˃ʰˍʽˁʺ ˍʶ˔˄ʽˁʺΣ ʴʽʰ ˍʹ˄ ˇˉˇʾʰ 

ˋˎ˃ʲˇˎ˂ʶˎˍʺˁʰ˄ ʽʰˍˊʽˁˈ ˉˊˇˋ˖ˉʽˁˈΦ H ˁʰʽ˄ˇˍˇ˃ʾʰ ˉˇˎ ˉʰˊˇˎˋʽʱʸʶˍʰʽ ˋˍʹ˄ ˋˎʴˁʶˁˊʽ˃ʷ˄ʹ ʷˊʶˎ˄ʰ ʶʾ˄ʰʽ ʹ 

ʰˉʶʽˁˈ˄ʽˋʹ ˍ˖˄ ʽʰˍˊʽˁ˗˄ ʶˊʴʰ˂ʶʾ˖˄ ˉˇˎ ˔ˊʹˋʽ˃ˇˉˇʽˇˏ˄ˍʰʽ ˁʰˍʱ ˍʹ˄ ˔ʶʽˊˇˎˊʴʽˁʺ ˊʰ˒ʺ ό˂ʰʲʾʵʰ ϧ ˕ʰ˂ʾʵʽύ 

ˈˉ˖ˌ ˒ʰʾ˄ʶˍʰʽ ˁʰʽ ˋˍˇ ʅ˔ʺ˃ʰ м-8. 

 

ʅ˔ʺ˃ʰ 1-8. ɳ˅ˇ˃ˇʾ˖ˋʹ ˔ʶʽˊˇˎˊʴʽˁʺˌ ˊʰ˒ʺˌ όEusebio Ricardez et al. [12]). 

1.3.2 ʌʹ˂ʱ˒ʹˋʹ ς Palpation 

ɳʾ˄ʰʽ ʹ ʵʽʰʵʽˁʰˋʾʰ ˁʰˍʱ ˍʹ˄ ˇˉˇʾʰ ˇʽ ˔ʶʽˊˇˎˊʴˇʾ ʰ˄ʰ˂ˏˇˎ˄Σ ˃ʷˋ˖ ˍ˖˄ ʵʰˁˍˏ˂˖˄ ˍˇˎˌΣ ˍˇˎˌ ʽˋˍˇˏˌ ˁʰʽ ˍʰ 

ˈˊʴʰ˄ʰ ˃ʶ ˋˁˇˉˈ ˄ʰ ʰ˄ʰˁʰ˂ˏ˕ˇˎ˄ ʰ˄˖˃ʰ˂ʾʶˌ ˋˍʹ˄ ʶˉʽ˒ʱ˄ʶʽʱ ˍˇˎˌΦ ɶ ʵˎˋˁʰ˃˕ʾʰ ʶʾ˄ʰʽ ʰˉʰˊʰʾˍʹˍʹ ˋʶ ʰˎˍʺ 

ˍʹ˄ ʽʰˍˊʽˁʺ ʶˉʷ˃ʲʰˋʹΦ ʃʶˊʽˇ˔ʷˌ ˉˇˎ ʶʾ˄ʰʽ ˉʽˇ ˋˁ˂ʹˊʷˌ ʰˉˈ ɦ ˂˂ʶˌ ˃ˉˇˊˇˏ˄ ˄ʰ ʻʶ˖ˊʹʻˇˏ˄ ˖ˌ ʵˎ˄ʹˍʽˁˇʾ ˈʴˁˇʽΦ 

ɳˉˇ˃ʷ˄˖ˌΣ ˇ ˋ˖ˋˍˈˌ ˎˉˇ˂ˇʴʽˋ˃ˈˌ ˍʹˌ ʰ˄ʱʵˊʰˋʹˌ ˍʹˌ ʵˏ˄ʰ˃ʹˌ ʶʾ˄ʰʽ ʰˉʰˊʰʾˍʹˍˇˌ ˁʰˍʱ ˍʹ˄ ʵʹ˃ʽˇˎˊʴʾʰ 

ʶʽˁˇ˄ʽˁ˗˄ ˉˊˇˋˇ˃ˇʽ˖ˍ˗˄ ˃ʶ ʰˉˍʽˁʷˌ ˋˎˋˁʶˎʷˌΦ ʅˍˇ [13] ˉʶˊʽʴˊʱ˒ʶˍʰʽ ʷ˄ʰˌ ˉˊˇˋˇ˃ˇʽ˖ˍʺˌ ʰ˄ʾ˔˄ʶˎˋʹˌ ˈʴˁˇˎ 

ʲʰˋʽˋ˃ʷ˄ˇˌ ˋʶ ˉˊʰʴ˃ʰˍʽˁʱ ˋˍˇʽ˔ʶʾʰ ʶ˅ʷˍʰˋʹˌ ˃ʰ˂ʰˁ˗˄ ʽˋˍ˗˄Φ ɱʽʰ ˍʹ˄ ʵʹ˃ʽˇˎˊʴʾʰ ˍʹˌ ʰˉʶʽˁˈ˄ʽˋʹˌ ˍˇˎ ʽˋˍˇˏ 

˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʶ ˃ʾʰ ˋˎˋˁʶˎʺ Microsoft KinectΦ ɽʰ˃ʲʱ˄ˇ˄ˍʰˌ ˍʹ˄ ʶʽˁˈ˄ʰ ʶ˄ˈˌ ˍʶ˔˄ʹˍˇˏ ʽˋˍˇˏ ʰˉˈ ˋʽ˂ʽˁˈ˄ʹ 

ʵʹ˃ʽˇˎˊʴʺʻʹˁʶ ʹ ʶʽˁˈ˄ʰ ˋˍʹ˄ ˇˉˇʾʰ ʰˊʴˈˍʶˊʰ ʶ˒ʰˊ˃ˈˋˍʹˁʰ˄ ˍʰ ˉˊʰʴ˃ʰˍʽˁʱ ʵʶʵˇ˃ʷ˄ʰΦ ɮˎˍʱ ˉˊˇʺ˂ʻʰ˄ ˃ʷˋ˖ 

ˍʹˌ ˁʰʽ˄ˇˍˇ˃ʾʰˌ ˍʹˌ ˋˎʴˁʶˁˊʽ˃ʷ˄ʹˌ ˃ʶ˂ʷˍʹˌΦ ʋˊʹˋʽ˃ˇˉˇʽʺʻʹˁʶ ʷ˄ʰˌ ˁˎ˂ʽˈ˃ʶ˄ˇˌ ʰʽˋʻʹˍʺˊʰˌ ˃ʶ ˍˇ˄ ˇˉˇʾˇ 

ʵˈʻʹˁʶ ʹ ʵˎ˄ʰˍˈˍʹˍʰ ˉˊˇˋʵʽˇˊʽˋ˃ˇˏ ˍ˖˄ ˍʽ˃˗˄ ˍʹˌ ˍˊʽʲʺˌ ˁʰʽ ˍʹˌ ʰˁʰ˃˕ʾʰˌ ˁʱʻʶ ʶˉʽ˒ʱ˄ʶʽʰˌΦ ʆʰ ʵʶʵˇ˃ʷ˄ʰ 

ʰˎˍʱ ʰˉˇʻʹˁʶˏˍʹˁʰ˄ ˁʰʽ ˇʽ ˉˊˇˋˇ˃ˇʽ˗ˋʶʽˌ ʲʰˋʾˋˍʹˁʰ˄ ʷˍˋʽ ˋʶ ˉˊʰʴ˃ʰˍʽˁʷˌ ʶ˄ʷˊʴʶʽʶˌ ˕ʹ˂ʱ˒ʹˋʹˌ ʴʽʰ ˍʹ˄ 

ʅ˔ʺ˃ʰ 1-7. ɳ˅ˇ˃̌ ʾ˖ˋʹ ˔ʶʽˊˇˎˊʴʽˁʺˌ 
ˊʰ˒ʺˌ όYǳǇ-Sze Choi et al. [11]). 
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ʰ˄ʶˏˊʶˋʹ ˈʴˁˇˎΦ ɱʽʰ ˍʹ˄ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʶ ʹ ʰˉˍʽˁʺ ˋˎˋˁʶˎʺ Phantom Omni ˁʰʽ ˍʰ 

ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ʷʵʶʽ˅ʰ˄ ˈˍʽ ˇ ˉˊˇˋˇ˃ˇʽ˖ˍʺˌ ˃ˉˇˊˇˏˋʶ ˄ʰ ʻʶ˖ˊʹʻʶʾ ˖ˌ ˃ʽʰ ʶ˒ʰˊ˃ˈˋʽ˃ʹ ˁʰʽ ʰˉˇˍʶ˂ʶˋ˃ʰˍʽˁʺ 

ʶ˄ʰ˂˂ʰˁˍʽˁʺ ˂ˏˋʹ ʶˁˉʰʾʵʶˎˋʹˌ ˋˍˇ˄ ˍˇ˃ʷʰ ˍʹˌ ˔ʶʽˊ˖˄ʰˁˍʽˁʺˌ ˕ʹ˂ʱ˒ʹˋʹˌΦ 

ʁʽ ʶˉˈ˃ʶ˄ʶˌ ʵˏˇ ʷˊʶˎ˄ʶˌ ʶˉʽˁʶ˄ˍˊ˗˄ˇ˄ˍʰʽ ˋˍʹ˄ ʵʹ˃ʽˇˎˊʴʾʰ ʰˉˍʽˁ˗˄ ˋˎˋˍʹ˃ʱˍ˖˄ ˍʰ ˇˉˇʾʰ 

ˉˊˇˋˇ˃ˇʽʱʸˇˎ˄ ˍʹ˄ ʵʽʰʵʽˁʰˋʾʰ ˍʹˌ ˕ʹ˂ʱ˒ʹˋʹˌ ʰ˂˂ʱ ˁʰʽ ʶˁʶʾ˄ʹ ˉˇˎ ʷˉʶˍʰʽ ʰˎˍʺˌΣ ʵʹ˂ʰʵʺΣ ˍʹ˄ ʵʽʰʵʽˁʰˋʾʰ ˍʹˌ 

ʶʽˋʰʴ˖ʴʺˌ ʲʶ˂ˈ˄ʰˌΦ ɮˉˈ ˍʹ˄ ˃ʾʰ ˉ˂ʶˎˊʱΣ ˋˍˇ [14] ˍˇ ˉʰˊʰ˃ˇˊ˒˗ˋʽ˃ˇ ʵʷˊ˃ʰ ˃ˇ˄ˍʶ˂ˇˉˇʽʶʾˍʰʽ ˃ʷˋ˖ 

ˉʶˉʶˊʰˋ˃ʷ˄˖˄ ˋˍˇʽ˔ʶʾ˖˄ όFinite element methodύ ˁʰʽ ʹ ʰ˄ʾ˔˄ʶˎˋʹ ʶˉʰ˒ʺˌ ʴʾ˄ʶˍʰʽ ˃ʶ ʲʱˋʹ ˍʹ˄ ʲʽʲ˂ʽˇʻʺˁʹ 

Bullet Physics LibraryΦ ʃʰˊʰˍʹˊˇˏ˃ʶ ˉ˖ˌ ʷ˔ˇˎ˃ʶ ʰˉʶʽˁˈ˄ʽˋʹ ˍ˖˄ ʵˏˇ ˔ʶˊʽ˗˄ ˋˍˇ ʶʽˁˇ˄ʽˁˈ ˉʶˊʽʲʱ˂˂ˇ˄ ʶ˄˗ ʹ 

ʰʾˋʻʹˋʹ ˍˇˎ ˔˗ˊˇˎ ʵʾ˄ʶˍʰʽ ˃ʶ ˍˇ˄ ˁʰˍʱ˂˂ʹ˂ˇ ˒˖ˍʽˋ˃ˈ ˁʰʽ ˍʹ˄ ʵʹ˃ʽˇˎˊʴʾʰ ˋˁʽ˗˄ ˍ˖˄ ʰ˄ˍʽˁʶʽ˃ʷ˄˖˄. ɱʽʰ ˍʹ˄ 

ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˔ˊʹˋʽ˃ˇˉˇʽˇˏ˄ˍʰʽ ʵˏˇ ʰˉˍʽˁʷˌ ˋˎˋˁʶˎʷˌ Phantom Omni ̍ ˉ˖ˌ ˒ʰʾ˄ʶˍʰʽ ˋˍˇ ʅ˔ʺ˃ʰ м-9Φ ʆˇ ˍʶ˂ʽˁˈ 

ˋʹ˃ʶʾˇ ˍʹˌ нʹˌ ʶʾ˄ʰʽ ʶʽʵʽˁʱ ˍˊˇˉˇˉˇʽʹ˃ʷ˄ˇ ʷˍˋʽ ˗ˋˍʶ ˇ ˔ʶʽˊʽˋ˃ˈˌ ˄ʰ ʴʾ˄ʶˍʰʽ ˃ʶ ˍʰ ʵˏˇ ʵʱˁˍˎ˂ʰΣ ˁʱˍʽ ˉˇˎ 

ʶ˄ʽˋ˔ˏʶʽ ˋʹ˃ʰ˄ˍʽˁʱ ˍˇ ˊʶʰ˂ʽˋ˃ˈ ˍʹˌ ˉˊˇˋˇ˃ˇʾ˖ˋʹˌΦ 

ɮˉˈ ˍʹ˄ ʱ˂˂ʹ ˉ˂ʶˎˊʱ ˋˍʹ˄ [15] ˉˊˇˍʶʾ˄ʶˍʰʽ ʷ˄ʰˌ ˉˊˇˋˇ˃ˇʽ˖ˍʺˌ ˇ ˇˉˇʾˇˌ ʶʾ˄ʰʽ ˋ˔ʶʵʽʰˋ˃ʷ˄ˇˌ ˄ʰ 

ʰ˄ʰˉʰˊʱʴʶʽ ˉˊʰʴ˃ʰˍʽˁʱ ˋʶ˄ʱˊʽʰ ˋʶ ʶʽˁˇ˄ʽˁˈ ˉʶˊʽʲʱ˂˂ˇ˄ ʶʽˋʱʴˇ˄ˍʰˌ ˍʹ˄ ʶˉʰˎ˅ʹ˃ʷ˄ʹ ˉˊʰʴ˃ʰˍʽˁˈˍʹˍʰΦ ʁ 

ˉˊˇˋˇ˃ˇʽ˖ˍʺˌ ˇ˄ˇ˃ʱʸʶˍʰʽ PalpSim ˁʰʽ ˔ˊʹˋʽ˃ˇˉˇʽʶʾ ʵˏˇ ʰˉˍʽˁʷˌ ˋˎˋˁʶˎʷˌ Falcon ˇʽ ˇˉˇʾʶˌ ˋˎ˄ʵˎʱʸˇ˄ˍʰʽ ˃ʶ 

˃ʾʰ ʰˉˍʽˁʺ ˋˎˋˁʶˎʺ Phantom Omni ɹ ʽʰ ˍʹ˄ ˊʶʰ˂ʽˋˍʽˁˈˍʶˊʹ ʰˉˈʵˇˋʹ ˍʹˌ ˕ʹ˂ʱ˒ʹˋʹˌΦ ʁʽ ˍˊʶʽˌ ʰˎˍʷˌ ˋˎˋˁʶˎʷˌ 

ʲˊʾˋˁˇ˄ˍʰʽ ˁʱˍ˖ ʰˉˈ ˍʹ˄ LCD ̌ ʻˈ˄ʹ ʹ ˇˉˇʾʰ ʶʴʴˎʱˍʰʽ ˁʰʽ ˍʹ˄ 

ˇˊʽʸˈ˄ˍʽʰ ʶˎʻˎʴˊʱ˃˃ʽˋʹ ˍʹˌ ˉˊˇˋˇ˃ˇʾ˖ˋʹˌ ˈˉ˖ˌ ˒ʰʾ˄ʶˍʰʽ 

ˋˍˇ ʅ˔ʺ˃ʰ м-10Φ ɼʱˍ˖ ʰˉˈ ˍʹ˄ ˇʻˈ˄ʹ ˎˉʱˊ˔ʶʽ ˃ʽʰ ˁʱ˃ʶˊʰ ʹ 

ˇˉˇʾʰ ˁʰˍʰʴˊʱ˒ʶʽ ˍʽˌ ˁʽ˄ʺˋʶʽˌ ˍ˖˄ ˔ʶˊʽ˗˄ ˁʰʽ ʷˍˋʽ ʰˎˍʷˌ 

˃ˉˇˊˇˏ˄ ˄ʰ ʰˉˇʵˇʻˇˏ˄ ˋˍˇ ʶʽˁˇ˄ʽˁˈ ˉʶˊʽʲʱ˂˂ˇ˄ ˋʶ 

ˉˊʰʴ˃ʰˍʽˁˈ ˔ˊˈ˄ˇΦ ʆʷ˂ˇˌ ʷʴʽ˄ʰ˄ in vivo ˃ ʶˍˊʺˋʶʽˌ ʵˏ˄ʰ˃ʹˌ ʴʽʰ 

ˍʹ˄ ʵʽʰʵʽˁʰˋʾʰ ˍʹˌ ˕ʹ˂ʱ˒ʹˋʹˌ ˁʰʽ ˍʹˌ ʶʽˋʰʴ˖ʴʺˌ ˍʹˌ ʲʶ˂ˈ˄ʰˌ 

ˁʰʽ ˍʰ ʵʶʵˇ˃ʷ˄ʰ ˉˇˎ ʶ˂ʺ˒ʻʹˋʰ˄ ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʰ˄ ʴʽʰ ˍˇ˄ 

ˎˉˇ˂ˇʴʽˋ˃ˈ ˍʹˌ ʰ˄ʱʵˊʰˋʹˌ ˍˇˎ ˉˊˇˋˇ˃ˇʽ˖ˍʺΦ 
ʅ˔ʺ˃ʰ 1-10. ɳ˅ˇ˃ˇʾ˖ˋʹ ̞ ʹ˂ʱ˒ʹˋʹˌ 

(Timothy R. Coles et al. [15]). 

ʅ˔ʺ˃ʰ 1-9. ɳ˅ˇ˃ˇʾ˖ˋʹ ̞ ʹ˂ʱ˒ʹˋʹˌ (Sebastian Ullrich & Torsten Kuhlen [14]). 
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1.3.3 ʁʵˇ˄ˍʽʰˍˊʽˁʷˌ ʶˉʶ˃ʲʱˋʶʽˌ 

ɶ ʶˁˉʰʾʵʶˎˋʹ ˋʶ ˇʵˇ˄ˍʽʰˍˊʽˁʷˌ ʶˉʶ˃ʲʱˋʶʽˌ ˔ˊʹˋʽ˃ˇˉˇʽ˗˄ˍʰˌ ʰˉˍʽˁʺ ʰ˄ʱʵˊʰˋʹ ʷ˔ʶʽ ʴʾ˄ʶʽ ˃ʶ ˍʹ˄ ˋˎˋˁʶˎʺ 

Phantom Head ʰ˂˂ʱ ˁʰʽ ˃ʶ ˍʶ˔˄ʹˍʱ ʵˈ˄ˍʽʰΦ ɶʻʽˁˇʾ ˉʶˊʽˇˊʽˋ˃ˇʾ ʰˉʰʴˇˊʶˏˇˎ˄ ˍʹ ˔ˊʺˋʹ ˉˊʰʴ˃ʰˍʽˁ˗˄ 

ʰ˄ʻˊ˗ˉʽ˄˖˄ ʵˇ˄ˍʽ˗˄ ˁʰʽ ʵʽʰ˒ˇˊʶˍʽˁʱ ˎ˂ʽˁʱ ʵˇ˄ˍʽ˗˄ ʵʶ˄ ʵʽʰʻʷˍˇˎ˄ ˍʰ ˁʰˍʱ˂˂ʹ˂ʰ ˉˊˈˍˎˉʰ ʺ ˃ˉˇˊˇˏ˄ ˄ʰ 

˔ˊʹˋʽ˃ˇˉˇʽʹʻˇˏ˄ ˃ˈ˄ˇ ˃ʾʰ ˒ˇˊʱ ʰ˄ʱ ʵʽʰʵʽˁʰˋʾʰ ˋˍˇ ʾʵʽˇ ʵˈ˄ˍʽΦ ɴˍˋʽ ʷ˔ʶʽ ˉˊˇˁˏ˕ʶʽ ʹ ʰ˄ʱʴˁʹ ʵʹ˃ʽˇˎˊʴʾʰˌ 

ʶˁˉʰʽʵʶˎˍʽˁ˗˄ ˉˊˇˋˇ˃ˇʽ˖ˍ˗˄ ˁʰʽ ˋʶ ʰˎˍˈ˄ ˍˇ˄ ˍˇ˃ʷʰ ʶˉʶ˃ʲʱˋʶ˖˄Φ 

ʁ ˉˊˇˋˇ˃ˇʽ˖ˍʺˌ ˉˇˎ ˇ˄ˇ˃ʱʸʶˍʰʽ hapTEL ˁ ʰʽ ˉʶˊʽʴˊʱ˒ʶˍʰʽ ˋˍˇ [16] ʁ ˉʽˍˊʷˉʶʽ ˍʹ˄ ʵʽʱˍˊʹˋʹ ˍˇˎ ʵˇ˄ˍʽˇˏΣ 

ˍʹ˄ ʰˉˇ˃ʱˁˊˎ˄ˋʹ ˍʹˌ ˍʶˊʹʵˈ˄ʰˌ ˁʰʽ ˍʹ˄ ˉˊˇʶˍˇʽ˃ʰˋʾʰ ˍʹˌ ˁˇʽ˂ˈˍʹˍʰˌ ʴʽʰ ˍʹ˄ ʰˉˇˁʰˍʱˋˍʰˋʹ ˍˇˎΦ ʁ ʰˉˍʽˁˈˌ 

ʰ˂ʴˈˊʽʻ˃ˇˌ ʴʽʰ ˍʹ˄ ʰˉˈʵˇˋʹ ˍ˖˄ ʵˎ˄ʱ˃ʶ˖˄ ʶ˃˒ʰ˄ʾʸʶʽ ˍʷˋˋʶˊʽˌ ʵʽʰ˒ˇˊʶˍʽˁˇˏˌ ˍˏˉˇˎˌ ˎ˂ʽˁ˗˄ ˁʰʽ ˒ˎˋʽˁ˗˄ 

ʽʵʽˇˍʺˍ˖˄Υ ˋ˃ʱ˂ˍˇΣ ˇʵˇ˄ˍʾ˄ʹΣ ˉˇ˂˒ˈˌ ˁʰʽ ˁˇʽ˂ˈˍʹˍʰΦ ɶ ˁʰʽ˄ˇˍˇ˃ʾʰ ˍˇˎ hapTEL ˉʶˊʽ˂ʰ˃ʲʱ˄ʶʽ ˍʹ˄ ˔ˊʺˋʹ 

ʵʽʰ˒ˇˊʶˍʽˁˇˏ ˍˊˈˉˇˎ ʰ˄ʱʵˊʰˋʹˌ ʵˏ˄ʰ˃ʹˌ ʹ ˇˉˇʾʰ ʶ˅ʰˊˍʱˍʰʽ ʰˉˈ ˍˇ ˎ˂ʽˁˈ ʰ˂˂ʱ ˁˎˊʾ˖ˌ ˍʹ˄ ˉˊˈˋʻʶˋʹ ˃ʾʰˌ 

ˋˎˋˁʶˎʺˌ ˋˍˇ Falcon ˈˉ˖ˌ ˒ʰʾ˄ʶˍʰʽ ˋˍˇ ˋ˔ʺ˃ʰ м-11Φ ɮˎˍʺ ʹ ˃ˇˊ˒ˇˉˇʾʹˋʹ ʲʶ˂ˍʾ˖ˋʶ ˍˇ˄ ˊʶʰ˂ʽˋ˃ˈ ˍˇˎ 

˃ˇ˄ˍʷ˂ˇˎ ˍˇˎ ʶʽˁˇ˄ʽˁˇˏ ˋˍˈ˃ʰˍˇˌ ˁʰʽ ʶˉʽˍˊʷˉʶʽ ˋˍˇˎˌ ʶˁˉʰʽʵʶˎˈ˃ʶ˄ˇˎˌ ˄ʰ ʰʽˋʻʱ˄ˇ˄ˍʰʽ ˋʰ˄ ˄ʰ ʺˍʰ˄ ˋʶ ˃ʾʰ 

ˍˎˉʽˁʺ ˇʵˇ˄ˍʽʰˍˊʽˁʺ ʶˉʷ˃ʲʰˋʹΦ  

ɴ˄ʰˌ ʱ˂˂ˇˌ ˍˇ˃ʷʰˌ ˇʵˇ˄ˍʽʰˍˊʽˁ˗˄ ʶˉʶ˃ʲʱˋʶ˖˄ ʶʾ˄ʰʽ ʹ ˍˇˉˇʻʷˍʹˋʹ ˋˍˇ˃ʰˍʽˁ˗˄ ʶ˃˒ˎˍʶˎ˃ʱˍ˖˄Φ 

ʃʰʴˁˇˋ˃ʾ˖ˌ ʷ˔ʶʽ ʴʾ˄ʶʽ ʰˉˇʵʶˁˍˈ ˉ˖ˌ ʰˉˇˍʶ˂ʶʾ ʰ˄ʰˉˈˋˉʰˋˍˇ ˁˇ˃˃ʱˍʽ ˍʹˌ ˇʵˇ˄ˍʽʰˍˊʽˁʺˌ ˁʰʽ ˍʰ ˍʶ˂ʶˎˍʰʾʰ 

˔ˊˈ˄ʽʰ ʴʾ˄ʶˍʰʽ ˈ˂ˇ ˁʰʽ ˉʽˇ ˋʹ˃ʰ˄ˍʽˁʺΦ ɶ ˍˇˉˇʻʷˍʹˋʹ ʶ˃˒ˎˍʶˎ˃ʱˍ˖˄ ˂ʰ˃ʲʱ˄ʶʽ ˎˉˈ˕ʹ ˍʹˌ ʰ˄ʰˍˇ˃ʽˁʱ 

ˉˇ˂ˏˉ˂ˇˁʶˌ ʻʷˋʶʽˌ ˋˍʹ˄ ˉʶˊʽˇ˔ʺ ˍʹˌ ˁˊʰ˄ʾˇ-ʴ˄ʰʻˇˉˊˇˋ˖ˉʽˁʺˌΣ ʴʶʴˇ˄ˈˌ ˉˇˎ ʰˎ˅ʱ˄ʶʽ ˍˇ˄ ˁʾ˄ʵˎ˄ˇ ˂ʱʻˇˎˌ ˁʰˍʱ 

ˍʹ˄ ʵʽʱˊˁʶʽʰ ˃ʽʰ ʶˉʷ˃ʲʰˋʹˌΦ ʁʽ ˎˉˇʲˇʹʻˇˏ˃ʶ˄ʶˌ ʰˉˈ ˎˉˇ˂ˇʴʽˋˍʺ ˔ʶʽˊˇˎˊʴʽˁʷˌ ʶˉʶ˃ʲʱˋʶʽˌ ʲˇʺʻʹˋʰ˄ ˍˇˎˌ 

˃ʰʻʹˍʷˌ ˄ʰ ʲʶ˂ˍʽ˗ˋˇˎ˄ʶ ˍʽˌ ʽˁʰ˄ˈˍʹˍʷˌ ˍˇˎˌΦ ʍˋˍˈˋˇΣ ʹ ʶ˒ʰˊ˃ˇʴʺ ˍˇˎˌ ˋˍʹ˄ ˍˇˉˇʻʷˍʹˋʹ ˇʵˇ˄ˍʽˁ˗˄ 

ʶ˃˒ˎˍʶˎ˃ʱˍ˖˄ ˋˉʱ˄ʽʰ ʰ˄ʰ˒ʷˊʶˍʰʽΦ  

ɴ˄ʰ ˋˏˋˍʹ˃ʰ ʶʽˁˇ˄ʽˁʺˌ ʶˁˉʰʾʵʶˎˋʹˌ ʴʽʰ ˋˍˇ˃ʰˍʽˁʺ ʶ˃˒ˏˍʶˎˋʹ ʰ˄ʰˉˍˏ˔ʻʹˁʶ ˋˍˇ [17]. To CAPPOIS 

(Computer Assisted Preoperative Planning for Oral Implant Surgeryύ ʲˇʹʻʱ ˍˇˎˌ ˔ˊʺˋˍʶˌ ˄ʰ ʵʹ˃ʽˇˎˊʴʺˋˇˎ˄ ʷ˄ʰ 

ʶʽˁˇ˄ʽˁˈ ˉʶˊʽʲʱ˂˂ˇ˄ ʶ˃˒ˏˍʶˎˋʹˌ ˍˇ ˇˉˇʾˇ ˂ʰ˃ʲʱ˄ʶʽ ˉˊʰʴ˃ʰˍʽˁʱ ʵʶʵˇ˃ʷ˄ʰΦ ɶ ˋˎʴˁʶˁˊʽ˃ʷ˄ʹ ʷˊʶˎ˄ʰ ʲˇʹʻʱ 

ˍˇˎˌ ʱˉʶʽˊˇˎˌ ʴʽʰˍˊˇˏˌ ˄ʰ ˁʰˍʰ˄ˇʺˋˇˎ˄ ˍʹ˄ ʰʾˋʻʹˋʹ ˍʹˌ ˇˋˍʶˇˍˇ˃ʾʰˌ ˁʰˍʱ ˍʹ˄ ʵʽʱˊˁʶʽʰ ˃ʽʰˌ ˔ʶʽˊˇˎˊʴʽˁʺˌ 

ʶˉʷ˃ʲʰˋʹˌ ʶ˃˒ˏˍʶˎˋʹˌΦ ʆˇ CAPPOIS ˔ˊʹˋʽ˃ˇˉˇʽʶʾ ˍʹ˄ ʰˉˍʽˁʺ ˋˎˋˁʶˎʺ Omega с ʰˉˈ ˍʹ˄ Force Dimension. 

ʅ˔ʺ˃ʰ 1-11. ɳ˅ˇ˃ˇʾ˖ˋʹ ˇʵˇ˄ˍʽʰˍˊʽˁʺˌ 
ʶˉʷ˃ʲʰˋʹˌ όBrian Tse et al. [16]). 
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ɳˉʽˉˊˈˋʻʶˍʰΣ ʶˉʽˍˊʷˉʶʽ ˍʹ˄ ˔ˊʺˋʹ оD ɹ ˎʰ˂ʽ˗˄ ʴʽʰ ˄ʰ ʲ˂ʷˉʶʽ ˇ ʶˁˉʰʽʵʶˎˈ˃ʶ˄ˇˌ ˍˇ˄ ˔˗ˊˇ ˋʶ ˍˊʶʽˌ ʵʽʰˋˍʱˋʶʽˌΦ 

ʆˇ ˉʶˊʽʲʱ˂˂ˇ˄ ʰˎˍˈ ʵʹ˃ʽˇˎˊʴʺʻʹˁʶ ʴʽʰ ˄ʰ ˁʰʻˇʵʹʴʺˋʶʽ ˍˇˎˌ ʶˁˉʰʽʵʶˎˈ˃ʶ˄ˇˎˌ ˋˍˇ˄ ˉˊˇʶʴ˔ʶʽˊʹˍʽˁˈ 

ˉˊˇʴˊʰ˃˃ʰˍʽˋ˃ˈΦ ʆʷ˂ˇˌΦ ʶˉʽˍˊʷˉʶʽ ˋˍˇˎˌ ˔ˊʺˋˍʶˌ ˄ʰ ʰ˄ˍʽ˂ʰ˃ʲʱ˄ˇ˄ˍʰʽ ˍʹ ʻʷˋʹ ˁʰʽ ˍˇ˄ ˉˊˇˋʰ˄ʰˍˇ˂ʽˋ˃ˈ ˍ˖˄ 

ˋˍˇ˃ʰˍʽˁ˗˄ ʶ˃˒ˎˍʶˎ˃ʱˍ˖˄ ˁʰʻ˗ˌ ˁʰʽ ˄ʰ ʰ˄ʰ˂ˏˇˎ˄ ˍʹ˄ ˉˎˁ˄ˈˍʹˍʰ ˁʰʽ ˍˇ˄ ˈʴˁˇ ˍˇˎ ʵˇ˄ˍʽˇˏ ˗ˋˍʶ ˄ʰ ʴʾ˄ʶˍʰʽ 

ˉʰˊʰˍʺˊʹˋʹ ʶ˂ʰˍˍ˖˃ʱˍ˖˄Φ  

ʅˍʹ˄ ʷˊʶˎ˄ʰ ˉˇˎ ˉʰˊˇˎˋʽʱʸʶˍʰʽ ˋˍˇ [18] ˉˊˇˋˇ˃ˇʽ˗˄ʶˍʰʽ ˃ʾʰ ˔ʶʽˊˇˎˊʴʽˁʺ ʶˉʷ˃ʲʰˋʹ ʹ ˇˉˇʾʰ ʶˋˍʽʱʸʶʽ 

ˋˍʹ˄ ʰ˂˂ʹ˂ʶˉʾʵˊʰˋʹ ˃ʶˍʰ˅ˏ ˍ˖˄ ˇʵˇ˄ˍʽˁ˗˄ ʶˊʴʰ˂ʶʾ˖˄ ˁʰʽ ˍ˖˄ ʽˋˍ˗˄ ˋˍˇ ʶˋ˖ˍʶˊʽˁˈ ˍʹˌ ˋˍˇ˃ʰˍʽˁʺˌ ˁˇʽ˂ˈˍʹˍʰˌ 

όʴ˂˗ˋˋʰΣ ˃ʱʴˇˎ˂ʰ ˁʰʽ ˇˏ˂ʰύΦ ʋˊʹˋʽ˃ˇˉˇʽˇˏ˄ˍʰʽ ʵˏˇ ˋˎˋˁʶˎʷˌ, ˃ʾʰ PHANTOM Desktop ˁʰʽ ˃ʾʰ Omni ˁʰʽ ˋˍˇ 

ʶʽˁˇ˄ʽˁˈ ˉʶˊʽʲʱ˂˂ˇ˄ ʰˉʶʽˁˇ˄ʾʸˇ˄ˍʰʽ ʶʽʵʽˁʱ ˇʵˇ˄ˍʽˁʱ ʶˊʴʰ˂ʶʾʰ ˈˉ˖ˌ ˒ʰʾ˄ʶˍʰʽ ˋˍˇ ʅ˔ʺ˃ʰ м-12Φ ɶ ˁʰʽ˄ˇˍˇ˃ʾʰ 

ʰˎˍʺˌ ˍʹˌ ʷˊʶˎ˄ʰˌ ʷʴˁʶʽˍʰʽ ˋˍʹ˄ ˔ˊʺˋʹ ʶ˄ˈˌ ʶʽʵʽˁˇˏ ˍˏˉˇˎ ʶʽˁˇ˄ʽˁ˗˄ ʶ˂ʰˍʹˊʾ˖˄ ˁʰˍʱ ˍʹ˄ ˃ˇ˄ˍʶ˂ˇˉˇʾʹˋʹΦ ɶ 

ʰ˄ʱʵˊʰˋʹ ʵˏ˄ʰ˃ʹˌ ˉˇˎ ˉʰˊʷ˔ʶˍʰʽ ˋˍˇ˄ ˔ˊʺˋˍʹ ˎˉˇ˂ˇʴʾʸʶˍʰʽ ʰ˄ʱ˂ˇʴʰ ˃ʶ ˍʹ˄ ʲʱʻˇˌ ˋˍˇ ˇˉˇʾˇ ˒ˍʱ˄ʶʽ ʹ ʱˁˊʹ 

ˍˇˎ ʶˊʴʰ˂ʶʾˇˎΦ ʊʰʾ˄ʶˍʰʽ ˉ˖ˌ ʹ ʰ˂˂ʹ˂ʶˉʾʵˊʰˋʹ ˍ˖˄ ʶˊʴʰ˂ʶʾ˖˄ ˁʰʽ ˍˇˎ ˉʰˊʰ˃ˇˊ˒˗ˋʽ˃ˇˎ ʵʷˊ˃ʰˍˇˌ 

ʰˉ˂ˇˉˇʽʶʾˍʰʽ ˁʰʻ˗ˌ ʻʶ˖ˊʶʾˍʰʽ ˖ˌ ʰ˂˂ʹ˂ʶˉʾʵˊʰˋʹ ʱˁʰ˃ˉˍ˖˄ ʰ˄ˍʽˁʶʽ˃ʷ˄˖˄Φ ʅˎ˄ʶˉ˗ˌ ˃ˈ˄ˇ ʹ ʱˁˊʹ ˍˇˎ 

ʶˊʴʰ˂ʶʾˇˎ ʰ˂˂ʹ˂ʶˉʽʵˊʱ ˃ʶ ˍˇ ˉ˂ʷʴ˃ʰ ˁʰʽ ʹ ʵˏ˄ʰ˃ʹ ˉˇˎ ʰˋˁʶʾˍʰʽ ˋˍˇ ˉ˂ʷʴ˃ʰ ˎˉˇ˂ˇʴʾʸʶˍʰʽ ʵʽʰ˄ʷ˃ˇ˄ˍʰˌ ˍʹ˄ 

ʵˏ˄ʰ˃ʹ ˉˇˎ ʶ˒ʰˊ˃ˈʸʶˍʰʽ ˋˍˇ ˋʹ˃ʶʾˇ ʶˉʰ˒ʺˌ ˋʶ ˈ˂ʶˌ ˍʽˌ ʴʶʽˍˇ˄ʽˁʷˌ ˁˇˊˎ˒ʷˌΦ 

ɴ˄ʰ ˋˎ˄ʶˊʴʰˍʽˁˈ ʶˁˉʰʽʵʶˎˍʽˁˈ ˋˏˋˍʹ˃ʰ ˉʰˊˇˎˋʽʱʸʶˍʰʽ ˋˍˇ [19]Φ ʆˇ ˂ˇʴʽˋ˃ʽˁˈ IntelligentBox 

˔ˊʹˋʽ˃ˇˉˇʽʶʾˍʰʽ ʴʽʰ ˍʹ˄ ˍˊʽˋʵʽʱˋˍʰˍʹ ʰˉʶʽˁˈ˄ʽˋʹ ˍ˖˄ ʰ˄ˍʽˁʶʽ˃ʷ˄˖˄Φ ɱʽʰ ˍʹ˄ ˉʰˊʰ˃ˈˊ˒˖ˋʹ ˍ˖˄ ʰ˄ˍʽˁʶʽ˃ʷ˄˖˄ 

ˍˇ ˋˏˋˍʹ˃ʰ ˔ˊʹˋʽ˃ˇˉˇʽʶʾ ˃ʾʰ ˉˇ˂ˏ ʰˉ˂ʺ ˃ʷʻˇʵˇ ˉˇˎ ʲʰˋʾʸʶˍʰʽ ˋˍʽˌ ˁʽ˄ʺˋʶʽˌ ˍˇˎ ˍʶ˂ʽˁˇˏ ˋʹ˃ʶʾˇ ʵˊʱˋʹˌ ˍʹˌ 

ʰˉˍʽˁʺˌ ˋˎˋˁʶˎʺˌΦ ɮˎˍʺ ʹ ˃ʷʻˇʵˇˌ ʶˉʽˍˊʷˉʶʽ ˋˍˇ ˔ˊʺˋˍʹ ˄ʰ ˄ʽ˗ʻʶʽ ˍʹ˄ ʷ˂˅ʹ ˁʰʽ ˍʹ˄ ˗ʻʹˋʹ ʰˉˈ ˍˇ ˉʶˊʽʲʱ˂˂ˇ˄Φ 

ɮ˄ʰ˒ˇˊʽˁʱ ˃ʶ ˍʹ˄ ʰ˄ʾ˔˄ʶˎˋʹ ˋˏʴˁˊˇˎˋʹˌΣ ˍˇ IntelligentBox ʶˉʽ˂ˏʶʽ ˃ʾʰ ʶ˅ʾˋ˖ˋʹ ʲʰˋʽʸˈ˃ʶ˄ʹ ˋˍʹ ʻʷˋʹ ˍ˖˄ 

ˁˇˊˎ˒˗˄ ˁʰʽ ˍ˖˄ ˋʹ˃ʶʾ˖˄ ʰ˂˂ʹ˂ʶˉʾʵˊʰˋʹˌΦ ɴˍˋʽ ˃ˈ˄ˇ ʰ˄ ˍˇ ˋʹ˃ʶʾˇ ʰ˂˂ʹ˂ʶˉʾʵˊʰˋʹˌ ʲˊʾˋˁʶˍʰʽ ˋˍʹ˄ ʰ˄ˍʾʻʶˍʹ 

ˉ˂ʶˎˊʱ ˍʹˌ ˁˇˊˎ˒ʺˌΣ ˍˇ ˋˏˋˍʹ˃ʰ ʰ˄ʽ˔˄ʶˏʶʽ ˃ʽʰ ˋˏʴˁˊˇˎˋʹΦ ʆʷ˂ˇˌΣ ˍˇ ˉʶˊʽʲʱ˂˂ˇ˄ ˇʵˇ˄ˍʽʰˍˊʽˁʺˌ ˁʰˍʱˊˍʽˋʹˌ 

˔ˊʹˋʽ˃ˇˉˇʽʶʾ ˍʹ˄ ʰˉˍʽˁʺ ˋˎˋˁʶˎʺ Phantom Omni ˁʰʽ ˍˇ IntelligentBox ˉʰˊʷ˔ʶʽ ʷ˄ʰ˄ ˃ʹ˔ʰ˄ʽˋ˃ˈ ʰ˄ˍʰ˂˂ʰʴʺˌ 

ˁʰˍʰ˄ʶ˃ʹ˃ʷ˄˖˄ ˃ˇ˄ˍʷ˂˖˄ ˉˇˎ ˇ˄ˇ˃ʱʸʶˍʰʽ RoomBoxesΦ ʆˇ RoomBoxes ˉʰˊʷ˔ʶʽ ˋˍˇˎˌ ʶˁˉʰʽʵʶˎˈ˃ʶ˄ˇˎˌ ʷ˄ʰ 

ʶʽˁˇ˄ʽˁˈ ˉʶˊʽʲʱ˂˂ˇ˄ ˃ʷˋʰ ˋˍˇ ˇˉˇʾˇ ˃ˉˇˊˇˏ˄ ˄ʰ ˃ˇʽˊʱʸˇ˄ˍʰʽ ˍʰ ˉʶˊʽˋˍʰˍʽˁʱ ˋˍʰ ˇˉˇʾʰ ʶˁˉʰʽʵʶˏˇ˄ˍʰʽΦ 

ʅˍˇ [20] ̄ ʰˊˇˎˋʽʱʸʶˍʰʽ ʷ˄ʰˌ ˉˊˇˋˇ˃ˇʽ˖ˍʺˌ ˇˉˇʾˇˌ ˇ˄ˇ˃ʱʸʶˍʰʽ iDental ˁ ʰʽ ʷ˔ʶʽ ˖ˌ ˋˍˈ˔ˇ ˍʹ˄ ʰ˅ʽˇ˂ˈʴʹˋʹ 

ˍˇˎ ˔ʶʽˊʽˋˍʺΦ ʆʰ ˃ˇ˄ˍʷ˂ʰ ˍ˖˄ ʵˇ˄ˍʽ˗˄ ʰˉˇˁˍˇˏ˄ˍʰʽ ˃ʷˋ˖ ˉˊʰʴ˃ʰˍʽˁ˗˄ ˋˍˇʽ˔ʶʾ˖˄ ʰˉˈ ʰ˅ˇ˄ʽˁʷˌ ˍˇ˃ˇʴˊʰ˒ʾʶˌ 

(Computed Tomographyύ ˁʰʽ ʴʽʰ ˍʹ˄ ʰ˄ʾ˔˄ʶˎˋʹ ʶˉʰ˒ʺˌ ˔ˊʹˋʽ˃ˇˉˇʽʶʾˍʰʽ ˍˇ GHOST SKDΦ ɶ ʰˉˍʽˁʺ ˋˎˋˁʶˎʺ ˉˇˎ 

˔ˊʹˋʽ˃ˇˉˇʽʶʾˍʰʽ ʶʾ˄ʰʽ ʷ˄ʰ Phantom Desktop ˁ ʰʽ ʹ ʰˉʶʽˁˈ˄ʽˋʹ ˍˇˎ ˔˗ˊˇˎ ʶˊʴʰˋʾʰˌ ʴʾ˄ʶˍʰʽ ˋʶ ˃ʾʰ ˇʻˈ˄ʹΦ ʆʷ˂ˇˌΣ 

˃ʷˋ˖ ʰˊˁʶˍ˗˄ ʵˇˁʽ˃˗˄ ʷʴʽ˄ʶ ʶ˃˒ʰ˄ʷˌ ˈˍʽ ˇ ʶʽˁˇ˄ʽˁʺˌ ˉˊʰʴ˃ʰˍʽˁˈˍʹˍʰˌ ˉˊˇˋˇ˃ˇʽ˖ˍʺˌ ʵʾ˄ʶʽ ˋˍˇˎˌ 

ʶˁˉʰʽʵʶˎˈ˃ʶ˄ˇˎˌ ʰˊˁʶˍʱ ˃ʶʴʱ˂ʹ ʶˎʶ˂ʽ˅ʾʰ ˋˍˇ˄ ˍˊˈˉˇ ˁʰˍʱˊˍʽˋʹˌΦ 

ʅ˔ʺ˃ʰ 1-12. ɳ˅ˇ˃ˇʾ˖ˋʹ ˇʵˇ˄ˍʽʰˍˊʽˁʺˌ ʶˉʷ˃ʲʰˋʹˌ 
(Zhao Hui and Wang Dang-xiao [17]). 
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1.3.4 ɳ˄ʵˇˋˁˈˉʹˋʹ 

ʁʽ ʶˉʶ˃ʲʱˋʶʽˌ ʶ˄ʵˇˋˁˈˉʹˋʹˌ ʶ˅ʶˍʱʸˇˎ˄ ˍˇ ʶˋ˖ˍʶˊʽˁˈ ʶ˄ˈˌ ˁˇʾ˂ˇˎ ˇˊʴʱ˄ˇˎ ʺ ˍʹˌ ˁˇʽ˂ˈˍʹˍʰˌ ˍˇˎ ˋ˗˃ʰˍˇˌ 

˔ˊʹˋʽ˃ˇˉˇʽ˗˄ˍʰˌ ̫ ˄ʰ ʶ˄ʵˇˋˁˈˉʽˇΦ ɶ ˄ʶˎˊˇ˔ʶʽˊˇˎˊʴʽˁʺ ʶʾ˄ʰʽ ˃ʽʰ ʶʽʵʽˁˈˍʹˍʰ ˋˍʹ˄ ʶ˄ʵˇˋˁˈˉʹˋʹ ˉˇˎ ʶʴˁˎ˃ˇ˄ʶʾ 

ˉˇ˂ˏ ˎ˕ʹ˂ˇˏˌ ˁʽ˄ʵˏ˄ˇˎˌ ˁʰʽ ʰˉʰʽˍʶʾ ˉˊˇˋʶˁˍʽˁˈ ˔ʶʽˊʽˋ˃ˈ ˍ˖˄ ʶˊʴʰ˂ʶʾ˖˄ ʴˏˊ˖ ʰˉˈ ˍˇˎˌ ʶˏʻˊʰˎˋˍˇˎˌ ʽˋˍˇˏˌΦ 

ɴˍˋʽΣ ˍʰ ˉʽˇ ˋˎ˔˄ʱ ˂ʱʻʹ ˉˇˎ ˁʰˍʰʴˊʱ˒ˇ˄ˍʰʽ ˋˍʹ ˄ʶˎˊˇ˔ʶʽˊˇˎˊʴʽˁʺ ˋ˔ʶˍʾʸˇ˄ˍʰʽ ˃ʶ ˍʹ˄ ˍʶ˔˄ʽˁʺ ˍ˖˄ ˔ʶʽˊˇˎˊʴ˗˄Φ 

ʅˍˇ [21] ˉʶˊʽʴˊʱ˒ʶˍʰʽ ˍˇ NeuroTouchΣ ˍˇ ˇˉˇʾˇ ʰˉˇˍʶ˂ʶʾ ʷ˄ʰ˄ ʶʽˁˇ˄ʽˁˈ ˉˊˇˋˇ˃ˇʽ˖ˍʺ ʴʽʰ ʶˁˉʰʾʵʶˎˋʹ ˋʶ 

˃ʽˁˊˇʶʴ˔ʶʽˊʺˋʶʽˌ ˁˊʰ˄ʾˇˎΦ ʃʶˊʽ˂ʰ˃ʲʱ˄ʶʽ ʷ˄ʰ ˋˏˋˍʹ˃ʰ ˍˊʽˋʵʽʱˋˍʰˍʹˌ ʰˉʶʽˁˈ˄ʽˋʹˌ όˋˍʶˊʶˇˋˁˈˉʽˇύΣ ˍʽˌ ʰˉˍʽˁʷˌ 

ˋˎˋˁʶˎʷˌ ˁʰʽ ʷ˄ʰ˄ ʹ˂ʶˁˍˊˇ˄ʽˁˈ ˎˉˇ˂ˇʴʽˋˍʺΦ ɶ ʰˉˍʽˁʺ ˋˎˋˁʶˎʺ ˉˇˎ ˔ˊʹˋʽ˃ˇˉˇʽʶʾˍʰʽ ʶʾ˄ʰʽ ʶʾˍʶ ʷ˄ʰ Phantom 

Desktop ʁ ʾˍʶ ʷ˄ʰ Freedom 6S h ˉˈ ˍʹ˄ MPB Technologies ̍ ˉ˖ˌ ˒ʰʾ˄ʶˍʰʽ ˋˍˇ ʅ˔ʺ˃ʰ м-13Φ ɲʽʰ˒ˇˊʶˍʽˁʷˌ ʶˊʴʰˋʾʶˌ 

ʷ˔ˇˎ˄ ʵʽʰ˒ˇˊʶˍʽˁʷˌ ˋˎ˔˄ˈˍʹˍʶˌ ʶ˅ʷ˂ʽ˅ʹˌΣ ˁʱˍʽ ˉˇˎ ʻʰ ˔ˊʹˋʽ˃ˇˉˇʽʺˋˇˎ˃ʶ ˁʰʽ ʶ˃ʶʾˌ ˁʰʻ˗ˌ ʹ ʰ˂ʹʻˇ˒ʰ˄ʺˌ 

ʰʾˋʻʹˋʹ ʵˎ˄ʱ˃ʶ˖˄ ʰˉʰʽˍʶʾ ˍˇ ʰˉˍʽˁˈ ˋʺ˃ʰ ˄ʰ ˁˎ˃ʰʾ˄ʶˍʰʽ ʴˏˊ˖ ˋˍˇ м kHz ʶ˄˗ ʹ ˋˎ˔˄ˈˍʹˍʰ ˍ˖˄ ʴˊʰ˒ʽˁ˗˄ 

˃ˉˇˊʶʾ ˄ʰ ʶʾ˄ʰʽ ʰˊˁʶˍʱ ˔ʰ˃ʹ˂ˈˍʶˊʹΦ ʆˇ NeuroTouch ʰ˄ʰˉˍˏ˔ʻʹˁʶ ʴʽʰ ˄ʰ ʶˉʽˍˊʷˉʶʽ ʶʽʵʽˁʶˎˈ˃ʶ˄ˇˎˌ ʴʽʰˍˊˇˏˌ 

˄ʰ ʶ˅ʰˋˁˇˏ˄ ˍʽˌ ʵʶ˅ʽˈˍʹˍʶˌ ˍˇˎˌ ˋˍʹ˄ ˃ʶʾ˖ˋʹ ˁʰʽ ˋˍˇ˄ ˁʰˎˍʹˊʽʰˋ˃ˈ ˁʱˉˇʽˇˎ ˈʴˁˇˎΦ ɶ ˃ʹ˔ʰ˄ʽˁʺ ˋˎ˃ˉʶˊʽ˒ˇˊʱ 

ˍ˖˄ ʽˋˍ˗˄ ˃ˇ˄ˍʶ˂ˇˉˇʽʶʾˍʰʽ ˖ˌ ʲʽˋˁˇʶ˂ʰˋˍʽˁʱ ˋˍʶˊʶʱ ˔ˊʹˋʽ˃ˇˉˇʽ˗˄ˍʰˌ ʷ˄ʰ ʲʽˋˁˇʶ˂ʰˋˍʽˁˈ ˍˎˉʽˁˈ ˃ˇ˄ˍʷ˂ˇ ʴʽʰ 

ˍˇ ʶˋ˖ˍʶˊʽˁˈ ˍˇˎ ˁˊʰ˄ʾˇˎΦ ʆʷ˂ˇˌΣ ˍˊˇˉˇˉˇʽ˗˄ˍʰˌ ˍʽˌ ˉʰˊʰ˃ʷˍˊˇˎˌ ˍˇˎ ˃ˇ˄ˍʷ˂ˇˎΣ ʰˎˍˈ ˍˇ ˋˏˋˍʹ˃ʰ ˃ˉˇˊʶʾ ˄ʰ 

ʶˉʶˁˍʰʻʶʾ ʴʽʰ ˄ʰ ˁʰ˂ˏˉˍʶʽ ˁʰʽ ʶˉʶ˃ʲʱˋʶʽˌ ˋˎʴˁʶˁˊʽ˃ʷ˄˖˄ ʰˋʻʶ˄˗˄Σ ˁʱˍʽ ˉˇˎ ʰˎ˅ʱ˄ʶʽ ˍʹ˄ ˉˊˇˋʰˊ˃ˇˋˍʽˁˈˍʹˍʰ 

ˍˇˎ ˃ʹ˔ʰ˄ʽˋ˃ˇˏ ˁʰʽ ˁʰ˂ˏˉˍʶʽ ʷ˄ʰ ˃ʶʴʱ˂ˇ ʶˏˊˇˌ ˋʶ˄ʰˊʾ˖˄Φ 

 
ʅ˔ʺ˃ʰ 1-13. ɳ˅ˇ˃ˇʽ˖ˍʺˌ ʶ˄ʵˇˋˁˈˉʹˋʹˌ NeuroTouch (SŞbastien Delorme et al. [21]). 

ʅˍˇ ώн2ϐ ʰ˄ʰˉˍˏ˔ʻʹˁʶ ʷ˄ʰˌ ˃ʹ˔ʰ˄ʽˋ˃ˈˌ ˉˇˎ ʶˉʽˍˊʷˉʶʽ ˍʹ˄ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ʶ˄ʵˇˋˁˇˉʽˁʺˌ ˍˊʾˍʹˌ ˁˇʽ˂ʽˇˋˍˇ˃ʾʰˌΦ 

ɮˎˍʺ ʹ ʶˉʷ˃ʲʰˋʹ ˔ˊʹˋʽ˃ˇˉˇʽʶʾˍʰʽ ʴʽʰ ˄ʰ ʻʶˊʰˉʶˏˋʶʽ ˍˇ˄ ˎʵˊˇˁʷ˒ʰ˂ˇ ˁʱ˄ˇ˄ˍʰˌ ʵʽʱˍˊʹˋʹ ˋˍˇ˄ ˉˎʻ˃ʷ˄ʰ ˍʹˌ 

ˍˊʾˍʹˌ ˁˇʽ˂ʾʰˌ ˍˇˎ ʶʴˁʶ˒ʱ˂ˇˎ ˎˉˈ ʶ˄ʵˇˋˁˇˉʽˁʺ ˇʵʺʴʹˋʹΦ ʁ ˋ˔ʶʵʽʰˋ˃ˈˌ ˍʹˌ ʵʽʱˍʰ˅ʹˌ ʲʰˋʾˋˍʹˁʶ ˋˍˇ 

NeuroTouch ˉˇˎ ʰ˄ʰ˂ˏʻʹˁʶ ˉˊˇʹʴˇˎ˃ʷ˄˖ˌΦ ɱʽʰ ˍʹ˄ ʲʶ˂ˍʾ˖ˋʹ ˍʹˌ ʰˉˍʽˁʺˌ ʰ˄ʱʵˊʰˋʹˌ ʹ ʰˉˍʽˁʺ ˋˎˋˁʶˎʺ 

Phantom Omni ˍˊˇˉˇˉˇʽʺʻʹˁʶ ˁʰˍʱ˂˂ʹ˂ʰ ˈˉ˖ˌ ˒ʰʾ˄ʶˍʰʽ ˋˍˇ ʅ˔ʺ˃ʰ м-мпΦ ʆʁ ˂ˇʴʽˋ˃ʽˁˈ ˉˇˎ ˔ˊʹˋʽ˃ˇˉˇʽʶʾˍʰʽ 

ʰˉˈ ˍˇ˄ ˉˊˇˋˇ˃ˇʽ˖ˍʺ ʶʾ˄ʰʽ ˍˇ Blade ˁ ʰʽ ˇʽ ʵʽʰʵʽˁʰˋʾʶˌ ˉˇˎ ʶˁˍʶ˂ˇˏ˄ˍʰʽ ʶʾ˄ʰʽ ʵˏˇΦ ɶ ˃ʾʰ ʶʾ˄ʰʽ ʹ ʵʽʱ˄ˇʽ˅ʹ ˇˉʺˌ 

ˁʰʽ ˇ ˉˊˇˋʰ˄ʰˍˇ˂ʽˋ˃ˈˌ ʶʽˋˈʵˇˎ ˁʰʽ ʹ ʵʶˏˍʶˊʹ ʶʾ˄ʰʽ ʹ ˉ˂ˇʺʴʹˋʹ ˃ʷˋʰ ˋˍˇ˄ ʶʴˁʷ˒ʰ˂ˇ ˁʰʽ ʹ ʵʽʱˍˊʹˋʹ ˍˇˎ 

ˉˎʻ˃ʷ˄ʰ ˍʹˌ ˍˊʾˍʹˌ ˁˇʽ˂ʾʰˌ ˍˇˎ ʶʴˁʶ˒ʱ˂ˇˎΦ ɯ˂˂ʶˌ ʷˊʶˎ˄ʶˌ ʶˋˍʽʱʸˇˎ˄ ˋˍʹ˄ ʶ˄ʵˇˁˊʽ˄ʽˁʺ ʶ˄ʵˇˋˁˈˉʹˋʹΦ ʅˍˇ ώноϐ 

ˁʰʽ ˋˍˇ ώнпϐ ˉʰˊˇˎˋʽʱʸˇ˄ˍʰʽ ʵˏˇ ˋ˔ʶˍʽˁʷˌ ʷˊʶˎ˄ʶˌΦ ɶ ˉˊ˗ˍʹ ʷ˔ʶʽ ˋˁˇˉˈ ˍʹ˄ ʵʹ˃ʽˇˎˊʴʾʰ ʶ˄ˈˌ joystick ʴʽʰ ˄ʰ 
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ˎˉʱˊ˔ʶʽ ˉˊˈˋʲʰˋʹ ˋʶ ˉʶˊʽˇ˔ʷˌ ˈʴˁˇˎΦ ɶ ˉˊˇˋʷʴʴʽˋʹ ʰˎˍʺ ʺˍʰ˄ 

ʰˊˁʶˍʱ ʶ˂˂ʶʽ˃˃ʰˍʽˁʺ ʰ˄ʰ˒ˇˊʽˁʱ ˃ʶ ˍˇ˄ ˊʶʰ˂ʽˋ˃ˈ ʶ˅ʰʽˍʾʰˌ ˍʹˌ 

ʷ˂˂ʶʽ˕ʹˌ ʰˉˍʽˁʺˌ ʰ˄ʱʵˊʰˋʹˌ ˃ʶ ˍʰ ʶˊʴʰ˂ʶʾʰΦ ʅˍʰ ˉ˂ʰʾˋʽʰ ˍʹˌ 

ʵʶˏˍʶˊʹˌ ʰ˄ʰˉˍˏˋˋʶˍʰʽ ʷ˄ʰˌ ʰˉˍʽˁˈˌ ˉˊˇˋˇ˃ˇʽ˖ˍʺˌ п ʲʰʻ˃˗˄ 

ʶ˂ʶˎʻʶˊʾʰˌ ˁʰʽ ˃ˇ˄ˍʶ˂ˇˉˇʽʶʾˍʰʽ ˇ ˊʽ˄ʽˁˈˌ ʽˋˍˈˌΦ ʋˊʹˋʽ˃ˇˉˇʽʶʾˍʰʽ 

ʷ˄ʰ joystick ˃ʶ ʰ˄ʱʵˊʰˋʹ ʵˏ˄ʰ˃ʹˌ ʴʽʰ ˄ʰ ˉʰˊʷ˔ʶˍʰʽ ʹ ʰˉˍʽˁʺ 

ʵʽʶˉʰ˒ʺΦ ʅˍˇ ʶʽˁˇ˄ʽˁˈ ˉʶˊʽʲʱ˂˂ˇ˄ ʴʾ˄ʶˍʰʽ ʹ ʰˉʶʽˁˈ˄ʽˋʹ ˍʹˌ 

ʵʽʰʵʽˁʰˋʾʰˌ ˃ʷˋ˖ ˍʹˌ ˁʾ˄ʹˋʹˌ ˍʹˌ ˁʱ˃ʶˊʰˌΦ ʆʷ˂ˇˌ ˃ʷˋ˖ ˍˇˎ joystick, 

ˇ ˔ˊʺˋˍʹˌ ˃ˉˇˊʶʾ ˄ʰ ʰʽˋʻʰ˄ʻʶʾ ˍʽˌ ʵˎ˄ʱ˃ʶʽˌ ˁʰʽ ˄ʰ ˒ˍʱˋʶʽ ˋˍˇ˄ 

ˈʴˁˇΦ  

ɶ ʶˉˈ˃ʶ˄ʹ ʷˊʶˎ˄ʰ ˉˇˎ ˉʰˊˇˎˋʽʱʸʶʽ ˋˍˇ [25] ʷ˄ʰ˄ 

ˉˊˇˋˇ˃ˇʽ˖ˍʺ ˔ʶʽˊˇˎˊʴʽˁʺˌ ˊʰ˒ʺˌ ʴʽʰ ʶˉˇˏ˂˖ˋʹ ˉ˂ʹʴʺˌΦ 

ʃˊˇˋˇ˃ˇʽʱʸʶˍʰʽ ˍˇ ʶˊʴʰ˂ʶʾˇ ˊʰ˒ʺˌ Covidien Endo StichΣ ˈˉ˖ˌ ˒ʰʾ˄ʶˍʰʽ ˋˍˇ ʅ˔ʺ˃ʰ м-15 ˁʰʽ ʴʽʰ ʰˎˍˈ 

˔ˊʹˋʽ˃ˇˉˇʽˇˏ˄ˍʰʽ ʵˏˇ ʰˉˍʽˁʷˌ ˋˎˋˁʶˎʷˌ Phantom OmniΦ ɱʽʰ ˍʹ˄ ˃ˇ˄ˍʶ˂ˇˉˇʾʹˋʹ ˍˇˎ ˋˎˋˍʺ˃ʰˍˇˌ 

˔ˊʹˋʽ˃ˇˉˇʽˇˏ˄ˍʰʽ ˉʶˉʶˊʰˋ˃ʷ˄ʰ ˋˍˇʽ˔ʶʾʰΦ ʅˍˈ˔ˇˌ ˍ˖˄ ʶˊʶˎ˄ʹˍ˗˄ 

ʶʾ˄ʰʽ ʹ ʵʹ˃ʽˇˎˊʴʾʰ ʶ˄ˈˌ ʰˉ˂ˇˏ ˉˊˇˋˇ˃ˇʽ˖ˍʺ ˔ʰ˃ʹ˂ˇˏ ˁˈˋˍˇˎˌ ˇ 

ˇˉˇʾˇˌ ʻʰ ˃ˉˇˊʷˋʶʽ ˄ʰ ʲˇʹʻʺˋʶʽ ˍˇˎˌ ʶˁˉʰʽʵʶˎˈ˃ʶ˄ˇˎˌ 

˔ʶʽˊˇˎˊʴˇˏˌ ˋˍʹ˄ ʲʶ˂ˍʾ˖ˋʹ ˍ˖˄ ʵʶ˅ʽˇˍʺˍ˖˄ ˍˇˎˌΦ ɮˉʰʽˍʶʾˍʰʽ 

ʰ˅ʽˇ˂ˈʴʹˋʹ ˍˇˎ ˉˊˇˋˇ˃ˇʽ˖ˍʺ ʰˉˈ ˍˇˎˌ ˔ˊʺˋˍʶˌ ʰ˂˂ʱ ˁʰʽ ʰˉˈ 

ʶʽʵʽˁˇˏˌ ˗ˋˍʶ ˄ʰ ʶˁˍʽ˃ʹʻʶʾ ʰ˄ ʹ ˋˎ˃ˉʶˊʽ˒ˇˊʱ ˍˇˎˌ ʶʾ˄ʰʽ 

ˊʶʰ˂ʽˋˍʽˁʺ ˁʰʻ˗ˌ ˁʰʽ ʰ˄ ʹ ʶˁˉʰʾʵʶˎˋʹ ˃ʶ ʰˎˍʺ˄ ˍʹ˄ ˃ʷʻˇʵˇ ʷ˔ʶʽ 

ˍʰ ˁʰˍʱ˂˂ʹ˂ʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰΦ ʂ˃˖ˌ ˋˍʹ˄ ˋˎʴˁʶˁˊʽ˃ʷ˄ʹ ʷˊʶˎ˄ʰ 

ˍˇ˄ʾʸʶˍʰʽ ˉ˖ˌ ˇʽ ˉˊˇˋˇ˃ˇʽ˖ˍʷˌ ˃ʶ о ˁʰˍʶˎʻˏ˄ˋʶʽˌ ʰ˄ʱʵˊʰˋʹˌ 

ʵˏ˄ʰ˃ʹˌ ˃ˉˇˊˇˏ˄ ˄ʰ ˔ˊʹˋʽ˃ˇˉˇʽʹʻˇˏ˄ ʷ˄ʰ˄ˍʽ ˉˊˇˋˇ˃ˇʽ˖ˍ˗˄ 

ˉˇˎ ˉʰˊʷ˔ˇˎ˄ ˉʶˊʽˋˋˈˍʶˊʶˌ ˁʰˍʶˎʻˏ˄ˋʶʽˌΣ ʰ˂˂ʱ ʷ˔ˇˎ˄ ˁʰʽ 

ʰˊˁʶˍʱ ˎ˕ʹ˂ˈˍʶˊˇ ˁˈˋˍˇˌΦ 

1.3.5 ɽʰˉʰˊˇˋˁˈˉʹˋʹ 

ɾʾʰ ʰˉˈ ˍʽˌ ˉʽˇ ˋˎ˄ʹʻʽˋ˃ʷ˄ʶˌ ʶˉʶ˃ʲʱˋʶʽˌ ʶʾ˄ʰʽ ʹ ˂ʰˉʰˊˇˋˁˇˉʽˁʺ ʋˇ˂ˇˁˎˋˍʶˁˍˇ˃ʺΣ ʹ ˇˉˇʾʰ ʰˉˇˍʶ˂ʶʾ ˍʹ˄ 

ʰ˒ʰʾˊʶˋʹ ˍʹˌ ˔ˇ˂ʹʵˈ˔ˇˎ ˁˏˋˍʹˌΦ ɮˎˍʺ ʹ ʶˉʷ˃ʲʰˋʹ ˔ˊʹˋʽ˃ˇˉˇʽʶʾˍʰʽ ˋˎ˔˄ʱ ʴʽʰ ˍʹ˄ ʶˁˉʰʾʵʶˎˋʹ ˄ʷ˖˄ 

˔ʶʽˊˇˎˊʴ˗˄ ˉˇˎ ʶʽʵʽˁʶˏˇ˄ˍʰʽ ˋˍʹ˄ ˂ ʰˉʰˊˇˋˁˈˉʹˋʹ ʶ˅ʰʽˍʾʰˌ ˍʹˌ ˎ˕ʹ˂ʺˌ ˋˎ˔˄ˈˍʹˍʰˌ ˉˇˎ ˉʰˊʰˍʹˊʶʾˍʰʽ ˁʰʽ ˍˇˎ 

˔ʰ˃ʹ˂ˇˏ ˁʽ˄ʵˏ˄ˇˎΦ ɮ˄ʰ˂ˏʶˍʰʽ ˋˍˇ [26] ʷ˄ʰˌ ˔ʰ˃ʹ˂ˇˏ ˁˈˋˍˇˎˌ ˉˊˇˋˇ˃ˇʽ˖ˍʺˌ ʶʽˁˇ˄ʽˁʺˌ ˉˊʰʴ˃ʰˍʽˁˈˍʹˍʰˌ ˇ 

ˇˉˇʾˇˌ ʰˉˇˍʶ˂ʶʾˍʰʽ ʰˉˈ ˍˊʾʰ ˋˍˇʽ˔ʶʾʰΥ ˍˇ ʶʽˁˇ˄ʽˁˈ ˉʶˊʽʲʱ˂˂ˇ˄Σ ˍʹ˄ ʰ˄ʰʴ˄˗ˊʽˋʹ ˍʹˌ ˁʾ˄ʹˋʹˌ ˁʰʽ ˍʹ˄ ʰˉˍʽˁʺ 

ʰ˄ʱʵˊʰˋʹΦ ʁʽ ʶˊʶˎ˄ʹˍʷˌ ˔ˊʹˋʽ˃ˇˉˇʾʹˋʰ˄ ˍʹ˄ Microsoft Kinect 3D ˁʱ˃ʶˊʰ ʴʽʰ ˄ʰ ˁʰˍʰʴˊʱ˕ˇˎ˄ ˁʰʽ ˄ʰ 

ʰˉˇʻʹˁʶˏˋˇˎ˄ ˍʽˌ ˉ˂ʹˊˇ˒ˇˊʾʶˌ ˉˇˎ ˋ˔ʶˍʾʸˇ˄ˍʰʽ ˃ʶ ˍʽˌ ˁʽ˄ʺˋʶʽˌ ˍˇˎ ˋ˗˃ʰˍˇˌ ˍˇˎ ˔ˊʺˋˍʹΦ ɱʽʰ ˍʹ˄ ʰˉˍʽˁʺ 

ʰ˄ʱʵˊʰˋʹ ˔ˊʹˋʽ˃ˇˉˇʽʶʾˍʰʽ ˍˇ Nintendo Wiimote ʶ˄˗ ʴʽʰ ˍˇ ʶʽˁˇ˄ʽˁˈ ˉʶˊʽʲʱ˂˂ˇ˄ ʵʹ˃ʽˇˏˊʴʹˋʰ˄ ˃ʾʰ ʲʱˋʹ 

ʵʶʵˇ˃ʷ˄˖˄ ˉˇˎ ˉˊˇʷˊ˔ˇ˄ˍʰʽ ʰˉˈ ˍʹ˄ ˁʾ˄ʹˋʹ ˔ʶʽˊˇˎˊʴʽˁ˗˄ ʶ˄ʵˇˋˁˇˉʾ˖˄ ˁʰˍʱ ˍʹ ʵʽʱˊˁʶʽʰ ˉˊʰʴ˃ʰˍʽˁ˗˄ 

ʶˉʶ˃ʲʱˋʶ˖˄ ʋˇ˂ˇˁˎˋˍʶˁˍˇ˃ʺˌΦ ʆʷ˂ˇˌΣ ˍˇ ˃ˇ˄ˍʷ˂ˇ Hidden Markov Models (HMMsύ ˔ˊʹˋʽ˃ˇˉˇʽʶʾˍʰʽ ʴʽʰ ˄ʰ 

ʅ˔ʺ˃ʰ 1-14Φ ɳ˅ˇ˃ˇʽ˖ˍʺˌ 
ʶ˄ʵˇˋˁˈˉʹˋʹˌ όDi Jiang et al. [22]). 

ʅ˔ʺ˃ʰ 1-15Φ ʃˊˇˋˇ˃ˇʾ˖ˋʹ ˍˇˎ ʶˊʴʰ˂ʶʾˇˎ 
˔ʶʽˊˇˎˊʴʽˁʺˌ ˊʰ˒ʺˌ Covidien Endo Stich 

(Sukitti Punak et al. [25]). 
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ˋˎʴˁˊʾ˄ʶʽ ̱ ʽˌ ʶ˄ʷˊʴʶʽʶˌ ˍ˖˄ ˔ˊʹˋˍ˗˄ ˃ʶ ʰˎˍʷˌ ˍ˖˄ ʶʽʵʽˁ˗˄ ʰˉˈ ˍʹ˄ 

ʲʱˋʹ ʵʶʵˇ˃ʷ˄˖˄Φ ʍˋˍˈˋˇΣ ˍˇ ˉʶˊʽʲʱ˂˂ˇ˄ ˎˉˇ˂ʶʾˉʶˍʰʽ ˖ˌ ˉˊˇˌ 

ˍʹ˄ ʱˉˇ˕ʹ ˍˇˎ ˊʶʰ˂ʽˋ˃ˇˏ ˁʰʻ˗ˌ ʵʶ˄ ˉˊˇˋˇ˃ˇʽ˗˄ʶˍʰʽ ˁʱˉˇʽˇ 

˒ˎˋʽˁˈ ˔ʶʽˊˇˎˊʴʽˁˈ ʶˊʴʰ˂ʶʾˇΦ 

ɴ˄ʰˌ ʰˁˈ˃ʰ ʶˁˉʰʽʵʶˎˍʽˁˈˌ ˉˊˇˋˇ˃ˇʽ˖ˍʺˌ ˔ʰ˃ʹ˂ˇˏ ˁˈˋˍˇˎˌ 

ʶʾ˄ʰʽ ˇ eLaparo4D (ʅ˔ʺ˃ʰ м-16)Σ ˇ ˇˉˇʾˇˌ ˉʰˊˇˎˋʽʱʸʶˍʰʽ ˋˍˇ [27]. 

ʁʽ ʶˊʶˎ˄ʹˍʷˌ ˋ˔ʶʵʾʰˋʰ˄ ʶˁˉʰʽʵʶˎˍʽˁʷˌ ʰˋˁʺˋʶʽˌ ʴʽʰ ˒ˇʽˍʹˍʷˌ 

ʽʰˍˊʽˁʺˌ ˋʶ ˊʶʰ˂ʽˋˍʽˁʱ ˋʶ˄ʱˊʽʰ ʲʽ˄ˍʶˇ ς ˂ʰˉʰˊˇˋˁˇˉʽˁ˗˄ 

ʶˉʶ˃ʲʱˋʶ˖˄Φ ɶ ʰˉˍʽˁʺ ʰ˄ʱʵˊʰˋʹ ˉʰˊʷ˔ʶˍʰʽ ˔ˊʹˋʽ˃ˇˉˇʽ˗˄ˍʰˌ 

ˍˊʾʰ Phantom OmniΣ ˈˉˇˎ ˍʰ ˉˊ˗ˍʰ ʵˏˇ ˔ˊʹˋʽ˃ˇˉˇʽˇˏ˄ˍʰʽ ˖ˌ ˔ʶʽˊʽˋˍʺˊʽʰ ʶˊʴʰ˂ʶʾʰ όʰˊˉʱʴʹΣ ʴʱ˄ˍʸˇˌ ʺ 

˕ʰ˂ʾʵʽύ ˁʰʽ ˍˇ ˍˊʾˍˇ ˔ˊʹˋʽ˃ˇˉˇʽʶʾˍʰʽ ʴʽʰ ˄ʰ ˁʽ˄ʺˋʶʽ ˍʹ˄ ˁʱ˃ʶˊʰ ˃ʷˋʰ ˋˍˇ ʶʽˁˇ˄ʽˁʺ ˁˇʽ˂ʽʱΦ ʋˊʹˋʽ˃ˇˉˇʽ˗˄ˍʰˌ 

ˍˊʶʽˌ ʰˉˍʽˁʷˌ ˋˎˋˁʶˎʷˌΣ ˇʽ ˒ˇʽˍʹˍʷˌ ˄ʽ˗ʻˇˎ˄ ˃ʽʰ ʱˁˊ˖ˌ ˊʶʰ˂ʽˋˍʽˁʺ ˉˊˇˋʷʴʴʽˋʹ ˍˇˎ ˂ʰˉʰˊˇˋˁˇˉʽˁˇˏ 

ʶ˅ˇˉ˂ʽˋ˃ˇˏΦ ɳˉʽˉˊˈˋʻʶˍʰΣ ˇ ˍˊˈˉˇˌ ˃ʶ ˍˇ˄ ˇˉˇʾˇ ˇ ˉˊˇˋˇ˃ˇʽ˖ˍʺˌ ʶʾ˄ʰʽ ˒ˍʽʰʴ˃ʷ˄ˇˌΣ ʶˉʽˍˊʷˉʶʽ ˍʹ˄ ʶ˅ 

ʰˉˇˋˍʱˋʶ˖ˌ ˇʵʺʴʹˋʹ ʲʰˋʽˋ˃ʷ˄ʹ ˋˍʹ˄ ʰˉˍʽˁʺ ʰ˄ʱʵˊʰˋʹ ʹ ˇˉˇʾʰ ˉʰˊʷ˔ʶˍʰʽ ʰˉˈ ˁʱˉˇʽˇ˄ ʶˉʽʲ˂ʷˉˇ˄ˍʰΦ ɮˎˍʺ 

ʹ ˁʰʻˇʵʺʴʹˋʹ ˃ˉˇˊʶʾ ˄ʰ ˉʰˊʷ˔ʶˍʰʽ ˃ʷˋ˖ ʵʽˁˍˏˇˎ ʴʽʰ ˄ʰ ʵʶʾ˅ʶʽ ˋˍˇˎˌ ˒ˇʽˍʹˍʷˌ ˍˇ˄ ˋ˖ˋˍˈ ˍˊˈˉˇ ˃ʶ ˍˇ˄ ˇˉˇʾˇ 

ʶˁˍʶ˂ˇˏ˄ˍʰʽ ʵˏˋˁˇ˂ʶˌ ʶˊʴʰˋʾʶˌΦ ʆˇ ˋˏˋˍʹ˃ʰ ʶˉʽˍˊʷˉʶʽ ˋˍˇˎˌ ˔ˊʺˋˍʶˌ ˄ʰ ʷ˔ˇˎ˄ ˍˇ ʵʽˁˈ ˍˇˎˌ ˉˊˇ˒ʾ˂Σ ˍˇ ˇˉˇʾˇ 

ˁʰˍʰʴˊʱ˒ʶʽ ˍʹ˄ ˉˇˊʶʾʰ ˍˇˎˌ ˁʰʽ ˃ˉˇˊˇˏ˄ ʷˍˋʽ ˄ʰ ʶ˂ʷʴ˔ˇˎ˄ ˍʹ˄ ʶ˅ʷ˂ʽ˅ʹ ˍˇˎˌΦ ʆˇ ˋˏˋˍʹ˃ʰ ˋ˔ʶʵʽʱˋˍʹˁʶ ˃ʶ ˍʷˍˇʽˇ 

ˍˊˈˉˇ ʷˍˋʽ ˗ˋˍʶ ˁʱʻʶ ʱˋˁʹˋʹ ʷ˔ʶʽ ˍʽˌ ʶˉʽˍˊʶˉˍʷˌ ˁʰʽ ˃ʹ ʶˉʽˍˊʶˉˍʷˌ ʶ˄ʷˊʴʶʽʶˌΣ ˇʽ ˇˉˇʾʶˌ ˉˊˇˋʻʷˍˇˎ˄ ʺ 

ʰ˒ʰʽˊˇˏ˄ ˉˈ˄ˍˇˎˌ ʰˉˈ ˍˇ ˋˁˇˊ ˍˇˎ ˔ˊʺˋˍʹΦ ʆʷ˂ˇˌΣ ˇ ˇˊʽˋ˃ˈˌ ˍ˖˄ ʰˋˁʺˋʶ˖˄ ˍˇˎ ˉˊˇˋˇ˃ˇʽ˖ˍʺ ʰ˄ʰˉˍˏˋˋʶˍʰʽ 

ʴʽʰ ˄ʰ ˒ˍʱˋʶʽ ˋʶ ʷ˄ʰ ˇˊʽˋ˃ʷ˄ˇ ʶˉʾˉʶʵˇ ʴ˄˗ˋʹˌΦ 

ɴ˄ʰ ʰˁˈ˃ʰ ʶˁˉʰʽʵʶˎˍʽˁˈ ˉʰʽ˔˄ʾʵʽ ˉʶˊʽʴˊʱ˒ʶˍʰʽ ˋˍˇ [28] ʷ˔ˇ˄ˍʰˌ ˖ˌ ˋˍˈ˔ˇ ˍʹ˄ ʲʶ˂ˍʾ˖ˋʹ ˍ˖˄ ʵʶ˅ʽˇˍʺˍ˖˄ 

ˋʶ ˔ʶʽˊˇˎˊʴʽˁʷˌ ʶˁˉʰʽʵʶˎˍʽˁʷˌ ʶ˒ʰˊ˃ˇʴʷˌ ˈˉ˖ˌ ʹ ˔ʶʽˊˇˎˊʴʽˁʺ ˊʰ˒ʺ ˋʶ ˂ʰˉʰˊˇˋˁˇˉʽˁʷˌ ʶˉʶ˃ʲʱˋʶʽˌΦ ʆˇ 

ˉʰʽ˔˄ʾʵʽ ˉʰˊʷ˔ʶʽ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˎ˕ʹ˂ʺˌ ˉʽˋˍˈˍʹˍʰˌ ʴʽʰ ˍˇ ˉʶˊʽʲʱ˂˂ˇ˄ ˁʰʻ˗ˌ ʶˋˍʽʱʸʶʽ ˋˍʹ˄ ˒ˎˋʽˁʺ 

˃ˇ˄ˍʶ˂ˇˉˇʾʹˋʹ ˁʰʽ ˁʰʻʽʷˊ˖ˋʶ ʷ˄ʰ ˋˏ˄ˇ˂ˇ ˉʰˊʰ˃ʷˍˊ˖˄ ʴʽʰ ˍˇ˄ ˉˊˇˋʵʽˇˊʽˋ˃ˈ ˍʹˌ ʶ˅ʷ˂ʽ˅ʹˌ ˍ˖˄ 

ʶˁˉʰʽʵʶˎˈ˃ʶ˄˖˄Φ ʁ ˉˊˇˋˇ˃ˇʽ˖ˍʺˌ ˔ˊʹˋʽ˃ˇˉˇʽʶʾ ʷ˄ʰ ʸʶˎʴʱˊʽ ʰˉˈ ʰˉˍʽˁʷˌ ˋˎˋˁʶˎʷˌΣ ˇʽ ˇˉˇʾˇʽ ˃ˉˇˊʶʾ ˄ʰ ʶʾ˄ʰʽ 

ʵˏˇ Phantom Omni ʺ ʵˏˇ FalconΦ ʆˇ ˋˏˋˍʹ˃ʰ ˔ˊʹˋʽ˃ˇˉˇʽʶʾ ˍˇ PhysX ˁʰʽ ˍˇ Ogre3D ʴʽʰ ˍʹ˄ ʴˊʰ˒ʽˁʺ 

ʰˉʶʽˁˈ˄ʽˋʹΦ ɶ ˃ˇ˄ˍʶ˂ˇˉˇʾʹˋʹ ˍ˖˄ ʽˋˍ˗˄ ʲʰˋʾʸʶˍʰʽ ˋˍʹ˄ ˃ʷʻˇʵˇ 

˃ʱʸʰˌ ς ʁ ˂ʰˍʹˊʾˇˎ ʶ˄˗ ˍˇ ˄ʺ˃ʰ ˋˎ˄ˍʾʻʶˍʰʽ ʰˉˈ ˁˎ˂ʾ˄ʵˊˇˎˌ ˉˇˎ 

ˋˎ˄ʵʷˇ˄ˍʰʽ ˃ʷˋ˖ ˃ʽʰˌ ˋ˒ʰʽˊʽˁʺˌ ʱˊʻˊ˖ˋʹˌΦ ɮˎˍˈ ʶˉʽˍˊʷˉʶʽ ˍʹ˄ 

ˉʶˊʽˋˍˊˇ˒ʺ ˍ˖˄ ˋˍˇʽ˔ʶʾ˖˄ ˋʶ ˋ˔ʷˋʹ ˃ʶ ˍʰ ʱ˂˂ʰΦ ʅˍʹ˄ 

ˋˎʴˁʶˁˊʽ˃ʷ˄ʹ ʷˊʶˎ˄ʰ ʶʽˋʱʴˇ˄ˍʰʽ ˇˊʽˋ˃ʷ˄ˇʽ ˉʰˊʱ˃ʶˍˊˇʽ 

ʰ˅ʽˇ˂ˈʴʹˋʹˌ ˍʹˌ ʶˉʷ˃ʲʰˋʹˌ ˈˉ˖ˌ ʶʾ˄ʰʽΥ ˇ ˔ˊˈ˄ˇˌ ʵʽʱˊˁʶʽʰˌΣ ʹ 

ʰˁˊʾʲʶʽʰΣ ʹ ˃ʷʴʽˋˍʹ ʵˏ˄ʰ˃ʹΣ ʹ ˁʰˍʰˋˍˊˇ˒ʺ ʽˋˍˇˏ ˁʰʽ ʹ ʴ˖˄ʾʰ 

ʶʽˋˈʵˇˎ ˍʹˌ ʲʶ˂ˈ˄ʰˌΦ ʆʷ˂ˇˌ ʴʽʰ ˉˊ˗ˍʹ ˒ˇˊʱ ʶˉʽˋʹ˃ʰʾ˄ʶˍʰʽ ʹ 

ʰ˄ʱʴˁʹ ʲʶ˂ˍʾ˖ˋʹˌ ˍ˖˄ ʶ˒ʷ ˋˍˇ ˍˊʽˋʵʽʱˋˍʰˍˇ ˉʶˊʽʲʱ˂˂ˇ˄ 

όʵʹ˃ʽˇˎˊʴʾʰ ˁʰˉ˄ˇˏ ʺ ʰʽ˃ˇˊˊʰʴʾʰ ̩ ˁʰˍʱ ˍʹ˄ ʵʽʱˊˁʶʽʰ ˍʹˌ 

ʶˉʷ˃ʲʰˋʹˌ ς ʅ˔ʺ˃ʰ м-17ύΦ ɮˎˍˈ ʺˍʰ˄ ʹ ʰ˒ˇˊ˃ʺ ʴʽʰ ˍʹ˄ ʷˊʶˎ˄ʰ 

ˉˇˎ ˉʰˊˇˎˋʽʱʸʶˍʰʽ ˋˍˇ [29] ˈˉˇˎ ˋˍˇ˄ ˉˊˇˋˇ˃ˇʽ˖ˍʺ 

ʅ˔ʺ˃ʰ 1-17. ɳ˅ˇ˃ˇʾ˖ˋʹ ˂ʰˉʰˊˇˋˁˈˉʹˋʹˌ 
˃ʶ ˉˊˇˋʻʺˁʹ ʶʽʵʽˁ˗˄ ʶ˒ʷ (Halic & De [29]). 

ʅ˔ʺ˃ʰ 1-16Φ ɳʽˁˇ˄ʽˁˈ ˉʶˊʽʲʱ˂˂ˇ˄ ˍˇˎ 
eLaparo4D (Marco Gaudina et al. [27]). 
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Laparoscopic Adjustable Gastric Banding (LAGB) [30] ʴʾ˄ʶˍʰʽ 

ʹ ˉˊˇˋˉʱʻʶʽʰ ʶ˒ʰˊ˃ˇʴʺˌ ˊʶʰ˂ʽˋˍʽˁˇˏ ˁʰˉ˄ˇˏ ˁʰʽ 

ʰʽ˃ˇˊˊʰʴʾʰˌΦ ʃˊˇˁʶʽ˃ʷ˄ˇˎ ˄ʰ ʶˉʽˍʶˎ˔ʻˇˏ˄ ˍʰ ʶˉʽʻˎ˃ʹˍʱ 

ʶ˒ʷ ʰ˄ʰ˂ˏʻʹˁʰ˄ ʲʾ˄ˍʶˇ ˉˇˎ ˁʰˍʰʴˊʱ˒ʹˁʰ˄ ʰˉˈ ˍˇ LAGB ˁ ʰʽ 

ˉ́ ˇˋʵʽˇˊʾˋˍʹˁʰ˄ ʵˏˇ ʵʽʰ˒ˇˊʶˍʽˁʱ ʶʾʵʹΦ ʇˉʱˊ˔ʶʽ ˇ 

ˉʶˊʽ˒ʶˊʶʽʰˁˈˌ ˁʰˉ˄ˈˌ ˉˇˎ ˋˎ˔˄ʱ ʶ˃ˉˇʵʾʸʶʽ ˍʹ˄ ʶʽˁˈ˄ʰ ˍʹˌ 

ˁʱ˃ʶˊʰˌΣ ʶ˄˗ ˉʰˊʰˍʹˊʶʾˍʰʽ ˁʰʽ ˇ ˁʰˉ˄ˈˌ ˉˇˎ ˉʰˊʱʴʶˍʰʽ ʰˉˈ 

ˍʹ˄ ʱˁˊʹ ˍˇˎ ʶˊʴʰ˂ʶʾˇˎ ˁʰˎˍʹˊʾʰˋʹˌ ˁʰʽ ʶ˅ʰˉ˂˗˄ʶˍʰʽ ʰˊʴʱ 

ʴˏˊ˖ ʰˉˈ ˍˇ˄ ʽˋˍˈΦ ɼʰʽ ˇʽ ʵˏˇ ˍˏˉˇʽ ʶ˃˒ʰ˄ʾʸˇ˄ˍʰʽ ˋˍˇ ˍʶ˂ʽˁˈ ˉʶˊʽʲʱ˂˂ˇ˄Φ ɱʽʰ ˍʰ ʶ˒ʷ ʰʽ˃ˇˊˊʰʴʾʰˌΣ ˃ʽʰ 

˔ʰˊʰˁˍʹˊʽˋˍʽˁʺ ˃ʶˍʰʲ˂ʹˍʺ ʰˉˇʵˈʻʹˁʶ ˋʶ ˈ˂ʶˌ ˍʽˌ ˁˇˊˎ˒ʷˌ ˍˇˎ ˉ˂ʷʴ˃ʰˍˇˌ ˍʹˌ ʵˇ˃ʺˌΦ ɮ˄ ʰˎˍʺ ˅ʶˉʶˊ˄ʱʶʽ 

ˁʱˉˇʽʰ ˋˎʴˁʶˁˊʽ˃ʷ˄ʹ ˍʽ˃ʺΣ ʹ ʰʽ˃ˇˊˊʰʴʾʰ ʰˉʶʽˁˇ˄ʾʸʶˍʰʽ ˋˍˇ ˋˎʴˁʶˁˊʽ˃ʷ˄ˇ ˁˇ˃˃ʱˍʽΦ 

ʆʷ˂ˇˌΣ ˍˊˈˉˇʽ ˎˉˇʲˇʺʻʹˋʹˌ ˍ˖˄ ˔ʶʽˊʽˋˍ˗˄ ʶ˒ʰˊ˃ˈʸˇ˄ˍʰʽ ˋˍˇˎˌ ʶʽˁˇ˄ʽˁˇˏˌ ˉˊˇˋˇ˃ˇʽ˖ˍʷˌΦ ɾʾʰ ʰˉˈ ˍʽˌ 

ˉʽˇ ˁˇʽ˄ʷˌ ˍʶ˔˄ʽˁʷˌ ʶʾ˄ʰʽ ʹ Virtual Fixtures (VFύ ʹ ˇˉˇʾʰ ˔ˊʹˋʽ˃ˇˉˇʽʶʾˍʰʽ ʴʽʰ ˄ʰ ˁʰʻˇʵʹʴʶʾ ˍˇˎˌ ˒ˇʽˍʹˍʷˌ ʶ˄˗ 

ˁʱ˄ˇˎ˄ ˃ʾʰ ˋˎʴˁʶˁˊʽ˃ʷ˄ʹ ʶˊʴʰˋʾʰΦ ʆˇ VF ʶ˒ʰˊ˃ˈʸʶʽ ʵˎ˄ʱ˃ʶʽˌ ˋˍʹ˄ ʰˉˍʽˁʺ ˋˎˋˁʶˎʺ ʴʽʰ ˄ʰ ʵʽʰˍʹˊʶʾ ˍˇˎˌ 

˒ˇʽˍʹˍʷˌ ˃ʰˁˊʽʱ ʰˉˈ ʰˉʰʴˇˊʶˎ˃ʷ˄ʶˌ ˉʶˊʽˇ˔ʷˌ ˍˇˎ ˔˗ˊˇˎ ʶˊʴʰˋʾʰˌΦ ɶ ʷˊʶˎ˄ʰ [31] ˋˎʸʹˍʱ ˍʰ ˉ˂ʶˇ˄ʶˁˍʺ˃ʰˍʰ 

ˍʹˌ ʶʽˁˇ˄ʽˁʺˌ ˉˊʰʴ˃ʰˍʽˁˈˍʹˍʰˌ ˋˍʹ˄ ʶˁ˃ʱʻʹˋʹ ˍ˖˄ ʲʰˋʽˁ˗˄ ʵʶ˅ʽˇˍʺˍ˖˄ ˍ˖˄ ˂ʰˉʰˊˇˋˁˇˉʽˁ˗˄ ʶˉʶ˃ʲʱˋʶ˖˄Φ 

ɳ˒ʰˊ˃ˈʸʶˍʰʽ ˖ˌ VFΥ ʹ ˇˉˍʽˁʺ ˇʵʺʴʹˋʹΣ ʹ ʰˁˇˎˋˍʽˁʺ ˇʵʺʴʹˋʹΣ ʹ ˁ˂ʽ˃ʰˁ˖ˍʺ ˁʾ˄ʹˋʹΣ ʹ ˃ʶʴʷʻˎ˄ˋʹ ˁʰʽ ʹ 

ʰ˄ʱʵˊʰˋʹ ʵˏ˄ʰ˃ʹˌΦ ɮˎˍʱ ˉˊˇˋ˒ʷˊˇˎ˄ ˋˍˇ˄ ʶˁˉʰʽʵʶˎˈ˃ʶ˄ˇ ʷ˄ʰ ʲˇʹʻʹˍʽˁˈ ˉʶˊʽʲʱ˂˂ˇ˄Φ ʆˇ ˋˏˋˍʹ˃ʰ ˉˇˎ 

˔ˊʹˋʽ˃ˇˉˇʽʶʾˍʰʽ ʵʹ˃ʽˇˎˊʴʺʻʹˁʶ ˋˍˇ [32] ˁ ʰʽ ˔ˊʹˋʽ˃ˇˉˇʽʶʾ ˃ʾʰ h ˉˍʽˁ ̋̀ ˎˋˁʶˎ ̋Phantom Omni όʅ˔ʺ˃ʰ м-18). 

1.3.6 ʁˊʻˇˉʶʵʽˁʷˌ ˔ʶʽˊˇˎˊʴʽˁʷˌ ʶˉʶ˃ʲʱˋʶʽˌ 

ɶ ʰˊʻˊˇˋˁˈˉʹˋʹ ʶʾ˄ʰʽ ˃ʽʰ ʰˁˈ˃ʰ ˔ʶʽˊˇˎˊʴʽˁʺ ʶˉʷ˃ʲʰˋʹ ˋˍʹ˄ ˇˉˇʾʰ ʷ˔ˇˎ˄ ʶ˒ʰˊ˃ˇˋˍʶʾ ʶʽˁˇ˄ʽˁʱ 

ˉʶˊʽʲʱ˂˂ˇ˄ˍʰΦ ɶ ʰˊʻˊˇˋˁˈˉʹˋʹ ʶʾ˄ʰʽ ˃ʽʰ ʶˉʷ˃ʲʰˋʹ ˉˇˎ ʴʾ˄ʶˍʰʽ ʴʽʰ ˍʹ˄ ʶˁˍʾ˃ʹˋʹ ʺ ˍʹ˄ ʻʶˊʰˉʶʾʰ ˍʹˌ 

ˇˊʻˇˉʶʵʽˁʺˌ ˁʰˍʱˋˍʰˋʹˌ ˍˇˎ ʰˋʻʶ˄ʺΦ ɮˊ˔ʽˁʱ ˋˍˇ [33] h ˄ʰˉˍˏˋˋʶˍʰʽ ʷ˄ʰ ˋˏˋˍʹ˃ʰ ʶʽˁˇ˄ʽˁʺˌ ˉˊʰʴ˃ʰˍʽˁˈˍʹˍʰˌ 

ʴʽʰ ˍʹ˄ ʰˊʻˊˇˋˁˈˉʹˋʹ ˋˍˇ ʴˈ˄ʰˍˇ ˔ˊʹˋʽ˃ˇˉˇʽ˗˄ˍʰˌ ˍʹ˄ OpenGL ˁʰʽ ˍʹ˄ CҌҌΦ ɮ˄ʰˉˍˏ˔ʻʹˁʶ ˉˊ˖ˍˈˍˎˉˇˌ 

ʰˉˍʽˁˈˌ ˃ʹ˔ʰ˄ʽˋ˃ˈˌ ˍʶˋˋʱˊ˖˄ ʲʰʻ˃˗˄ ʶ˂ʶˎʻʶˊʾʰˌ ˁʰʽ о ˁʰˍʶˎʻˏ˄ˋʶ˖˄ ʰ˄ʱʵˊʰˋʹˌ ʵˏ˄ʰ˃ʹˌ (ʅ˔ʺ˃ʰ м-19)Φ ɱʽʰ 

ˍʹ˄ ʰˉʶʽˁˈ˄ʽˋʹ ˍʹˌ ʵʽʰʵʽˁʰˋʾʰˌ ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʶ ˋˎ˄ʵˎʰˋ˃ˈˌ ˉˊʰʴ˃ʰˍʽˁ˗˄ ˒˖ˍˇʴˊʰ˒ʽ˗˄ ʴʽʰ ˍʹ˄ 

ʶ˅ʰˋ˒ʱ˂ʽˋʹ ˍˇˎ ˊʶʰ˂ʽˋ˃ˇˏΦ ɱʽʰ ˍʹ˄ ˃ˇ˄ˍʶ˂ˇˉˇʾʹˋʹ ˍ˖˄ ˋˍˇʽ˔ʶʾ˖˄ ˍʹˌ ʰˉʶʽˁˈ˄ʽˋʹˌ ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʰ˄ 

ˉʶˉʶˊʰˋ˃ʷ˄ʰ ˋˍˇʽ˔ʶʾʰΣ ˈ˃˖ˌ ˔ˊʹˋʽ˃ˇˉˇʽʶʾˍʰʽ ʵʽʰ˒ˇˊʶˍʽˁˈ ˉ˂ʷʴ˃ʰ ʰ˄ʱ˂ˇʴʰ ˃ʶ ˍˇ ʰ˄ ˉˊˇˋˇ˃ˇʽ˗˄ʶˍʰʽ 

ˉʰˊʰ˃ˇˊ˒˗ˋʽ˃ˇ ˋˍˇʽ˔ʶʾˇ όˉΦ˔Φ ʽˋˍˈˌ ˍˇˎ ʵʷˊ˃ʰˍˇˌύ ʺ ˈ˔ʽ όˉΦ˔Φ ˁˈˁʰ˂ʰύΦ ɴ˄ʰ ʶ˄ʵˇˋˁˈˉʽˇ ˁʰʽ ʷ˄ʰˌ ˁˈˉˍʹˌ 

ʅ˔ʺ˃ʰ 1-19Φ ɳ˅ˇ˃ˇʾ˖ˋʹ ʰˊʻˊˇˋˁˈˉʹˋʹˌ 
(Pheng-Ann Heng et al. [33]). 

ʅ˔ʺ˃ʰ 1-18Φ ɳ˅ˇ˃ˇʾ˖ˋʹ ˂ʰˉʰˊˇˋˁˈˉʹˋʹˌ 
(Albert Hernansanz et al. [32]). 
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ʰˉʶʽˁˇ˄ʾʸˇ˄ˍʰʽ ˋˍˇ ʶʽˁˇ˄ʽˁˈ ˉʶˊʽʲʱ˂˂ˇ˄ ʴʽʰ ˄ʰ ˉʰˊʷ˔ˇˎ˄ ˊʶʰ˂ʽˋˍʽˁʱ ʶˊʴʰ˂ʶʾʰ ˁʰˍʱ ˍʹ˄ ʵʽʱˊˁʶʽʰ ˍʹˌ 

ˉˊˇˋˇ˃ˇʾ˖ˋʹˌΦ ʁ ˉˊˇˋˇ˃ˇʽ˖ˍʺˌ ʶʾ˄ʰʽ ʽˁʰ˄ˈˌ ˄ʰ ˁʰˍʰʴˊʱ˒ʶʽ ˍʹ˄ ˔ʶʽˊˇˎˊʴʽˁʺ ʵʽʰʵʽˁʰˋʾʰΦ ɾʶ ʰˎˍˈ ˍˇ˄ ˍˊˈˉˇ 

ˇʽ ʶˁˉʰʽʵʶˎˈ˃ʶ˄ˇʽ ʶʾ˄ʰʽ ˋʶ ʻʷˋʹ ˄ʰ ˉʰˊʰˁˇ˂ˇˎʻˇˏ˄ ˍʹ˄ ʶ˅ʷ˂ʽ˅ʺ ˍˇˎˌΦ  

 

ʅ˔ʺ˃ʰ 1-20. ɳ˅ˇ˃ˇʾ˖ˋʹ ʰˊʻˊˇˋˁˈˉʹˋʹˌ όYonghua Chen & Xuejian He [34]). 

ɴ˄ʰ ˍˎˉʽˁˈ ˁʰʻʺˁˇ˄ ˋˍˇ˄ ˍˇ˃ʷʰ ˍʹˌ ˇˊʻˇˉʶʵʽˁʺˌ ʶʾ˄ʰʽ ʹ ʵʽʱ˄ˇʽ˅ʹ ˇˉ˗˄ ˋˍʰ ˇˋˍʱΦ ɮˎˍʺ ʹ ʵʽʰʵʽˁʰˋʾʰ ʶʾ˄ʰʽ 

ʷ˄ʰ ˇˎˋʽʰˋˍʽˁˈ ˉˊ˗ˍˇ ʲʺ˃ʰ ˉˊʽ˄ ˍʹ˄ ʶʽˋʰʴ˖ʴʺ ʲʽʵ˗˄ ʺ ʰˁʾʵ˖˄Φ ʅˍˇ [34] ̄ ʶˊʽʴˊʱ˒ʶˍʰʽ ʷ˄ʰˌ ˉˊˇˋˇ˃ˇʽ˖ˍʺˌ ʴʽʰ 

ʵʽʱ˄ˇʽ˅ʹ ˇˉʺˌ ˍˇˎ ˃ʹˊʽʰʾˇˎ ˋʶ ˉʶˊʾˉˍ˖ˋʹ ˁʰˍʱʴ˃ʰˍˇˌ ˍˇˎ ʽˋ˔ʾˇˎΦ ʆˇ ˋˏˋˍʹ˃ʰ ˔ˊʹˋʽ˃ˇˉˇʽʶʾ ʷ˄ʰ Phantom 

Premium ˍˇ ˇˉˇʾˇ ˉʰˊʷ˔ʶʽ с ˁʰˍʶˎʻˏ˄ˋʶʽˌ ʰ˄ʱʵˊʰˋʹˌ ʵˏ˄ʰ˃ʹˌ όʅ˔ʺ˃ʰ м-20)Φ ʅˍˇ˄ ˉˊˇˋˇ˃ˇʽ˖ˍʺ ˍˇ ˁˈˁʰ˂ˇ 

˃ˇ˄ˍʶ˂ˇˉˇʽʶʾˍʰʽ ˖ˌ ʷ˄ʰ voxelΣ ˍˇ ˇˉˇʾˇ ˂ʰ˃ʲʱ˄ʶˍʰʽ ʰˉˈ ʰ˅ˇ˄ʽˁʺ ˍˇ˃ˇʴˊʰ˒ʾʰ ˁʰʽ ˍˇ ʶˊʴʰ˂ʶʾˇ ʵʽʱˍˊʹˋʹˌ ˖ˌ 

ʷ˄ʰˌ ˁˎ˂ʽ˄ʵˊʽˁˈˌ ˈʴˁˇˌΦ ʅʶ ʰˎˍˈ˄ ˍˇ˄ ˉˊˇˋˇ˃ˇʽ˖ˍʺ ʶ˂ʺ˒ʻʹˋʰ˄ ˎˉˈ˕ʹ ʵˏˇ ˋʹ˃ʰ˄ˍʽˁʷˌ ˉˍˎ˔ʷˌ ˍʹˌ ʵʽʱˍˊʹˋʹˌΥ 

ʽʵʽˈˍʹˍʶˌ ˇˋˍˇˏ ˁʰʽ ˉʰˊʱ˃ʶˍˊˇʽ ʵʽʱ˄ˇʽ˅ʹˌΦ ʍˌ ˉʰˊʱ˃ʶˍˊˇʽ ʵʽʱ˄ˇʽ˅ʹˌ ʰ˄ʰ˒ʷˊˇ˄ˍʰʽ ʹ ˍʰ˔ˏˍʹˍʰ ˍˇˎ ˍˊˎˉʰ˄ʽˇˏ 

ˁʰʽ  ̱ ˇ ʶʾʵˇˌ ˍˇˎΦ ʆʷ˂ˇˌΣ ˇ ˎˉˇ˂ˇʴʽˋ˃ˈˌ ˍʹˌ ʵˏ˄ʰ˃ʹˌ ʰ˄ʱʵˊʰˋʹˌ όʵˏ˄ʰ˃ʹ ʵʽʱ˄ˇʽ˅ʹˌ ˁʰʽ ˊˇˉʺύ ʲʰˋʾʸʶˍʰʽ ˋˍˇ˄ 

ˊˎʻ˃ˈ ʰ˒ʰʾˊʶˋʹˌ ˎ˂ʽˁˇˏΣ ˇ ˇˉˇʾˇˌ ʲʰˋʾʸʶˍʰʽ ˋˍʹ˄ ʵʽʱ˃ʶˍˊˇ ˍʹˌ ˇˉʺˌ ˁʰʽ ˋˍˇ˄ ˊˎʻ˃ˈ ʰ˄ʰˍˊˇ˒ˇʵˈˍʹˋʹˌΦ 

ʅˍˇ˄ ˍˇ˃ʷʰ ˍʹˌ ˇˊʻˇˉʶʵʽˁʺˌΣ ˃ʽʰ ˋˎʴˁʶˁˊʽ˃ʷ˄ʹ ʶˉʷ˃ʲʰˋʹ ʴʽʰ ˁʰˍʱʴ˃ʰˍʰ ˋˍˇ˄ ʰ˄ʻˊ˗ˉʽ˄ˇ ˃ʹˊʽʰʾˇ ʶʾ˄ʰʽ 

ˍˇ ˋˏˋˍʹ˃ʰ Less Invasive Stabilization System (LISSύΦ ʁ ˉˊˇˋˇ˃ˇʽ˖ˍʺˌ ˋˍˇ [35] ˔ˊʹˋʽ˃ˇˉˇʽʶʾ ˉʶˉʶˊʰˋ˃ʷ˄ʰ 

ˋˍˇʽ˔ʶʾʰ ʴʽʰ ˄ʰ ˃ˇ˄ˍʶ˂ˇˉˇʽʺˋʶʽ ˍʹ˄ ˉʰˊʰ˃ˈˊ˒˖ˋʹ ˈˍʰ˄ ˍʰ ˔ʶʽˊˇˎˊʴʽˁʱ ʶˊʴʰ˂ʶʾʰ ʰ˂˂ʹ˂ʶˉʽʵˊˇˏ˄ ˃ʶ ˍʽˌ 

ʶˉʽ˒ʱ˄ʶʽʶˌ ˍ˖˄ ˇˋˍ˗˄Φ ɶ ˁʰʽ˄ˇˍˇ˃ʾʰ ˍˇˎ ʷʴˁʶʽˍʰʽ ˋˍˇ ʴʶʴˇ˄ˈˌ ˉ˖ˌ ˁʰˍʱ ˍʹ˄ ʵʽʱˊˁʶʽʰ ˍʹˌ ˉˊˇˋˇ˃ˇʾ˖ˋʹˌ 

˃ˉˇˊʶʾ ˄ʰ ˉʰˊʰˁˇ˂ˇˎʻʶʾ ˍʹ˄ ʵʽʰʵʽˁʰˋʾʰ ˁʱˉˇʽˇˌ ʷ˃ˉʶʽˊˇˌ ˔ʶʽˊˇˎˊʴˈˌ ˇ ˇˉˇʾˇˌ ʷ˔ʶʽ ˍʹ˄ ʵˎ˄ʰˍˈˍʹˍʰ ˄ʰ 

ʶˉʷ˃ʲʶʽ ˈˍʰ˄ ˍˇ ˁˊʾ˄ʶʽ ˋˁˈˉʽ˃ˇΦ ʁ ˉˊˇˋˇ˃ˇʽ˖ˍʺˌ ʶʾ˄ʰʽ ˋ˔ʶʵʽʰˋ˃ʷ˄ˇˌ ˃ʶ ˋˁˇˉˈ ʵˏˇ ʵʽʰ˒ˇˊʶˍʽˁʷˌ ʶˊʴʰˋʾʶˌΦ 

ɮˊ˔ʽˁʱΣ ʰˉˇˍʶ˂ʶʾ ʷ˄ʰ˄ ˉˊˇˋˇ˃ˇʽ˖ˍʺΣ ˇ ˇˉˇʾˇˌ ʵʹ˃ʽˇˎˊʴʺʻʹˁʶ ˔ˊʹˋʽ˃ˇˉˇʽ˗˄ˍʰˌ ˍʹ˄ CҌҌ ˁʰʽ ˍˇ Chai3DΦ ɮˎˍˈˌ 

ˇ ˉˊˇˋˇ˃ˇʽ˖ˍʺˌ ʶ˄ˋ˖˃ʰˍ˗˄ʶʽ ʷ˄ʰ Phantom Omni ʴʽʰ ˄ʰ ʰ˂˂ʹ˂ʶˉʽʵˊʱ ˃ʶ ˍˇ ˉʶˊʽʲʱ˂˂ˇ˄ ˁʰʽ ʷ˔ʶʽ ʰ˄ʱʵˊʰˋʹ 

ʵˏ˄ʰ˃ʹˌΦ ʃʰˊʱ˂˂ʹ˂ʰ ˈ˃˖ˌ ˃ˉˇˊʶʾ ˄ʰ ˁʰˍʰʴˊʱ˕ʶʽ ˍʹ˄ ʶʽˁˇ˄ʽˁʺ ˔ʶʽˊˇˎˊʴʽˁʺ ʶˉʷ˃ʲʰˋʹ ˉˇˎ ˉˊˇʷˁˎ˕ʶ ʴʽʰ 

ˉʶˊʶˍʰʾˊ˖ ʰ˅ʽˇ˂ˈʴʹˋʹΦ ɴˍˋʽ ʰˉˇˍʶ˂ʶʾ ʷ˄ʰ ʶˊʴʰ˂ʶʾˇ ˉˇˎ ˃ˉˇˊʶʾ ˄ʰ ˔ˊʹˋʽ˃ˇˉˇʽʹʻʶʾ ʰˉˈ ˍˇˎˌ ʷ˃ˉʶʽˊˇˎˌ 

˔ʶʽˊˇˎˊʴˇˏˌ ʴʽʰ ˄ʰ ʵʽʵʱ˅ˇˎ˄ ˍʹ ʵʽʰʵʽˁʰˋʾʰ ˁʰʽ ˄ʰ ʰ˅ʽˇ˂ˇʴʺˋˇˎ˄ ˍˇˎˌ ʶˁˉʰʽʵʶˎˈ˃ʶ˄ˇˎˌ ʴʽʰˍˊˇˏˌΦ 

 
ʅ˔ʺ˃ʰ 1-21. ɳ˅ˇ˃ˇʾ˖ˋʹ ˋˎˋˍʺ˃ʰˍˇˌ LISS (J. Cecil et al. [35]). 
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1.3.7 ɯ˂˂ʶˌ ʶˉʶ˃ʲʱˋʶʽˌ 

ɳˁˍˈˌ ʰˉˈ ˍʽˌ ˉˊˇʹʴˇˏ˃ʶ˄ˇˎˌ ˍˇ˃ʶʾˌΣ ˎˉʱˊ˔ˇˎ˄ 

ˉˊˇˋˇ˃ˇʽ˖ˍʷˌ ˁʰʽ ˋʶ ʱ˂˂ʰ ʶʾʵʹ ʶˉʶ˃ʲʱˋʶ˖˄Φ ɴ˄ʰˌ ʰˉˈ 

ʰˎˍˇˏˌ ˍˇˎˌ ˍˇ˃ʶʾˌ ʶʾ˄ʰʽ ʹ ʶˁˉʰʾʵʶˎˋʹ ˋˍʹ˄ ʵʽʰʵʽˁʰˋʾʰ 

ʲʽˇ˕ʾʰˌΣ ʵʹ˂ʰʵʺ ˋˍʹ˄ ʵʶʽʴ˃ʰˍˇ˂ʹ˕ʾʰ ˁˎˍˍʱˊ˖˄ ʺ ʽˋˍ˗˄ 

ʴʽʰ ʶ˅ʷˍʰˋʹΦ ɶ ʵʽʰʵʽˁʰˋʾʰ ʰˎˍʺ ʴʾ˄ʶˍʰʽ ˋˎ˄ʺʻ˖ˌ ʴʽʰ ˄ʰ 

ʰ˅ʽˇ˂ˇʴʹʻʶʾ ʶʱ˄ ˎˉʱˊ˔ˇˎ˄ ˒˂ʶʴ˃ˇ˄˗ʵʶʽˌ ʺ ˁʰˊˁʽ˄ʽˁʷˌ 

ˉʰʻʺˋʶʽˌ ˋˍʰ ˈˊʴʰ˄ʰΦ ɶ ʶˁˉʰʾʵʶˎˋʹ ˋʶ ʰˎˍˈ ˍˇ 

ʰ˄ˍʽˁʶʾ˃ʶ˄ˇ ˃ˉˇˊʶʾ ˄ʰ ʴʾ˄ʶʽ ˃ˈ˄ˇ ˋʶ ʸ˖˄ˍʰ˄ˇˏˌ ʰˋʻʶ˄ʶʾˌΣ 

ˍˇ ˇˉˇʾˇ ˁˊˏʲʶʽ ˁʽ˄ʵˏ˄ˇˎˌ ʴʽʰ ˍˇˎˌ ʰˋʻʶ˄ʶʾˌΦ ɳˉˇ˃ʷ˄˖ˌΣ 

ʵʾ˄ʶˍʰʽ ʷ˃˒ʰˋʹ ˋˍʹ ʵʹ˃ʽˇˎˊʴʾʰ ˋˎˋˍʹ˃ʱˍ˖˄ ˃ʶ ˇˉˍʽˁˈ 

ˊʶʰ˂ʽˋ˃ˈ ˁʰʽ ʶ˂ʶʴ˔ˈ˃ʶ˄ʰ ˉʶˊʽʲʱ˂˂ˇ˄ˍʰΦ  

ʅʶ ʰˎˍˈ˄ ˍˇ˄ ˍˇ˃ʷʰ ʰ˄ʰˉˍˏˋˋʶˍʰʽ ʷ˄ʰˌ ʶˁˉʰʽʵʶˎˍʽˁˈˌ ˉˊˇˋˇ˃ˇʽ˖ˍʺˌ ʶʽˁˇ˄ʽˁʺˌ ˉˊʰʴ˃ʰˍʽˁˈˍʹˍʰˌ ʲʽˇ˕ʾʰˌ 

ʺˉʰˍˇˌ ˃ʶ ˁʰʻˇʵʺʴʹˋʹ ʰˉˈ ˎˉʷˊʹ˔ˇ [36]Φ ʁʽ ʶˊʶˎ˄ʹˍʷˌ ˋˎ˄ʵˎʱʸˇˎ˄ ˍʽˌ ʶʽˁˈ˄ʶˌ ˉˇˎ ˉʺˊʰ˄ ʰˉˈ ʰ˅ˇ˄ʽˁʷˌ 

ˍˇ˃ˇʴˊʰ˒ʾʶˌ ˃ʶ ʶʽˁˈ˄ʶˌ ˎˉʶˊʺ˔˖˄ ʴʽʰ ˄ʰ ˉʰˊʷ˔ˇˎ˄ ˊʶʰ˂ʽˋˍʽˁˈˍʶˊʹ ʰʾˋʻʹˋʹΦ ɳˉʽˉˊˈˋʻʶˍʰΣ ʵʹ˃ʽˇˏˊʴʹˋʰ˄ 

ˉʰˊʰ˃ˇˊ˒˗ˋʽ˃ˇ ˃ˇ˄ˍʷ˂ˇ ˉˇˎ ˄ʰ ʶʾ˄ʰʽ ʽˁʰ˄ˈ ˄ʰ ˉˊˇˋˇ˃ˇʽ˗ˋʶʽ ˍʹ˄ ʰ˄ʰˉ˄ˇʺ ˍˇˎ ʰˋʻʶ˄ʺ ʰ˂˂ʱʸˇ˄ˍʰˌ 

ˉʰˊʰ˃ʷˍˊˇˎˌ ʶ˂ʷʴ˔ˇˎΦ ɱʽʰ ˍʹ˄ ʰˉˍʽˁʺ ʰ˄ʱʵˊʰˋʹΣ ˔ˊʹˋʽ˃ˇˉˇʾʹˋʰ˄ ʵˏˇ ʰˉˍʽˁʷˌ ˋˎˋˁʶˎʷˌΣ ʷ˄ʰ Phantom Omni 

ʴʽʰ ˄ʰ ˉˊˇˋˇ˃ˇʽ˗˄ʶˍʰʽ ʹ ˁʶ˒ʰ˂ʺ ˍˇˎ ˎˉʶˊʹ˔ˇʴˊʱ˒ˇˎ ˁʰʽ ʷ˄ʰ Phantom Premium ʴʽʰ ˍʹ˄ ʵʽʰ˔ʶʾˊʽˋʹ ˍʹˌ 

ʶʽˁˇ˄ʽˁʺˌ ʲʶ˂ˈ˄ʰˌ (ʅ˔ʺ˃ʰ м-22)Φ ʅˍˇ˄ ˉˊˇˋˇ˃ˇʽ˖ˍʺ ʰˉʶʽˁˇ˄ʾʸʶˍʰʽ ˍˇ ˃ˇ˄ˍʷ˂ˇ ˍˇˎ ʺ̄ ʰˍˇˌ ˁʰʽ ˇ ʰʽˋʻʹˍʺˊʰˌ ˍˇˎ 

ˎˉʶˊʹ˔ˇʴˊʱ˒ˇˎ ˉˇˎ ˃ˉˇˊʶʾ ˄ʰ ʵʶʽ ˁʱˉˇʽˇˌ ˋˍʹ˄ ˉˊʰʴ˃ʰˍʽˁʺ ʶˉʷ˃ʲʰˋʹΦ ɴʴʽ˄ʰ˄ ʵʽʱ˒ˇˊʰ ˍʶˋˍ ʴʽʰ ˄ʰ 

ʰ˅ʽˇ˂ˇʴʹʻˇˏ˄ ˁʱˉˇʽʰ ʸʹˍʺ˃ʰˍʰ ˊʶʰ˂ʽˋ˃ˇˏ ˈˉ˖ˌ ˇʽ ʶʽˁˈ˄ʶˌ ˁʰʽ ʹ ʰ˄ʱʵˊʰˋʹ ʰ˒ʺˌΦ ɶ ʰ˅ʽˇ˂ˈʴʹˋʹ ʰˉˈ 

ʶ˃ˉʶʽˊˇʴ˄˗˃ˇ˄ʶˌ ʰ˂˂ʱ ˁʰʽ ʰˉˈ ʶˁˉʰʽʵʶˎˈ˃ʶ˄ˇˎˌ ʷʵ˖ˋʶ ʽˁʰ˄ˇˉˇʽʹˍʽˁʱ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰΦ ʃʰˊˈ˂ʰ ʰˎˍʱΣ 

ˉʰˊʰˍʹˊʺʻʹˁʶ ˈˍʽ ʹ ʰˉˈʵˇˋʹ ˍ˖˄ ʷ˃ˉʶʽˊ˖˄ ˔ʶʽˊˇˎˊʴ˗˄ ʵʶ˄ ʺˍʰ˄ ˈˋˇ ˎ˕ʹ˂ʺ ʰ˄ʰ˃ʶ˄ˈˍʰ˄ ˈˍʰ˄ 

ʶ˄ʶˊʴˇˉˇʽʺʻʹˁʶ ʹ ʰ˄ʰˉ˄ˇʺ ˋˍʹ˄ ˉˊˇˋˇ˃ˇʾ˖ˋʹΦ 

 

ʅ˔ʺ˃ʰ 1-23. ɳ˅ˇ˃ˇʾ˖ˋʹ ʰ˅ˇ˄ʽˁʺˌ ˍˇ˃ˇʴˊʰ˒ʾʰˌ ˃ʶ ˎˉʶˊʺ˔ˇˎˌ όSonia-Yuki Selmi et al. [37]). 

ɾʽʰ ʲʽˇ˕ʾʰ ˉˊˇˋˍʱˍʹ ʹ ˇˉˇʾʰ ˔ˊʹˋʽ˃ˇˉˇʽʶʾ ʰˉˍʽˁʷˌ ˋˎˋˁʶˎʷˌΣ ˁʰʻˇʵʹʴˇˏ˃ʶ˄ʹ ʰˉˈ ʷ˄ʰ ʵʽˇˊʻʽˁˈ 

ˎˉʶˊʹ˔ˇʴˊʱ˒ʹ˃ʰ όTransrectal Ultrasound ς TRUSύ ʷ˔ʶʽ ʰ˄ʰˉˍˎ˔ʻʶʾ ˋʶ ˉˊˈˋ˒ʰˍʶˌ ʷˊʶˎ˄ʶˌ [37] όʅ˔ʺ˃ʰ м-23). 

ɱʽʰ ˄ʰ ʶˉʽˍʶˎ˔ʻʶʾ ˇ ˋˍˈ˔ˇˌ ˍʹˌ ʵʹ˃ʽˇˎˊʴʾʰˌ ʶ˄ˈˌ ʶˁˉʰʽʵʶˎˍʽˁˇˏ ˉˊˇˋˇ˃ˇʽ˖ˍʺΣ ʹ ʶʽʵʽˁʺ ʲʱˋʹ ʵʶʵˇ˃ʷ˄˖˄ 

ˁ˂ʽ˄ʽˁ˗˄ ˉʶˊʽˉˍ˗ˋʶ˖˄ Koelis UroStation ˋˎ˄ʵʷʻʹˁʶ ˃ʶ ˍˇ ˋˏˋˍʹ˃ʰ ʴʽʰ ˄ʰ ˉʰˊʷ˔ʶˍʰʽ ˉˇʽˁʽ˂ʾʰ ˉˊʰʴ˃ʰˍʽˁ˗˄ 

ˉʶˊʽˉˍ˗ˋʶ˖˄ ʰˋʻʶ˄˗˄Φ ʁ ˉˊˇˋˇ˃ˇʽ˖ˍʺˌ ʶˉʽˍˊʷˉʶʽ ˋˍˇˎˌ ʶˁˉʰʽʵʶˎˈ˃ʶ˄ˇˎ ˄ʰ ˔ˊʹˋʽ˃ˇˉˇʽˇˏ˄ ʷ˄ʰ Phantom 

Omni ɹ ʽʰ ˍʹ˄ ˉ˂ˇʺʴʹˋʹ ˃ʷˋʰ ˋˍˇ ˉʶˊʽʲʱ˂˂ˇ˄Σ ˁʰʽ ʰˉˈ ˍʹ˄ ʱ˂˂ʹ ˔ˊʹˋʽ˃ˇˉˇʽˇˏ˄ ˍˇ Computer Assisted Medical 

ʅ˔ʺ˃ʰ 1-22. ɳ˅ˇ˃ˇʾ˖ˋʹ ʲʽˇ˕ʾʰˌ (Dong Ni et al. 
[36]). 
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Intervention Tool Kit ˍˇ ˇˉˇʾˇ ˉʰˊʷ˔ʶʽ ˍʰ ʵʶʵˇ˃ʷ˄ʰ ˁʰʽ ˍʹ˄ ʰ˄ʱʵˊʰˋʹ ˋˍˇ ˔ˊʺˋˍʹ ˁʰˍʱ ˍʹ ʵʽʱˊˁʶʽʰ ˍʹˌ 

ˉˊˇˋˇ˃ˇʾ˖ˋʹˌΦ ɳˉʽˉ˂ʷˇ˄Σ ˇ ˉˊˇˋˇ˃ˇʽ˖ˍʺˌ ˍˇˎˌ ʶˉʽˍˊʷˉʶʽ ˄ʰ ʵʹ˃ʽˇˎˊʴʺˋˇˎ˄ ʰˊ˔ʶʾˇ ʰˉˈʵˇˋʹˌ ˃ʶ 

ˉʰˊʰ˃ʷˍˊˇˎˌ ˍˇ ˃ʷˋˇ ˈˊˇ ˍˇˎˌ ˋˁˇˊ ˁʰʽ ˍˇ˄ ˃ʷˋˇ ˈˊˇ ˍˇˎ ˔ˊˈ˄ˇˎ ˉˇˎ ʵʽʺˊˁʹˋʶ ʹ ʶˉʷ˃ʲʰˋʹΦ ʁ ˉˊˇˋˇ˃ˇʽ˖ˍʺˌ 

˔ˊʹˋʽ˃ˇˉˇʽʶʾˍʰʽ ˋʶ ʵˏˇ ˒ʱˋʶʽˌΥ ʅˍʹ˄ ˉˊ˗ˍʹΣ ˇʽ ˒ˇʽˍʹˍʷˌ ˁʰ˂ˇˏ˄ˍʰʽ ˄ʰ ʶˁˍʶ˂ʷˋˇˎ˄ т ˋˎʴˁʶˁˊʽ˃ʷ˄ʶˌ ʶˊʴʰˋʾʶˌ 

ˇʽ ˇˉˇʾʶˌ ˍˇˎˌ ʲˇʹʻˇˏ˄ ˄ʰ ˁʰˍʰ˄ˇʺˋˇˎ˄ ˍʽˌ ʵʽʰʵʽˁʰˋʾʶˌ ˁʰˍʱ ˍʹ ʵʽʱˊˁʶʽʰ ˍʹˌ ʲʽˇ˕ʾʰˌ ˁʰʽ ˍˇˎˌ ʶˉʽˍˊʷˉʶʽ ˄ʰ 

ʶ˅ˇʽˁʶʽ˖ʻˇˏ˄ ˃ʶ ˍʹ˄ ˔ˊʺˋˍʹ ˍˇˎ ˉˊˇˋˇ˃ˇʽ˖ˍʺΦ ɶ ʵʶˏˍʶˊʹ ˒ʱˋʹ ˉˊˇˋ˒ʷˊʶʽ ˍʹ˄ ʵˎ˄ʰˍˈˍʹˍʰ ˋˍˇ˄ 

ʶˁˉʰʽʵʶˎˈ˃ʶ˄ˇ ˄ʰ ʶˁˍʶ˂ʷˋʶʽ ˃ʾʰ ʶʽˁˇ˄ʽˁʺ ʲʽˇ˕ʾʰ ˋˍʹ˄ ʻʷˋʹ ˉˇˎ ʶˉʽʻˎ˃ʶʾΦ 

ɴ˔ˇˎ˄ ʵʹ˃ʽˇˎˊʴʹʻʶʾ ʶˉʾˋʹˌ ˉʶˊʽʲʱ˂˂ˇ˄ˍʰ ʶˁˉʰʾʵʶˎˋʹˌ ʴʽʰ ˔ʶʽˊˇˎˊʴʽˁʺ ʶˉʷ˃ʲʰˋʹ ˋˍˇ ʺˉʰˊΦ ʅˍˇ [38] 

ˉˊˈˍʶʽ˄ʰ˄ ˃ʽʰ ˃ʷʻˇʵˇ ˉˊˇˋʰˊ˃ˇʴʺˌ ˁʰʽ ʲʰʻ˃ˇ˄ˈ˃ʹˋʹˌ ˋ˔ʺ˃ʰˍˇˌ ˁʰʽ ˃ʶʴʷʻˇˎˌ ˍ˖˄ ˇˊʴʱ˄˖˄ ʶʴˁʰʻʽʵˊˏˇ˄ˍʰˌ 

ʷ˄ʰ ˋˏˋˍʹ˃ʰ ˋʹ˃ʶʾ˖˄ ˉʱ˄˖ ˋˍʽˌ ʶˉʽ˒ʱ˄ʶʽʶˌ ˍˇˎΦ ɶ ʰˉˍʽˁʺ ˋˎˋˁʶˎʺ ˉˇˎ ˔ˊʹˋʽ˃ˇˉˇʽʶʾˍʰʽ ʶʾ˄ʰʽ ˍˇ Omega оΦ ʆʰ 

ˈˊʴʰ˄ʰ ˃ˇ˄ˍʶ˂ˇˉˇʽˇˏ˄ˍʰʽ ˃ʶ ˍʹ˄ ˃ʷʻˇʵˇ ʶ˂ʰˍʺˊʽˇ ς ˃ ʱʸʰ ς h ˉˇˋʲʶˋˍʺˊʰˌΦ ʋˊʹˋʽ˃ˇˉˇʽʶʾˍʰʽ ʷ˄ʰˌ ˉˊ˖ˍˈˍˎˉˇˌ 

ʰ˂ʴˈˊʽʻ˃ˇˌ ʴʽʰ ˍˇ˄ ˎˉˇ˂ˇʴʽˋ˃ˈ ˍˇˎ ˁˇ˄ˍʽ˄ˈˍʶˊˇˎ ˋʹ˃ʶʾˇˎ ʰˉˈ ˍˇ ˔ʶʽˊˇˎˊʴʽˁˈ ʶˊʴʰ˂ʶʾˇ ˃ʶ ˋˁˇˉˈ ˄ʰ 

ʰ˄ʰˉˍˎ˔ʻˇˏ˄ ˇʽ ʰ˄ˍʾˋˍˇʽ˔ʶˌ ʵˎ˄ʱ˃ʶʽˌ ʰ˄ʱʵˊʰˋʹˌ ˁʰʽ ʹ ʰ˄ʾ˔˄ʶˎˋʹ ʶˉʰ˒ʺˌΦ ɮˎˍˈˌ ˇ ˉˊˇˋˇ˃ˇʽ˖ˍʺˌ ʶˉʽˍˊʷˉʶʽ 

ˋˍˇˎˌ ˒ˇʽˍʹˍʷˌ ʽʰˍˊʽˁʺˌ ˄ʰ ʶ˅ʰˋˁˇˏ˄ˍʰʽ ˋʶ ʶˉʶ˃ʲʱˋʶʽˌ ˋʶ ʶʽˁˇ˄ʽˁʱ ˉʶˊʽʲʱ˂˂ˇ˄ˍʰ ʶ˒ʰˊ˃ˈʸˇ˄ˍʰˌ ʶʽˁˈ˄ʶˌ ʰˉˈ 

ˈˊʴʰ˄ʰ ʰˋʻʶ˄˗˄Φ 

 

ʅ˔ʺ˃ʰ 1-24. ɳ˅ˇ˃ˇʾ˖ˋʹ ʰ˒ʰʾˊʶˋʹˌ ˅ʷ˄ˇˎ ˋ˗˃ʰˍˇˌ ʰˉˈ ˍʹ˄ ˉʶˊʽˇ˔ʺ ˍˇˎ ˃ʰˍʽˇˏ όLei Wei et al. [39]). 

ɳˁˉʰʽʵʶˎˍʽˁʱ ʶʽˁˇ˄ʽˁʱ ˉʶˊʽʲʱ˂˂ˇ˄ˍʰ ʷ˔ˇˎ˄ ʶˉʾˋʹˌ ˋ˔ʶʵʽʰˋˍʶʾ ˋˍʹ˄ ˇˉˍˇ˃ʶˍˊʾʰΦ ɶ ˇˉˍˇ˃ʶˍˊʾʰ ˋˎ˄ʺʻ˖ˌ 

ʰˋˁʶʾˍʰʽ ˎˉˈ ˋˍʶ˄ʺ ʶˉˇˉˍʶʾʰ ʰˉˈ ʶ˃ˉʶʽˊˇʴ˄˗˃ˇ˄ʶˌΣ ˁʰʻ˗ˌ ʹ ʵʽʰʵʽˁʰˋʾʰ ʶʾ˄ʰʽ ʰˊˁʶˍʱ ˔ˊˇ˄ˇʲˈˊʰ ˁʰʽ ʵʶ˄ 

˃ˉˇˊʶʾ ˄ʰ ʶˉʰ˄ʰ˂ʹ˒ʻʶʾΦ ʁʽ ˉʰˊʰʵˇˋʽʰˁʷˌ ˍʶ˔˄ʽˁʷˌ ˋʶ ʰˎˍˈ˄ ˍˇ˄ ˍˇ˃ʷʰ ʶˋˍʽʱʸˇˎ˄ ˋˍʹ˄ ˔ˊʺˋʹ ˍʶ˔˄ʹˍ˗˄ ˃ ʰˍʽ˗˄ 

ʺ ˃ʰˍʽ˗˄ ʰˉˈ ˉʶʽˊʰ˃ʰˍˈʸ˖ʰΦ ʁʽ ˒ˇʽˍʹˍʷˌ ˋˍʹ˄ ˇˉˍˇ˃ʶˍˊʾʰ ˔ˊʶʽʱʸˇ˄ˍʰʽ ˉˇ˂ˏ ˊʶʰ˂ʽˋˍʽˁʱ ʶˁˉʰʽʵʶˎˍʽˁʱ 

ˉʶˊʽʲʱ˂˂ˇ˄ˍʰ ˗ˋˍʶ ˄ʰ ʰ˄ʰˉˍˏ˅ˇˎ˄ ˍʽˌ ʵʶ˅ʽˈˍʹˍʷˌ ˍˇˎˌΦ ʅˍˇ [39] ˉʰˊˇˎˋʽʱʸʶˍʰʽ ʷ˄ʰˌ ˋˍʰʻ˃ˈˌ ʶˊʴʰˋʾʰˌ ˉˇˎ 

˔ˊʹˋʽ˃ˇˉˇʽʶʾ ʷ˄ʰ Phantom Omni ˁʰʽ ʷ˄ʰ ʸʶˎʴʱˊʽ ʴˎʰ˂ʽ˗˄ ʶˉʰˎ˅ʹ˃ʷ˄ʹˌ ˉˊʰʴ˃ʰˍʽˁˈˍʹˍʰˌ ˈˉ˖ˌ ˒ʰʾ˄ʶˍʰʽ ˋˍˇ 

ʅ˔ʺ˃ʰ м-24Φ ʁ ˉˊˇˋˇ˃ˇʽ˖ˍʺˌ ʰ˄ʰˉˍˏˋˋʶˍʰʽ ˔ˊʹˋʽ˃ˇˉˇʽ˗˄ˍʰˌ ˍʹ˄ CҌҌ ˁʰʽ ˍˇ Chai3DΦ ʆˇ ˃ˇ˄ˍʷ˂ˇ ˍˇˎ ˃ʰˍʽˇˏ 

˃ˇ˄ˍʶ˂ˇˉˇʽʶʾˍʰʽ ˖ˌ ʷ˄ʰ ˉˇ˂ˏʴ˖˄ˇ ˉ˂ʷʴ˃ʰ ˃ʶ ˅ʶ˔˖ˊʽˋˍʱ ˋˎˋˍʰˍʽˁʱ ˁʰʽ ˎ˒ʷˌΦ ɼʱ˄ˇ˄ˍʰˌ ʰˎˍˈ˄ ˍˇ˄ ʵʽʰ˔˖ˊʽˋ˃ˈΣ 

ʹ ʰ˂˂ʹ˂ʶˉʾʵˊʰˋʹ ˃ʶˍʰ˅ˏ ˍˇˎ ˔ʶʽˊˇˎˊʴʽˁˇˏ ʶˊʴʰ˂ʶʾˇˎ ˁʰʽ ˍˇˎ ˃ʰˍʽˇˏ ˉʰˊʷ˔ʶʽ ʵʽʰ˒ˇˊʶˍʽˁʷˌ ˒ˎˋʽˁʷˌ ʽʵʽˈˍʹˍʶˌΣ 

ʰ˄ʱ˂ˇʴʰ ˃ʶ ˍʹ˄ ˉʶˊʽˇ˔ʺ ˋˍʹ˄ ˇˉˇʾʰ ʲˊʾˋˁʶˍʰʽ ˇ ˔ˊʺˋˍʹˌΦ ʅˍˇ ʶʽˁˇ˄ʽˁˈ ˉʶˊʽʲʱ˂˂ˇ˄Σ ˇ ˒˖ˍʽˋ˃ˈˌ ˁʰʽ ʹ ʶˎˁˊʾ˄ʶʽʰ 

ˍʹˌ ʲʶ˂ˈ˄ʰˌ ˉˊˇˋʰˊ˃ˈʸˇ˄ˍʰʽ ʴʽʰ ˄ʰ ʴʾ˄ʶʽ ʹ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˈˋˇ ˍˇ ʵˎ˄ʰˍˈ˄ ˉʶˊʽˋˋˈˍʶˊˇ ˊʶʰ˂ʽˋˍʽˁʺΦ ʆʷ˂ˇˌΣ ˇ 

ˉˊˇˋˇ˃ˇʽ˖ˍʺˌ ʵˇˁʽ˃ʱˋˍʹˁʶ ʰˉˈ ˉʷ˄ˍʶ ʶˁˉʰʽʵʶˎˈ˃ʶ˄ˇˎˌ ˍʹˌ ˇˉˍˇ˃ʶˍˊʾʰˌ ˇʽ ˇˉˇʾˇʽ ʺʵʹ ʴ˄˗ˊʽʸʰ˄ ˍʽˌ 
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ʵʽʰʵʽˁʰˋʾʶˌΦ ɴˉˊʶˉʶ ˄ʰ ʶˁˍʶ˂ʷˋˇˎ˄ ˉʷ˄ˍʶ ʵʽʰ˒ˇˊʶˍʽˁʷˌ ʵˇˁʽ˃ʷˌ ˁʰʽ ʹ ʰˉˈʵˇˋʹ ˍˇˎˌ ˁʰˍʰʴˊʱ˒ʹˁʶ ʰˉˈ ˍˇ 

ˋˏˋˍʹ˃ʰΦ ʋˊʹˋʽ˃ˇˉˇʽ˗˄ˍʰˌ ˍˇ˄ ˉˊˇˋˇ˃ˇʽ˖ˍʺΣ ʰ˅ʽˇ˂ˈʴʹˋʰ˄ ˍʰ ˉʰˊʰˁʱˍ˖Υ мύ ɳˁˍʾ˃ʹˋʹ ʰˉˈˋˍʰˋʹˌ ˃ʶˍʰ˅ˏ 

ʶˊʴʰ˂ʶʾˇˎ ˁʰʽ ˃ʰˍʽˇˏ нύ ʆʹ˄ ʰˉˈˋˍʰˋʹ ˍˇˎ ˅̫ ˄ˇˎ ˋ˗˃ʰˍˇˌ оύ ʆʹ˄ ʵʽʰʵʽˁʰˋʾʰ ʰˉˇ˃ʱˁˊˎ˄ˋʹˌ ˍˇˎ ˅ʷ˄ˇˎ 

ˋ˗˃ʰˍˇˌ пύ ʆʹ˄ ʴ˖˄ʾʰ ˁʰʽ ˍʹ˄ ʻʷˋʹ ˍʹˌ ʲʶ˂ˈ˄ʰˌ рύ ʆʹ˄ ʶʽˋʰʴ˖ʴʺ ˍʹˌ ʲʶ˂ˈ˄ʰˌΦ ʁʽ ʶˊʶˎ˄ʹˍʷˌ ʵʺ˂˖ˋʰ˄ ˈˍʽ ˋˍʽˌ 

ˉˊ˗ˍʶˌ ʵˇˁʽ˃ʷˌ ˉˇˎ ˉˊʰʴ˃ʰˍˇˉˇʾʹˋʰ˄ ˇʽ ʶˁˉʰʽʵʶˎˈ˃ʶ˄ˇʽΣ ʶʾ˔ʰ˄ ˁʰˁʷˌ ʶˉʽʵˈˋʶʽˌ ʶˉʶʽʵʺ ʵʶ˄ ʺˍʰ˄ ʰˁˈ˃ʰ 

ʶ˅ˇʽˁʶʽ˖˃ʷ˄ˇʽ ˃ʶ ˍˇ˄ ˔˗ˊˇ ʶˊʴʰˋʾʰˌΦ ʆˇ ˁˏˊʽˇ ˉˊˈʲ˂ʹ˃ʰ ʺˍʰ˄ ˋˍʹ˄ ˁʾ˄ʹˋʹ ˋˍˇ˄ ˔˗ˊˇ όʱ˅ˇ˄ʰˌ ɵύΦ ʍˋˍˈˋˇΣ ˇʽ 

ˉʶˊʽˋˋˈˍʶˊˇʽ ʶˁˉʰʽʵʶˎˈ˃ʶ˄ˇʽ ˋˎ˃˒˗˄ʹˋʰ˄ ˈˍʽ ˇ ˉˊˇˋˇ˃ˇʽ˖ˍʺˌ ʶˉʽˍˊʷˉʶʽ ˋˍˇˎˌ ˔ˊʺˋˍʶˌ ˄ʰ ˇ˂ˇˁ˂ʹˊ˗ˋˇˎ˄ 

ˍʰ˔ˏˍʶˊʰ ˁʰʽ ˃ʶ ˉʶˊʽˋˋˈˍʶˊʹ ʰˋ˒ʱ˂ʶʽʰ ˍʽˌ ʵʽʶˊʴʰˋʾʶˌ ˔ʱˊʹ ˋˍʹ˄ ʰ˄ʱʵˊʰˋʹ ʵˏ˄ʰ˃ʹˌ ˉˇˎ ˉʰˊʷ˔ʶʽ ˋˍˇ ˔ʷˊʽΦ 

ɳˁˍˈˌ ʰˉˈ ˍʹ˄ ˉˊˈˇʵˇ ˍ˖˄ ʶˁˉʰʽʵʶˎˍʽˁ˗˄ ˉˊˇˋˇ˃ˇʽ˖ˍ˗˄ ˋʶ ˋˎʴˁʶˁˊʽ˃ʷ˄ʶˌ ʽʰˍˊʽˁʷˌ ʶˊʴʰˋʾʶˌΣ ʷ˔ˇˎ˄ 

ˁʰˍʰˋˁʶˎʰˋˍʶʾ ˒ˎˋʽˇʻʶˊʰˉʶˎˍʽˁʱ ˋˎˋˍʺ˃ʰˍʰ ˔ˊʹˋʽ˃ˇˉˇʽ˗˄ˍʰˌ ʰˉˍʽˁʷˌ ˋˎˋˁʶˎʷˌ ʴʽʰ ˍʹ˄ ʰ˄ʰˁˇˏ˒ʽˋʹ ˍˇˎ 

˒ˈˊˍˇˎ ʶˊʴʰˋʾʰˌ ˍ˖˄ ˒ˎˋʽˇʻʶˊʰˉʶˎˍ˗˄Φ ʁʽ ˔ʶʽˊˇˎˊʴʽˁʷˌ ʶˉʶ˃ʲʱˋʶʽˌ ʰˁˇ˂ˇˎʻˇˏ˄ˍʰʽ ʰˉˈ ˁʱˉˇʽˇ ˉˊˈʴˊʰ˃˃ʰ 

ʰˉˇˁʰˍʱˋˍʰˋʹˌΦ ʅˍˇ [40] ˉʰˊˇˎˋʽʱʸʶˍʰʽ ʹ ʵʹ˃ʽˇˎˊʴʾʰ ˍˇˎ ˋˎˋˍʺ˃ʰˍˇˌ KinoHapticsΦ ʆˇ ˋˏˋˍʹ˃ʰ ʰˎˍˈ 

ʰˉˇˍʶ˂ʶʾ ˃ʽʰ ʰˎˍˈ˄ˇ˃ʹΣ ˒ˇˊʹˍʺΣ ʰˉˍʽˁʺ ˋˎˋˁʶˎʺ ˉˇˎ ʲˇʹʻʱ ˍˇˎˌ ʰˋʻʶ˄ʶʾˌ ˁʰˍʱ ˍʹ˄ ʵʽʱˊˁʶʽʰ ˍʹˌ 

ʰˉˇˁʰˍʱˋˍʰˋʹˌΦ ʆˇ KinoHaptics ʲʰˋʾʸʶˍʰʽ ˋʶ ʷ˄ʰ ʶ˄ˋ˖˃ʰˍ˖˃ʷ˄ˇ ˉʶˊʽʲˊʰ˔ʽˈ˄ʽˇ ό˃ʶ ˁʽ˄ʹˍʺˊʶˌ ʵˈ˄ʹˋʹˌύ ˁʰʽ 

˃ʾʰ Kinect нΦл ʴʽʰ ˍʹ˄ ˉʰˊʰˁˇ˂ˇˏʻʹˋʹ ˍʹˌ ˁʾ˄ʹˋʹˌ ˍ˖˄ ˔ˊʹˋˍ˗˄Φ ɾʶ ˍʹ˄ ˉˊˇˋʻʺˁʹ ˍˇˎ ˉʶˊʽʲˊʰ˔ʽˈ˄ʽˇˎ ˃ʶ ˍʹ˄ 

ʰ˄ʱʵˊʰˋʹ ʵˈ˄ʹˋʹˌ ˉˊˇˋˇ˃ˇʽ˗˄ʶˍʰʽ ʷ˄ʰˌ ˒ˎˋʽˇʻʶˊʰˉʶˎˍʺˌ ˇ ˇˉˇʾˇˌ ˋˎ˄ˇʵʶˏʶʽ ˍˇˎˌ ʰˋʻʶ˄ʶʾˌ ˁʰˍʱ ˍʹ 

ʵʽʱˊˁʶʽʰ ˍʹˌ ʰˉˇʻʶˊʰˉʶʾʰˌΦ ɶ Kinect 2.0 ̝ ˊʹˋʽ˃ˇˉˇʽʶʾˍʰʽ ʴʽʰ ˄ʰ ˁʰˍʰʴˊʱ˒ʶʽ ˍʹ˄ ˁʾ˄ʹˋʹ ˍˇˎ ʰˋʻʶ˄ʺ ˁʰʽ ˄ʰ ˍʹ˄ 

ʰ˄ʰʵʹ˃ʽˇˎˊʴʶʾ ˋˍˇ ʶʽˁˇ˄ʽˁˈ ˋ˔ʺ˃ʰ ̍ ˉ˖ˌ ˒ʰʾ˄ʶˍʰʽ ˋˍˇ ˋ˔ʺ˃ʰ м-25Φ ʆˇ ˋˏˋˍʹ˃ʰ ʵˇˁʽ˃ʱˋˍʹˁʶ ʰˉˈ мп ˃ʰʻʹˍʷˌΦ 

ʆʰ ʶ˅ʶˍʰʸˈ˃ʶ˄ʰ ʱˍˇ˃ʰ ʶˉʽ˂ʷ˔ʻʹˁʰ˄ ˋˏ˃˒˖˄ʰ ˃ʶ ˍʽˌ ʰˁˈ˂ˇˎʻʶˌ ˁʰˍʹʴˇˊʾʶˌΥ ʱˍˇ˃ʰ ˉˇˎ ʷ˔ˇˎ˄ ˎˉˇˋˍʶʾ 

ˍˊʰˎ˃ʰˍʽˋ˃ˈΣ ʱˍˇ˃ʰ ˉˇˎ ʷ˔ˇˎ˄ ˉʶˊʽˇˊʽˋ˃ʷ˄ʹ ˁʾ˄ʹˋʹ ˋˍʰ ʱˁˊʰ ˁʰʽ ʱˍˇ˃ʰ ʵʶ˄ ʷ˔ˇˎ˄ ˁʱˉˇʽˇ ˍˊʰˎ˃ʰˍʽˋ˃ˈ ʺ 

ˉʶˊʽˇˊʽˋ˃ʷ˄ʹ ˁʾ˄ʹˋʹ ˋˍʰ ʱˁˊʰΦ ʆʷ˂ˇˌΣ ˍʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ʵʶʾ˔˄ˇˎ˄ ˈˍʽ ˋˍˇˎˌ ˔ˊʺˋˍʶˌ ʱˊʶˋʶ ˍˇ KinoHaptics ˁʰʽ 

ʷ˄ʽ˖ˋʰ˄ ʱ˄ʶˍʰ ˄ʰ ˍˇ ˔ˊʹˋʽ˃ˇˉˇʽˇˏˋʰ˄ ʴʽʰ ˍʹ˄ ʰˉˇˁʰˍʱˋˍʰˋʹ ˍˇˎˌ ˃ʶˍʱ ˍʹ˄ ˔ʶʽˊˇˎˊʴʽˁʺ ʶˉʷ˃ʲʰˋʹΦ 

 

  

ʅ˔ʺ˃ʰ 1-25Φ ɮˉˍʽˁʺ ˋˎˋˁʶˎʺ ˃ʶˍʰ˔ʶʽˊˇˎˊʴʽˁʺˌ 
ʰˉˇˁʰˍʱˋˍʰˋʹˌ όVijay Rajanna et al. [40]). 
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1.4 ɲˇ˃ʺ  ɳˊʴʰˋʾʰˌ 
ʅˍˇ ˉˊ˗ˍˇ ʶʽˋʰʴ˖ʴʽˁˈ ˁʶ˒ʱ˂ʰʽˇ ˉʰˊˇˎˋʽʱˋˍʹˁʶ ʶˁˍʶ˄˗ˌ ʹ ʷ˄˄ˇʽʰ ʶ˄ˈˌ ʰˉˍʽˁˇˏ ʶ˅ˇ˃ˇʽ˖ˍʺΦ ɳˉʾˋʹˌ 

ˉʰˊˇˎˋʽʱˋˍʹˁʰ˄ ˇʽ ʵˏˇ ʲʰˋʽˁʷˌ ˃ʷʻˇʵˇʽ ˃ʶ ˍʽˌ ˇˉˇʾʶˌ ʶˉʽʲʱ˂˂ʶˍʰʽ ˇ ʷ˂ʶʴ˔ˇˌ ˍʹˌ ʰˉˍʽˁʺˌ ʰ˄ʱʵˊʰˋʹˌΦ 

ɳˉʽˉˊˈˋʻʶˍʰΣ ˉʰˊˇˎˋʽʱˋˍʹˁʰ˄ ˇʽ ʰˉˍʽˁʷˌ ˋˎˋˁʶˎʷˌ ˉˇˎ ˎˉʱˊ˔ˇˎ˄ ˋˍˇ ʶ˃ˉˈˊʽˇ ˁʰʻ˗ˌ ˁʰʽ ˇʽ ʶ˅ˇ˃ˇʽ˖ˍʷˌ ˉˇˎ 

ʷ˔ˇˎ˄ ʵʹ˃ʽˇˎˊʴʹʻʶʾ ʴʽʰ ʽʰˍˊʽˁʷˌ ʶ˒ʰˊ˃ˇʴʷˌΦ ʆʷ˂ˇˌ ʴʾ˄ʶˍʰʽ ˃ʾʰ ˋˏ˄ˍˇ˃ʹ ˉʰˊˇˎˋʾʰˋʹ ˍˇˎ ˃ʹ˔ʰ˄ʽˋ˃ˇˏ ˉˇˎ ʷ˔ʶʽ 

ˁʰˍʰˋˁʶˎʰˋˍʶʾ ˋˍˇ ʶˊʴʰˋˍʺˊʽˇ ʰˎˍˇ˃ʱˍˇˎ ʶ˂ʷʴ˔ˇˎ ˋˍ ̌ ˉ˂ʰʾˋʽ ̌ ˍʹˌ ʵʽʵʰˁˍˇˊʽˁʺˌ ʵʽʰˍˊʽʲʺˌ ˍˇˎ ˁΦ 

ɼ˖˄ˋˍʰ˄ˍʾ˄ˇˎ ɰ˂ʱ˔ˇˎΦ  

ʅˍˇ нˇ ˁʶ˒ʱ˂ʰʽˇ ʴʾ˄ʶˍʰʽ ˃ʾʰ ʶˁˍʶ˄ʺˌ ˉʰˊˇˎˋʾʰˋʹ ˍˇˎ ʰˉˍʽˁˇˏ ˃ʹ˔ʰ˄ʽˋ˃ˇˏ ˉˇˎ ʷ˔ʶʽ ˋ˔ʶʵʽʰˋˍʶʾ ˋˍˇ 

ʶˊʴʰˋˍʺˊʽˇΦ ʅˍʹ ˋˎ˄ʷ˔ʶʽʰ ʻʰ ˉʰˊˇˎˋʽʰˋˍʶʾ ˇ ˍˊˈˉˇˌ ˃ʶ ˍˇ˄ ˇˉˇʾˇ ˃ˇ˄ˍʶ˂ˇˉˇʽʶʾˍʰʽ ˇ ʰˉˍʽˁˈˌ ˃ʹ˔ʰ˄ʽˋ˃ˈˌΦ 

ɮˊ˔ʽˁʱ ˉʰˊˇˎˋʽʱʸʶˍʰʽ ʹ ˃ˇ˄ˍʶ˂ˇˉˇʾʹˋʹ ˋʶ ʷ˄ʰ˄ ˃ʶˍʰ˒ˇˊʽˁˈ ʲʰʻ˃ˈ ʶ˂ʶˎʻʶˊʾʰˌ ˁʰʽ ˋˍʹ˄ ˋˎ˄ʷ˔ʶʽʰ ʴʾ˄ʶˍʰʽ ʹ 

ʶˉʷˁˍʰˋʹ ˋˍˇ˄ нˇ ˃ʶˍʰ˒ˇˊʽˁˈ ʲʰʻ˃ˈ ʶ˂ʶˎʻʶˊʾʰˌ ˃ʶ ʲʱˋʶʽ ˍʽˌ ˉʰˊʰ˃ʷˍˊˇˎˌ ˉˇˎ ˉˊˇˋʵʽˇˊʾˋˍʹˁʰ˄ 

ˉʶʽˊʰ˃ʰˍʽˁʱΦ 

ʅˍˇ оˇ ˁʶ˒ʱ˂ʰʽˇ ʶˉʽ˔ʶʽˊʶʾˍʰʽ ʹ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˍʹˌ ʵʽʰʵʽˁʰˋʾʰˌΦ ʁ ˋ˔ʶʵʽʰˋ˃ˈˌ ˍˇˎ ˁʰˍʱ˂˂ʹ˂ˇˎ ˄ˈ˃ˇˎ 

ʶ˂ʷʴ˔ˇˎ ʲʰˋʾʸʶˍʰʽ ˋˍʹ˄ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˁʰʽ ˋˍʽˌ ʰˉʰʽˍʺˋʶʽˌ ˍʹˌ ʶ˒ʰˊ˃ˇʴʺˌΦ ɱʾ˄ʶˍʰʽ ʶˁˍʶ˄ʺˌ ʰ˄ʰ˒ˇˊʱ ˋˍˇ˄ 

ʰʽˋʻʹˍʺˊʰ ˉˇˎ ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʶ ˁʰʻ˗ˌ ˁʰʽ ˋˍˇ˄ ˍˊˈˉˇˎ ˉˇˎ ʶˉʶ˅ʶˊʴʰˋˍʺˁʰ˃ʶ ˍʰ ʵʶʵˇ˃ʷ˄ʰ ˗ˋˍʶ ˄ʰ 

ˉʶˊʽˇˊʾˋˇˎ˃ʶ ˍˇ ʻˈˊˎʲˇ ˍ˖˄ ˃ʶˍˊʺˋʶ˖˄ ˁʰʽ ˄ʰ ʷ˔ˇˎ˃ʶ ˍʰ ˁʰ˂ˏˍʶˊʰ ʵˎ˄ʰˍʱ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰΦ 

ʅˍˇ пˇ ˁʶ˒ʱ˂ʰʽˇ ˉʰˊˇˎˋʽʱʸʶˍʰʽ ˍˇ hardware ˉˇˎ ʷ˔ʶʽ ˔ˊʹˋʽ˃ˇˉˇʽʹʻʶʾ ʴʽʰ ˍʹ˄ ˇʵʺʴʹˋʹ ˍˇˎ ʰˉˍʽˁˇˏ 

˃ʹ˔ʰ˄ʽˋ˃ˇˏ ˁʰʻ˗ˌ ˁʰʽ ˇ ˍˊˈˉˇˌ ˃ʶ ˍˇ˄ ˇˉˇʾˇ ˍˇˉˇʻʶˍʺʻʹˁʰ˄ ˈ˂ʰ ˋʶ ʷ˄ʰ ˁˇˎˍʾ ˃ʶ ˋˍˈ˔ˇ ˍʹ˄ ʶˏˁˇ˂ʹ ˁʰʽ 

ʰˋ˒ʰ˂ʺ ˔ˊʺˋʹ ˍʹˌ ˋˎˋˁʶˎʺˌΦ 

ʅˍˇ рˇ ˁʶ˒ʱ˂ʰʽˇ ˉʰˊˇˎˋʽʱʸˇ˄ˍʰʽ ˍʰ ˉʶʽˊʱ˃ʰˍʰ ˉˇˎ ˋˎ˄ʷʲʹˋʰ˄ ˃ʶ ˍʹ ˔ˊʺˋʹ ˍˇˎ ʰˉˍʽˁˇˏ ˃ʹ˔ʰ˄ʽˋ˃ˇˏΦ 

ɮˊ˔ʽˁʱ ʷʴʽ˄ʰ˄ ˉʶʽˊʱ˃ʰˍʰ ʰ˄ˇʽ˔ˍˇˏ ʲˊˈ˔ˇˎ ˃ʶ ˋˁˇˉˈ ˄ʰ ʶ˂ʶʴ˔ʻʶʾ ʶʱ˄ ʹ ˃ˇ˄ˍʶ˂ˇˉˇʾʹˋʹ ˍˇˎ ˋˎˋˍʺ˃ʰˍˇˌ 

ʰ˄ˍʰˉˇˁˊʾ˄ʶˍʰʽ ˋˍʹ˄ ˉˊʰʴ˃ʰˍʽˁˈˍʹˍʰΦ ʅˍʹ ˋˎ˄ʷ˔ʶʽʰ ʶˁˍʶ˂ˇˏ˄ˍʰʽ ˁʰʽ ˉʶʽˊʱ˃ʰˍʰ ˁ˂ʶʽˋˍˇˏ ʲˊˈ˔ˇˎ 

ˉʰˊˇˎˋʽʱʸˇ˄ˍʰˌ ˍʹ˄ ʲʶ˂ˍʾ˖ˋʹˌ ˍˇˎ ˋ˒ʱ˂˃ʰˍˇˌ ˃ʶˍʰ˅ˏ ˍʹˌ ʶˉʽʻˎ˃ʹˍʺˌ ˁʰʽ ˍʹˌ ˉˊʰʴ˃ʰˍʽˁʺˌ ʵˏ˄ʰ˃ʹˌ ˉˇˎ 

ʰʽˋʻʱ˄ʶˍʰʽ ˇ ˔ˊʺˋˍʹˌΦ 

ʆʷ˂ˇˌ ˋˍˇ сˇ ˁʶ˒ʱ˂ʰʽˇ ˉʰˊˇˎˋʽʱʸˇˎ˃ʶ ˍʰ ˋˎ˃ˉʶˊʱˋ˃ʰˍʰ ˉˇˎ ʶ˅ʺʴʰ˃ʶ ˃ʷˋ˖ ˍ˖˄ ˉˊˇˋˇ˃ˇʽ˗ˋʶ˖˄ ʰ˂˂ʱ 

ˁʰʽ ˍʽˌ ˉʶʽˊʰ˃ʰˍʽˁʺˌ ʶ˒ʰˊ˃ˇʴʺˌΦ ʃʰˊʱ˂˂ʹ˂ʰΣ ˉˊˇˍʶʾ˄ˇ˄ˍʰʽ ˍˊˈˉˇ ̔ˉˇˎ ʻʰ ʲʶ˂ˍʾ˖˄ʰ˄ ˋˎ˄ˇ˂ʽˁʱ ˍʹ˄ ʰˉˍʽˁʺ 

ˋˎˋˁʶˎʺΦ 



~34~ 
 

2 ɾˇ˄ˍʶ˂ˇˉˇʾʹˋʹ 

2.1 ɮˉˍʽˁˈˌ ˃ʹ˔ʰ˄ʽˋ˃ˈˌ ς ʁ ˅ˇ˃ˇʽ˖ˍʺˌ 
ɱʽʰ ˍʹ˄ ˁʰˍʰ˄ˈʹˋʹ ˍʹˌ ʶˊʴʰˋʾʰˌ ˉˇˎ ʰˁˇ˂ˇˎʻʶʾ ʴʾ˄ʶˍʰʽ ˃ʾʰ ʶˁˍʶ˄ʺˌ ˉʰˊˇˎˋʾʰˋʹ ˍ˖˄ ˔ʰˊʰˁˍʹˊʽˋˍʽˁ˗˄ ˍˇˎ 

ʰˉˍʽˁˇˏ ˃ʹ˔ʰ˄ʽˋ˃ˇˏ ˁʰʽ ˍʹˌ ˂ʶʽˍˇˎˊʴʾʰˌ ˍˇˎΦ ʁ ˃ʹ˔ʰ˄ʽˋ˃ˈˌ ˋ˔ʶʵʽʱˋˍʹˁʶ ˋˍˇ ˉ˂ʰʾˋʽˇ ˍʹˌ ʵʽʵʰˁˍˇˊʽˁʺˌ 

ʵ̔ ʰˍˊʽʲʺˌ ˍˇˎ  ɼΦ ɰ˂ʱ˔ˇˎ [1] ˎˉˈ ˍʹ˄ ʶˉʾʲ˂ʶ˕ʹ ˍˇˎ ˁʰʻʹʴʹˍʺ ɳΦ ʃʰˉʰʵˈˉˇˎ˂ˇˎ ˁʰʽ ʶʾ˄ʰʽ ˉʰʴˁˇˋ˃ʾ˖ˌ 

ˉˊ˖ˍˈˍˎˉˇˌ ˋˁˇˉʶˏˇ˄ˍʰˌ ˄ʰ ˉ˂ʹˊˇʾ ˍʽˌ ˉˊˇːˉˇʻʷˋʶʽˌ ˃ʽʰˌ ʶʽˁˇ˄ʽˁʺˌ ˇˎˊˇ˂ˇʴʽˁʺˌ ʶˉʷ˃ʲʰˋʹˌΦ ʆʰ ˁˏˊʽʰ 

˔ʰˊʰˁˍʹˊʽˋˍʽˁʱ ˍˇˎ ʶʾ˄ʰʽ ˍʰ ʶ˅ʺˌΥ 

¶ ɴ˔ʶʽ р ʲʰʻ˃ˇˏˌ ʶ˂ʶˎʻʶˊʾʰˌ όн ˃ʶˍʰ˒ˇˊʽˁˇˏˌ ˁʰʽ о ˉʶˊʽˋˍˊˇ˒ʽˁˇˏˌύΦ 

¶ ɴ˔ʶʽ ʲʶ˂ˍʽˋˍˇˉˇʽʹʻʶʾ ˗ˋˍʶ ˄ʰ ˉʰˊˇˎˋʽʱʸʶʽ ʶ˂ʱ˔ʽˋˍˇ ʲʱˊˇˌΣ ʰʵˊʱ˄ʶʽʰ ˁʰʽ ˍˊʽʲʷˌΦ 

¶ ʁʽ ˁʽ˄ʹˍʺˊʶˌ ʶʾ˄ʰʽ ˍˇˉˇʻʶˍʹ˃ʷ˄ˇʽ ˋˍʹ ʲʱˋʹ ˍˇˎ ˃ʹ˔ʰ˄ʽˋ˃ˇˏΣ ˋˍʰ ˉ˂ʰʾˋʽʰ ˍʹˌ ˉˊˇʰ˄ʰ˒ʶˊʻʶʾˋʰˌ 

ʲʶ˂ˍʽˋˍˇˉˇʾʹˋʹˌΦ 

¶ ʆˇ ˋˏˋˍʹ˃ʰ ˃ʶˍʱʵˇˋʹˌ ˊˇˉ˗˄ ς ʵˎ˄ʱ˃ʶ˖˄ ʰˉˇˍʶ˂ʶʾˍʰʽ ʰˉˈ ˃ʽˁˊˇ-˄ʺ˃ʰˍʰ ˁʰʽ ˃ʽˁˊˇ-ˍˊˇ˔ʰ˂ʾʶˌΣ ˁʰʽ 

ˋˍˇ˔ʶˏʶʽ ˋˍʹ˄ ʰˉˇˋˏ˃ˉ˂ʶ˅ʹ ˍ˖˄ ʲʰʻ˃˗˄ ʶ˂ʶˎʻʶˊʾʰˌΦ 

¶ ʁ ʷ˂ʶʴ˔ˇˌ ˍˇˎ ˃ʹ˔ʰ˄ʽˋ˃ˇˏ ʴʾ˄ʶˍʰʽ ˃ʷˋ˖ ˍ˖˄ ʹ˂ʶˁˍˊˇ˄ʽˁ˗˄ ˉ˂ʰˁʶˍ˗˄ PC ς млп ˔ˊʹˋʽ˃ˇˉˇʽ˗˄ˍʰˌ ˍˇ 

toolbox ̱ ʹˌ Matlab ̄ ˇˎ ˇ˄ˇ˃ʱʸʶˍʰʽ Real ς Time. 

¶ ʆˇ ˉˊˈʴˊʰ˃˃ʰ ˉˇˎ ʶ˂ʷʴ˔ʶʽ ˍʹ˄ ˋˎˋˁʶˎʺ ʵʹ˃ʽˇˎˊʴʶʾˍʰʽ ˋˍˇ Matlab όˋʶ ˉʶˊʽʲʱ˂˂ˇ˄ Windows) ˁʰʽ 

ˉʰˊʷ˔ʶˍʰʽ ˋˍʽˌ ʹ˂ʶˁˍˊˇ˄ʽˁʷˌ ˉ˂ʰˁʷˍʶˌ ˃ʷˋ˖ Ethernet ̀ ʶ ʶʽʵʽˁˈ Real-Time Kernel (Real ς Time toolbox).  

 

ʅ˔ʺ˃ʰ 2-1. ɮˉˍʽˁˈˌ ˃ʹ˔ʰ˄ʽˋ˃ˈˌ р ʲΦʶΦ 

ɶ ʵʽʰʵʽˁʰˋʾʰ ˍʹˌ ˂ʶʽˍˇˎˊʴʾʰˌ ˇ˂ˈˁ˂ʹˊʹˌ ˍʹˌ ˋˎˋˁʶˎʺˌ ʶʾ˄ʰʽ ʹ ʶ˅ʺˌΥ 

¶ ʁ ˔ˊʺˋˍʹˌ ˁʽ˄ʶʾ ˍˇ ˍʶ˂ʽˁˈ ˋʹ˃ʶʾˇ ʵˊʱˋʹˌ ˍˇˎ ˃ʹ˔ʰ˄ʽˋ˃ˇˏ όʆΦʅΦɲΦύ ˃ʷˋ˖ ˍˇˎ ˔ʶʽˊˇˎˊʴʽˁˇˏ ʶˊʴʰ˂ʶʾˇˎ 

ˉˇˎ ʶʾ˄ʰʽ ˉˊˇˋʰˊ˃ˇˋ˃ʷ˄ˇ όʶ˄ʵˇˋˁˈˉʽˇύΦ 

¶ ʁʽ ˉʰ˂˃ˇʴʶ˄˄ʺˍˊʽʶˌ όencoders) ̄ ˇˎ ʷ˔ˇˎ˄ ˉˊˇˋʰˊˍʹʻʶʾ ˋˍˇˎˌ ˁʽ˄ʹˍʺˊʶˌ ˁʰˍʰʴˊʱ˒ˇˎ˄ ˍʹ˄ ˁʾ˄ʹˋʹ ˍˇˎ 

˃ʹ˔ʰ˄ʽˋ˃ˇˏΣ ˈˉ˖ˌ ʰˎˍʺ ˉˊˇˁˏˉˍʶʽ ʰˉˈ ˍʹ˄ ˁʾ˄ʹˋʹ ˍˇˎ ʶ˄ʵˇˋˁˇˉʾˇˎΦ 

¶ ʁ ˉʰ˂˃ˇʾ ˉˇˎ ˁʰˍʰʴˊʱ˒ˇˎ˄ ˇʽ encoders ˋˎ˂˂ʷʴˇ˄ˍʰʽ ˋˍˇ PC ς млп ˈˉˇˎ ˁʰʽ ˃ʶˍʰˍˊʷˉˇ˄ˍʰʽ ˋˍʹ˄ 

ˉʶˊʽˋˍˊˇ˒ʺ ˍ˖˄ ʰˊʻˊ˗ˋʶ˖˄ όq1, q2, q3, q4, q5). 

¶ ɾʷˋ˖ ˍʹˌ ˁʽ˄ʹ˃ʰˍʽˁʺˌ ˍˇˎ ˃ʹ˔ʰ˄ʽˋ˃ˇˏ ˎˉˇ˂ˇʴʾʸʶˍʰʽ ʹ ˁʾ˄ʹˋʹ ˍˇˎ ˍʶ˂ʽˁˇˏ ˋʹ˃ʶʾˇˎ ʵˊʱˋʹˌ όx, yΣ ˒x, 

y˒Σ ˒z). 
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¶ ɾʶ ʲʱˋʹ ˍʹ˄ ˁʾ˄ʹˋʹ ˍˇˎ ʆΦʅΦɲΦ ˎˉˇ˂ˇʴʾʸʶˍʰʽ ʹ ʵˏ˄ʰ˃ʹ ˉˇˎ ˉˊʷˉʶʽ ˄ʰ ʵʶ˔ʻʶʾ ˇ ˔ˊʺˋˍʹˌ ˖ˌ ˋˎ˄ʷˉʶʽʰ 

ˍʹˌ ʶˉʰ˒ʺˌ ˍˇˎ ˃ʶ ˍˇ˄ ʶʽˁˇ˄ʽˁˈ ʽˋˍˈ ˍˇˎ ʵʷˊ˃ʰˍˇˌΦ 

¶ ʆʰˎˍˈ˔ˊˇ˄ʰΣ ˇ ʰʽˋʻʹˍʺˊʰˌ ʵˏ˄ʰ˃ʹˌ ˉˇˎ ʷ˔ʶʽ ˉˊˇˋʰˊ˃ˇˋˍʶʾ ˋˍˇ ʆΦʅΦɲΦ ˁʰˍʰʴˊʱ˒ʶʽ ˍʽˌ ʵˎ˄ʱ˃ʶʽˌ ˉˇˎ 

ʰˋˁˇˏ˄ˍʰʽ ˋʶ ʰˎˍˈ ˁʰʽ ʶˉˇ˃ʷ˄˖ˌ ˋˍˇ˄ ˔ˊʺˋˍʹΦ 

¶ ʅˍʹ˄ ʵʽʰʵʽˁʰˋʾʰ ˍˇˎ ʶ˂ʷʴ˔ˇˎ ʹ ʵˏ˄ʰ˃ʹ ς ˊˇˉʺ ˉˇˎ ʰʽˋʻʱ˄ʶˍʰʽ ˇ ʰʽˋʻʹˍʺˊʰˌ ˋˎʴˁˊʾ˄ʶˍʰʽ ˃ʶ ˍʹ˄ 

ʶˉʽʻˎ˃ʹˍʺ ʵˏ˄ʰ˃ʹ ς ˊˇˉ̋ ˉˇˎ ʶˉʽʲʱ˂˂ʶʽ ˇ ʽˋˍˈˌ ˍˇˎ ʵʷˊ˃ʰˍˇˌΦ ʁ ʶ˂ʶʴˁˍʺˌ ˋˍˇ˔ʶˏʶʽ ˋˍʹ˄ ʵʽˈˊʻ˖ˋʹ 

ˍʹˌ ˍʶ˂ʽˁʺˌ ʵˏ˄ʰ˃ʹˌ ς ́ ˇˉʺˌ ˉˇˎ ʰˋˁʶʾˍʰʽ ˋˍˇ˄ ˔ˊʺˋˍʹ ˋʶ ˋˎ˄ʱˊˍʹˋʹ ˃ʶ ʰˎˍˈ ˍˇ ˋ˒ʱ˂˃ʰΦ 

¶ ɶ ˍʶ˂ʽˁʺ ˍʽ˃ʺ ˍ˖˄ ˊˇˉ˗˄ ˉˇˎ ˉˊʷˉʶʽ ˄ʰ ʰˋˁʹʻʶʾ ʰˉˈ ˍˇˎˌ ˁʽ˄ʹˍʺˊʶˌ ˉˊˇˁˏˉˍʶʽ ˃ʷˋ˖ ˍʹˌ ʵʽʰ˒ˇˊʽˁʺˌ 

ˁʽ˄ʹ˃ʰˍʽˁʺˌ ό˔ˊʺˋʹ ɹʰˁ˖ʲʽʰ˄ʺˌύ ˁʰʻ˗ˌ ˍˇ ˃ˇ˄ˍʷ˂ˇ ʽˋˍ˗˄ ʵʹ˃ʽˇˎˊʴʶʾ ˍʹ˄ ʶˉʽʻˎ˃ʹˍʺ ʵˏ˄ʰ˃ʹ ʴʽʰ ˍˇ 

ʆΦʅΦɲΦ 

¶ ɶ ʶ˄ˍˇ˂ʺ ʴʽʰ ˍʹ˄ ˍʶ˂ʽˁʺ ʵˏ˄ʰ˃ʹ ʵʾ˄ʶˍʰʽ ʰˊ˔ʽˁʱ ʰˉˈ ˍʹ˄ ʹ˂ʶˁˍˊˇ˄ʽˁʺ ˉ˂ʰˁʷˍʰ PC ς млп ˉˊˇˌ ˍˇˎˌ 

ʶ˄ʽˋ˔ˎˍʷˌ ˇʽ ˇˉˇʾˇʽ ˍʹ˄ ˃ʶˍʰˍˊʷˉˇˎ˄ ˁʰˍʱ˂˂ʹ˂ʰ ˃ʶ ˋˍˈ˔ˇ ˍʹ˄ ˇʵʺʴʹˋʹ ˍ˖˄ ˁʽ˄ʹˍʺˊ˖˄Φ 

¶ ɶ ˁʽ˄ʹˍʺˊʶˌ ˃ʶ ʲʱˋʹ ˍʰ ˔ʰˊʰˁˍʹˊʾˋˍʹˁʰ ˍˇˎˌ ʵʾ˄ˇˎ˄ ˍʹ˄ ˁʰˍʱ˂˂ʹ˂ʹ ˊˇˉʺ ˁʰʽ ʷˍˋʽ ˉʰˊʱʴʶˍʰʽ ʹ 

ʶˉʽʻˎ˃ʹˍʺ ʵˏ˄ʰ˃ʹ ˋˍˇ ʆΦʅΦɲΦ 

 
ʅ˔ʺ˃ʰ 2-2. ʁ˂ˇˁ˂ʹˊ˖˃ʷ˄ˇ ˋˏˋˍʹ˃ʰ ʶ˅ˇ˃ˇʽ˖ˍʺ. 
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Fmotor

Fcontrol
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encoder
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Control
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2.2 ɼʽ˄ʹ˃ʰˍʽˁʺ 
ʁ ʰˉˍʽˁˈˌ ˊˇ˃ˉˇˍʽˁˈˌ ˃ʹ˔ʰ˄ʽˋ˃ˈˌ ʶʾ˄ʰʽ р ʲʰʻ˃˗˄ ʶ˂ʶˎʻʶˊʾʰˌ ˁʰʽ ʰˉˇˍʶ˂ʶʾˍʰʽ ʰˉˈ ʷ˄ʰ ˉʰˊʱ˂˂ʹ˂ˇ ˃ʹ˔ʰ˄ʽˋ˃ˈ 

ˉʷ˄ˍʶ ˊʱʲʵ˖˄ ˃ʶ ʵˏˇ ˃ʶˍʰ˒ˇˊʽˁˇˏˌ ʲʰʻ˃ˇˏˌ ʶ˂ʶˎʻʶˊʾʰˌ ˁʰʽΣ ˋˎ˄ʵʶʵʶ˃ʷ˄ʹ ˋʶ ˋʶʽˊʱΣ ˃ʽʰ ˋ˒ʰʽˊʽˁʺ ʱˊʻˊ˖ˋʹ 

ˍˊʽ˗˄ ʲʰʻ˃˗˄ ʶ˂ʶˎʻʶˊʾʰˌ 

2.2.1 ɳˎʻʶʾʰ ˁʽ˄ʹ˃ʰˍʽˁʺ 

 
ʅ˔ʺ˃ʰ 2-3. ʅ˔ʹ˃ʰˍʽˁʺ ʰ˄ʰˉʰˊʱˋˍʰˋʹ ˍˇˎ ʲʰˋʽˁˇˏ ˁʽ˄ʹ˃ʰˍʽˁˇˏ ˍˏˉˇˎ ˍˇˎ ˃ʹ˔ʰ˄ʽˋ˃ˇˏ. 

ʅˍʹ ˋˎ˄ʷ˔ʶʽʰ ʵʾ˄ˇ˄ˍʰʽ ˇʽ ʶˉʽ˃ʷˊˇˎˌ ˇ˃ˇʴʶ˄ʶʾˌ ˃ʶˍʰˋ˔ʹ˃ʰˍʽˋ˃ˇʾΣ ˋˏ˃˒˖˄ʰ ˃ʶ ˍʹ˄ ˍˇˉˇʻʷˍʹˋʹ ˍ˖˄ 

ˋˎˋˍʹ˃ʱˍ˖˄ ˋˎ˄ˍʶˍʰʴ˃ʷ˄˖˄ όʅΦʅΦύ ˈˉ˖ˌ ˒ʰʾ˄ʶˍʰʽ ˋˍˇ ʅ˔ʺ˃ʰ н-оΦ ʆˇ ˋˏ˃ʲˇ˂ˇ iTj ʵʹ˂˗˄ʶʽ ˍˇ˄ ˇ˃ˇʴʶ˄ʺ 

˃ʶˍʰˋ˔ʹ˃ʰˍʽˋ˃ˈ ˍˇˎ ʅΦʅΦ ϑjϒ ˖ˌ ˉˊˇˌ ˍˇ ʅΦʅΦ ϑiϒΦ ɮˉˈ ˍʹ˄ ʴʶ˖˃ʶˍˊʾʰ ˍˇˎ ˃ʹ˔ʰ˄ʽˋ˃ˇˏΣ ˎˉˇ˂ˇʴʾʸˇˎ˃ʶ ˍʹ˄ ʻʷˋʹ ˁʰʽ 

ˍˇ˄ ˉˊˇˋʰ˄ʰˍˇ˂ʽˋ˃ˈ ˍˇˎ ʅΦʅΦ ϑнϒ ˖ˌ ˉˊˇˌ ˍˇ ʅΦʅΦ ϑлϒ ˋˏ˃˒˖˄ʰ ˃ʶ ˍʽˌ ˉʰˊʰˁʱˍ˖ ʶ˅ʽˋ˗ˋʶʽˌ: 

 

()

()
2

2

2

0

3 1

0

3 1

0

, 3

cos

sin

O

O

Z O

x l q

y l q

qq p

= Ö

= Ö

= -

  (1) 

ˇ̔  ˇˉˇʾʶˌ ʶˁ˒ˊʱʸˇ˄ˍʰʽ ˁʰʽ ˃ʶ ˍˇ˄ ˇ˃ˇʴʶ˄ʺ ˃ʶˍʰˋ˔ʹ˃ʰˍʽˋ˃ˈ 0T2Φ ɽˈʴ˖ ˍˇˎ ˉʰˊʱ˂˂ʹ˂ˇˎ ˃ʹ˔ʰ˄ʽˋ˃ˇˏ р ˊʱʲʵ˖˄Σ 

ʹ ʻʷˋʹ ˍˇˎ ʅΦʅΦ ϑнϒ ˖ˌ ˉˊˇˌ ˍˇ ʅΦʅΦ ϑлϒ ʶ˅ʰˊˍʱˍʰʽ ˃ˈ˄ˇ ʰˉˈ ˍʹ˄ ʱˊʻˊ˖ˋʹ ǉ1Σ ʶ˄˗ ˇ ˉˊˇˋʰ˄ʰˍˇ˂ʽˋ˃ˈˌ ˍˇˎ ˃ˈ˄ˇ 

ʰˉˈ ˍʹ˄ ʱˊʻˊ˖ˋʹ ǉ2. 

 

()

()
2 2 3 1

0 2 2 3 1

2

cos( ) sin( ) 0 cos

sin( ) cos( ) 0 sin

0 0 1 0

0 0 0 1

q q l q

q q l q
T

è- Ö ø
é ù
- - Öé ù=
é ù
é ù
ê ú

  (2) 

ʁʽ ˎˉˈ˂ˇʽˉˇʽ ˇ˃ˇʴʶ˄ʶʾˌ ˃ʶˍʰˋ˔ʹ˃ʰˍʽˋ˃ˇʾΣ ˍʹˌ ˋ˒ʰʽˊʽˁʺˌ ʱˊʻˊ˖ˋʹˌΣ ˉʶˊʽʴˊʱ˒ˇ˄ˍʰʽ ˋˍˇˎˌ ˉʰˊʰˁʱˍ˖ ˉʾ˄ʰˁʶˌΥ 

 

( ) ( )

( ) ( )
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sin cos 0 0
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  (3) 
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( ) ( )

( ) ( )

( ) ( )

( ) ( )

4 4 4 4

3 4 4

4

4 4

1 0 0 0 cos sin 0 0 cos sin 0 0

0 0 1 0 sin cos 0 0 0 0 1 0

0 1 0 0 0 0 1 0 sin cos 0 0
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T
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é ù é ùé ù= Ö =
é ù é ùé ù- - -
é ù é ùé ù

ê úê ú ê ú

  (4) 

( ) ( )

( ) ( ) ( ) ( )

( ) ( )

5 5

5 54 5 5

5

5 5

0 0 1 0 0 0 1 0cos sin 0 0

0 1 0 0 sin cos 0 0sin cos 0 0

1 0 0 0 cos sin 0 00 0 1 0
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q qq q
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ê ú ê úê ú

  (5) 

ʃˇ˂˂ʰˉ˂ʰˋʽʱʸˇ˄ˍʰˌ ˈ˂ˇˎˌ ˍˇˎˌ ʶˉʽ˃ʷˊˇˎˌ ˇ˃ˇʴʶ˄ʶʾˌ ˃ʶˍʰˋ˔ʹ˃ʰˍʽˋ˃ˇˏˌ ˎˉˇ˂ˇʴʾʸˇˎ˃ʶ ˍˇ˄ ˋˎ˄ˇ˂ʽˁˈ ˇ˃ˇʴʶ˄ʺ 

˃ʶˍʰˋ˔ʹ˃ʰˍʽˋ˃ˈ ˍˇˎ ʅΦʅΦ ϑрϐ ˖ˌ ˉˊˇˌ ˍˇ ʰʵˊʰ˄ʶʽʰˁˈ ʅΦʅΦ ϑлϒ ˋˏ˃˒˖˄ʰ ˃ʶ ˍʹ˄ όсύΦ 

2 3 5 4 5 2 3 2 3 5 4 2 3 5 2 3 4 3 1 4 2

2 3 4 5 2 3 5 2 3 4 5 5 2 3 2 3 4 3 1 4 20 0 2 3 4

5 2 3 4 5

5 4 4 5 4 0
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s c s s c q s s s c q c c c l c l c

s s s c c s s c s c q s c l s l s
T T T T T

s c c c s
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- Ö + Ö Ö + Ö + Ö + Ö - Ö Ö - Öè ø
é ù
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é ù= Ö Ö Ö =
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é ù
ê ú

  (6) 

ˈˉˇˎ ˍʰ ˋˏ˃ʲˇ˂ʰ ǎi ˁʰʽ Ŏi ʵʹ˂˗˄ˇˎ˄ ˍˇ ǎƛƴόύ ˁʰʽ ˍˇ Ŏƻǎόύ ˍʹˌ ʴ˖˄ʾʰˌ ǉi ʰ˄ˍʾˋˍˇʽ˔ʰΦ ɳ˅ʶˍʱʸˇ˄ˍʰˌ ˍˇ˄ ˇ˃ˇʴʶ˄ʺ 

˃ʶˍʰˋ˔ʹ˃ʰˍʽˋ˃ˈ 0T5Σ ˋˎ˃ˉʶˊʰʾ˄ˇˎ˃ʶ ˈˍʽ ʹ ˉʶˊʽˋˍˊˇ˒ʺ ˍˇˎ ʅΦʅΦ ϑрϒ ˖ˌ ˉˊˇˌ ˍˇ ʰʵˊʰ˄ʶʽʰˁˈ ʅΦʅΦ ϑлϒ ʵʾ˄ʶˍʰʽ ʰˉˈ 

ˍˇ˄ ˉʰˊʰˁʱˍ˖ ˉʾ˄ʰˁʰ ˉʶˊʽˋˍˊˇ˒ʺˌΥ 

 

2 3 5 4 5 2 3 2 3 5 4 2 3 5 2 3 4
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  (7) 

2.2.2 ɳˎʻʶʾʰ ʵʽʰ˒ˇˊʽˁʺ ˁʽ˄ʹ˃ʰˍʽˁʺ 

ɱʽʰ ˄ʰ ʵʽʰˍˎˉ˗ˋˇˎ˃ʶ ˍʽˌ ʶ˅ʽˋ˗ˋʶʽˌ ˉˇˎ ˉʶˊʽʴˊʱ˒ˇˎ˄ ˍʹ˄ ɳˎʻʶʾʰ ɲʽʰ˒ˇˊʽˁʺ ɼʽ˄ʹ˃ʰˍʽˁʺ ˍˇˎ ˃ʹ˔ʰ˄ʽˋ˃ˇˏΣ 

ˁʰˍʰˊ˔ʱˌ ʵʽʰ˒ˇˊʾʸˇˎ˃ʶ ˍʹ˄ ˍʶ˂ʶˎˍʰʾʰ ˋˍʺ˂ʹ ˍˇˎ 0T5 ˖ˌ ˉˊˇˌ ˍˇ ˔ˊˈ˄ˇ ˗ˋˍʶ ˄ʰ ˎˉˇ˂ˇʴʾˋˇˎ˃ʶ ˍʹ ʴˊʰ˃˃ʽˁʺ 

ˍʰ˔ˏˍʹˍʰ ˍˇˎ ʅΦʅΦ ϑрϒ ˖ˌ ˉˊˇˌ ˍˇ ʰʵˊʰ˄ʶʽʰˁˈ ʅΦʅΦ ϑлϒΦ 
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0
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sin sin

cos cos

E
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x l q q l q q

y l q q l q q

=- Ö Ö + Ö Ö
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  (8) 

ɱʽʰ ˍˇ˄ ˎˉˇ˂ˇʴʽˋ˃ˈ ˍʹˌ ʴ˖˄ʽʰˁʺˌ ˍʰ˔ˏˍʹˍʰˌΣ ʲʰˋʽʸˈ˃ʰˋˍʶ ˋˍʹ ˋ˔ʷˋʹ όфύΦ 
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  (9) 

ɲʽʰ˒ˇˊʾʸˇ˄ˍʰˌ ˍˇ˄ ˉʾ˄ʰˁʰ ˉʶˊʽˋˍˊˇ˒ʺˌΣ 0R5Σ ˖ˌ ˉˊˇˌ ˍˇ˄ ˔ˊˈ˄ˇ ˁʰʽ ʰ˄ˍʽˁʰʻʽˋˍ˗˄ˍʰˌ ˋˍʹ˄ όфύΣ ˎˉˇ˂ˇʴʾʸˇˎ˃ʶ 

ˍʹ˄ ʴ˖˄ʽʰˁʺ ˍʰ˔ˏˍʹˍʰΣ 
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ɳˁ˒ˊʱʸˇˎ˃ʶ ˍʽˌ όуύ ˁʰʽ όмлύ ˋʶ ˃ʹˍˊ˖ʽˁʺ ˃ˇˊ˒ʺΣ 
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  (11) 

ˁʰʽ ʶˉˇ˃ʷ˄˖ˌΣ ʹ ɹʰˁ˖ʲʽʰ˄ʺ ˉˇˎ ˋˎ˄ʵʷʶʽ ˍʽˌ ˍʰ˔ˏˍʹˍʶˌ ˉʶˊʽˋˍˊˇ˒ʺˌ ˍ˖˄ ʰˊʻˊ˗ˋʶ˖˄ ˃ʶ ˍʹ˄ ʴˊʰ˃˃ʽˁʺ ˁʰʽ 

ʴ˖˄ʽʰˁʺ ˍʰ˔ˏˍʹˍʰ ˍˇˎ ʅΦʅΦ ϑрϒ ˖ˌ ˉˊˇˌ ˍˇ ʰʵˊʰ˄ʶʽʰˁˈ ʅΦʅΦ ϑлϒ ʶʾ˄ʰʽ ʹ 
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  (12) 

ɳˉʽˉ˂ʷˇ˄Σ ˇˊʾʸˇˎ˃ʶ ˃ʾʰ ʵʶˏˍʶˊʹ ɹʰˁ˖ʲʽʰ˄ʺΣ ʹ ˇˉˇʾʰ ˋˎ˄ʵʷʶʽ ˍʽˌ ˍʰ˔ˏˍʹˍʶˌ ˉʶˊʽˋˍˊˇ˒ʺˌ ˍ˖˄ ʰˊʻˊ˗ˋʶ˖˄ ˃ʶ 

ˍʽˌ ˍʰ˔ˏˍʹˍʶˌ ˉʶˊʽˋˍˊˇ˒ʺˌ ˍ˖˄ ˁʽ˄ʹˍʺˊ˖˄ 
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  (13) 

ˁʰʽ ˍʶ˂ʽˁʱ ʹ ˋˎ˄ˇ˂ʽˁʺ ɹʰˁ˖ʲʽʰ˄ʺ ˍˇˎ ˃ʹ˔ʰ˄ʽˋ˃ˇˏ όʻʶ˖ˊ˗˄ˍʰˌ ˈˍʽ R3,2 = R3ύ ʶʾ˄ʰʽ ʹ 
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  (14) 
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2.3 ɾˇ˄ˍʶ˂ˇˉˇʾʹˋʹ ˋˎˋˍʺ˃ʰˍˇˌ ʶ˄ˈˌ ʲʰʻ˃ˇˏ ʶ˂ʶˎʻʶˊʾʰˌ 
ʅˍˇ˔ʶˏˇ˄ˍʰˌ ˋˍʹ˄ ʶʽˋʰʴ˖ʴʺ ʶ˄ˈˌ ˋˎˋˍʺ˃ʰˍˇˌ ʶ˂ʷʴ˔ˇˎ ʴʽʰ ˍʹ˄ ʰ˄ʱʵˊʰˋʹ ʵˏ˄ʰ˃ʹˌ ˋˍˇˎˌ р ʲʰʻ˃ˇˏˌ ʶ˂ʶˎʻʶˊʾʰˌ 

ˍˇˎ ʰˉˍʽˁˇˏ ˃ʹ˔ʰ˄ʽˋ˃ˇˏ ˉˊʷˉʶʽ ˉˊ˗ˍʰ ˄ʰ ˃ˇ˄ˍʶ˂ˇˉˇʽʹʻʶʾ ʹ ˂ʶʽˍˇˎˊʴʾʰ ˍˇˎ ˋˎˋˍʺ˃ʰˍˇˌ ˋˍˇ˄ ʷ˄ʰ˄ ˃ʶˍʰ˒ˇˊʽˁˈ 

ʲʰʻ˃ˈ ʶ˂ʶˎʻʶˊʾʰˌΦ ɾʶ ʲʱˋʹ ˍʹ˄ ˃ˇ˄ˍʶ˂ˇˉˇʾʹˋʹ ʰˎˍʺ ˁʰʽ ˍʰ ˋˍˇʽ˔ʶʾʰ ˉˇˎ ˉʶʽˊʰ˃ʰˍʽˁʱ ʻʰ ˉˊˇˋʵʽˇˊʾˋˇˎ˃ʶ 

ʴʽʰ ˍˇ ˋˏˋˍʹ˃ʰ ˃ ˉˇˊˇˏ˃ʶ ˄ʰ ˒ˍʱˋˇˎ˃ʶ ˋˍʹ˄ ˉʶˊʽʴˊʰ˒ʺ ˁʰʽ ˍʹ˄ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˇ˂ˈˁ˂ʹˊˇˎ ˍˇˎ ˋˎˋˍʺ˃ʰˍˇˌ ˃ʶ 

ˋˍˈ˔ˇ ˍˇ˄ ˋ˔ʶʵʽʰˋ˃ˈ ˍˇˎ ˁʰˍʱ˂˂ʹ˂ˇˎ ˄ˈ˃ˇˎ ʶ˂ʷʴ˔ˇˎΦ  

ʂˉ˖ˌ ˉʰˊʰˍʹˊʺʻʹˁʶ ʰˊˁʶˍʱ ˋˎ˔˄ʱ ˋˍʹ˄ ʲʽʲ˂ʽˇʴˊʰ˒ʾʰ ώ41] & [43] ʹ ˃ˇ˄ˍʶ˂ˇˉˇʾʹˋʹ ˍˇˎ ˃ʹ˔ʰ˄ʽˋ˃ˇˏ 

ʲʰˋʾˋˍʹˁʶ ˋˍˇ ˃ˇ˄ˍʷ˂ˇ ˃ʱʸʰ ς ʶ˂ʰˍʺˊʽˇ ς ʰˉˇˋʲʶˋˍʺˊʰˌΦ ɮˎˍˈ ʰˉ˂ˇˉˇʽʶʾ ˋʹ˃ʰ˄ˍʽˁʱ ˍʽˌ ʶ˅ʽˋ˗ˋʶʽˌ ˉˇˎ 

ˉʶˊʽʴˊʱ˒ˇˎ˄ ˍˇ˄ ˃ʹ˔ʰ˄ʽˋ˃ˈ ʶ˄˗ ˉʰˊʱ˂˂ʹ˂ʰ ʰˉˇˍʶ˂ʶʾ ˃ʾʰ ˉˇ˂ˏ ˁʰ˂ʺ ˉˊˇˋʷʴʴʽˋʹ ˍʹˌ ˉˊʰʴ˃ʰˍʽˁˈˍʹˍʰˌΦ ɶ 

ʰˉ˂ˇˉˇʾʹˋʹ ʰˎˍʺ ʶʾ˄ʰʽ ʶˉʽʻˎ˃ʹˍʺ ʴʽʰ ˂ˈʴ̌ ˎˌ ʵʽʶˎˁˈ˂ˎ˄ˋʹˌ ˍʹˌ ˃ʶ˂ʷˍʹˌ ˍˇˎ ˋˎˋˍʺ˃ʰˍˇˌ ˁʰʻ˗ˌ ʷ˄ʰ 

ˉˇ˂ˎˉ˂ˇˁˈˍʶˊˇ ˋˏˋˍʹ˃ʰ ʻʰ ʵʹ˃ʽˇˎˊʴˇˏˋʶ ʰˊˁʶˍʱ ˉˇ˂ˏˉ˂ˇˁʶˌ ʶ˅ʽˋ˗ˋʶʽˌ ˔˖ˊʾˌ ˄ʰ ˉʰˊʷ˔ʶʽ ˁʱˉˇʽˇ ˇˎˋʽʰˋˍʽˁˈ 

ˉ˂ʶˇ˄ʷˁˍʹ˃ʰΦ 

ʅˍˇ ˉʰˊʰˁʱˍ˖ ˋ˔ʺ˃ʰ ˒ʰʾ˄ʶˍʰʽ ʹ ˃ˇ˄ˍʶ˂ˇˉˇʾʹˋʹ ˍˇˎ ʰˉˍʽˁˇˏ ˃ʹ˔ʰ˄ʽˋ˃ˇˏ ˖ˌ ˉˊˇˌ ˍˇ˄ ʷ˄ʰ˄ ˃ʶˍʰ˒ˇˊʽˁˈ 

ʲʰʻ˃ˈ ʶ˂ʶˎʻʶˊʾʰˌΣ ˂ʰ˃ʲʱ˄ˇ˄ˍʰˌ ˖ˌ ʶʾˋˇʵˇ ˍʹ˄ ˁʾ˄ʹˋʹ ˍˇˎ ˔ʶˊʽˇˏ vh ʰ˂˂ʱ ˁʰʽ ˍʹ˄ ʵˏ˄ʰ˃ʹ ˉˇˎ ʶˉʽʲʱ˂˂ʶʽ ˇ 

ˁʽ˄ʹˍʺˊʰˌ Fmotor :  

 

 

ʅ˔ʺ˃ʰ 2-4. ɾˇ˄ˍʷ˂ˇ ˋˎˋˍʺ˃ʰˍˇˌ ʴʽʰ ˍˇˎˌ ˃ʶˍʰ˒ˇˊʽˁˇˏˌ ʲΦʶΦ 

ɱʽʰ ˍʹ˄ ˁʰˍʱˋˍˊ˖ˋʹ ˍ˖˄ ʶ˅ʽˋ˗ˋʶ˖˄ ˁʰˍʱˋˍʰˋʹˌ ʴʽʰ ˍʹ˄ ˉʶˊʽʴˊʰ˒ʺ ˍˇˎ ˋˎˋˍʺ˃ʰˍˇˌ ˉˇˎ ˃ˇ˄ˍʶ˂ˇˉˇʽʺʻʹˁʶ 

ˉʰˊʰˉʱ˄˖ ˔ˊʹˋʽ˃ˇˉˇʽʶʾˍʰʽ ʹ ˃ʶʻˇʵˇ˂ˇʴʾʰ ˍ˖˄ ʴˊʰ˃˃ʽˁ˗˄ ʴˊʱ˒˖˄ ˋˏ˃˒˖˄ʰ ˃ʶ ˍʰ ώп2ϐ ˈˉ˖ˌ ˒ʰʾ˄ʶˍʰʽ ˋˍˇ 

ʅ˔ʺ˃ʰ н-5. 

 
 
 
 
 

m1

Controller

Virtual environment

Force Sensor Haptic

vh

Fsensor

Fdes

m2

b1

k1

b2

k2 Fmotor

Fcontrol

Ūɏůɖ

ɄŬɚɛɞɑ
encoder

ɇɎůɖ
Control

ɅŮɨɛŬ
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ʅ˔ʺ˃ʰ 2-5. ɱˊʰ˃˃ʽˁˈˌ ʴˊʱ˒ˇˌ ϧ ˁʰ˄ˇ˄ʽˁˈ ʵʷ˄ʵˊˇ ˋˎˋˍʺ˃ʰˍˇˌ. 

ʃʾ˄ʰˁʰˌ 2-1 ɾʶˍʰʲ˂ʹˍʷˌ ˋˎˋˍʺ˃ʰˍˇˌ 

ʃˊ˖ˍʶˏˇˎˋʶˌ ˃ʶˍʰʲ˂ʹˍʷˌΥ ǾƘΣ ǾƳмΣ ǾƳнΣ CƪмΣ CƪнΣ CōмΣ CōнΣ CƳƻǘ 

ɲʶˎˍʶˊʶˏˇˎˋʶˌ ˃ʶˍʰʲ˂ʹˍʷˌΥ CƘΣ CƳмΣ CƳнΣ ǾƪмΣ ǾƪнΣ ǾōмΣ ǾōнΣ ǾƳƻǘ 

ɾʶˍʰʲ˂ʹˍʷˌ ˁʰˍʱˋˍʰˋʹˌΥ ǾƳмΣ ǾƳнΣ CƪмΣ Cƪн όпʹˌ ̱ ʱ˅ʹˌύ 

. ς { ʁ˅ ʽˋ˗ˋʶʽˌ ˋˍˇʽ˔ʶʾ˖˄Υ у ς н Ґ с 

b ς м ς {! h ˄ʶ˅ʱˊˍʹˍʶˌ ʶ˅ʽˋ˗ˋʶʽˌ ˋˎ˄ʷ˔ʶʽʰˌΥ п ς м ς м Ґ н 

. ς b Ҍ м ς {¢ h ˄ʶ˅ʱˊˍʹˍʶˌ ʶ˅ʽˋ˗ˋʶʽˌ ˋˎ˃ʲʰˍˈˍʹˍʰˌΥ у ς п Ҍ м ς м Ґ п 
  

ʂˉˇˎ ɰ: ˁ˂ʱʵˇ ̔ɹ ˊʰ˃˃ʽˁˇˏ ʴˊʱ˒ˇˎ 

ɿ: ˁˈ˃ʲˇʽ ʴˊʰ˃˃ʽˁˇˏ ʴˊʱ˒ˇˎ 

S: ˉʹʴʷˌ όɮΥ ŀŎǊƻǎǎ ϧ ¢Υ ǘƘǊƻǳƎƘύ 
 

ʃʾ˄ʰˁʰˌ 2-2 ɳ˅ʽˋ˗ˋʶʽˌ ˉˇˎ ˉʶˊʽʴˊʱ˒ˇˎ˄ ˍˇ ˃ˇ˄ˍʷ˂ˇ ˍˇˎ ˋˎˋˍʺ˃ʰˍˇˌ 

ɳ˅ʽˋ˗ˋʶʽˌ  
ˋˍˇʽ˔ʶʾ˖˄ 

ɮ˄ʶ˅ʱˊˍʹˍʶˌ ʶ˅ʽˋ˗ˋʶʽˌ  
ˋˎ˄ʷ˔ʶʽʰˌ 

ɮ˄ʶ˅ʱˊˍʹˍʶˌ ʶ˅ʽˋ˗ˋʶʽˌ 
ˋˎ˃ʲʰˍˈˍʹˍʰˌ 

1

1

1

1

2

2

2

2

1 1

2 2

1

1

2

2

1

2

1

1

k

k

m

m

k

k

m

m

b b

b b

dF
k v

dt

dv
F

dt m

dF
k v

dt

dv
F

dt m

F b v

F b v

= Ö

= Ö

= Ö

= Ö

= Ö

= Ö

 

 

ɼˈ˃ʲˇˌ н 

1 1 2 2 1

1 1 1 2 2

0k b k b m

m k b k b

F F F F F

F F F F F

+ - - - =

Ý = + - -
  

ɼˈ˃ʲˇˌ п 

2 2 2

2 2 2

0k b m mot

m k b mot

F F F F

F F F F

+ - - =

Ý = + -
  

ɼˈ˃ʲˇˌ м όʴʽʰ ʷ˅ˇʵˇύ 

( )

1 1

1 1 1 1

1 1

1

1

0h k b

h k b k b

h k h b

F F F

F F F F b v

F F b v v

- - - =

Ý =- - =- - Ö

Ý =- - Ö -

  

 

ɰˊˈ˔ˇˌ мΥ 

1 1

1 1

0h k m

k h m

v v v

v v v

- + + =

Ý = -
  

ɰˊˈ˔ˇˌ нΥ 

1 2 2

2 1 2

0m k m

b m m

v v v

v v v

- + + =

Ý = -
  

ɰˊˈ˔ˇˌ оΥ 

1 1

1 1

0h b m

b h m

v v v

v v v

- + + =

Ý = -
  

ɰˊˈ˔ˇˌ пΥ 

1 2 2

2 1 2

0m b m

b m m

v v v

v v v

- + + =

Ý = -
  

 
ɴ˔ˇˎ˃ʶ ˂ˇʽˉˈ˄ мн ʶ˅ʽˋ˗ˋʶʽˌ ʰˉˈ ˍʽˌ ˇˉˇʾʶˌ ˁʰʽ ˉˊˇˁˏˉˍˇˎ˄ ˇʽ п ʶ˅ʽˋ˗ˋʶʽˌ ˁʰˍʱˋˍʰˋʹˌΦ 

( )1

1 1

1

1 1

1 1

  
k

k h m

m h

dF
k v k v v

dt

k v k v

­ = Ö = Ö -

=- Ö + Ö
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( )

( )

( ) ( )( )

1

1 1 1 2 2

1 1 2 2

1 1 2 1 2

1 1 2 1 2

1 2 2

2

1 1

1 2

1

1 2

1

1 1 2 2

1 1 1 1 1 1

1 2 2 1

1 1 1 1 1

1 1

1

1

1 1 1 1 1 1

1 1

m

m k b k b

k b k b

k h b k m m

k h m k m m

k k m h

k

dv
F F F F F

dt m m

F b v F b v
m

F b v v F b v v
m

F b v b v F b v b v
m m m m m m

b b b b
F F v v

m m m m m

dF

­ = Ö = Ö + - -

= Ö + Ö - - Ö

= Ö + Ö - - - Ö -

= Ö + Ö Ö - Ö Ö - Ö - Ö Ö + Ö Ö

- -
= Ö + - Ö + Ö + Ö

­ ( )

( )

( )

( )( )

2 1 2

1 2

2

2 2 2

2 2

2 1 2

1 2 2

2 2

2 2

2 2

2

2

2

2

2 2

2 2 2 2

  

1 1

1

1

1 1

k m m

m m

m

m k b mot

k b mot

k m m mot

m k m mot

k v k v v
dt

k v k v

dv
F F F F

dt m m

F b v F
m

F b v v F
m

b b
v F v F

m m m m

= Ö = Ö -

= Ö - Ö

­ = Ö = Ö + -

= Ö + Ö -

= Ö + Ö - -

= Ö + Ö - Ö - Ö

  (15) 

ʅˎ˄ʶˉ˗ˌ ˁʰˍʰ˂ʺʴˇˎ˃ʶ ˋˍʽˌ ˉʰˊʰˁʱˍ˖ ʶ˅ʽˋ˗ˋʶʽˌ ˁʰˍʱˋˍʰˋʹˌ ˍʽˌ ˇˉˇʾʶˌ ˉʰˊˇˎˋʽʱʸˇˎ˃ʶ ˋʶ ˃ˇˊ˒ʺ ˉʽ˄ʱˁ˖˄Υ 

 

1 1

1 1

2 2

2 2

1 1

1 2 2 1

1 1 1 1 2

2 2

2 2

22 2 2

0 0 0 0

1 1
0

0 0 0 0

11
00

k k

m m h

motk k

m m

k k
F Fb b b b

v vm m m m m vd

FF k k Fdx

b bv v

mm m m

-è ø è ø
é ù é ùè ø è ø- -
é ù é ùé ù é ù-
é ù é ùè øé ù é ù
= Ö + Öé ù é ùé ùé ù é ù- ê úé ù é ùé ù é ù
é ù é ùé ù é ù

ê ú ê ú --é ù é ù
ê úê ú

  (16) 

ʍˌ ʷ˅ˇʵˇ ˍˇˎ ˋˎˋˍʺ˃ʰˍˇˌ ʷ˔ˇˎ˃ʶ ˍʹ˄ FhΣ ʵʹ˂ʰʵʺ ˍʹ ʵˏ˄ʰ˃ʹ ˉˇˎ ʵʶ˔ˈ˃ʰˋˍʶ ˋˍˇ ˋʹ˃ʶʾˇ ˈˉˇˎ ʶ˒ʰˊ˃ˈʸˇˎ˃ʶ 

ˍʹ˄ ˍʰ˔ˏˍʹˍʰ vh. ɱʽʰ ˍˇ˄ ˎˉˇ˂ˇʴʽˋ˃ˈ ˍʹˌ Fmot ̝ ˊʹˋʽ˃ˇˉˇʽʶʾˍʰʽ ʹ ʻʷˋʹ ˍˇˎ ˔ʶˊʽˇˏΣ ʵʹ˂ʰʵʺ ˍˇ ˇ˂ˇˁ˂ʺˊ˖˃ʰ ˍʹˌ 

vh. 

( )
1 1 1 1 1 1 1 1 1 11 1 1 10h k b h k b k b k h m k m hF F F F F F F b v F b v v F b v b v- - - = Ý =- - =- - Ö =- - Ö - =- + Ö - Ö  (17) 

 [ ] [ ]

1

1

2

2

1 11 0 0 0

k

m h

h

motk

m

F

v v
F b b

FF

v

è ø
é ù

è øé ù
= - Ö + - Öé ùé ù

ê úé ù
é ù
ê ú

  (18) 
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2.4 ʃˊˇˋʵʽˇˊʽˋ˃ˈˌ ˉʰˊʰ˃ʷˍˊ˖˄ ʰʽˋʻʹˍʺˊʰ 
ɶ ˋˍʰʻʶˊʱ ˍˇˎ ʶ˂ʰˍʹˊʾˇˎ ˁʰʽ ˇ ˋˎ˄ˍʶ˂ʶˋˍʺˌ ʰˉˈˋʲʶˋʹˌ ˍˇˎ ʰʽˋʻʹˍʺˊʰ ʵˏ˄ʰ˃ʹˌ ˎˉˇ˂ˇʴʾʸˇ˄ˍʰʽ ˃ʶ ʲʱˋʹ ˍʰ 

ʵʶʵˇ˃ʷ˄ʰ ˉˇˎ ˉʰˊʷ˔ʶʽ ˇ ˁʰˍʰˋˁʶˎʰˋˍʺˌ ˁʰʻ˗ˌ ˁʰʽ ˍʹ˄ ʻʶ˗ˊʹˋʹ ˈˍʽ ˇ ʰʽˋʻʹˍʺˊʰˌ ʰˉˇˍʶ˂ʶʾ ʷ˄ʰ ˋˏˋˍʹ˃ʰ ʵˏˇ 

˃ʰʸ˗˄ όʾˋʶˌ ˃ʶ ˍˇ ˃ʽˋˈ ˍʹˌ ˋˎ˄ˇ˂ʽˁʺˌύ ˇʽ ˇˉˇʾʶˌ ˋˎ˄ʵʷˇ˄ˍʰʽ ˃ʶ ʷ˄ʰ ʶ˂ʰˍʺˊʽˇΦ 

ʃʾ˄ʰˁʰˌ 2-3. ʅˍʰʻʶˊʱ ʶ˂ʰˍʹˊʾˇˎ Force Sensor. 

Stiffness 

k1 

X ς axis kʋ Ґ мΦм ϊмл7 N/m 

Y ς axis kY Ґ уΦн ϊмл6 N/m 

X ς axis torque kTX Ґ нΦп ϊмл2 Nm/rad 

Y ς axis torque kTY Ґ нΦп ϊмл2 Nm/rad 

Z ς axis torque kTZ Ґ оΦу ϊмл2 Nm/rad 

 

ɶ ˃ʱʸʰ ˍˇˎ ʰʽˋʻʹˍʺˊʰ ˋˏ˃˒˖˄ʰ ˃ʶ ˍˇ˄ ˁʰˍʰˋˁʶˎʰˋˍʺ ʶʾ˄ʰʽ лΣллфлт kg ˁ ʰʽ ʹ ˋˎ˔˄ˈˍʹˍʰ ˋˎ˄ˍˇ˄ʽˋ˃ˇˏ ˋʶ 

ˈ˂ˇˎˌ ˍˇˎˌ ʱ˅ˇ˄ʶˌ ʶʾ˄ʰʽ fr = 7200 HzΦ ɱʽʰ ˄ʰ ˎˉˇ˂ˇʴʾˋˇˎ˃ʶ ˍʹ˄ ˋˍʰʻʶˊʱ ʰˉˈˋʲʶˋʹˌ ˍˇˎ ʰʽˋʻʹˍʺˊʰ ʻʰ 

˔ˊʹˋʽ˃ˇˉˇʽʺˋˇˎ˃ʶ ˍʹ˄ ˉʰˊʰˁʱˍ˖ ˋ˔ʷˋʹΥ 

 1 1 1 12 2nb m k mz w z= Ö Ö Ö = Ö Ö Ö  (19) 

ʂˉˇˎ m1 ˁʰʽ ʰ˄ˍʾˋˍˇʽ˔ʰ ʴʽʰ ˍʰ ˉʶˊʽˋˍˊˇ˒ʽˁʱ ʶ˂ʰˍʺˊʽʰ J1 ʰ˄ʰ˒ʷˊˇ˄ˍʰʽ ˋˍˇ˄ ˃ʹ˔ʰ˄ʽˋ˃ˈ, ˈˉ˖ˌ ˒ʰʾ˄ʶˍʰʽ 

ˋˍˇ ʅ˔ʺ˃ʰ н-4, ̱  ȟ ˉˇʾ hˎ ˉˇ˂ˇʴʾʸˇ˄ˍʰʽ ̄ ʶʽˊʰ˃ʰˍʽˁʱ ˈˉ˖ˌ ʻʰ ʵˇˏ˃ʶ ˉʰˊʰˁʱˍ˖ όˉʾ˄ʰˁʰˌ н-9). 

ɱʽʰ ˍˇ˄ ˎˉˇ˂ˇʴʽˋ˃ˈ ˍˇˎ ʸ ʻʰ ˔ˊʹˋʽ˃ˇˉˇʽʺˋˇˎ˃ʶ ˍʹ˄ ˋˎ˔˄ˈˍʹˍʰ ˋˎ˄ˍˇ˄ʽˋ˃ˇˏ ˁʰʽ ˍʹ˄ ˒ˎˋʽˁʺ ˋˎ˔˄ˈˍʹˍʰ 

ˍˇˎ ˋˎˋˍʺ˃ʰˍˇˌ ˍˇˎ ʰʽˋʻʹˍʺˊʰΦ ɶ ˒ˎˋʽˁʺ ˋˎ˔˄ˈˍʹˍʰ ˍˇˎ ˋˎˋˍʺ˃ʰˍˇˌ ˍˇˎ ʰʽˋʻʹˍʺˊʰ ˎˉˇ˂ˇʴʾʸʶˍʰʽ ˃ʶ ʲʱˋʹ 

ˍʹ˄ ζʽˋˇʵˏ˄ʰ˃ʹη ˃ʱʸʰ ˃ ʹ ˇˉˇʾʰ ʵʾ˄ʶˍʰʽ ʰˉˈ ˍʹ˄ ˉʰˊʰˁʱˍ˖ ˋ˔ʷˋʹΥ 

 32 2 2,27 10
4

2 2

FS FS

FS

FS FS

m m

m
kg

m m
m -

Ö

= = = Ö

+

  (20) 

ɮʲʰˊʷˌ ʶ˂ʰˍʺˊʽˇ ς н ˃ʱʸʶˌΥ 

 
ʅ˔ʺ˃ʰ 2-6. ɾˇ˄ˍʶ˂ˇˉˇʾʹˋʹ ʰʽˋʻʹˍʺˊʰ ʵˏ˄ʰ˃ʹˌ. 

ɴˋˍ˖ ˈˍʽ l  ̱ ˇ ˒ˎˋʽˁˈ ˃ʺˁˇˌ ˍˇˎ ʶ˂ʰˍʹˊʾˇˎ. ʆ̌  ˁʷ˄ˍˊˇ ˃ʱʸʰˌ ˍˇˎ ˋˎˋˍʺ˃ʰˍˇˌ ʲˊʾˋˁʶˍʰʽ ʰˉˈ ˍʹ˄ 

ˉʰˊʰˁʱˍ˖ ʶ˅ʾˋ˖ˋʹΥ 

 1 2x x x l= - -  (21) 

x1

x2

mk1 mk2

k
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ɳ˒ʰˊ˃ˈʸˇ˄ˍʰˌ ˍˇ˄ ˄ˈ˃ˇ ˍˇˎ Newton ˅ ʶ˔˖ˊʽˋˍʱ ʴʽʰ ˁʱʻʶ ˃ʱʸʰ ʷ˔˖Υ 

¶ ɾʱʸʰ mk1 

 
1

2

1

2k

d x
m k x

dt
Ö =- Ö  (22) 

¶ ɾʱʸʰ mk2 

 
2

2

1

2k

d x
m k x

d t
Ö = Ö  (23) 

ʃˇ˂˂ʰˉ˂ʰˋʽʱʸˇ˄ˍʰˌ ˍʹ˄ όннύ ʶˉʾ 
2km  ̫ ˔˖ ˈˍʽΥ 

 
1 2 2

2

1

2k k k

d x
m m m k x

dt
Ö Ö =- Ö Ö  (24) 

ʃˇ˂˂ʰˉ˂ʰˋʽʱʸˇ˄ˍʰˌ ˍʹ˄ όноύ ʶˉʾ 
1k

m ʷ˔˖ ˈˍʽΥ 

 
1 2 2

2

2

2k k k

d x
m m m k x

dt
Ö Ö =- Ö Ö  (25) 

ɮ˒ʰʽˊ˗˄ˍʰˌ ˍʹ˄ όнпύ ʰˉˈ ˍʹ˄ όнрύ ʷ˔˖ ˈˍʽΥ 

 ( ) ( )

( )

1 2 1 2 2 1

1 2 1 2

1 2

1 2

2 2

1 2

2 2

2

1 22

2

1 22

k k k k k k

k k k k

k k

k k

d x d x
m m m m m k x m k x

dt dt

d
m m x x m m k x

dt

m m d
x x k x

m m dt

Ö Ö - Ö Ö =- Ö Ö - Ö Ö

Ö Ö - =- + Ö Ö

Ö
Ö - =- Ö

+

  (26) 

ʃʰˊʰʴ˖ʴʾʸˇ˄ˍʰˌ ˍʹ˄ (21) ʵˏˇ ˒ˇˊʷˌ ʷ˔˖ ˈˍʽΥ 

 ( )- =
2 2

1 22 2

d d x
x x

dt dt
  (27) 

ɶ ˉˇˋˈˍʹˍʰ 1 2

1 2

k k

k k

m m

m m+
 ̫ ˔ʶʽ ʵʽʰˋˍʱˋʶʽˌ ˃ʱʸʰˌ ˁʰʽ ʶʾ˄ʰʽ ʹ ζʽˋˇʵˏ˄ʰ˃ʹη ˃ʱʸʰ ˍˇˎ ˋˎˋˍʺ˃ʰˍˇˌ ˍʹ˄ ˇˉˇʾʰ ˁʰʽ 

ʰ˄ʰ˒ʷˊˇˎ˃ʶ ˖ˌ ˃ ʲʱˋʹ ˍʹˌ ˇˉˇʾʰˌ ʻʰ ˎˉˇ˂ˇʴʾʸˇˎ˃ʶ ˍʹ˄ ˒ˎˋʽˁʺ ˋˎ˔˄ˈˍʹˍʰΦ ɼʰˍʰ˂ʺʴˇˎ˃ʶΣ ˂ˇʽˉˈ˄ ˋʶ ˃ʾʰ 

ʶ˅ʾˋ˖ˋʹ ˍʹˌ ˃ˇˊ˒ʺˌΥ 

 
m
+ Ö =

2

2
0

d x k
x

dt
  (28) 

ɶ ʶ˅ʾˋ˖ˋʹ όнуύ ʷ˔ʶʽ ˍʹ ˃ˇˊ˒ʺ ˍʹˌ ʵʽʰ˒ˇˊʽˁʺˌ ˉˇˎ ˉʶˊʽʴˊʱ˒ʶʽ ˍʹ˄ ˍʰ˂ʱ˄ˍ˖ˋʹ ˋˎˋˍʺ˃ʰˍˇˌ ˉˇˎ ʰˉˇˍʶ˂ʶʾˍʰʽ 

ʰˉˈ ʶ˂ʰˍʺˊʽˇ ˋˍʰʻʶˊʱˌ k ˉˇˎ ˍˇ ʷ˄ʰ ʱˁˊˇ ˍˇˎ ʶʾ˄ʰʽ ˋˍʶˊʶ˖˃ʷ˄ˇ ˋʶ ʰˁ˂ˈ˄ʹˍˇ ˋʹ˃ʶʾˇ ˁʰʽ ˋˍˇ ʱ˂˂ˇ ʱˁˊˇ ˍˇˎ 

ˎˉʱˊ˔ʶʽ ˋ˗˃ʰ ˃ʱʸʰˌ ˃Φ ɸʶ˖ˊ˗˄ˍʰˌ ˈˍʽ ʹ ˍʽ˃ʺ ˍʹˌ ˋˍʰʻʶˊʱˌ ˍˇˎ ʶ˂ʰˍʹˊʾˇˎ ʶʾ˄ʰʽ ʾˋʹ ˃ʶ ˍʹ˄ ˍʽ˃ʺ ˉˇˎ ʵʾ˄ʶʽ ˇ 

ˁʰˍʰˋˁʶˎʰˋˍʺˌ ʴʽʰ ˁʱʻʶ ʱ˅ˇ˄ʰ ˃ˉˇˊ˗ ˄ʰ ˎˉˇ˂ˇʴʾˋ˖ ˍʹ˄ ˒ˎˋʽˁʺ ˋˎ˔˄ˈˍʹˍʰ ˍˇˎ ˋˎˋˍʺ˃ʰˍˇˌ ʴʽʰ ˁʱʻʶ ʱ˅ˇ˄ʰ 

ʰˉˈ ˍˇ˄ ˍˏˉˇΥ 

ɯ˅ˇ˄ʰˌ ʋΥ 
4

41 6,97 10
1,1 10

2 2

X
n

k
f Hz

p m p

Ö
= Ö = = Ö
Ö Ö

  /   ɯ˅ˇ˄ʰˌ ʇΥ  
4

41 6 10
10

2 2

Y
n

k
f Hz

p m p

Ö
= Ö = =
Ö Ö

 (29) 

ɱ˄˖ˊʾʸˇ˄ˍʰˌ ˍʹ˄ ˒ˎˋʽˁʺ ˋˎ˔˄ˈˍʹˍʰ ˁʰʽ ˍʹ˄ ˋˎ˔˄ˈˍʹˍʰ ˋˎ˄ˍˇ˄ʽˋ˃ˇˏ ʴʽʰ ˁʱʻʶ ʱ˅ˇ˄ʰ ˎˉˇ˂ˇʴʾʸʶˍʰʽ ˇ 

ˋˎ˄ˍʶ˂ʶˋˍʺˌ ʰˉˈˋʲʶˋʹˌ ʸ ʰˉˈ ˍʹ˄ ˉʰˊʰˁʱˍ˖ ˋ˔ʷˋʹΥ 

 

21r nf f z= Ö -
  (30) 
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ʃʾ˄ʰˁʰˌ 2-4. ʅˎ˄ˍʶ˂ʶˋˍʺˌ ʰˉˈˋʲʶˋʹˌ Force Sensor. 

Damping 
ratio 

 y

X ς axis xy = 0.76 N/m 

Y ς axis Yy = 0.66 N/m 
 

ɳˉʽˋˍˊʷ˒ˇ˄ˍʰˌ ˋˍʹ˄ ˃ˇ˄ˍʶ˂ˇˉˇʾʹˋʹ ˍˇˎ ˃ʹ˔ʰ˄ʽˋ˃ˇˏ ˃ʰˌ ˁʰʽ ˔ˊʹˋʽ˃ˇˉˇʽ˗˄ˍʰˌ ˍʹ˄ ʶ˅ʾˋ˖ˋʹ όмфύ ˃ˉˇˊ˗ ˄ʰ 

ˎˉˇ˂ˇʴʾˋ˖ ˍʹ˄ ˋˍʰʻʶˊʱ ʰˉˈˋʲʶˋʹˌ ˍˇˎ ʰʽˋʻʹˍʺˊʰ ˋʶ ˁʱʻʶ ʱ˅ˇ˄ʰΦ ɱʽʰ ˍˇˎˌ ˎˉˇ˂ˇʴʽˋ˃ˇˏˌ ˋˍˇˎˌ 

ˉʶˊʽˋˍˊˇ˒ʽˁˇˏˌ ʲʰʻ˃ˇˏˌ ʶ˂ʶˎʻʶˊʾʰˌ ˉˊʷˉʶʽ ˄ʰ ˔ˊʹˋʽ˃ˇˉˇʽʹʻʶʾ ʰ˄ˍʾ ʴʽʰ ˍʹ˄ ˃ʱʸʰ ˍˇˎ ʶ˄ʽˋ˔ˎˍʺ ˍʹ˄ ˊˇˉʺ 

ʰʵˊʱ˄ʶʽʰˌ ʹ ˇˉˇʾʰ ˎˉˇ˂ˇʴʾʸʶˍʰʽ ˃ʷˋ˖ ˍˇˎ ˍˏˉˇˎ 
2

v

J r dm=ñ  ˁ ʰʽ ʴʽʰ ˁˏ˂ʽ˄ʵˊˇ 
21

2
J m r= Ö ÖΣ ˈˉˇˎ ʹ 

ʰˁˍʾ˄ʰ ˍˇˎ ʰʽˋʻʹˍʺˊʰ ʵʾ˄ʶˍʰʽ ʰˉˈ ˍˇ˄ ˁʰˍʰˋˁʶˎʰˋˍʺΦ ʆʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˒ʰʾ˄ˇ˄ˍʰʽ ˋˍˇ˄ ˉʰˊʰˁʱˍ˖ ˉʾ˄ʰˁʰΥ 

ʃʾ˄ʰˁʰˌ 2-5. ʅˍʰʻʶˊʱ ʰˉˈˋʲʶˋʹˌ Force Sensor. 

Damping 
constant 

b1 

X ς axis bx = 529 N/m 

Y ς axis bY = 395 N/m 

 
ʁ ˉˊˇˋʵʽˇˊʽˋ˃ˈˌ ˍʹˌ ˒ʰʽ˄ˈ˃ʶ˄ʹˌ ˃ʱʸʰˌ ˍˇˎ ˃ʹ˔ʰ˄ʽˋ˃ˇˏ ˁʰʽ ˍ˖˄ ˎˉˈ˂ˇʽˉ˖˄ ˉʰˊʰ˃ʷˍˊ˖˄ ˍˇˎ, ʴʾ˄ʶˍʰʽ ˋˍˇ 

ˁʶ˒ʱ˂ʰʽˇ нΦрΦо ˋʶ ˋˎ˄ʷ˔ʶʽʰ ˇˊʽˋ˃ʷ˄˖˄ ˉʶʽˊʰ˃ʱˍ˖˄ ˉˇˎ ʶˁˍʶ˂ʷˋˍʹˁʰ˄ ˁʰʽ ˍʰ ˇˉˇʾʰ ˉʰˊˇˎˋʽʱʸˇ˄ˍʰʽ ˋˍʰ 

ʅ̝ ʺ˃ʰˍʰ  н-7 & 2-8Φ ʅˍʰ ˉʶʽˊʱ˃ʰˍʰ ʰˎˍʱ ʰˁˇ˂ˇˎʻʺʻʹˁʶ ʹ ʶ˅ʺˌ ʵʽʰʵʽˁʰˋʾʰ: ʆˇ ˍʶ˂ʽˁˈ ˋʹ˃ʶʾˇ ʵˊʱˋʹˌ ˍˇˎ 

˃ʹ˔ʰ˄ʽˋ˃ˇˏ ˉʰˁˍ˗ʻʹˁʶ ˁʰʽ ʵˈʻʹˁʶ ʶ˄ˍˇ˂ʺ ˋˍˇˎˌ ˁʽ˄ʹˍʺˊʶˌ ʴʽʰ ʶ˒ʰˊ˃ˇʴʺ ʵˏ˄ʰ˃ʹˌ мɿ ̀ ˍˇˎˌ ʱ˅ˇ˄ʶˌ ʋ ϧ ʇ ˍˇˎ 

˃ʹ˔ʰ˄ʽˋ˃ˇˏ. ʂˉ˖ˌ ʺˍʰ˄ ʰ˄ʰ˃ʶ˄ˈ˃ʶ˄ˇ ʹ ʵˏ˄ʰ˃ʹ ˉˇˎ ˍʶ˂ʽˁʱ ˃ʶˍˊʺʻʹˁʶ ʰˉˈ ˍˇ˄ ʰʽˋʻʹˍʺˊʰ ʵˏ˄ʰ˃ʹˌ ˋˍʹ˄ 

˃ˈ˄ʽ˃ʹ ˁʰˍʱˋˍʰˋʹ ʵʶ˄ ʷ˒ˍʰˋʶ ˉˇˍʷ ˍʹ˄ ˍʽ˃ʺ мɿ ˁʰʻ˗ˌ ˎˉʱˊ˔ˇˎ˄ ʵʽʱ˒ˇˊʶˌ ʰˉ˗˂ʶʽʶˌ ˍʽˌ ˇˉˇʾʶˌ ˍʶ˂ʽˁʱ 

ʶˉʽʵʽ˗ˁʶˍʰʽ ˄ʰ ʶˁ˃ʹʵʶ˄ʽˋˍˇˏ˄ ˃ʶ ˍʹ˄ ʶ˒ʰˊ˃ˇʴʺ ˍˇˎ ʶ˂ʶʴˁˍʺΦ ʂˉ˖ˌ ˒ʰʾ˄ʶˍʰʽ ˋˍʰ ˋ˔ʺ˃ʰˍʰ ˉˇˎ ʰˁˇ˂ˇˎʻˇˏ˄ ˍ ̌

ˉʶʾˊʰ˃ʰ ʶˁˍʶ˂ʷˋˍʹˁ ʁ̱ ˊʶʽˌ ˒ˇˊʷˌ ˋʶ ˁʱʻʶ ʱ˅ˇ˄ʰ ˁʰʽ ˁˊʰˍʺʻʹˁʶ ʹ ˃ʷˋʹ ˍʽ˃ʺ ˍ˖˄ ʰˉˇˍʶ˂ʶˋ˃ʱˍ˖˄Φ  
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ʅ˔ʺ˃ʰ 2-7Φ ʃʶʽˊʱ˃ʰˍʰ ˉˊˇˋʵʽˇˊʽˋ˃ˇˏ ˉʰˊʰ˃ʷˍˊ˖˄ ˋˍˇ˄ ʱ˅ˇ˄ʰ ˍ˖˄ ʋΦ 

 
 

 
ʅ˔ʺ˃ʰ 2-8Φ ʃʶʽˊʱ˃ʰˍʰ ˉˊˇˋʵʽˇˊʽˋ˃ˇˏ ˉʰˊʰ˃ʷˍˊ˖˄ ˋˍˇ˄ ʱ˅ˇ˄ʰ ˍ˖˄ ʇΦ 
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2.5 ʃʶʽˊʰ˃ʰˍʽˁˈˌ ˉˊˇˋʵʽˇˊʽˋ˃ˈˌ ˉʰˊʰ˃ʷˍˊ˖˄ ˃ʹ˔ʰ˄ʽˋ˃ˇˏ 
ʅˍʰ ˒ˎˋʽˁʱ ˋˎˋˍʺ˃ʰˍʰ ʶ˂ʷʴ˔ˇˎ ˉˊʰʴ˃ʰˍˇˉˇʽʶʾˍʰʽ ˋˎˋˋ˗ˊʶˎˋʹ ʶ˄ʷˊʴʶʽʰˌΣ ˁʰˍʱ ˋˎ˄ʷˉʶʽʰ ʹ ʷ˅ˇʵˇˌ ˍˇˎ 

ˋˎˋˍʺ˃ʰˍˇˌ ʵʶ˄ ˃ˉˇˊʶʾ ˄ʰ ʰˁˇ˂ˇˎʻʺˋʶʽ ˍʹ˄ ʶʾˋˇʵˇ ʰˁʰˊʽʰʾʰΣ ʰ˂˂ʱ ʶˉʽʵʶʽˁ˄ˏʶʽ ˃ʾʰ ˃ʶˍʰʲʰˍʽˁʺ ʰˉˈˁˊʽˋʹ ˉˊʽ˄ 

ˁʰˍʰ˂ʺ˅ʶʽ ˋˍʹ˄ ˃ˈ˄ʽ˃ʹ ˁʰˍʱˋˍʰˋʹΦ ɱʽʰ ˍˇ˄ ˂ˈʴˇ ʰˎˍˈ ʹ ˔ˊˇ˄ʽˁʺ ʰˉˈˁˊʽˋʹ ʶ˄ˈˌ ˋˎˋˍʺ˃ʰˍˇˌ ˉʶˊʽ˂ʰ˃ʲʱ˄ʶʽ 

ˋˎ˄ʺʻ˖ˌ ʵˏˇ ˍ˃ʺ˃ʰˍʰΣ ˍʹ˄ ˃ʶˍʰʲʰˍʽˁʺ ʰˉˈˁˊʽˋʹ όtransient responseύ ˁʰʽ ˍʹ˄ ʰˉˈˁˊʽˋʹ ˋˍʹ ˃ˈ˄ʽ˃ʹ ˁʰˍʱˋˍʰˋʹ 

(steady state responseύΦ ɾʶ ˍˇ˄ ˈˊˇ ˔ˊˇ˄ʽˁʺ ʰˉˈˁˊʽˋʹ ˍˇˎ ˋˎˋˍʺ˃ʰˍˇˌΣ ʶ˄˄ˇˇˏ˃ʶ ˍʹ ˋˎ˃ˉʶˊʽ˒ˇˊʱ ˍˇˎ 

ˋˎˋˍʺ˃ʰˍˇˌ ˋˎ˄ʰˊˍʺˋʶʽ ˍˇˎ ˔ˊˈ˄ˇˎ ˈˍʰ˄ ʵʽʶʴʶʾˊʶˍʰʽ ʰˉˈ ˃ʾʰ ˋˎʴˁʶˁˊʽ˃ʷ˄ʹ ʶʾˋˇʵˇΦ ɮ˄ ȅόǘύ ʶʾ˄ʰʽ ʹ ˔ˊˇ˄ʽˁʺ 

ʰˉˈˁˊʽˋʹ ˍˇˎ ˋˎˋˍʺ˃ʰˍˇˌΥ 

 () () ()t ssy t y t y t= +   (31) 

ɶ ˃ʶˍʰʲʰˍʽˁʺ ʰˉˈˁˊʽˋʹ ʶ˄ˈˌ ˋˎˋˍʺ˃ʰˍˇˌ ʶ˅ʰˋʻʶ˄ʶʾ ˃ʶ ˍʹ˄ ˉʱˊˇʵˇ ˁʱˉˇʽˇˎ ˔ˊˇ˄ʽˁˇˏ ʵʽʰˋˍʺ˃ʰˍˇˌΦ ɶ 

ʰˉˈˁˊʽˋʹ ˋˍʹ˄ ˃ˈ˄ʽ˃ʹ ˁʰˍʱˋˍʰˋʹ ʶʾ˄ʰʽ ˍˇ ˍ˃ʺ˃ʰ ʶˁʶʾ˄ˇ ˍʹˌ ˋˎ˄ˇ˂ʽˁʺˌ ʰˉˈˁˊʽˋʹˌ ˍˇˎ ˋˎˋˍʺ˃ʰˍˇˌ ˉˇˎ 

ˉʰˊʰ˃ʷ˄ʶʽ ˃ʶˍʱ ˍʹ˄ ʰˉˈˋʲʶˋʹ ˍʹˌ ˃ʶˍʰʲʰˍʽˁʺˌ ˁʰˍʱˋˍʰˋʹˌΦ ɶ ˃ʶˍʰʲʰˍʽˁʺ ʰˉˈˁˊʽˋʹ ʰˉˇˍʶ˂ʶʾ ˋʹ˃ʰ˄ˍʽˁˈ 

˃ʷˊˇˌ ˍʹˌ ʵˎ˄ʰ˃ʽˁʺˌ ˋˎ˃ˉʶˊʽ˒ˇˊʱˌ ʶ˄ˈˌ ˋˎˋˍʺ˃ʰˍˇˌΦ ɶ ʰˉˈˁ˂ʽˋʹ ˃ʶˍʰ˅ˏ ˍʹˌ ʰˉˈˁˊʽˋʹˌ όʶ˅ˈʵˇˎύ ˁʰʽ ˍʹˌ 

ʶʽˋˈʵˇˎ ˍˇˎ ˋˎˋˍʺ˃ʰˍˇˌ ʺ ˍʹˌ ʶˉʽʻˎ˃ʹˍʺˌ ʰˉˈˁˊʽˋʹˌΣ ˉˊʽ˄ ˍʹ˄ ʶˉʾˍʶˎ˅ʹ ˍʹˌ ˃ˈ˄ʽ˃ʹˌ ˁʰˍʱˋˍʰˋʹˌ ˉˊʷˉʶʽ ˄ʰ 

ʶ˂ʶʴ˔ʻʶʾ ʶˉʰˁˊʽʲ˗ˌΦ ʆʰ ʵʽʱ˒ˇˊʰ ˋˎˋˍʺ˃ʰˍʰ ʶ˂ʷʴ˔ˇˎ ʶʾ˄ʰʽ ʰˉˈ ˍʹ ˒ˏˋʹ ˍˇˎˌ ˋˎˋˍʺ˃ʰˍʰ ˉˇˎ ˂ʶʽˍˇˎˊʴˇˏ˄ ˋˍˇ 

ˉʶʵʾˇ ˍˇˎ ˔ˊˈ˄ˇˎ ˁʰʽΣ ʴʽʰ ˍˇ˄ ˂ˈʴˇ ʰˎˍˈΣ ʶʾ˄ʰʽ ʹ ˔ˊˇ˄ʽˁʺ ʰˉˈˁˊʽˋʹ ˍˇ ˔ʰˊʰˁˍʹˊʽˋˍʽˁˈ ˉˇˎ ˃ʰˌ ʶ˄ʵʽʰ˒ʷˊʶʽ 

ˉʶˊʽˋˋˈˍʶˊˇΦ ɳʱ˄ ˍˇ ˋˏˋˍʹ˃ʰ ʶʾ˄ʰʽ ʶˎˋˍʰʻʷˌΣ ʹ ʰˉˈˁˊʽˋʹ ˋʶ ʷ˄ʰ ˋˎʴˁʶˁˊʽ˃ʷ˄ˇ ˋʺ˃ʰ ʶʽˋˈʵˇˎ ˃ʰˌ ˉʰˊʷ˔ʶʽ 

ˉˇ˂˂ʷˌ ˉ˂ʹˊˇ˒ˇˊʾʶˌ ʴʽʰ ˍʹ˄ ʴʶ˄ʽˁˈˍʶˊʹ ˋˎ˃ˉʶˊʽ˒ˇˊʱ ˍˇˎΦ ʃʰˊʱ˂˂ʹ˂ʰ ʶʾ˄ʰʽ ʰˉʰˊʰʾˍʹˍˇ ˄ʰ ˎˉʱˊ˔ʶʽ ˃ʾʰ ʲʱˋʹ 

˖ˌ ˉˊˇˌ ˍʹ˄ ˉˊˈʲ˂ʶ˕ʹ ˍʹˌ ʰ˄ˍʾʵˊʰˋʹˌ ˍˇˎ ˋʶ ˉˊʰʴ˃ʰˍʽˁʷˌ ˋˎ˄ʻʺˁʶˌ ʰ˂˂ʱ ˁʰʽ ˍʹ˄ ˋˏʴˁˊʽˋʹ ˍʹˌ ʰˉˈʵˇˋʹˌ ˍ˖˄ 

ʵʽʰ˒ˈˊ˖˄ ˋˎˋˍʹ˃ʱˍ˖˄ ʶ˂ʷʴ˔ˇˎΦ ɶ ʲʱˋʹ ʰˎˍʺ ˃ˉˇˊʶʾ ˄ʰ ˍʶʻʶʾ ˃ʶ ˍʹ˄ ˉˊˇʵʽʰʴˊʰ˒ʺ ˇˊʽˋ˃ʷ˄˖˄ ˍˎˉˇˉˇʽʹ˃ʷ˄˖˄ 

ˋʹ˃ʱˍ˖˄ ʶʽˋˈʵˇˎ ʵˇˁʽ˃ʺˌ ˁʰʽ ˋˏʴˁˊʽˋʹ ˍ˖˄ ʰˉˇˁˊʾˋʶ˖˄ ˍ˖˄ ʵʽʰ˒ˈˊ˖˄ ˋˎˋˍʹ˃ʱˍ˖˄ ˋʶ ʰˎˍʱΦ ʆʰ ˋˎ˄ʹʻʷˋˍʶˊʰ 

ˋʺ˃ʰˍʰ ʵʽʷʴʶˊˋʹˌ ʶʾ˄ʰʽ ˍʰ ʶ˅ʺˌΥ 

¶ ʅˎ˄ʱˊˍʹˋʹ ʲʰʻ˃ʾʵʰˌ όunit function). 

¶ ʅˎ˄ʱˊˍʹˋʹ ʰ˄ʰˊˊʾ˔ʹˋʹ όramp function). 

¶ ɼˊˇˎˋˍʽˁʺ ˋˎ˄ʱˊˍʹˋʹ όDirac function). 

¶ ʅˎ˄ʱˊˍʹˋʹ ˉʰˊʰʲˇ˂ʺˌ όparabola function). 

¶ ɶ˃ʽˍˇ˄ˇʶʽʵʺˌ ̀ ˎ˄ʱˊˍʹˋʹ (sinusoid function). 

ɶ ʶˉʽ˂ˇʴʺ ʶ˄ˈˌ ʺ ˉʶˊʽˋˋˈˍʶˊ˖˄ ˍˎˉˇˉˇʽʹ˃ʷ˄˖˄ ˋʹ˃ʱˍ˖˄ ʶʽˋˈʵˇˎΣ ˁʰˍʱ ˍʹ˄ ʰ˄ʱ˂ˎˋʹ ˍ˖˄ 

˔ʰˊʰˁˍʹˊʽˋˍʽˁ˗˄ ʶ˄ˈˌ ˋˎˋˍʺ˃ʰˍˇˌΣ ʶ˅ʰˊˍʱˍʰʽ ʰˉˈ ˍʹ˄ ˃ˇˊ˒ʺ ˍ˖˄ ʶʽˋˈʵ˖˄ ˋˍʽˌ ˇˉˇʾʶˌ ˎˉˈˁʶʽˍʰʽ ˋˎ˔˄ˈˍʶˊʰ 

ˍˇ ˋˏˋˍʹ˃ʰ ˁʰˍʱ ˍʹ˄ ˁʰ˄ˇ˄ʽˁʺ ˍˇˎ ˂ʶʽˍˇˎˊʴʾʰΦ ʅˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ˃ʰˌ ˇ ʰˉˍʽˁˈˌ ˃ʹ˔ʰ˄ʽˋ˃ˈˌ ˃ˇ˄ˍʶ˂ˇˉˇʽʶʾˍʰʽ ˖ˌ 

ʷ˄ʰ ˋˏˋˍʹ˃ʰ ˃ʱʸʰˌ-ʶ˂ʰˍʹˊʾˇˎ-ʰˉ̌ˋʲʶˋˍʺˊʰ нʹˌ ˍʱ˅ʹˌ ˁʰʽ ʶʾ˄ʰʽ ʰˉʰˊʰʾˍʹˍʹ ʹ ʶˁˍʷ˂ʶˋʹ ˇˊʽˋ˃ʷ˄˖˄ 

ˉʶʽˊʰ˃ʱˍ˖˄ ʴʽʰ ˍˇ˄ ˉˊˇˋʵʽˇˊʽˋ˃ˈ ˍ˖˄ ˉʰˊʰ˃ʷˍˊ˖˄ ˉˇˎ ˔ˊʹˋʽ˃ˇˉˇʽˇˏ˄ˍʰʽ όˋˍʰʻʶˊʱ ʶ˂ʰˍʹˊʾˇˎ ƪΣ ˋˍʰʻʶˊʱ 

ʰˉˈˋʲʶˋʹˌ ōύΦ ʆʰ ˋˎˋˍʺ˃ʰˍʰ нʹˌ ˍʱ˅ʹˌΣ ˈˉ˖ˌ ʶʾ˄ʰʽ ˁʰʽ ʰˎˍˈ ˃ʶ ˍˇ˄ ˇˉˇʾˇ ˃ˇ˄ˍʶ˂ˇˉˇʽʶʾˍʰʽ ˇ ˃ʹ˔ʰ˄ʽˋ˃ˈˌ 

ˉʶˊʽʴˊʱ˒ʶˍʰʽ ʰˉˈ ʵʽʰ˒ˇˊʽˁʷˌ ʶ˅ʽˋ˗ˋʶʽˌ ˍʹˌ ˃ˇˊ˒ʺˌΥ 

 
2

1 0 0

( ) ( )
( ) ( )

d y t dy t
a a y t b r t

dt dt
+ Ö + Ö = Ö  (32) 

ʂˉˇˎΥ ʰ ̌Ґ ˖n
2 ϧ ʰ1 Ґ нʸ˖n 

όʸΥ ˋˎ˄ˍʶ˂ʶˋˍʺˌ ʰˉˈˋʲʶˋʹˌ όdamping ratioύΣ ˖nΥ ˒ˎˋʽˁʺ ʽʵʽˇˋˎ˔˄ˈˍʹˍʰ όnatural frequency)) 
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ɮ˄ ˇʽ ʰˊ˔ʽˁʷˌ ˋˎ˄ʻʺˁʶˌ Ùπ π & Ùπ π ˁ ʰʽ ɻ Â ̱ ˇ ʵˇ˃ʽˁˈ ʵʽʱʴˊʰ˃˃ʰ ʶ˄ˈˌ ˋˎˋˍʺ˃ʰˍˇˌ нʹˌ ˍʱ˅ʹˌ 

˔ˊʹˋʽ˃ˇˉˇʽ˗˄ˍʰˌ ˍˇ˄ ˃ʶˍʰˋ˔ʹ˃ʰˍʽˋ˃ˈ Laplace ʁ ʾ˄ʰʽ ˍˇ ʶ˅ʺˌΥ 

2

2 2
( ) ( )

2

n

n n

R s Y s
s s

w

z w w
­ ­

+ Ö Ö Ö +
 

ɶ ˋˎ˄ʱˊˍʹˋʹ ˃ʶˍʰ˒ˇˊʱˌ ʶʾ˄ʰʽ ˍʹˌ ˃ˇˊ˒ʺˌ: 

 
2

2 2

( )
( )

( ) 2

n

n n

Y s
T s

R s s s

w

z w w
= =

+ Ö Ö Ö +
  (33) 

2.5.1 ɰʹ˃ʰˍʽˁʺ ʰˉˈˁˊʽˋʹ ˋˎˋˍʺ˃ʰˍˇˌ ʵʶˏˍʶˊʹˌ ˍʱ˅ʹˌ 

ɶ ʵʽʰ˒ˇˊʽˁʺ ʶ˅ʾˋ˖ˋʹ ˍˇˎ ˋˎˋˍʺ˃ʰˍˇˌ ˈˍʰ˄ ʷ˔ˇˎ˃ʶ ˖ˌ ʶʾˋˇʵˇ ˃ˇ˄ʰʵʽʰʾʰ ʲʹ˃ʰˍʽˁʺ ˋˎ˄ʱˊˍʹˋʹ ʴʾ˄ʶˍʰʽΥ 

 ()
2

2

2
 2s s

n n s s

d y dy
y u t

dt dt
z w w+ Ö Ö Ö + Ö =  (34) 

ˈ̄ ˇˎ us(tύ ʶʾ˄ʰʽ ʹ ˃ˇ˄ʰʵʽʰʾʰ ʲʹ˃ʰˍʽˁʺ ˋˎ˄ʱˊˍʹˋʹΦ ɶ ʲʹ˃ʰˍʽˁʺ ʰˉˈˁˊʽˋʹ ˉˊˇˁˏˉˍʶʽ ʰˉˈ ˍˇ ʱʻˊˇʽˋ˃ʰ ˍʹˌ 

ˇ˃ˇʴʶ˄ˇˏˌ ʰˉˈˁˊʽˋʹˌ ˁʰʽ ˍʹˌ ˃ʶˊʽˁʺˌ ˂ˏˋʹˌΦ ɱʽʰ ˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ˉˇˎ ʷ˔ˇˎ˃ʶ ʵˏˇ ˂ˏˋʶʽˌ ˍʹˌ ˔ʰˊʰˁˍʽˁʺˌ 

ʶ˅ʾˋ˖ˋʹˌ ˂1 ˁ ʰʽ ˂2Σ ʵʹ˂ʰʵʺ ʴʽʰ ˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ˈˉˇˎ ʸ Ҕ м ʹ ʰˉˈˁˊʽˋʹ ˉˊˇˁˏˉˍʶʽ ʰˉˈ ˍʹ˄ ˉʰˊʰˁʱˍ˖ ˂ˏˋʹΥ 

 
1 2

1 2

( ) ( ) ( )

( )

s h p

t t

p

y t y t y t

C e C e y t
l lÖ Ö

= +

= Ö + Ö +
  (35) 

ɱʽʰ ˍʹ˄ ˃ʶˊʽˁʺ ˂ˏˋʹ ˔ˊʹˋʽ˃ˇˉˇʽʶʾˍʰʽ ʹ ˃ʷʻˇʵˇˌ ˍ˖˄ ʰʴ˄˗ˋˍ˖˄ ˋˎ˄ˍʶ˂ʶˋˍ˗˄Φ ʅˏ˃˒˖˄ʰ ˃ʶ ˍʹ˄ ˃ʷʻˇʵˇ ʰˎˍʺΣ ʹ 

˃ˇˊ˒ʺ ˍʹˌ ˃ʶˊʽˁʺˌ ˂ˏˋʹˌ ʶ˅ʰˊˍʱˍʰʽ ʰˉˈ ˍʹ ʵʽʶʴʶʾˊˇˎˋʰ ˋˎ˄ʱˊˍʹˋʹ ˁʰʽ ˇʽ ˋˎ˄ˍʶ˂ʶˋˍʷˌ ˉˇˎ ˉʶˊʽʷ˔ʶʽ 

ˎˉˇ˂ˇʴʾʸˇ˄ˍʰʽ ʷˍˋʽ ˗ˋˍʶ ʹ ˃ʶˊʽˁʺ ˂ˏˋʹ ˄ʰ ʶˉʰ˂ʹʻʶˏʶʽ ˍʹ ʵʽʰ˒ˇˊʽˁʺ ʶ˅ʾˋ˖ˋʹΦ ɸʶ˖ˊˇˏ˃ʶ ˂ˇʽˉˈ˄ ˈˍʽ ȅp(t) = K 

ˁʰʽ ˍˇ ɼ ʶʾ˄ʰʽ ˍʷˍˇʽˇ ˗ˋˍʶΥ 

 2 1n Kw Ö =  (36) 

ɼʰʽ ˁʰˍʱ ˋˎ˄ʷˉʶʽʰ ʹ ʶ˅ʾˋ˖ˋʹ ˍʹˌ ʰˉˈˁˊʽˋʹˌ ʴʾ˄ʶˍʰʽΥ 

 1 2

1 2 2

1
( ) t t

s

n

y t C e C el l

w

Ö Ö= Ö + Ö +  (37) 

ɱʽʰ ˄ʰ ʲˊ˖ ˍˇˎˌ ˋˎ˄ˍʶ˂ʶˋˍʷˌ /1 & C2 ˔ˊʹˋʽ˃ˇˉˇʽ˗ ˍʽˌ ʰˊ˔ʽˁʷˌ ˋˎ˄ʻʺˁʶˌΦ ʇˉˇʻʷˍˇ˄ˍʰˌ ˈˍʽ Ù(0) = 0 & Ù(0) = 0 

ʷ˔˖ ˈˍʽΥ 

 
1 2 2

1 1 2 2

1
0

0

n

C C

C C

w

l l

ë
= + +î

ì
î= Ö + Öí

  (38) 

 

 
( )

( )

2
1 2

1 2

1
2 2

1 2

n

n

C

C

l

w l l

l

w l l

ë
=î Ö -î

ì
î =-
î Ö -í

  (39) 
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ɴˍˋʽ ˍʶ˂ʽˁʱ ʴʽʰ ˍʹ˄ ˃ˇ˄ʰʵʽʰʾʰ ʲʹ˃ʰˍʽˁʺ ʰˉˈˁˊʽˋʹ ʷ˔ˇˎ˃ʶ ˍʽˌ ʶ˅ʺˌ ˉʶˊʽˉˍ˗ˋʶʽˌΥ 

¶ ʸ > 1 

1 22 1

2

1 2 1 2

1
( ) 1

t t

s

n

y t e e
l ll l

w l l l l

Ö Öå õ
= Ö + Ö - Öæ ö

- -ç ÷
  (40) 

¶ ʸ Ґ м ʲˊʾˋˁˇˎ˃ʶ ˃ʶ ˍˇ˄ ʾʵʽˇ ˍˊˈˉˇ ˍʹ˄ ʰˉˈˁˊʽˋʹ ʴʽʰ ˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ˍʹˌ ˁˊʾˋʽ˃ʹˌ ʰˉˈˋʲʶˋʹˌ 

( )2

1
( ) 1 n nt t

s n

n

y t e t e
w ww

w

Ö Ö
= Ö - - Ö Ö  (41) 

¶ л ғ ʸ ғ м ˁʰʽ ˉʰˊˇˎˋʽʱʸʶʽ ˎˉˇ-ʰˉˈˋʲʶˋʹ 

 

() ( )
2 2
n

1

2

2

1
1 cos

ɤ 1

tan
1

1

n t

s d

d n

e
y t t

z w

w j
z

z
j

z

w w z

Ö

-

Ö-è ø
= - -é ù

é ù-ê ú

å õ
æ ö

Ö

=
ö

Ö Ö

Ö

æ -ç ÷

= -

  (42) 

ʂˉˇˎ ʖ ʖ Ͻρ ʁ ́  ˒ˎˋʽˁʺ ˋˎ˔˄ˈˍʹˍʰ ˃ʶ ʰˉˈˋʲʶˋʹ ʹ ˇˉˇʾʰ ʶʾ˄ʰʽ ˁʰʽ ʹ ˋˎ˔˄ˈˍʹˍʰ ˉˇˎ ˋˎ˄ʺʻ˖ˌ 

˃ˉˇˊˇˏ˃ʶ ˄ʰ ˉʰˊʰˍʹˊʺˋˇˎ˃ʶ ˉʶʽˊʰ˃ʰˍʽˁʱΦ 

ʅˍʰ ˉˊʰˁˍʽˁʱ ̀ ˎˋˍʺ˃ʰˍʰ ʶ˂ʷʴ˔ˇˎ ʹ ˃ʶˍʰʲʰˍʽˁʺ ʰˉˈˁˊʽˋʹ ʶ˃˒ʰ˄ʾʸʶʽ ʰˉˇˋʲʶ˄ˈ˃ʶ˄ʶˌ ˍʰ˂ʰ˄ˍ˗ˋʶʽˌ ˉˊˇˍˇˏ 

˒ˍʱˋʶʽ ˋˍʹ˄ ˃ˈ˄ʽ˃ʹ ˁʰˍʱˋˍʰˋʹΦ ʅʶ ʰˎˍʷˌ ˍʽˌ ˍʰ˂ʰ˄ˍ˗ˋʶʽˌ ˉʰˊʰˍʹˊˇˏ˃ʶ ˇˊʽˋ˃ʷ˄ʰ ˔ʰˊʰˁˍʹˊʽˋˍʽˁʱ ˃ʶʴʷʻʹ ˍʰ 

ˇˉˇʾʰ ˃ʰˌ ˉʰˊʷ˔ˇˎ˄ ˋʹ˃ʰ˄ˍʽˁʷˌ ˉ˂ʹˊˇ˒ˇˊʾʶˌΥ 

1. ʋˊˈ˄ˇˌ ˁʰʻˎˋˍʷˊʹˋʹˌ td (delay time) 

ʁ ˔ˊˈ˄ˇˌ ˉˇˎ ˔ˊʶʽʱʸʶˍʰʽ ʴʽʰ ˄ʰ ˒ˍʱˋʶʽ ʹ ʰˉˈˁˊʽˋʹΣ ʴʽʰ ˉˊ˗ˍʹ ˒ˇˊʱΣ ˍˇ рл҈ ˍʹˌ ˍʶ˂ʽˁʺˌ ˍʽ˃ʺˌΦ 

2. ʋˊˈ˄ˇˌ ʰ˄ˏ˕˖ˋʹˌ tr (rise time) 

ʁ ˔ˊˈ˄ˇˌ ˉˇˎ ˔ˊʶʽʱʸʶˍʰʽ ʴʽʰ ˄ʰ ʰ˄ʷ˂ʻʶʽ ʹ ʰˉˈˁˊʽˋʹ ʰˉˈ ˍˇ мл҈ ˋˍˇ фл҈ ˍʹˌ ˍʶ˂ʽˁʺˌ ˍʽ˃ʺˌ ˁʰʽ ʵʾ˄ʶˍʰʽ 

ʰˉˈ ˍʹ ˋ˔ʷˋʹΥ 

 
2

1 11
tanr

d

t
z

w z

-
å õ-
æ ö= Ö
æ ö
ç ÷

  (43) 

3. ʋˊˈ˄ˇˌ ˁˇˊˎ˒ʺˌ tp (peak time) 

ʁ ˔ˊˈ˄ˇˌ ˉˇˎ ˔ˊʶʽʱʸʶˍʰʽ ʴʽʰ ˄ʰ ˒ˍʱˋʶʽ ʹ ʰˉˈˁˊʽˋʹ ˋˍʹ˄ ˉˊ˗ˍʹ ˁˇˊˎ˒ʺ ˍʹˌ ˁʰ˃ˉˏ˂ʹˌ ˁʰʽ ʵʾ˄ʶˍʰʽ ʰˉˈ 

ˍʹ ˋ˔ʷˋʹΥ 

 p

n

t
p

z w
=
Ö

  (44) 

4. ʋˊˈ˄ˇˌ ʰˉˇˁʰˍʱˋˍʰˋʹˌ ts (settling time) 

ʁ ˔ˊˈ˄ˇˌ ˉˇˎ ˔ˊʶʽʱʸʶˍʰʽ ʴʽʰ ˄ʰ ˒ˍʱˋʶʽ ˁʰʽ ˄ʰ ˉʰˊʰ˃ʶʾ˄ʶʽ ʹ ˁʰ˃ˉˏ˂ʹ ʰˉˈˁˊʽˋʹˌ ʰ˄ʱ˃ʶˋʰ ˋˍˇ н҈ ˁʰʽ 

ˋˍˇ р҈ ˍʹˌ ˍʶ˂ʽˁʺˌ ˍʽ˃ʺˌΥ 

 
4

s

n

t
z w
=
Ö

  (45) 
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3

s

n

t
z w
=
Ö

  (46) 

5. ɾʷʴʽˋˍʹ ˍʽ˃ʺ ʰˉˈˁˊʽˋʹˌ ym 

ɳʾ˄ʰʽ ʹ ˃ʷʴʽˋˍʹ ˍʽ˃ʺ ˍʹˌ ʰˉˈˁˊʽˋʹˌ ˋˍʹ˄ ˉˊ˗ˍʹ ˁˇˊˎ˒ʺ ˍʹˌ ˁʰ˃ˉˏ˂ʹˌ ˁʰʽ ʵʾ˄ʶˍʰʽ ʰˉˈ ˍʹ ˋ˔ʷˋʹΥ 

 
21

1my e

z p

z

- Ö

-
= +   (47) 

6. ɾʷʴʽˋˍʹ ˎ ˉʶˊˏ˕˖ˋʹ Mp (maximum percent overshoot) 

ɳʾ˄ʰʽ ʹ ʵʽʰ˒ˇˊʱ ˍʹˌ ˃ʷʴʽˋˍʹˌ ˁʰʽ ˍʹˌ ˍʶ˂ʽˁʺˌ ˍʽ˃ʺˌ ˍʹˌ ʰˉˈˁˊʽˋʹˌ όyf ˁ ʰʽ ymύ ˁʰʽ ʵʾ˄ʶˍʰʽ ʰˉˈ ˍʹ ˋ˔ʷˋʹΥ 

 % 100%
m f

p

f

y y
M

y

-
= Ö   (48) 

ʅˎ˄ʵˎʱʸˇ˄ˍʰˌ ˍʽˌ ˉʰˊʰˉʱ˄˖ ˋ˔ʷˋʶʽˌ ˁʰˍʰ˂ʺʴˇˎ˃ʶ ˋˍˇ ˉˇˋˇˋˍˈ ˎˉʶˊˏ˕˖ˋʹ ̩

 
21% 100%pM

- Ö

-= Ö

ʸ ˉ

ʸe   (49) 

ʆʷ˂ˇˌ ʹ ʶˉʽˊˊˇʺ ˍˇˎ ʸ ˋˍʹ˄ ˁˊˇˎˋˍʽˁʺ ʰˉˈˁˊʽˋʹ ˒ʰʾ˄ʶˍʰʽ ˋˍˇ ˉʰˊʰˁʱˍ˖ ʵʽʱʴˊʰ˃˃ʰ ʴʽʰ ʷ˄ʰ ˍˎˉʽˁˈ ˋˏˋˍʹ˃ʰ 

2ʹˌ ̱ ʱ˅ʹˌ 

 
ʅ˔ʺ˃ʰ 2-9. ɮˉˈˁˊʽˋʹ ˋʶ ʲʹ˃ʰˍʽˁʺ ʶʾˋˇʵˇ ʰ˄ʱ˂ˇʴʰ ˃ʶ ˍˇ˄ ˋˎ˄ˍʶ˂ʶˋˍʺ ʰˉˈˋʲʶˋʹˌ ʸ. 

2.5.2 ɼˊˇˎˋˍʽˁʺ ʰˉˈˁˊʽˋʹ ˋˎˋˍʺ˃ʰˍˇˌ ʵʶˏˍʶˊʹˌ ˍʱ˅ʹˌ 

ɶ ʵʽʰ˒ˇˊʽˁʺ ʽʵʽˈˍʹˍʰ ˍ˖˄ ʴˊʰ˃˃ʽˁ˗˄ ˋˎˋˍʹ˃ʱˍ˖˄ ˃ʰˌ ʶˉʽˍˊʷˉʶʽ ˄ʰ ʲˊʾˋˁˇˎ˃ʶ ˍʹ˄ ˁˊˇˎˋˍʽˁʺ ʰˉˈˁˊʽˋʹ y_(t) 

ˇˉˇʽˇˎʵʺˉˇˍʶ ʴˊʰ˃˃ʽˁˇˏ ˋˎˋˍʺ˃ʰˍˇˌ ʵʽʰ˒ˇˊʾʸˇ˄ˍʰˌ ˍʹ˄ ʲʹ˃ʰˍʽˁʺ ʰˉˈˁˊʽˋʹ ys(t): 

( ) tdy
y t

dt
d =              ˁ ʰʽ              ( ) ( )s

d
t u t

dy
d = Ö   (50) 

ʂˉˇˎ us(t) ʶʾ˄ʰʽ ʹ ˃ˇ˄ʰʵʽʰʾʰ ʲʹ˃ʰˍʽˁʺ ˋˎ˄ʱˊˍʹˋʹΦ ɶ ʵʽʰ˒ˇˊʽˁʺ ʶ˅ʾˋ˖ˋʹ ˍˇˎ ˋˎˋˍʺ˃ʰˍˇˌ ˈˍʰ˄ ʷ˔ˇˎ˃ʶ ˖ˌ 

ʶʾˋˇʵˇ ˁˊˇˎˋˍʽˁʺ ˋˎ˄ʱˊˍʹˋʹ ʴʾ˄ʶˍʰʽΥ  

 
2

2

2
2 ( )n n

d y dy
y t

dt dt

d d
dz w w d+ Ö Ö Ö + Ö =  (51) 
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ɮ˄ ˇʽ ˂ˏˋʶʽˌ ˍʹˌ ˔ʰˊʰˁˍʹˊʽˋˍʽˁʺˌ ʶ˅ʾˋ˖ˋʹˌ ˂1 ˁʰʽ ˂2 ʶʾ˄ʰʽ ʵʽʰ˒ˇˊʶˍʽˁʷˌ ˁʰʽ ʵʶʵˇ˃ʷ˄ˇˎ ˈˍʽ ʖ ʇϽʇ ́  

ˁˊˇˎˋˍʽˁʺ ʰˉˈˁˊʽˋʹ ʲˊʾˋˁʶˍʰʽ ʰˉˈ ˍʹ˄ ʵʽʰ˒ˈˊʽˋʹ ˍʹˌ ʲʹ˃ʰˍʽˁʺˌΥ 

 

1 2

1 1

1 1

2 1

2

1 2 1 2

1 2

2

1 2

1 2

1
( ) 1

1
( )

1
( )

t t

s

n

t t

n

t t

d
y t e e

dt

e e

e e

l l

l l

l l

l l

w l l l l

l l

w l l

l l

Ö Ö

Ö Ö

Ö Ö

è øå õ
= Ö - Ö + Öé ùæ ö

- -ç ÷ê ú

Ö
= Ö Ö +

-

= Ö +
-

  (52) 

ɮ˄ʱ˂ˇʴʰ ˃ʶ ˍʹ˄ ˍʽ˃ʺ ˍˇˎ ˋˎ˄ˍʶ˂ʶˋˍʺ ʰˉˈˋʲʶˋʹˌ ʸ ʷ˔ˇˎ˃ʶ ˍʽˌ ʰˁˈ˂ˇˎʻʶˌ ˉʶˊʽˉˍ˗ˋʶʽˌΥ 

¶ ʸ Ҕ м 

ʁʽ ˊʾʸʶˌ ʶʾ˄ʰʽ ˉˊʰʴ˃ʰˍʽˁʷˌ ˁʰʽ ʰˊ˄ʹˍʽˁʷˌΥ 

2

1 n nl z w z w=- Ö + -             ˁ ʰʽ              
2

1 n nl z w z w=- Ö - -  (53) 

 
( ) ( )2 21 1

2

1
( )

1

n nt t

n

y t e e
z z w z z w

d

w z

- + - Ö Ö - - - Ö Öå õ
= Ö +æ ö
Ö - ç ÷

  (54) 

¶ ʸ Ґ м  

ʁʽ ˊʾʸʶˌ ʶʾ˄ʰʽ ʾˋʶˌ ˁʰʽ ʰˊ˄ʹˍʽˁʷˌ ʶ˄˗ ʹ ʰˉˈˁˊʽˋʹΥ 

( ) n t
y t t e

w

d

Ö
= Ö   (55) 

¶ л ғ ʸ ғ м  

ʁʽ ˊʾʸʶˌ ʶʾ˄ʰʽ ˋˎʸˎʴʶʾˌ ˃ʽʴʰʵʽˁʷˌ ˃ʶ ʰˊ˄ʹˍʽˁˈ ˉˊʰʴ˃ʰˍʽˁˈ ˃ʷˊˇˌ ˁʰʽ ʹ ʰˉˈˁˊʽˋʹ 

 ( )
2

( ) sin
1

n t

n
n

e
y t t

z w

d

w
w

z

- Ö Ö
Ö

= Ö Ö
-

  (56) 

ʆʷ˂ˇˌ ʹ ʶˉʽˊˊˇʺ ˍˇˎ ʸ ˋˍʹ˄ ˁˊˇˎˋˍʽˁʺ ʰˉˈˁˊʽˋʹ ˒ʰʾ˄ʶˍʰʽ ˋˍˇ ˉʰˊʰˁʱˍ˖ ʵʽʱʴˊʰ˃˃ʰ ʴʽʰ ʷ˄ʰ ˍˎˉʽˁˈ ˋˏˋˍʹ˃ʰ 

2ʹˌ ̱ ʱ˅ʹˌ 

 

 
ʅ˔ʺ˃ʰ 2-10. ɮˉˈˁˊʽˋʹ ˋʶ ˁˊˇˎˋˍʽˁʺ ʶʾˋˇʵˇ ʰ˄ʱ˂ˇʴʰ ˃ʶ ˍˇ˄ ˋˎ˄ˍʶ˂ʶˋˍʺ ʰˉˈˋʲʶˋʹˌ ʸ. 
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2.5.3 ɳ˅ʰʴ˖ʴʺ ˋˎ˄ˍʶ˂ʶˋˍʺ ʰˉˈˋʲʶˋʹˌ ˃ʶ ʲʱˋʹ ˉʶʽˊʰ˃ʰˍʽˁʱ ʵʶʵˇ˃ʷ˄ʰ 

ʇˉʱˊ˔ˇˎ˄ ʰˊˁʶˍˇʾ ˍˊˈˉˇʽ ʴʽʰ ˄ʰ ʶ˅ʱʴˇˎ˃ʶ ˍʽˌ ˉʰˊʰ˃ʷˍˊˇˎˌ ʰˉˈˋʲʶˋʹˌ ʰˉˈ ˉʶʽˊʰ˃ʰˍʽˁʱ ʵʶʵˇ˃ʷ˄ʰ ʺ ˃ˇ˄ˍʷ˂ʰΦ 

ʃˊˇˍʽ˃ʺʻʹˁʶ ˂ˇʽˉˈ˄ ˇ ˎˉˇ˂ˇʴʽˋ˃ˈˌ ˍ˖˄ ˉʰˊʰ˃ʷˍˊ˖˄ ʰˉˈˋʲʶˋʹˌ ˄ʰ ʴʾ˄ʶʽ ˃ʶ ˍʹ˄ ˃ʷʻˇʵˇ ˍʹˌ ˂ˇʴʰˊʽʻ˃ʽˁʺˌ 

˃ʶʾ˖ˋʹˌΣ ʹ ˇˉˇʾʰ ˂ʰ˃ʲʱ˄ʶʽ ˎˉˈ˕ʽ˄ ˉʶʽˊʰ˃ʰˍʽˁʱ ʵʶʵˇ˃ʷ˄ʰ ˍʹˌ ʵʽʱˍʰ˅ʹˌ ˈˉ˖ˌ ˉʰˊˇˎˋʽʱʸʶˍʰʽ ˉʰˊʰˁʱˍ˖Φ 

ɶ ˃ʷʻˇʵˇˌ ˍʹˌ ˂ˇʴʰˊʽʻ˃ʽˁʺˌ ˃ʶʾ˖ˋʹˌ ˎˉˇʻʷˍʶʽ ʷ˄ʰ˄ ˔ˊˇ˄ʽˁʱ ʰˊ˃ˇ˄ʽˁˈ ˍʰ˂ʰ˄ˍ˖ˍʺ ʶ˄ˈˌ ʲʰʻ˃ˇˏ 

ʶ˂ ʶˎʻʶˊʾʰˌ ˁʰʽ ˉʰˊˇˎˋʽʱʸʶʽ ˁʰ˂ˏˍʶˊʹ ʶ˒ʰˊ˃ˇʴʺ ˋʶ ʵʶʵˇ˃ʷ˄ʰ ˉˇˎ ˉʰˊˇˎˋʽʱʸˇˎ˄ ʶˁʻʶˍʽˁʺ ˃ʶʾ˖ˋʹ ˁʰʽ 

ˉʰˊˇˎˋʽʱʸˇˎ˄ ˎˉˇʰˉˈˋʲʶˋʹΦ ɮˉˇˍʶ˂ʶʾ ˋˎ˄ʺʻʹ ˃ʷʻˇʵˇ ʴʽʰ ˍˇ˄ ˎˉˇ˂ˇʴʽˋ˃ˈ ˍʹˌ ʰˉˈˋʲʶˋʹˌ ˋʶ ʵˇ˃ʽˁʷˌ 

ʵˇ˄ʺˋʶʽˌΦ ɱʽʰ ʷ˄ʰ ˋˏˋˍʹ˃ʰ ˍˇ ˇˉˇʾˇ ˉʰˊˇˎˋʽʱʸʶʽ ˎˉˇʰˉˈˋʲʶˋʹ  όл ғ ʸ ғ мύ ˈˉ˖ˌ ˉʰˊˇˎˋʽʱʸʶˍʰʽ ˋˍˇ [44] ˇ 

ˎˉˇ˂ˇʴʽˋ˃ˈˌ ˍˇˎ ˋˎ˄ˍʶ˂ʶˋˍʺ ʰˉˈˋʲʶˋʹˌ ʴʾ˄ʶˍʰʽ ˔ˊʹˋʽ˃ˇˉˇʽ˗˄ˍʰˌ ˍʹ˄ ˉʰˊʰˁʱˍ˖ ʶ˅ʾˋ˖ˋʹΥ 

 
( )

( ) ( )
1 2

1 2

2 2

ln

2 ln

t t

t t

P P

P P

z
p

=

Ö +

  (57) 

ʂˉˇˎ 
it

P Υ ʹ i ˁ ˇˊˎ˒ʺ ˍʹˌ ˁʰ˃ˉˏ˂ʹˌ ˍʹˌ ʰˉˈˁˊʽˋʹˌ ˋʶ ʲʹ˃ʰˍʽˁʺ ʶʾˋˇʵˇΦ 

ʃʶˊʽʴˊʰ˒ʺ ˎˉˇ˂ˇʴʽˋ˃ˇˏ ˉʰˊʰ˃ʷˍˊ˖˄ 

ɰʺ˃ʰ мˇ: ɾʶ ʲʱˋʹ ˍˇ ˉʶʾˊʰ˃ʰ ˉˇˎ ʷʴʽ˄ʶ ˉʰˊʰˍʹˊʶʾˍʰʽ ˈˍʽ ˋʶ ˈ˂ˇˎˌ ˍˇˎˌ ʲʰʻ˃ˇˏˌ ʶ˂ʶˎʻʶˊʾʰˌ ˍˇ ˋˏˋˍʹ˃ʰ ʷˉʶʽˍʰ ʰˉˈ 

ˇˊʽˋ˃ʷ˄ˇ ˔ˊˇ˄ʽˁˈ ʵʽʱˋˍʹ˃ʰ ʹˊʶ˃ʶʾΣ ʺ ʰ˂˂ʽ˗ˌ ʲˊʾˋˁʶˍʰʽ ˋˍʹ˄ ˃ˈ˄ʽ˃ʹ ˁʰˍʱˋˍʰˋʹΦ ɮˉˈ ˍˇ ˋ˔ʺ˃ʰ ˉˇˎ ˉʰˊˇˎˋʽʱʸʶʽ 

ˍʹ˄ ʵˏ˄ʰ˃ʹ ς ˊˇˉʺ ʴʽʰ ˁʱʻʶ ʲʰʻ˃ˈ ʶ˂ʶˎʻʶˊʾʰˌ ʰ˄ˍʾˋˍˇʽ˔ʰ ˂ʰ˃ʲʱ˄ʶˍʰʽ ʹ ˍʽ˃ʺ ˍʹˌ ˃ˈ˄ʽ˃ʹˌ ˁʰˍʱˋˍʰˋʹˌΦ ɮˎˍʺ 

ˉˊˇ˒ʰ˄˗ˌ ˉʰˊˇˎˋʽʱʸʶʽ ˁʱˉˇʽˇ ˋ˒ʱ˂˃ʰ ˋʶ ˋ˔ʷˋʹ ˃ʶ ˍʹ˄ ʶˉʽʻˎ˃ʹˍʺ όdesiredύΦ ɮˉˈ ˍʹ˄ ʵˏ˄ʰ˃ʹ - ˊˇˉʺ ˉˇˎ 

˃ʶˍˊʽʷˍʰʽ ʰˉˈ ˍˇ˄ ʰʽˋʻʹˍʺˊʰ ˁʰʽ ʰˉˈ ˍʹ˄ ˃ʶˍʰˍˈˉʽˋʹ ˉˇˎ ˃ʶˍˊʽʷˍʰʽ ʰˉˈ ˍˇˎˌ encoders ˎ ˉˇ˂ˇʴʾʸʶˍʰʽ ʹ ˋˍʰʻʶˊʱ 

ʶ˂ʰˍʹˊʾˇˎ ˍˇˎ ˃ʹ˔ʰ˄ʽˋ˃ˇˏ ʴʽʰ ˁʱʻʶ ʲʰʻ˃ˈ ʶ˂ʶˎʻʶˊʾʰˌΦ  

ɮ˄ʰ˂ˎˍʽˁˈˍʶˊʰ ʴʽʰ ˍˇˎˌ ˃ʶˍʰ˒ˇˊʽˁˇˏˌ ʲʰʻ˃ˇˏˌ ʶ˂ʶˎʻʶˊʾʰˌ ʶˁ̱ʶ˂ʷˋˍʹˁʰ˄ о ˉʶʽˊʱ˃ʰˍʰ ʴʽʰ ˍˇ˄ ˁʱʻʶ 

ʲʰʻ˃ˈ ʶ˂ʶˎʻʶˊʾʰˌΣ ˋˍʰ ˇˉˇʾʰ ˁʰʽ ˁʰˍʰʴˊʱ˒ʹˁʶ ʹ ʵˏ˄ʰ˃ʹ ˉˇˎ ʰʽˋʻʱ˄ʶˍʰʽ ˇ ˔ˊʺˋˍʹˌ ˁʰʻ˗ˌ ˁʰʽ ʹ ˃ʶˍʰˍˈˉʽˋʹ 

ˉˇˎ ˁʰˍʰʴˊʱ˒ʶˍʰʽ ˋˍˇˎˌ encoder. ɮˉˈ ˍʰ ˍˊʾʰ ˉʶʽˊʱ˃ʰˍʰ ˂ʺ˒ʻʹˁʶ ʹ ˃ʷˋʹ ˍʽ˃ʺ ˍʹˌ ʵˏ˄ʰ˃ʹˌ ˁʰʽ ˍʹˌ 

˃ʶˍʰˍˈˉʽˋʹˌ ʴʽʰ ˁʱʻʶ ʱ˅ˇ˄ʰ ˁʰʽ ˋˏ˃˒˖˄ʰ ˃ʶ ˍˇ˄ ˄ˈ˃ˇ ˍˇˎ Hooke ˎˉˇ˂ˇʴʾˋˍʹˁʶ ʹ ˋˍʰʻʶˊʱ ʶ˂ʰˍʹˊʾˇˎ ˍˇˎ 

˃ʹ˔ʰ˄ʽˋ˃ˇˏΦ ɶ ˃ʷˋʹ ˍʽ˃ʺ ˍʹˌ ʵˏ˄ʰ˃ʹˌ ˉˇˎ ˉʰˊʰˍʹˊʶʾˍʰʽ ˋʶ ˃ˈ˄ʽ˃ʹ ˁʰˍʱˋˍʰˋʹ ˋˍˇ˄ ʱ˅ˇ˄ʰ ʋ ʶʾ˄ʰʽ Fx = 0,8 N 

ʶ˄˗ ˋˍˇ˄ ʱ˅ˇ˄ʰ ʇ ʶʾ˄ʰʽ Fy = 0,84. ɮ˄ˍʾˋˍˇʽ˔ʰ ˋʶ ˁʱʻʶ ʱ˅ˇ˄ʰ ˂ʰ˃ʲʱ˄ʶˍʰʽ ˁʰʽ ʹ ˃ʷˋʹ ˍʽ˃ʺ ˍʹˌ ˃ʶˍʰˍˈˉʽˋʹˌ ˉˇˎ 

ˁʰˍʷʴˊʰ˕ʰ˄ ˇʽ encoder ˋʶ ˁʱʻʶ ˉʶʾˊʰ˃ʰΦ ɼʰˍʱ ˍˇ˄ ʱ˅ˇ˄ʰ ʋ ʹ ˃ʶˍʰˍˈˉʽˋʹ ˉˇˎ ˉˊˇʷˁˎ˕ʶ ʶʾ˄ʰʽ ɲx = 4,17mm 

ʶ˄˗ ˋˍˇ˄ ʱ˅ˇ˄ʰ ʇ ́ ˃ʶˍʰˍˈˉʽˋʹ ʶʾ˄ʰʽ ɲy = 1,9mm. ʅˎ˄ʶˉ˗ˌ ʷ˔ˇˎ˃ʶ ˍˇ˄ ˉʰˊʰˁʱˍ˖ ˉʾ˄ʰˁʰ ˃ʶ ˍʽˌ ˋˍʰʻʶˊʷˌ 

ʶ˂ʰˍʹˊʾˇˎ ˍˇˎ ˃ʹ˔ʰ˄ʽˋ˃ˇˏ ˋˍˇˎˌ ˃ʶˍʰ˒ˇˊʽˁˇˏˌ ʲʰʻ˃ˇˏˌ ʶ˂ʶˎʻʶˊʾʰˌΥ 

ʃʾ˄ʰˁʰˌ 2-6. ʅˍʰʻʶˊʱ ʶ˂ʰˍʹˊʾˇˎ ˃ʹ˔ʰ˄ʽˋ˃ˇˏ. 

ɯ˅ˇ˄ʰˌ ʋ ς k2 ώɿκm] 221 N/m 

ɯ˅ˇ˄ʰˌ ʇ ς k2 ώɿκm] 472 N/m 
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ɰʺ˃ʰ 2ˇ ʂˉ˖ˌ ˉˊˇʰ˄ʰ˒ʷˊʻʹˁʶ ʹ  ˃ʷʻˇʵˇˌ ˂ˇʴʰˊʽʻ˃ʽˁʺˌ ˃ʶʾ˖ˋʹˌ ʵʶ˄ ˉˊˇːˉˇʻʷˍʶʽ ˍʹ˄ ˏˉʰˊ˅ʹ ʶ˄ˈˌ ʴˊʰ˃˃ʽˁˇˏ 

ˋˎˋˍʺ˃ʰˍˇˌ нʹˌ ˍʱ˅ʹˌ ˉʰˊʱ ˃ˈ˄ˇ ˍʽˌ ʵˏˇ ˉˊ˗ˍʶˌ ˁˇˊˎ˒ʷˌ ˍʹˌ ˁʰ˃ˉˏ˂ʹˌ ˍʹˌ ʰˉˈˁˊʽˋʹˌΦ ɾʷˋ˖ ˍʹˌ 

ˋˎʴˁʶˁˊʽ˃ʷ˄ʹˌ ˃ʶʻˈʵˇˎ ˉʰˊʱʴʶˍʰʽ ˇ ˉʰˊʰˁʱˍ˖ ˉʾ˄ʰˁʰˌ ˉˇˎ ˉʶˊʽʷ˔ʶʽ ˍˇ˄ ˋˎ˄ˍʶ˂ʶˋˍʺ ʰˉˈˋʲʶˋʹˌ ʴʽʰ ˁʱʻʶ ʲΦʶΦΥ 

ʃʾ˄ʰˁʰˌ 2-7. ʅˎ˄ˍʶ˂ʶˋˍʺˌ ʰˉˈˋʲʶˋʹˌ ˃ʹ˔ʰ˄ʽˋ˃ˇˏ. 

Damping 
ratio 

 y

X ς axis xy = 0,075 N/m 

Y ς axis Yy = 0,039 N/m 
 

ɰʺ˃ʰ оˇ: ɴ˄ʰ ˋˏˋˍʹ˃ʰ ɾʱʸʰ ς ɳ˂ʰˍʺˊʽˇ ς ɮˉˇˋʲʶˋˍʺˊʰˌ ˉʶˊʽʴˊʱ˒ʶˍʰʽ ʰˉˈ ˍʹ˄ ˉʰˊʰˁʱˍ˖ ʵʽʰ˒ˇˊʽˁʺ ʶ˅ʾˋ˖ˋʹΥ 

 m x b x k x FÖ + Ö + Ö =  (58) 

ɮˉˈ ˍʹ˄ ˋˎʴˁʶˁˊʽ˃ʷ˄ʹ ʵʽʰ˒ˇˊʽˁʺ ˁʰʽ ˃ʶ ʲʱˋʹ ˍʰ ˔ʰˊʰˁˍʹˊʽˋˍʽˁʱ ˍˇˎ ˋˎˋˍʺ˃ʰˍˇˌ ˉˇˎ ʷ˔ˇˎ˄ ˉʶˊʽʴˊʰ˒ʶʾ 

ˉʰˊʰˉʱ˄˖ ό˖dΥ ˒ˎˋʽˁʺ ˋˎ˔˄ˈˍʹˍʰ ˃ʶ ʰˉˈˋʲʶˋʹ ˁʰʽ ʸΥ ˋˎ˄ˍʶ˂ʶˋˍʺˌ ʰˉˈˋʲʶˋʹˌύ ˉˊˇˁˏˉˍˇˎ˄ ˇʽ ˉʰˊʰˁʱˍ˖ 

ˋ˔ʷˋʶʽˌΥ 

 
( )2

2

1

d

k
m

z

w

Ö -
=   (59) 

ʰ̄ ˈ ˍʹ˄ ˇˉˇʾʰ ˉˊˇˁˏˉˍʶʽ ʹ ˒ʰʽ˄ˈ˃ʶ˄ʹ ˃ʱʸʰ ˍˇˎ ˃ʹ˔ʰ˄ʽˋ˃ˇˏ ʴʽʰ ˁʱʻʶ ʲΦʶΦ όʴʽʰ ˍˇˎˌ ˉʶˊʽˋˍˊˇ˒ʽˁˇˏˌ ˉˊˇˁˏˉˍʶʽ 

ʰ˄ˍʾˋˍˇʽ˔ʰ ʹ ˒ʰʽ˄ˈ˃ʶ˄ʹ ˊˇˉʺ ʰʵˊʱ˄ʶʽʰˌύ. 

ˁʰʽ  2 1 22b k mz= Ö Ö Ö  (60) 

ʂˉ˖ˌ ˒ʰʾ˄ʶˍʰʽ ˋˍˇ ʅ˔ʺ˃ʰ нΦп ˋˍʹ˄ ˃ˇ˄ˍʶ˂ˇˉˇʾʹˋʹ ˉˇˎ ˔ˊʹˋʽ˃ˇˉˇʽʶʾˍʰʽ ʴʾ˄ʶˍʰʽ ʹ ʻʶ˗ˊʹˋʹ ˉ˖ˌ ʹ ˋˎ˄ˇ˂ʽˁʺ 

˒ʰʽ˄ˈ˃ʶ˄ʹ ˃ʱʸʰ m ̱ ˇˎ ˃ʹ˔ʰ˄ʽˋ˃ˇˏ ˔˖ˊʾʸʶˍʰʽ ˋʶ ʵˏˇ ʾˋʶˌ ˃ʽˁˊˈˍʶˊʶˌ m1 ˁ ʰʽ m2 ɹ ʽʰ ˍʽˌ ˇˉˇʾʶˌ ʽˋ˔ˏʶʽ m1 = m2 = 

m/2. ʁʽ ʵˏˇ ʰˎˍʷˌ ˒ʰʽ˄ˈ˃ʶ˄ʶˌ ˃ʱʸʶˌ ˔ˊʹˋʽ˃ˇˉˇʽˇˏ˄ˍʰʽ ˋˍʽˌ ʶ˅ʽˋ˗ˋʶʽˌ όмфύ ϧ όслύΦ ɮˉˈ ˍʹ˄ ˇˉˇʾʰ ˉˊˇˁˏˉˍʶʽ ˇ 

ˍʶ˂ʽˁˈˌ ˋˍˈ˔ˇˌ ˍʹˌ ˉʶʽˊʰ˃ʰˍʽˁʺˌ ʵʽʰʵʽˁʰˋʾʰˌΣ ˇ ˇˉˇʾˇˌ ʺˍʰ˄ ˇ ˎˉˇ˂ˇʴʽˋ˃ˈˌ ˍʹˌ ˋˍʰʻʶˊʱˌ ʰˉˈˋʲʶˋʹˌ ʴʽʰ ˁʱʻʶ 

ʲʰʻ˃ˈ ʶ˂ʶˎʻʶˊʾʰˌ ˍˇˎ ˃ʹ˔ʰ˄ʽˋ˃ˇˏΦ 

ʃʾ˄ʰˁʰˌ 2-8. ʊʰʽ˄ˈ˃ʶ˄ʹ ˃ʱʸʰ ˃ʹ˔ʰ˄ʽˋ˃ˇˏ. 

ʊʰʽ˄ˈ˃ʶ˄ʹ 
˃ʱʸʰ 

m 

X ς axis mx = 0,2 kg 

Y ς axis mY = 0,07 kg 
 

ʃʾ˄ʰˁʰˌ 2-9. ʅˎ˄ˍʶ˂ʶˋˍʺˌ ʰˉˈˋʲʶˋʹˌ ˃ʹ˔ʰ˄ʽˋ˃ˇˏ. 

Damping 
constant 

b2 

X ς axis bx = 0,7 N/m 

Y ς axis bY = 0,32 N/m 
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3 ɴ˂ʶʴ˔ˇˌ ɻ ˏ˄ʰ˃ʹˌ 

3.1 Force / Torque Sensor ATI Nano 17 

ʂˉ˖ˌ ˉʰˊˇˎˋʽʱˋˍʹˁʶ ˋʶ ˉˊˇʹʴˇˏ˃ʶ˄ˇ ˁʶ˒ʱ˂ʰʽˇ ˇ ʰʽˋʻʹˍʺˊʰˌ ˉˇˎ ˔ˊʹˋʽ˃ˇˉˇʽʶʾˍʰʽ ʴʽʰ ˍʹ˄ ˁʰˍʰʴˊʰ˒ʺ ˍ˖˄ 

ʵˎ˄ʱ˃ʶ˖˄ ˁʰʽ ˍ˖˄ ˊˇˉ˗˄ ˉˇˎ ʰˋˁˇˏ˄ˍʰʽ ˋˍˇ ˍʶ˂ʽˁˈ ˋʹ˃ʶʾˇ ʵˊʱˋʹˌ ˃ˇ˄ˍʶ˂ˇˉˇʽʶʾˍʰʽ ˖ˌ ʷ˄ʰ ˋˏˋˍʹ˃ʰ ˃ʱʸʰˌ 

ʶ˂ʰˍʹˊʾˇˎ ʰˉˇˋʲʶˋˍʺˊʰ ˍˇˎ ˇˉˇʾˇˎ ˎˉˇ˂ˇʴʾˋˍʹˁʰ˄ ˁʰʽ ˇʽ ʰ˄ˍʾˋˍˇʽ˔ˇʽ ˉʰˊʱ˃ʶˍˊˇʽ. 

ʆʰ ʵʶʵˇ˃ʷ˄ʰ ˍˇˎ ʰʽˋʻʹˍʺˊʰ ˔ˊʹˋʽ˃ˇˉˇʽˇˏ˄ˍʰʽ ˃ʶ ˋˁˇˉˈ ˍʹ˄ ˁʰˍʰʴˊʰ˒ʺ ˍʹˌ ʵˏ˄ʰ˃ʹˌ ˉˇˎ ʰʽˋʻʱ˄ʶˍʰʽ ˇ 

˔ˊʺˋˍʹˌ ˁʰˍʱ ˍʹ˄ ʵʽʱˊˁʶʽʰ ˃ ʽʰ ʶˉʷ˃ʲʰˋʹˌΦ ʆʰ ʵʶʵˇ˃ʷ˄ʰ ʰˎˍʱ ˋˎʴˁˊʾ˄ˇ˄ˍʰʽ ˃ʶ ˍʽˌ ʶˉʽʻˎ˃ʹˍʷˌ ˍʽ˃ʷˌ ˉˇˎ ˇˊʾʸʶʽ 

ˍˇ ˃ˇ˄ˍʷ˂ˇ ʽˋˍ˗˄ ˁʰʽ ˉˊˇˁˏˉˍʶʽ ˁʱˉˇʽˇ ˋ˒ʱ˂˃ʰΣ ˍˇ ˇˉˇʾˇ ˁʰʽ ʻʷ˂ˇˎ˃ʶ ˄ʰ ʶ˅ʰ˂ʶʾ˕ˇˎ˃ʶ ˃ʶ ˍʹ˄ ˔ˊʺˋʹ 

ˁʰˍʱ˂˂ʹ˂ˇˎ ˄ˈ˃ˇˎ ʶ˂ʷʴ˔ˇˎΦ 

ʃʰˊʱ˂˂ʹ˂ʰ ʶʾ˄ʰʽ ʰˉʰˊʰʾˍʹˍˇ ʹ ˁʰˍʰʴˊʰ˒ʺ ˍ˖˄ ʵʶʵˇ˃ʷ˄˖˄ ˄ʰ ʴʾ˄ʶˍʰʽ ˋʶ ˉˊʰʴ˃ʰˍʽˁˈ ˔ˊˈ˄ˇ ˗ˋˍʶ ʹ 

ʵʽˈˊʻ˖ˋʹ ˍʹˌ ʵˏ˄ʰ˃ʹˌ ˉˇˎ ʶˉʽʲʱ˂˂ʶˍʰʽ ʰˉˈ ˍˇ ˔ʷˊʽ ˄ʰ ˋˎ˃ʲʰʾ˄ʶʽ ˋʶ ʵʽʱˋˍʹ˃ʰ ˃ʽˁˊˈˍʶˊˇ ˍ˖˄ п ms ̄ ˇˎ ˈˉ˖ˌ 

ʷ˔ʶʽ ʰ˄ʰ˒ʶˊʻʶʾ ʶʾ˄ʰʽ ˇ ˔ˊˈ˄ˇˌ ˃ʷˋʰ ˋˍˇ˄ ˇˉˇʾˇ ˉˊʷˉʶʽ ˄ʰ ʶ˄ʹ˃ʶˊ˗˄ʶˍʰʽ ˍˇ ˋʺ˃ʰ ʶ˂ʷʴ˔ˇˎ ˍ˖˄ ˁʽ˄ʹˍʺˊ˖˄ ˗ˋˍʶ 

˄ʰ ʶˉʽˍˎʴ˔ʱ˄ʶˍʰʽ ʰ˂ʹʻˇ˒ʰ˄ʺˌ ʰʾˋʻʹˋʹ ʵˎ˄ʱ˃ʶ˖˄Φ ɱʽʰ ˍˇ˄ ˋˁˇˉˈ ʰˎˍˈ ˔ˊʹˋʽ˃ˇˉˇʽʶʾˍʰʽ ʹ ʹ˂ʶˁˍˊˇ˄ʽˁʺ ˉ˂ʰˁʷˍʰ 

PC 104 (DMM ς 32X ς AT ˍʹˌ Diamond Systemsύ ʹ ˇˉˇʾʰ ʵʷ˔ʶˍʰʽ ˍˇ ʰ˄ʰ˂ˇʴʽˁˈ ˋʺ˃ʰ ʰˉˈ ˍˇ˄ ʰʽˋʻʹˍʺˊʰ ˁʰʽ 

˃ʷˋ˖ ˍˇˎ Real ς Time toolbox ̱ ʹˌ Matlab ʁ ˉʽˍˎʴ˔ʱ˄ʶˍʰʽ ʹ ˁʰˍʰʴˊʰ˒ʺ ˍ˖˄ ʵʶʵˇ˃ʷ˄˖˄ ˋʶ ˉˊʰʴ˃ʰˍʽˁˈ ˔ˊˈ˄ˇΦ 

ɶ ATI ̄ ʰˊʷ˔ʶʽ ˁʰˍʱ˂˂ʹ˂ˇ ˂ˇʴʽˋ˃ʽˁˈ ʴʽʰ ˍʹ˄ ˁʰˍʰʴˊʰ˒ʺ ˍ˖˄ ʵʶʵˇ˃ʷ˄˖˄ ˍˇˎ ʰʽˋʻʹˍʺˊʰ ˍˇ ˇˉˇʾˇ ˈ˃˖ˌ ʵʶ˄ 

ʶʾ˄ʰʽ ʵˎ˄ʰˍˈ ˄ʰ ˔ˊʹˋʽ˃ˇˉˇʽʹʻʶʾ ˂ˈʴ˖ ʰˋˎ˃ʲʰˍˈˍʹˍʰˌ ˃ʶ ˍˇ Real ς Time toolbox ˉˇˎ ˔ˊʹˋʽ˃ˇˉˇʽʶʾˍʰʽ ˁʰʽ 

ʰˉˇˍʶ˂ʶʾ ˇˎˋʽʰˋˍʽˁʱ ˍˇ ˂ʶʽˍˇˎˊʴʽˁˈ ˋˏˋˍʹ˃ʰ ˍʹˌ ˋˎˋˁʶˎʺˌΦ ɶ ʵʽʰʵʽˁʰˋʾʰ ˁʰˍʰʴˊʰ˒ʺˌ ˉˊˇʴˊʰ˃˃ʰˍʾˋˍʹˁʶ 

ˁʰˍʱ˂˂ʹ˂ʰ ˃ʶ ʲʱˋʹ ˍˇ˄ ˍˊˈˉˇ ˉˇˎ ˂ʶʽˍˇˎˊʴʶʾ ˁʰʽ ˍˇ ʰ˄ˍʾˋˍˇʽ˔ˇ ˂ˇʴʽˋ˃ʽˁˈ ˍʹˌ ATIΦ ʋˊʹˋʽ˃ˇˉˇʽʺʻʹˁʶ ˇ ˉʾ˄ʰˁʰˌ 

C (61) ɹ ʽʰ ˍʹ˄ ˃ʶˍʰˍˊˇˉʺ ˍˇˎ ˋʺ˃ʰˍˇˌ ˋʶ ʵˎ˄ʱ˃ʶʽˌ ˁʰʽ ˉʰˊʱ˂˂ʹ˂ʰ ˋˍʹ˄ ʰˊ˔ʺ ˁʱʻʶ ˃ʷˍˊʹˋʹ ̩˃ ʶ ʲʱˋʹ ˍʰ ˉˊ˗ˍʰ 

ʵʶʵˇ˃ʷ˄ʰ ˍˇˎ ʰʽˋʻʹˍʺˊʰ ˃ʹʵʶ˄ʾʸʶˍʰʽ ʹ ˃ʷˍˊʹˋʹ όbias). ʅˍˇ ˋ˔ʺ˃ʰ о-м ˉʰˊˇˎˋʽʱʸʶˍʰʽ ˍˇ Simulink model ˉˇˎ 

˔ˊʹˋʽ˃ˇˉˇʽʶʾˍʰʽ ʴʽʰ ˍʹ˄ ˁʰˍʰʴˊʰ˒ʺ ˍ˖˄ ˃ʶˍˊʺˋʶ˖˄ ˍˇˎ ʰʽˋʻʹˍʺˊʰ ʵˏ˄ʰ˃ʹˌ 

 

0,45783 36,89426 0,60597 36,8357 0,01813 0,33158

0,16494 22,70248 0,01464 20,01389 0,26231 46,12173

22,05736 0,49164 21,57802 0,77743 20,48049 0,18776

39,00109 0,71801 38,81238 1,68191 0,04107 0,58520

24,31577

C

- -

- - - -

- - -
=

- - -

-0,86283 21,22326 0,55117 41,86049 0,16440

0,22229 23,4675 0,18155 25,12879 0,35955 25,05215

è ø
é ù
é ù
é ù
é ù
é ù
é ù- -
é ù
ê ú

  (61) 

ʃˊʽ˄ ˍʹ˄ ˔ˊʹˋʽ˃ˇˉˇʾʹˋʹ ˍˇˎ ʰʽˋʻʹˍʺˊʰ ˋˍˇ ˋˏˋˍʹ˃ʰ ˉˊʰʴ˃ʰˍˇˉˇʽʺʻʹˁʰ˄ ˇˊʽˋ˃ʷ˄ʰ ˍʶˋˍ ˃ʶ ˋˁˇˉˈ ˍʹ˄ 

ˉʽˋˍˇˉˇʾʹˋʹ ˍʹˌ ˋ˖ˋˍʺˌ ˂ʶʽˍˇˎˊʴʾʰˌ ˍˇˎΦ ʂˉ˖̩ ˒ʰʾ˄ʶˍʰʽ ˋˍˇ ʅ˔ʺ˃ʰ н-4 ̌  ʰʽˋʻʹˍʺˊʰˌ ˋˎ˃ʲʱ˂ʶʽ ˋˍˇ ˋˏˋˍʹ˃ʰ 

ˁʰʻʽˋˍ˗˄ˍʰˌ ɻ ˎ˄ʰˍʺ ˍʹ˄ ˃ʷˍˊʹˋʹ ˍʹˌ ʵˏ˄ʰ˃ʹˌ ˉˇˎ ʰʽˋʻʱ˄ʶˍʰʽ ˇ ʱ˄ʻˊ˖ˉˇˌΣ ˗ˋˍʶ ʰˎˍʺ ˄ʰ ˃ˉˇˊʶʾ ˄ʰ ˋˎʴˁˊʽʻʶʾ 

˃ʶ ˍʹ˄ ʶˉʽʻˎ˃ʹˍʺ ˁʰʽ ˄ʰ ˉˊʰʴ˃ʰˍˇˉˇʽʹʻʶʾ ˇ ʷ˂ʶʴ˔ˇˌΦ ɳʾ˄ʰʽ ˂ˇʽˉˈ˄ ˉˊ˖ˍʰˊ˔ʽˁʺˌ ˋʹ˃ʰˋʾʰˌ ʴʽʰ ˍʹ˄ 

ˉ́ ʰʴ˃ʰˍˇˉˇʾʹˋʹ ˍˇˎ ʶ˂ʷʴ˔ˇˎ ˁ˂ʶʽˋˍˇˏ ʲˊˈ˔ˇˎΦ ʆʰˎˍˈ˔ˊˇ˄ʰ ˃ʶ ˍʹ ˋˎ˄ʶʽˋ˒ˇˊʱ ˍˇˎΣ ˉˊʷˉʶʽ ˄ʰ ˂ʹ˒ʻˇˏ˄ 

ˎˉˈ˕ʽ˄ ˁʰʽ ˍʰ ˉˊˇʲ˂ʺ˃ʰˍʰ ˉˇˎ ʶʽˋʱʴʶʽ ˋˍˇ ˋˏˋˍʹ˃ʰΦ ʅʹ˃ʰ˄ˍʽˁˈ ˉˊˈʲ˂ʹ˃ʰ ˁʰˍʱ ˍʹ˄ ˔ˊʺˋʹ ˍˇˎΣ ˈˉ˖ˌ ˁʰʽ ˈ˂˖˄ 

ˍ˖˄ ʰʽˋʻʹˍʺˊʽ˖˄ ˇˊʴʱ˄˖˄, ʰˉˇˍʶ˂ʶʾ ˇ ʻˈˊˎʲˇˌ ˍ˖˄ ˃ʶˍˊʺˋʶ˖˄Φ ɶ ʶˉʾʵˊʰˋʹ ˍˇˎ ʻˇˊˏʲˇˎ ˋˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ 

ˉˇˎ ˃ʶ˂ʶˍʱˍʰʽ ˋˍˇ ˉ˂ʰʾˋʽˇ ˍʹˌ ˋˎʴˁʶˁˊʽ˃ʷ˄ʹˌ ʵʽˉ˂˖˃ʰˍʽˁʺˌ ʶˊʴʰˋʾʰˌ ʶʾ˄ʰʽ ʽʵʽʰʾˍʶˊʹ ˁʰʻ˗ˌ ʰˋ˔ˇ˂ʶʾˍʰʽ ˃ʶ 
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ʰˋʻʶ˄ʶʾˌ ʵˎ˄ʱ˃ʶʽˌ ˍʹˌ ˍʱ˅ʹˌ ˍˇˎ мɿΦ ʃʰˊʰˍʹˊʺʻʹˁʶ ˈˍʽ ʰˁˈ˃ʰ ˁʰʽ ˃ʶ ˃ʽˁˊʱ ˁʷˊʵʹ ʶ˂ʷʴ˔ˇˎΣ ʹ ʰ˄ʱʵˊʰˋʹ ˍˇˎ 

ˋʺ˃ʰˍˇˌ ˍʹˌ ʵˏ˄ʰ˃ʹˌ ˉʰˊˇˎˋʾʰ ˍˇˎ ʻˇˊˏʲˇˎ, ˍˇ˄ ˉˇ˂˂ʰˉ˂ʰˋʾʰʸʶ ˁʰʽ ʵʹ˃ʽˇˎˊʴˇˏˋʶ ˃ʽʰ ʰʽˋʻʹˍʺ ʶ˄ˈ˔˂ʹˋʹ 

ˋˍˇ ˔ʷˊʽ ˍˇˎ ˔ˊʺˋˍʹΦ ɳˉˇ˃ʷ˄˖ˌΣ ʰ˄ʰʴˁʰʾʰ ˁˊʾʻʹˁʶ ʹ ˁʰˍʱ ˍˇ ʵˎ˄ʰˍˈ˄ ʶ˂ʰ˔ʽˋˍˇˉˇʾʹˋʹ ˍˇˎ ʻˇˊˏʲˇˎ ˋˍˇ ˋʺ˃ʰ 

ˍʹˌ ʵˏ˄ʰ˃ʹˌΣ ˈˉ˖ˌ ʰˎˍˈ ˁʰˍʰʴˊʱ˒ʶˍʰʽ ʰˉˈ ˍˇ˄ ʰʽˋʻʹˍʺˊʰ.  

ɮˊ˔ʽˁʱ ˋˍˇ ʅ˔ʺ˃ʰ 3-1 ̄ ʰˊˇˎˋʽʱʸʶˍʰʽ ʹ ˁʰˍʰʴˊʰ˒ʺ ˍʹˌ ʵˏ˄ʰ˃ʹˌ ˉˇˎ ʰʽˋʻʱ˄ʶˍʰʽ ˇ ʰʽˋʻʹˍʺˊʰˌ ˁʰˍʱ ˍʹ˄ 

ʶˁˍʷ˂ʶˋʹ ʶ˄ˈˌ ˉʶʽˊʱ˃ʰˍˇˌ ʴʽʰ ˍˇ˄ ˉˊˇˋʵʽˇˊʽˋ˃ˈ ˍ˖˄ ˉʰˊʰ˃ʷˍˊ˖˄ ˍˇˎ ˃ʹ˔ʰ˄ʽˋ˃ˇˏ όˈˉ˖ˌ ʷʴʽ˄ʶ ˋˍˇ 

ˉˊˇʹʴˇˏ˃ʶ˄ˇ ˁʶ˒ʱ˂ʰʽˇύ ˔˖ˊʾˌ ˍʹ˄ ʶ˒ʰˊ˃ˇʴʺ ˁʱˉˇʽˇˎ ˒ʾ˂ˍˊˇˎΦ 

 
ʅ˔ʺ˃ʰ 3-1Φ ɼʰˍʰʴˊʰ˒ʺ ʵˏ˄ʰ˃ʹˌ ʰˉˈ ˍˇ˄ ʰʽˋʻʹˍʺˊʰ ˔˖ˊʾˌ ˍʹ˄ ʶ˒ʰˊ˃ˇʴʺ ˒ʾ˂ˍˊˇˎΦ 

ʃʰˊʰˍʹˊʶʾˍʰʽ ˈˍʽ ˇ ʻˈˊˎʲˇˌ ˍ˖˄ ˃ʶˍˊʺˋʶ˖˄ ʶʾ˄ʰʽ ˍʹˌ ˍʱ˅ʹˌ ˍ˖˄ лΣн ɿΦ ɶ ˋˎʴˁʶˁˊʽ˃ʷ˄ʹ ʷˊʶˎ˄ʰ ʰˋ˔ˇ˂ʶʾˍʰʽ 

˃ʶ ˉˇ˂ˏ ʰˋʻʶ˄ʶʾˌ ʵˎ˄ʱ˃ʶʽˌ ˍʹˌ ˍʱ˅ʹˌ ˍˇˎ м ˃ʶ н Newton ˁʰʽ ˁʰˍʱ ˋˎ˄ʷˉʶʽʰ ˍʰ ʶˉʾˉʶʵʰ ˍˇˎ ʻˇˊˏʲˇˎ ˍ˖˄ 

˃ʶˍˊʺˋʶ˖˄ ʵʶ˄ ʶʾ˄ʰʽ ʰˉˇʵʶˁˍʱΦ ʍˌ ʶˁ ˍˇˏˍˇˎΣ ʶʾ˄ʰʽ ʰˉʰˊʰʾˍʹˍʹ ʹ ˔ˊʺˋʹ ʶ˄ˈˌ ˒ʾ˂ˍˊˇˎ ˃ʶ ˋˁˇˉˈ ˍʹ˄ ˁʰˍʱ ˍˇ 

ʵˎ˄ʰˍˈ ʰˉˇ˃ʱˁˊˎ˄ˋʹ ˍˇˎ ʻˇˊˏʲˇˎ ˍʹˌ ˃ʷˍˊʹˋʹˌΦ 

ʌʹ˒ʽʰˁʱ ˒ʾ˂ˍˊʰ 

ɱʽʰ ˍʹ˄ ʶˉʽ˂ˇʴʺ ˍˇˎ ˁʰˍʱ˂˂ʹ˂ˇˎ ˒ʾ˂ˍˊˇˎ ʷʴʽ˄ʶ ʹ ˋ˔ʶˍʽˁʺ ʷˊʶˎ˄ʰ ʴˏˊ˖ ʰˉˈ ˍʰ ˕ʹ˒ʽʰˁʱ ˒ʾ˂ˍˊʰ ˉˇˎ ʶʾ˄ʰʽ 

ʵʽʰʻʷˋʽ˃ʰ ˁʰʽ ˃ˉˇˊˇˏ˄ ˄ʰ ˔ˊʹˋʽ˃ˇˉˇʽʹʻˇˏ˄ ʱ˃ʶˋʰ ˁʰʽ ʶˏˁˇ˂ʰ ˋˍˇ Real ς Time toolbox ̄ ˇˎ ˔ˊʹˋʽ˃ˇˉˇʽʶʾˍʰʽΦ 

ʆʰ ˕ʹ˒ʽʰˁʱ ˒ʾ˂ˍˊʰ ˔˖ˊʾʸˇ˄ˍʰʽ ˋˍʽˌ ʵˏˇ ʰˁˈ˂ˇˎʻʶˌ ˁʰˍʹʴˇˊʾʶˌΥ 

¶ Finite Impulse Response (FIR) ˃ ʶ ˍʰ ʰˁˈ˂ˇˎʻʰ ˔ʰˊʰˁˍʹˊʽˋˍʽˁʱΥ 

1. ʋˊʹˋʽ˃ˇˉˇʽˇˏ˄ ˃ˈ˄ˇ ˉˊˇʹʴˇˏ˃ʶ˄ʶˌ ʶʽˋˈʵˇˎˌ ʴʽʰ ˄ʰ ˎˉˇ˂ˇʴʾˋˇˎ˄ ˍʹ˄ ʷ˅ˇʵˇΦ 

2. ɳʾ˄ʰʽ ʽʵʽʰʾˍʶˊʰ ʰˉ˂ʱ ˋˍˇ˄ ˉˊˇʴˊʰ˃˃ʰˍʽˋ˃ˈ ˍˇˎˌ όˋˎ˄ʺʻ˖ˌ ʰˉˇˍʶ˂ˇˏ˄ ʷ˄ʰ˄ ʶˉʰ˄ʰ˂ʰ˃ʲʰ˄ˈ˃ʶ˄ˇ 

ʲˊˈ˔ˇύΦ 

3. ɲʶ˄ ˉˊˇˋʵʾʵˇˎ˄ ˁʰ˃ʾʰ ʰˋˍʱʻʶʽʰ ˋˍˇ ˋˏˋˍʹ˃ʰΦ 

4. ʅˎ˄ʺʻ˖ˌ ʶʾ˄ʰʽ ʴˊʰ˃˃ʽˁʺˌ ˒ʱˋʹˌΣ ʵʹ˂ʰʵʺ ˁʰʻˎˋˍʶˊˇˏ˄ ˍˇ ˋˏˋˍʹ˃ʰΣ ˈ˃˖ˌ ʵʶ˄ ʵʽʰˋˍˊʶʲ˂˗˄ˇˎ˄ 

ˍʹ ˒ʱˋʹ ˍˇˎΦ 

¶ Infinite Impulse Response (IIRύ ˃ʶ ˍʰ ʰˁˈ˂ˇˎʻʰ ˔ʰˊʰˁˍʹˊʽˋˍʽˁʱΥ 

1. ɮ˄ʰˍˊˇ˒ˇʵˇˍˇˏ˄ ˉˊˇʹʴˇˏ˃ʶ˄ʶˌ ʶ˅ˈʵˇˎˌΦ 

2. ɳʾ˄ʰʽ ˋˏ˄ʻʶˍʰ ʰ˄ʰ˒ˇˊʽˁʱ ˃ʶ ˍˇ˄ ˉˊˇʴˊʰ˃˃ʰˍʽˋ˃ˈ ˍˇˎˌΦ 

3. ʃˊˇˋʵʾʵˇˎ˄ ʰˋˍʱʻʶʽʰ ˋˍˇ ˋˏˋˍʹ˃ʰΦ 

4. ɳʾ˄ʰʽ ʰˉˇˍʶ˂ʶˋ˃ʰˍʽˁˈˍʶˊʰ. 
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ʅ˔ʺ˃ʰ 3-2. ʆʰ˔ˏˌ ˃ʶˍʰˋ˔ʹ˃ʰˍʽˋ˃ˈˌ Fourier (Fast Fourier Transfer - FFT) ̱ ˖˄ ˃ʶˍˊʺˋʶ˖˄ ˍˇˎ ʰʽˋʻʹˍʺˊʰΦ 

ʅˍˇ ʅ˔ʺ˃ʰ о-н ˉʰˊˇˎˋʽʱʸʶˍʰʽ ˇ ʆʰ˔ˏˌ ɾʶˍʰˋ˔ʹ˃ʰˍʽˋ˃ˈˌ Fourier (Fast Fourier Transfer ς FFT) ̌  ˇˉˇʾˇˌ ˃ʰˌ 

ˉʰˊʷ˔ʶʽ ˋʹ˃ʰ˄ˍʽˁʷˌ ˉ˂ʹˊˇ˒ˇˊʾʶˌ ˋ˔ʶˍʽˁʱ ˃ʶ ˍʹ˄ ˋˎ˔˄ˈˍʹˍʰ ʻˇˊˏʲˇˎ ˍ˖˄ ˃ʶˍˊʺˋʶ˖˄Φ ɾʷˋ˖ ˍˇˎ 

˃ʶˍʰˋ˔ʹ˃ʰˍʽˋ˃ˇˏ Fourier ˁʰˍʷˋˍʹ ʵˎ˄ʰˍˈˌ ˇ ˉˊˇˋʵʽˇˊʽˋ˃ˈˌ ˍʹˌ ˋˎ˔˄ˈˍʹˍʰˌ ʰˉˈ ˍʹ˄ ˇˉˇʾʰ ˁʰʽ ʷˉʶʽˍʰ ˇ 

ʻˈˊˎʲˇˌ ʵʽʰʵˊʰ˃ʰˍʾʸʶʽ ˁˎˊʾʰˊ˔ˇ ˊˈ˂ˇΦ ɶ ˋˎ˔˄ˈˍʹˍʰ ʰˎˍʺ ˈˉ˖ˌ ˒ʰʾ˄ʶˍʰʽ ˋˍˇ ʅ̝ ʺ˃ʰ о-н ʶʾ˄ʰʽ ˍʰ 50 Hz. 

ɳˉʽ˔ʶʽˊʺʻʹˁʶ ʹ ʶ˒ʰˊ˃ˇʴʺ ʵˏˇ ʵʽʰ˒ˇˊʶˍʽˁ˗˄ ˍˏˉ˖˄ ˒ʾ˂ˍˊ˖˄Φ ɮˊ˔ʽˁʱ ʵ̌ ˁʽ˃ʱˋˍʹˁʶ ʷ˄ʰ ˒ʾ˂ˍˊˇ Butterworth 

filter ɹ ʽʰ ˍˇ˄ ˉʶˊʽˇˊʽˋ˃ˈ ˍˇˎ ʻˇˊˏʲˇˎΦ 

 

ʅ˔ʺ˃ʰ 3-3Φ ʊʾ˂ˍˊˇ Butterworth 

ʂ ʻˈˊˎʲˇˌ ˉʶˊʽˇˊʾˋˍʹˁʶ ʰˊˁʶˍʱ ˈ˃˖ˌ ʹ ʶ˒ʰˊ˃ˇʴʺ ˍˇˎ ˋˎʴˁʶˁˊʽ˃ʷ˄ˇˎ ˒ʾ˂ˍˊˇˎ ˈˉ˖ˌ ˒ʰʾ˄ʶˍʰʽ ˁʰʽ ˋˍˇ 

ʅ˔ʺ˃ʰ о-3 ̄ ˊˇˁʰ˂ʶʾ ˇˊʽˋ˃ʷ˄ʹ ˁʰʻˎˋˍʷˊʹˋʹ ˋˍˇ ˋʺ˃ʰΣ ʴʶʴˇ˄ˈˌ ʰˉʰʴˇˊʶˎˍʽˁˈ ʴʽʰ ˍʹ˄ ˒ˏˋʹ ˍʹˌ ʶ˒ʰˊ˃ˇʴʺˌ ˉˇˎ 

˃ʶ˂ʶˍʱˍʰʽ ˋˍˇ ˉ˂ʰʾˋʽˇ ˍʹˌ ˋˎʴˁʶˁˊʽ˃ʷ˄ʹˌ ʶˊʴʰˋʾʰˌΦ ʂˉ˖ˌ ʷ˔ʶʽ ʰ˄ʰ˒ʶˊʻʶʾ ˁʰʻˎˋˍʷˊʹˋʹ ʱ˄˖ ˍ˖˄ п ms ʶʾ˄ʰʽ 

˃ʹ ʰˉˇʵʶˁˍʺ ˁʰʻ˗ˌ ʹ ʰ˄ʰ˄ʷ˖ˋʹ ˍˇˎ ʶˊʶʻʾˋ˃ʰˍˇˌ ˍʹˌ ʰ˄ʻˊ˗ˉʽ˄ʹˌ ʰʾˋʻʹˋʹˌ ʶʾ˄ʰʽ ˋˍʰ п ms. ɱʽʰ ˍʹ˄ ˂ʺ˕ʹ ˍ˖˄ 

˃ʶˍˊʺˋʶ˖˄ ˉˇˎ ˃ʰˌ ˇʵʺʴʹˋʰ˄ ˋˍˇ˄ ˉˊˇˋʵʽˇˊʽˋ˃ˈ ˍ˖˄ ˉʰˊʰ˃ʷˍˊ˖˄ ˍˇˎ ˋˎˋˍʺ˃ʰˍˇˌ ˃ˉˇˊʶʾ ˄ʰ 

˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʶ ˍˇ ˉʰˊʰˉʱ˄˖ ˒ʾ˂ˍˊˇ ˈ˃˖ˌ ˍʶ˂ʽˁʱ ʷʴʽ˄ʶ ˔ˊʺˋʹ ʶ˄ˈˌ ʰˉ˂ˇˏ ˔ʰ˃ʹ˂ˇˉʶˊʰˍˇˏ ˒ʾ˂ˍˊˇˎ ˃ʶ ˋˁˇˉˈ 

ˍʹ˄ ʶ˅ʱ˂ʶʽ˕ʹ ˍʹˌ ˁʰʻˎˋˍʷˊʹˋʹˌ ˉˇˎ ʶˉʷʲʰ˂˂ʶ ˍˇ Butterworth filter. 
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ʅˍʰ ʅ˔ʺ˃ʰˍʰ о-4 & 3-р ˉʰˊˇˎˋʽʱʸˇ˄ˍʰʽ ˇʽ ˒ʽ˂ˍˊʰˊʽˋ˃ʷ˄ʶˌ ˃ʶˍˊʺˋʶʽˌ ˍˇˎ ʰʽˋʻʹˍʺˊʰ ʵˏ˄ʰ˃ʹˌ 

˔ˊʹˋʽ˃ˇˉˇʽ˗˄ˍʰˌ ʵˏˇ ʵʽʰ˒ˇˊʶˍʽˁʱ ˔ʰ˃ʹ˂ˇˉʶˊʰˍʱ ˒ʾ˂ˍˊʰ млл Hz ˁ ʰʽ рл Hz h ˄ˍʾˋˍˇʽ˔ʰΦ 

 

ʅ˔ʺ˃ʰ 3-4Φ ɼʰˍʰʴˊʰ˒ʺ ʵˏ˄ʰ˃ʹˌ ʰˉˈ ˍˇ˄ ʰʽˋʻʹˍʺˊʰ ˔ˊʹˋʽ˃ˇˉˇʽ˗˄ˍʰˌ ˔ʰ˃ʹ˂ˇˉʶˊʰˍˈ ˒ʾ˂ˍˊˇ млл Hz. 

 

ʅ˔ʺ˃ʰ 3-5Φ ɼʰˍʰʴˊʰ˒ʺ ʵˏ˄ʰ˃ʹˌ ʰˉˈ ˍˇ˄ ʰʽˋʻʹˍʺˊʰ ˔ˊʹˋʽ˃ˇˉˇʽ˗˄ˍʰˌ ˔ʰ˃ʹ˂ˇˉʶˊʰˍˈ ˒ʾ˂ˍˊˇ 50 Hz. 

ʅˍʰ ʅ˔ʺ˃ʰ о-4 & 3-р ˉʰˊʰˍʹˊʶʾˍʰʽ ˈˍʽ ˍʰ ʶˉʾˉʶʵʰ ʻˇˊˏʲˇˎ ʷ˔ˇˎ˄ ˃ʶʽ˖ʻʶʾ ˋʹ˃ʰ˄ˍʽˁʱΦ ʆʶ˂ʽˁʱ ʶˉʽ˂ʷʴʶˍʰʽ 

ˍˇ ˒ʾ˂ˍˊˇ ˍ˖˄ рл Hz ˁ ʰʻ˗ˌ ̱  ̌h ˄ˍʾˋˍˇʽ˔ˇ ˍ˖˄ млл Hz ˁ ʰˍʱ ˍʹ˄ ʰ˄ʰˍˊˇ˒ˇʵˈˍʹˋʹ ˁ ʰʽ ˔ˊʹˋʽ˃ˇˉˇʽ˗˄ˍʰˌ ˍˇ ˁʷˊʵˇˌ 

ʶ˂ʷʴ˔ˇˎ ˉˇˎ ˎˉˇ˂ˇʴʾʸʶˍʰʽ ʵʹ˃ʽˇˎˊʴˇˏˋʶ ʰʽˋʻʹˍʺ ʶ˄ˈ˔˂ʹˋʹ ˋˍˇ ˔ʷˊʽ ˍˇˎ ˔ˊʺˋˍʹΦ 
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3.2 PID Controller 
ʅʶ ˉˊˇʹʴˇˏ˃ʶ˄ʹ ʶˊʴʰˋʾʰ [46]Σ ʷ˔ʶʽ ʴʾ˄ʶʽ ˉˊˇˋˉʱʻʶʽʰ ʶ˒ʰˊ˃ˇʴʺˌ ˁʱˉˇʽˇˎ ˄ˈ˃ˇˎ ʶ˂ʷʴ˔ˇˎ ˋˍʹ˄ ʰˉˍʽˁˈ 

˃ʹ˔ʰ˄ʽˋ˃ˈΦ ɮˉˇʵʶʾ˔ʻʹˁʶ ˈˍʽ ʹ ˔ˊʺˋʹ ʶ˂ʷʴ˔ˇˎ ʵˏ˄ʰ˃ʹˌ ˁ˂ʶʽˋˍˇˏ ʲˊˈ˔ˇˎ ʲʶ˂ˍʽ˗˄ʶʽ ˍʹ˄ ʰˁˊʾʲʶʽʰ ˍʹˌ ˋˎˋˁʶˎʺˌ 

ʰ˂˂ʱ ˁʰʽ ˍˇ˄ ˊʶʰ˂ʽˋ˃ˈ ˍʹˌ ˉˊˇˋˇ˃ˇʾ˖ˋʹˌΦ ɴʴʽ˄ʶ ʶˉʾˋʹˌ ʶ˃˒ʰ˄ʷˌ ˈˍʽ ˋʶ ˉʶˊʽˉˍ˗ˋʶʽˌ ʰˉˍʽˁ˗˄ ˋˎˋˁʶˎ˗˄ ˉˇˎ 

˔ˊʹˋʽ˃ˇˉˇʽˇˏ˄ˍʰʽ ʴʽʰ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˃ʰ˂ʰˁ˗˄ ʽˋˍ˗˄Σ ʸʹˍʺ˃ʰˍʰ ˈˉ˖ˌ ˇ ʻˈˊˎʲˇˌ ˍˇˎ ˋʺ˃ʰˍˇˌ ˍˇˎˌ ʰʽˋʻʹˍʺˊʰ 

ˁʰʽ ʹ ˋˍʽʲʰˊˈˍʹˍʰ ˍʹˌ ˋˎˋˁʶˎʺˌ ʶʾ˄ʰʽ ˉˇ˂ˏ ˋʹ˃ʰ˄ˍʽˁˈˍʶˊʰ ʰˉˈ ˍʹ ʵʽʰˍʺˊʹˋʹ ˍʹˌ ʶˎˋˍʱʻʶʽʰˌ ˍˇˎ ˋˎˋˍʺ˃ʰˍˇˌΦ 

ʁ ʶ˂ʶʴˁˍʺˌ ˍˊʽ˗˄ ˈˊ˖˄ ʶʾ˄ʰʽ ˇˎˋʽʰˋˍʽˁʱ ʷ˄ʰˌ ʶ˂ʶʴˁˍʺˌ ς ʰ˄ˍʽˋˍʰʻ˃ʽˋˍʺˌ ˋʶʽˊʱˌ ˉˇˎ ˍˇˉˇʻʶˍʶʾˍʰʽ ˋˍˇ˄ 

ʰˉΩ ʶˎʻʶʾʰˌ ˁ˂ʱʵˇ ˍˇˎ ˁ˂ʶʽˋˍˇˏ ˋˎˋˍʺ˃ʰˍˇˌ ˁʰʽ ˊˎʻ˃ʾʸʶʽ ˍˇ ˋʺ˃ʰ ˉˇˎ ˇʵʹʴʶʾ ˍˇ ˋˏˋˍʹ˃ʰ ˂ʰ˃ʲʱ˄ˇ˄ˍʰˌ ˎˉΩ 

ˈ˕ʹ ˍʹ˄ ʰˉˈˁ˂ʽˋʹ όˋ˒ʱ˂˃ʰύ ˍʹˌ ʶʽˋˈʵˇˎ ʰˉˈ ˍʹ˄ ʷ˅ˇʵˇΦ ʃʽˇ ˋˎ˔˄ʱ ˋˎ˄ʰ˄ˍʱˍʰʽ ˇ PI ʶ˂ʶʴˁˍʺˌΣ ˁˎˊʾ˖ˌ ˋʶ 

ʶ˒ʰˊ˃ˇʴʷˌ ˃ʶ ˃ʽˁˊʷˌ ˁʰʻˎˋˍʶˊʺˋʶʽˌ ˔ˊˈ˄ˇˎ ʺ ˋʶ ˉʶˊʽˉˍ˗ˋʶʽˌ ˈˉˇˎ ˇ ʻˈˊˎʲˇˌ ˃ʷˍˊʹˋʹˌ ʶʾ˄ʰʽ ˋʹ˃ʰ˄ˍʽˁˈˌ 

˗ˋˍʶ ˄ʰ ʰˉˇˍˊʷˉʶˍʰʽ ʹ ˔ˊʺˋʹ ˍˇˎ ʵʽʰ˒ˇˊʽˁˇˏ ˈˊˇˎΣ ʺ ˈˍʰ˄ ʵʶ˄ ʰˉʰʽˍʶʾˍʰʽ ˍˇ ˁ˂ʶʽˋˍˈ ˋˏˋˍʹ˃ʰ ˄ʰ ʶʾ˄ʰʽ ʰˊˁʶˍʱ 

ʴˊʺʴˇˊˇΦ 

ɶ ˃ʶˍʰʲ˂ʹˍʺ όɳύ ʰ˄ˍʽˉˊˇˋ˖ˉʶˏʶʽ ˍˇ ˋ˒ʱ˂˃ʰ ˉʰˊʰˁˇ˂ˇˏʻʹˋʹˌΣ ʵʹ˂ʰʵʺ ˍʹ˄ ʵʽʰ˒ˇˊʱ ʰ˄ʱ˃ʶˋʰ ˋˍʹ˄ ˍʽ˃ʺ 

ˍʹˌ ʶˉʽʻˎ˃ʹˍʺˌ ʶʽˋˈʵˇˎ όRύ ˁʰʽ ˋʶ ʶˁʶʾ˄ʹ ˍʹˌ ˉˊʰʴ˃ʰˍʽˁʺˌ ʶ˅ˈʵˇˎ όYύΦ ɮˎˍˈ ˍˇ ˋʺ˃ʰ ˋ˒ʱ˂˃ʰˍˇˌ όEύ ʻʰ ˋˍʰ˂ʶʾ 

ˋˍˇ˄ PID controller ˁʰʽ ˇ ʶ˂ʶʴˁˍʺˌ ʻʰ ˎˉˇ˂ˇʴʾˋʶʽ ˍˈˋˇ ˍʹ˄ ˉʰˊʱʴ˖ʴˇ ˈˋˇ ˁʰʽ ˍˇ ˇ˂ˇˁ˂ʺˊ˖˃ʰ ʰˎˍˇˏ ˍˇˎ 

ˋʺ˃ʰˍˇˌΦ ʆˇ ˋʺ˃ʰ όUύ ʰ˃ʷˋ˖ˌ ˃ʶˍʱ ˍˇ˄ ʶ˂ʶʴˁˍʺ ʶʾ˄ʰʽ ˉ˂ʷˇ˄ ʾˋˇ ˃ʶ ˍˇ ʰ˄ʰ˂ˇʴʽˁˈ ˁʷˊʵˇˌ όKpύ ʶˉʾ ˍʹ˄ ˍʽ˃ʺ ˍˇˎ 

ˋ˒ʱ˂˃ʰˍˇˌΣ ˋˎ˄ ˍˇ ˇ˂ˇˁ˂ʹˊ˖ˍʽˁˈ ˁʷˊʵˇˌ όɼiύ ʶˉʾ ˍˇ ˇ˂ˇˁ˂ʺˊ˖˃ʰ ˍˇˎ ˋ˒ʱ˂˃ʰˍˇˌΣ ˋˎ˄ ˍˇ ʵʽʰ˒ˇˊʽˁˈ ˁʷˊʵˇˌ όKd) 

ʶˉʾ ˍʹ˄ ˉʰˊʱʴ˖ʴˇ ˍˇˎ ˋ˒ʱ˂˃ʰˍˇˌΦ ʆˇ ˋʺ˃ʰ ʰˎˍˈ ʻʰ ˋˍʰ˂ʶʾ ˋˍˇ ˋˏˋˍʹ˃ʰ ˉˊˇˌ ʷ˂ʶʴ˔ˇ ˁʰʽ ˋˍʹ ˋˎ˄ʷ˔ʶʽʰ ʻʰ 

˂ʱʲˇˎ˃ʶ ʷ˄ʰ ˄ʷˇ ˋʺ˃ʰ ʶ˅ˈʵˇˎ όYύΦ ɶ ˄ʷʰ ʷ˅ˇʵˇˌ όYύ ʻʰ ˋˍʰ˂ʶʾ ˅ʰ˄ʱ ˉʾˋ˖ ˋˍˇ˄ ʰʽˋʻʹˍʺˊʰ ʴʽʰ ˄ʰ ʰ˄ʾ˔˄ʶˎˋʹ 

ʰˎˍˈ ˃ʶ ˍʹ ˋʶʽˊʱ ˍˇˎ ˍˇ ˄ʷˇ ˋʺ˃ʰ ˋ˒ʱ˂˃ʰˍˇˌ όEύΦ ʁ ʶ˂ʶʴˁˍʺˌ ʻʰ ˉʱˊʶʽ ʰˎˍˈ ˍˇ ˄ʷˇ ˋʺ˃ʰ ˋ˒ʱ˂˃ʰˍˇˌ ˁʰʽ ʻʰ 

ˎˉˇ˂ˇʴʾˋʶʽ ˅ʰ˄ʱ ˍʹ˄ ˉʰˊʱʴ˖ʴˇ ˁʰʽ ˍˇ ˇ˂ˇˁ˂ʺˊ˖˃ʰ ˁʰʽ ʹ ʾʵʽʰ ʵʽʰʵʽˁʰˋʾʰ ʻʰ ʶˉʰ˄ʰ˂ʰ˃ʲʱ˄ʶˍʰʽ ˋˎ˄ʶ˔˗ˌΦ  
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ɶ ʷ˅ˇʵˇˌ ˍˇˎ ʶ˂ʶʴˁˍʺ PID ̀ ˔ʹ˃ʰˍʾʸʶˍʰʽ ʰˉˈ ˍˇ ʱʻˊˇʽˋ˃ʰ ˍˊʽ˗˄ ˈˊ˖˄Υ 

¶ ɳ˄ˈˌ ˈˊˇˎ P (Proportional) h ˄ʱ˂ˇʴˇˎ ˍˇˎ ˋ˒ʱ˂˃ʰˍˇˌ. 

¶ ɳ˄ˈˌ ˈˊˇˎ I (Integral) h ˄ʱ˂ˇʴˇˎ ˍˇˎ ˇ˂ˇˁ˂ʹˊ˗˃ʰˍˇˌ ˍˇˎ ˋ˒ʱ˂˃ʰˍˇˌ. 

¶ ɳ˄ˈˌ ˈˊˇˎ D (Derivative) h ˄ʱ˂ˇʴˇˎ ˍʹˌ ˉʰˊʰʴ˗ʴˇˎ ˍˇˎ ˋ˒ʱ˂˃ʰˍˇˌ. 
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ʁ ʰ˄ʰ˂ˇʴʽˁˈˌ ˈˊˇˌ P ʲˇʹʻʱ ˋˍʹ˄ ʲʶ˂ˍʾ˖ˋʹ ˍʹˌ ˋˎ˃ˉʶˊʽ˒ˇˊʱˌ ˍˇˎ ˋˎˋˍʺ˃ʰˍˇˌ ˍˈˋˇ ˋˍʹ˄ ˃ʶˍʰʲʰˍʽˁʺ 

ˈˋˇ ˁʰʽ ˋˍʹ˄ ˃ˈ˄ʽ˃ʹ ˁʰˍʱˋˍʰˋʹΣ ʰ˂˂ʱ ʰʵˎ˄ʰˍʶʾ ˄ʰ ʶ˅ʰ˂ʶʾ˕ʶʽ ˉ˂ʺˊ˖ˌ ˍˇ ˃ˈ˄ʽ˃ˇ ˋ˒ʱ˂˃ʰΦ ɲʶ˄ ˃ˉˇˊʶʾ ˄ʰ 

ʰ˄ˍʰˉʶ˅ʷ˂ʻʶʽ ʽˁʰ˄ˇˉˇʽʹˍʽˁʱ ˋʶ ˈ˂ˇˎˌ ˍˇˎˌ ˍˏˉˇˎˌ ˍ˖˄ ˋˎˋˍʹ˃ʱˍ˖˄ ˁʰʽ ˍ˖˄ ʶ˅˖ˍʶˊʽˁ˗˄ ʵʽʰˍʰˊʰ˔˗˄Σ ʴʽΩʰˎˍˈ 

ˁʰʽ ˋˎ˄ʵˎʱʸʶˍʰʽ ˃ʰʸʾ ˃ʶ ʱ˂˂ˇˎˌ ˈˊˇˎˌΦ 

ʁ ˇ˂ˇˁ˂ʹˊ˖ˍʽˁˈˌ ˈˊˇˌ I ˔ˊʹˋʽ˃ˇˉˇʽʶʾˍʰʽ ˋʶ ˋˎˋˍʺ˃ʰˍʰ ˉˇˎ ˉʰˊˇˎˋʽʱʸˇˎ˄ ˋ˒ʱ˂˃ʰ ˋˍʹ˄ ˃ˈ˄ʽ˃ʹ 

ˁʰˍʱˋˍʰˋʹΣ ʰ˒ˇˏ ʴʽʰ ˈˋˇ ˔ˊˈ˄ˇ ˎˉʱˊ˔ʶʽ ˋ˒ʱ˂˃ʰΣ ʹ ʷ˅ˇʵˇˌ ˍˇˎ ʶ˂ʶʴˁˍʺΣ ˂ˈʴ˖ ˍˇˎ ˇ˂ˇˁ˂ʹˊ˗˃ʰˍˇˌ ʰˎ˅ʱ˄ʶˍʰʽ 

˃ʶ ʰˉˇˍʷ˂ʶˋ˃ʰ ˍʹ˄ ʶ˅ʱ˂ʶʽ˕ʺ ˍˇˎΦ ɮˎˍˈ ˈ˃˖ˌ ʴʾ˄ʶˍʰʽ ʶʽˌ ʲʱˊˇˌ ˍʹˌ ˍʰ˔ˏˍʹˍʰˌ ʰˉˈˁˊʽˋʹˌ ˁʰʽ ˍʹˌ ʶˎˋˍʱʻʶʽʰˌ 

ˍˇˎ ˋˎˋˍʺ˃ʰˍˇˌΦ 

ʁ ʵʽʰ˒ˇˊʽˁˈˌ ˈˊˇˌ D ʰˎ˅ʱ˄ʶʽ ˍʹ˄ ʶˎˋˍʱʻʶʽʰ ˍˇˎ ˋˎˋˍʺ˃ʰˍˇˌ ˁʰʽ ʲʶ˂ˍʽ˗˄ʶʽ ˍʹ˄ ˋˎ˃ˉʶˊʽ˒ˇˊʱ ˍˇˎ ˁʰˍʱ 

ˍʹ˄ ˃ʶˍʰʲʰˍʽˁʺ ˁʰˍʱˋˍʰˋʹ ό˃ʶʾ˖ˋʹ ˎˉʶˊʰˁˈ˄ˍʽˋʹˌΣ ˈ˃˖ˌ ˂ˈʴ˖ ˍʹˌ ʶˉʽʲˇ˂ʺˌ ˍˇˎ ˋˍʹ˄ ˉˊʱ˅ʹ ˉʶˊʽˇˊʽˋ˃ˇˏ ˍʹˌ 

ʶ˅ˈʵˇˎ ˍˇˎ ʶ˂ʶʴˁˍʺ ʵʶ˄ ˔ˊʹˋʽ˃ˇˉˇʽʶʾˍʰʽ ˉˇˍʷ ˃ˈ˄ˇˌ ˍˇˎΦ 

ʅˍˇ˄ ˉʰˊʰˁʱˍ˖ ˉʾ˄ʰˁʰ ˉʰˊʰˍʹˊˇˏ˃ʶ ˍʹ˄ ʶˉʽˊˊˇʺ ˍ˖˄ P, I ˁ ʰʽ D ̀ ˍʹ˄ ʰˉˈˁˊʽˋʹ ˍˇˎ ˋˎˋˍʺ˃ʰˍˇˌ ˁ˂ʶʽˋˍˇˏ 

ʲˊˈ˔ˇˎΦ ɿʰ ˋʹ˃ʶʽ˖ʻʶʾ ˉ˖ˌ ʹ ˋˎˋ˔ʷˍʽˋʹ ˋˍˇ˄ ˉʾ˄ʰˁʰ ˃ˉˇˊʶʾ ˄ʰ ˃ʹ˄ ʶʾ˄ʰʽ ʰˁˊʽʲʺˌΣ ʵʽˈˍʽ ˇʽ ˈˊˇʽ Kp, KI ˁʰʽ Kd 

ʶʾ˄ʰʽ ʰ˂˂ʹ˂ʶ˅ʰˊˍ˗˃ʶ˄ˇʽΥ 

ʃʾ˄ʰˁʰˌ 3-1 ɳˉʾʵˊʰˋʹ ʶ˂ʶʴˁˍ˗˄ ˋˍʽˌ ˉʰˊʰ˃ʷˍˊˇˎˌ ˍˇˎ ˋˎˋˍʺ˃ʰˍˇˌ 

 Rise time (t r) 

ʋˊˈ˄ˇˌ ʰ˄ˏ˕˖ˋʹˌ 

Maximum overshoot (ym) 

ɾʷʴʽˋˍʹ ˎ ˉʶˊˏ˕˖ˋʹ 

Settling time (ts) 

ʋˊˈ˄ˇˌ ʰˉˇˁʰˍʱˋˍʰˋʹˌ 

Steady ς state error 

ɾˈ˄ʽ˃ˇ ̀ ˒ʱ˂˃ʰ 

P ɾɳɹʍʅɶ ɮʇʀɶʅɶ ɾʽˁˊʺ ʰ˂˂ʰʴʺ ɾɳɹʍʅɶ 

I ɾɳɹʍʅɶ ɮʇʀɶʅɶ ɮʇʀɶʅɶ ɳʀɮɽɳɹʌɶ 

D ɾʽˁˊʺ ʰ˂˂ʰʴʺ ɾɳɹʍʅɶ ɾɳɹʍʅɶ ɾʽˁˊʺ ʰ˂˂ʰʴʺ 

 

ɳˉʾʵˊʰˋʹ ʶ˂ʶʴˁˍ˗˄ ˋˍʹ˄ ʰˉˈˁˊʽˋʹ ˍˇˎ ˋˎˋˍʺ˃ʰˍˇˌ 

¶ ɮ˄ʰ˂ˇʴʽˁˈˌ ʶ˂ʶʴˁˍʺˌ: 

ɮˏ˅ʹˋʹ ˍˇˎ ˁʷˊʵˇˎˌΣ ʲʶ˂ˍʽ˗˄ʶʽ ˍʹ˄ ˃ʶˍʰʲʰˍʽˁʺ ˁʰʽ ˍʹ˄ ˃ˈ˄ʽ˃ʹ ʰˉˈˁˊʽˋʹΦ ɾʶʽ˗˄ʶʽ ˍˇ ˃ˈ˄ʽ˃ˇ ˋ˒ʱ˂˃ʰ 

ˈ˃˖ˌ ˃ʶʽ˗˄ʶʽ ˁʰʽ ˍʹ˄ ʶˎˋˍʱʻʶʽʰ. 

¶ ʁ˂ˇˁ˂ʹˊ˖ˍʽˁˈˌ ʶ˂ʶʴˁˍʺˌ Υ 

ɮˎ˅ʱ˄ʶˍʰʽ ˇ ˍˏˉˇˌ ˍˇˎ ˋˎˋˍʺ˃ʰˍˇˌ ˁʰˍʱ мΣ ʶ˅ʰ˂ʶʾ˒ʶˍʰʽ ˍˇ ˃ˈ˄ʽ˃ˇ ˋ˒ʱ˂˃ʰ ˋʶ ʲʹ˃ʰˍʽˁʺ ʵʽʷʴʶˊˋʹ ˈ˃˖ˌ 

ʰˎ˅ʱ˄ʶˍʰʽ ˁʰʽ ʹ ˎˉʶˊˏ˕˖ˋʹ ˍ˖˄ ˍʰ˂ʰ˄ˍ˗ˋʶ˖˄Φ ɾʶ ˍʹ˄ ʰˏ˅ʹˋʹ ˍˇˎ ˁʷˊʵˇˎˌ ʲʶ˂ˍʽ˗˄ʶˍʰʽ ʹ ˃ˈ˄ʽ˃ʹ 

ʰˉˈˁˊʽˋʹ ̍ ˃˖ˌ h ˎ˅ʱ˄ʶʽ ˁ ʰʽ ̌  ˔ˊˈ˄ˇˌ ʰˉˇˁʰˍʱˋˍʰˋʹˌ όʶ˂ʰ˒ˊ˗ˌύΦ 

¶ ɲʽʰ˒ˇˊʽˁˈˌ ʁ ˂ʶʴˁˍʺˌ Υ 

ʃˊˇˋ˒ʷˊʶʽ ʴˊʺʴˇˊʹ ʰ˄ʾ˔˄ʶˎˋʹ ˍ˖˄ ˃ʶˍʰʲˇ˂˗˄ ˍʹˌ ʶ˅ˈʵˇˎΣ ˃ʶʾ˖ˋʹ ˎˉʶˊˏ˕˖ˋʹˌ ˍʰ˂ʰ˄ˍ˗ˋʶ˖˄ ˁʰʽ 

ʲʶ˂ˍʾ˖ˋʹ ˍʹˌ ˃ʶˍʰʲʰˍʽˁʺˌ ʰˉˈˁˊʽˋʹˌΦ ʂ˃˖ˌ ʵʶ˄ ʶˉʹˊʶʱʸʶʽ ˍʹ˄ ˃ˈ˄ʽ˃ʹ ˁʰˍʱˋˍʰˋʹΦ 
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ʆʶ˂ʽˁʱ ˋʶ ʷ˄ʰ˄ PID controller ʰˎ˅ʱ˄ˇ˄ˍʰˌ ˍˇ ʰ˄ʰ˂ˇʴʽˁˈ ˁʷˊʵˇˌ ˃ʶʽ˗˄ʶˍʰʽ ˍˇ ˃ˈ˄ʽ˃ˇ ˋ˒ʱ˂˃ʰΣ ʰ˄ ˈ˃˖ˌ ˍˇ 

ʰˎ˅ʺˋˇˎ˃ʶ ˉˇ˂ˏ ˍˇ ˋˏˋˍʹ˃ʰ ʰˉˇˋˍʰʻʶˊˇˉˇʽʶʾˍʰʽΦ ʁ ˇ˂ˇˁ˂ʹˊ˖ˍʽˁˈˌ ʷ˂ʶʴ˔ˇˌ ʶˉʽ˒ʷˊʶʽ ʽˋ˔ˎˊʺ ˃ʶʾ˖ˋʹ ˍˇˎ 

˃ˈ˄ʽ˃ˇˎ ˋ˒ʱ˂˃ʰˍˇˌΣ ʰ˂˂ʱ ˋˎ˔˄ʱ ˃ʶʽ˗˄ʶʽ ˍʹ˄ ʶˎˋˍʱʻʶʽʰ ˍˇˎ ˋˎˋˍʺ˃ʰˍˇˌΦ ʆʷ˂ˇˌ ˇ ʵʽʰ˒ˇˊʽˁˈˌ ʷ˂ʶʴ˔ˇˌ ʰˎ˅ʱ˄ʶʽ 

ˍʹ˄ ʰˉˈˋʲʶˋʹ ˁʰʽ ʲʶ˂ˍʽ˗˄ʶʽ ˍʹ˄ ʶˎˋˍʱʻʶʽʰ ˔˖ˊʾˌ ˄ʰ ʶˉʹˊʶʱʸʶʽ ˍˇ ˃ˈ˄ʽ˃ˇ ˋ˒ʱ˂˃ʰΦ 

ɶ ˋ˔ʶʵʾʰˋʹ ʶ˄ˈˌ ˋˎˋˍʺ˃ʰˍˇˌ ʰˎˍˇ˃ʱˍˇˎ ʶ˂ʷʴ˔ˇˎ ʶʾ˄ʰʽ ˍˇ ˉˊˈʲ˂ʹ˃ʰ ˈˉˇˎΣ ʴʽʰ ʷ˄ʰ ʵʶʵˇ˃ʷ˄ˇ ˋˏˋˍʹ˃ʰ 

ˋˍˇ ˇˉˇʾˇ ˎˉʱˊ˔ʶʽ ˉˊˇʵʽʰʴʶʴˊʰ˃˃ʷ˄ʹ ʰˉˈˁˊʽˋʹΣ ʰ˄ʰʸʹˍʶʾˍʰʽ ʹ ʰ˄ʱˉˍˎ˅ʹ ˁʰˍʱ˂˂ʹ˂ˇˎ ˋʺ˃ʰˍˇˌ u(tύ ˋˍʹ˄ 

ʶʾˋˇʵˇ ˍˇˎ ˋˎˋˍʺ˃ʰˍˇˌ ʴʽʰ ˍˇ ˇˉˇʾˇ ʻʰ ʷ˔ˇˎ˃ʶ ˍʹ˄ ˉˊˇʵʽʰʴʶʴˊʰ˃˃ʷ˄ʹ ʰˉˈˁˊʽˋʹΦ 

ɱʽʰ ˍʹ ˋˏ˄ʻʶˋʹ ˍˇˎ ˁʰˍʱ˂˂ʹ˂ˇˎ ˋʺ˃ʰˍˇˌ ʶʽˋˈʵˇˎ u(tύ ʻʰ ˔ˊʶʽʰˋˍʶʾ ˄ʰ ˋ˔ʶʵʽʱˋˇˎ˃ʶ ʷ˄ʰ˄ ʶ˂ʶʴˁˍʺΦ ɱʽʰ ˍʹ 

ˋ˔ʶʵʾʰˋʹ ˍˇˎ ʷ˔ˇˎ˄ ˉˊˇˍʰʻʶʾ ʵʽʱ˒ˇˊˇʽ ˃ʷʻˇʵˇʽ ˇʽ ˇˉˇʾʶˌ ʵʽʰˁˊʾ˄ˇ˄ˍʰʽ ˋʶ ʵˏˇ ˁʰˍʹʴˇˊʾʶˌΣ ˍʽˌ ˁ˂ʰˋˋʽˁʷˌ ˁʰʽ 

ˍʽˌ ˋˏʴ˔ˊˇ˄ʶˌ ˃ʶʻˈʵˇˎˌ ˋ˔ʶʵʾʰˋʹˌΦ 

ʁʽ ˁ˂ʰˋˋʽˁʷˌ ˃ʷʻˇʵˇʽ ʶʾ˄ʰʽ ʴˊʰ˒ʽˁʷˌ ˁʰʽ ʰ˄ʰˉˍˏˋˋˇ˄ˍʰʽ ˋˍˇ ˉʶʵʾˇ ˍʹˌ ˋˎ˔˄ˈˍʹˍʰˌΦ ʆˇ ˉ˂ʶˇ˄ʷˁˍʹ˃ʰ ˍ˖˄ 

ˁ˂ʰˋˋʽˁ˗˄ ˃ʶʻˈʵ˖˄ ʶʾ˄ʰʽ ˈˍʽ ʶʾ˄ʰʽ ʰˉ˂ʷˌ ˋˍʹ˄ ʶ˒ʰˊ˃ˇʴʺ ˍˇˎˌΦ ɾʶʽˇ˄ʶˁˍʺ˃ʰˍʰ ˍ˖˄ ˃ʶʻˈʵ˖˄ ʰˎˍ˗˄ ʶʾ˄ʰʽ ˈˍʽ 

ʷ˔ˇˎ˄ ʰ˄ʰˉˍˎ˔ʻʶʾ ˁˎˊʾ˖ˌ ʴʽʰ ˋˎˋˍʺ˃ʰˍʰ ˃ʾʰˌ ʶʽˋˈʵˇˎ ˁʰʽ ˃ʾʰˌ ʶ˅ˈʵˇˎ όSISO ς Single Input Single Outputύ ˁʰʽ 

ˈˍʽ ˉˇ˂˂ʷˌ ˒ˇˊʷˌ ʵʶ˄ ˃ʰˌ ˉʰˊʷ˔ˇˎ˄ ˍʽˌ ʰ˄ʰʴˁʰʾʶˌ ˁʰʽ ʽˁʰ˄ʷˌ ˋˎ˄ʻʺˁʶˌ ˉˇˎ ˉˊʷˉʶʽ ˄ʰ ʽˁʰ˄ˇˉˇʽˇˏ˄ˍʰʽ ˗ˋˍʶ ˇʽ 

ˉˊˇʵʽʰʴˊʰ˒ʷˌ ˉˇˎ ʻʷˍˇˎ˃ʶ ˋʶ ˃ʽʰ ˋ˔ʶʵʾʰˋʹ ˄ʰ ʶʾ˄ʰʽ ˉˊʰʴ˃ʰˍˇˉˇʽʺˋʽ˃ʶˌΦ 

ɮ˄ˍʾʻʶˍʰ ˉˊˇˌ ˍʽˌ ˁ˂ʰˋʽˁʷˌ ˃ʶʻˈʵˇˎˌΣ ˇʽ ˋˏʴ˔ˊˇ˄ʶˌ ˃ʷʻˇʵˇ ̔ ˋ˔ʶʵʾʰˋʹˌ ʶʾ˄ʰʽ ʰ˄ʰ˂ˎˍʽˁʷˌ ˁʰʽ 

ʰ˄ʰˉˍˏˋˋˇ˄ˍʰʽ ˁˎˊʾ˖ˌ ˋˍˇ ˉʶʵʾˇ ˍˇˎ ˔ˊˈ˄ˇˎΦ ɸʶ˃ʶ˂ʽ˗˄ˇˎ˄ ʶˉʾˋʹˌ ˍʽˌ ʽˁʰ˄ʷˌ ˁʰʽ ʰ˄ʰʴˁʰʾʶˌ ˋˎ˄ʻʺˁʶˌ ʴʽʰ ˄ʰ 

ʷ˔ʶʽ ʷ˄ʰ ˉˊˈʲ˂ʹ˃ʰ ˋ˔ʶʵʾʰˋʹˌ ˂ˏˋʹΦ ʃˇ˂˂ʷˌ ʰˉˈ ˍʽˌ ˃ʶʻˈʵˇˎˌ ʰˎˍʷˌ ʲʰˋʾʸˇ˄ˍʰʽ ˋˍʹ˄ ʽʵʷʰ ˍʹˌ ʶ˂ʰ˔ʽˋˍˇˉˇʾʹˋʹˌ 

ʶ˄ˈˌ ˁˊʽˍʹˊʾˇˎ ˁˈˋˍˇˎˌ όˉΦ˔Φ ʰ˄ˍʽˋˍʱʻ˃ʽˋʹ ʶ˄ˈˌ ˋˎˋˍʺ˃ʰˍˇˌ ʰˉˈ ˁʱˉˇʽʰ ʶ˅˖ˍʶˊʽˁʺ ʵʽʰˍʰˊʰ˔ʺ 

ˁʰˍʰ˄ʰ˂˗˄ˇ˄ˍʰˌ ˍʹ˄ ʶ˂ʱ˔ʽˋˍʹ ʶ˄ʷˊʴʶʽʰύΦ 
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3.3 ɳˉʽ˂ˇʴʺ ˋˍʰʻʶˊ˗˄ KP, KI, KD 
ɼʰʻ˗ˌ ˇʽ ˉʶˊʽˋˋˈˍʶˊˇʽ ʶ˂ʶʴˁˍʷˌ PID ˊˎʻ˃ʾʸˇ˄ˍʰʽ ʶˉʽˍˈˉˇˎ ʰ˄ʱ˂ˇʴʰ ˃ʶ ˍʽˌ ʰ˄ʱʴˁʶˌ ˉˇˎ ˎˉʱˊ˔ˇˎ˄Σ ʷ˔ˇˎ˄ 

ˉˊˇˍʰʻʶʾ ʵʽʱ˒ˇˊˇʽ ˁʰ˄ˈ˄ʶˌ ˊˏʻ˃ʽˋʹˌ ˋˍʹ˄ ʲʽʲ˂ʽˇʴˊʰ˒ʾʰΦ ɾʷˋ˖ ʰˎˍ˗˄ ˍ˖˄ ˁʰ˄ˈ˄˖˄ ʶʾ˄ʰʽ ʵˎ˄ʰˍʺ ʹ ʶˉˇˉˍʶʾʰ 

ˁʰʽ ʹ ʲʷ˂ˍʽˋˍʹ ˊˏʻ˃ʽˋʹ ˍ˖˄ ʶ˂ʶʴˁˍ˗˄Φ ʂˉ˖ˌ ʶʾ˄ʰʽ ˂ˇʴʽˁˈΣ ʶ˅ʰʽˍʾʰˌ ˍʹˌ ʶˎˊʶʾʰˌ ˔ˊʺˋʹˌ ˍˇˎˌ ʷ˔ˇˎ˄ ʰ˄ʰˉˍˎ˔ʻʶʾ 

ˉˇ˂˂ʷˌ ˉˊʰˁˍʽˁʷˌ ˃ʷʻˇʵˇʽ ʵʽʰˋˏ˄ʵʶˋʹˌ όʰˉˈ ˔ʶʽˊˇˁʾ˄ʹˍʹ ˃ʷ˔ˊʽ ʰˎˍˈ˃ʰˍʹ ˂ʶʽˍˇˎˊʴʾʰύ ˁʰʽ ˊˏʻ˃ʽˋʹˌ ˁʷˊʵˇˎˌΦ 

ɮ˄ ʶʾ˄ʰʽ ʵˎ˄ʰˍʺ ʹ ʶ˅ʰʴ˖ʴʺ ʶ˄ˈˌ ˃ʰʻʹ˃ʰˍʽˁˇˏ ˃ˇ˄ˍʷ˂ˇˎ ˍˇˎ ˋˎˋˍʺ˃ʰˍˇˌ ˉˇˎ ʶ˂ʷʴ˔ʶˍʰʽ, ˍˈˍʶ ˃ˉˇˊˇˏ˄ ˄ʰ 

ʶ˒ʰˊ˃ˇˋˍˇˏ˄ ʵʽʱ˒ˇˊʶˌ ˍʶ˔˄ʽˁʷˌ ˋ˔ʶʵʽʰˋ˃ˇˏ ʴʽʰ ˍˇ˄ ˉˊˇˋʵʽˇˊʽˋ˃ˈ ˉʰˊʰ˃ʷˍˊ˖˄ ˍˇˎ ʶ˂ʶʴˁˍʺ ˉˇˎ ˉ˂ʹˊˇˏ˄ ˍʽˌ 

ˉˊˇʵʽʰʴˊʰ˒ʷˌ ˍʹˌ ˃ʶˍʰʲʰˍʽˁʺˌ ʰ˂˂ʱ ˁʰ̔  ˍʹˌ ˃ˈ˄ʽ˃ʹˌ ˁʰˍʱˋˍʰˋʹˌ ˍˇˎ ˋˎˋˍʺ˃ʰˍˇˌ ˁ˂ʶʽˋˍˇˏ ʲˊˈ˔ˇˎΦ 

ʃʰˊʰˁʱˍ˖ ˉʶˊʽʴˊʱ˒ˇ˄ˍʰʽ ˇʽ ˍˊˈˉˇʽ ˃ʶ ˍˇˎˌ ˇˉˇʾˇˎˌ ʶˉʽ˂ʷʴˇ˄ˍʰʽ ˍʰ ˁʷˊʵʹ ʴʽʰ ˍʹ˄ ˉˊˇˋˇ˃ˇʾ˖ˋʹΦ ɮˎˍʱ ˍʶ˂ʽˁʱ 

˔ˊʹˋʽ˃ˇˉˇʽˇˏ˄ˍʰʽ ˁʰʽ ʴʽʰ ˍˇ ˉˊʰʴ˃ʰˍʽˁˈ ˉʶʾˊʰ˃ʰ ˋˍˇ ˍʶ˂ʶˎˍʰʾˇ ˁʶ˒ʱ˂ʰʽˇΣ ˈˉˇˎ ˋˎʴˁˊʾ˄ˇ˄ˍʰ ̱̔ ʰ ̄ʁʽˊʰ˃ʰˍʽˁʱ 

ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˃ʶ ʰˎˍʱ ˍʹˌ ˉˊˇˋˇ˃ˇʾ˖ˋʹˌΦ 

ɮˊ˔ʽˁʱ ʶˉʽ˔ʶʽˊʺʻʹˁʶ ʹ ˔ˊʺˋʹ ˍ˖˄ ˁʰ˄ˈ˄˖˄ ˍ˖˄ Ziegler ˁʰʽ Nichols ˇʽ ˇˉˇʾˇʽ ʲʰˋʾʸˇ˄ˍʰʽ ˋʶ ˉʶʽˊʱ˃ʰˍʰ 

ʰˉˈˁˊʽˋʹˌ ʲʰʻ˃ʾʵʰˌ ʺ ˋˍʹ˄ ˍʽ˃ʺ KP ʹ ˇˉˇʾʰ ˉˊˇˁˏˉˍʶʽ ʰˉˈ ˍʹ˄ ˋˎ˄ʻʺˁʹ ʶˎˋˍʱʻʶʽʰˌ ˈˍʰ˄ ˔ˊʹˋʽ˃ˇˉˇʽʶʾˍʰʽ 

˃ˈ˄ˇ ʰ˄ʰ˂ˇʴʽˁˈˌ ʷ˂ʶʴ˔ˇˌΦ ʁʽ ˁʰ˄ˈ˄ʶˌ ʰˎˍˇʾ ˉʶˊʽʴˊʱ˒ˇˎ˄ ˍˇ˄ ˎˉˇ˂ˇʴʽˋ˃ˈ ʶ˄ˈˌ ˋˎ˄ˈ˂ˇˎ ˍʽ˃˗˄ KP, TI ˁ ʰʽ ʆD ̄ ˇˎ 

ʻʰ ʵ˗ˋˇˎ˄ ʶˎˋˍʰʻʺ ˂ʶʽˍˇˎˊʴʾʰ ˍˇˎ ˋˎˋˍʺ˃ʰˍˇˌΦ ʃʰˊˈ˂ʰ ʰˎˍʱ ʹ ˏˉʰˊ˅ʹ ˍʹˌ ʰ˄ʰ˂ˎˍʽˁʺˌ ˋˎ˄ʱˊˍʹˋʹˌ 

˃ʶˍʰ˒ˇˊʱˌ ˔ʱˊʹ ˋˍʹ˄ ˃ˇ˄ˍʶ˂ˇˉˇʾʹˋʹ ˉˇˎ ʷ˔ʶʽ ˉʰˊˇˎˋʽʰˋˍʶʾ ˋʶ ˉˊˇʹʴˇˏ˃ʶ˄ˇ ˁʶ˒ʱ˂ʰʽˇ ʵʾ˄ʶʽ ˍʹ˄ ʵˎ˄ʰˍˈˍʹˍʰ 

ʰ˄ʰ˂ˎˍʽˁˈˍʶˊˇˎ ˎˉˇ˂ˇʴʽˋ˃ˇˏ ˍ˖˄ ˋˍʰʻʶˊ˗˄Φ 

 

ʅ˔ʺ˃ʰ 3-7. PID controller ˃ ʶ ̝́ ʺˋʹ ˋˍʰʻʶˊʱˌ ̌ ˂ˇˁ˂ʺˊ˖ˋʹˌ ϧ ˔ˊˈ˄ˇˎ ɻ ʽʰ˒ˈˊʽˋʹˌ.  

ɾʶ ʲʱˋʹ ˍʹ˄ ˋˎ˄ʱˊˍʹˋʹ ˃ʶˍʰ˒ˇˊʱˌ ˉˇˎ ʷ˔ʶʽ ˎˉˇ˂ˇʴʽˋˍʶʾ ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʶ ʹ ˃ʷʻˇʵˇˌ ˍˇˎ ʴʶ˖˃ʶˍˊʽˁˇˏ 

ˍˈˉˇˎ ˊʽʸ˗˄ ʴʽʰ ˍʹ˄ ˁʰˍʱ˂˂ʹ˂ʹ ʶˉʽ˂ˇʴʺ ˍ˖˄ ˁʶˊʵ˗˄Φ ʅˍʹ ˃ʷʻˇʵˇ ʰˎˍʺΣ ˇʽ ʻʷˋʶʽˌ ̱ ˖˄ ˊʽʸ˗˄ ˍʹˌ ˔ʰˊʰˁˍʹˊʽˋˍʽˁʺˌ 

ʶ˅ʾˋ˖ˋʹˌ ʰˉˇˍˎˉ˗˄ˇ˄ˍʰʽ ʴʽʰ ˈ˂ʶˌ ˍʽˌ ˍʽ˃ʷˌ ˃ʽʰˌ ˋˎˋˍʹ˃ʽˁʺˌ ˉʰˊʰ˃ʷˍˊˇˎΦ ʁʽ ˊʾʸʶˌ ˇʽ ˇˉˇʾʶˌ ʰ˄ˍʽˋˍˇʽ˔ˇˏ˄ ˋʶ 

ˋˎʴˁʶˁˊʽ˃ʷ˄ʹ ˍʽ˃ʺ ˍʹˌ ˉʰˊʰ˃ʷˍˊˇˎ ʰˎˍʺˌ ʶʾ˄ʰʽ ʵˎ˄ʰˍˈ ˄ʰ ʶ˄ˍˇˉʽˋˍˇˏ˄ ʰˉˈ ˍʹ˄ ˉˊˇˁˏˉˍˇˎˋʰ ʴˊʰ˒ʽˁʺ 

ˉʰˊʱˋˍʰˋʹΦ ʅˍʹ˄ ʶ˒ʰˊ˃ˇʴʺ ˉˇˎ ˃ʶ˂ʶˍʱˍʰʽ, ʹ ˉʰˊʱ˃ʶˍˊˇˌ ˉˇˎ ʶ˅ʶˍʱʸʶˍʰʽ ʶʾ˄ʰʽ ˍˇ ʰ˄ʰ˂ˇʴʽˁˈ ˁʷˊʵˇˌ. ɮˊ˔ʽˁʱ 

ˎ̄ ˇ˂ˇʴʾʸʶˍʰʽ ʹ ˋˎ˄ʱˊˍʹˋʹ ˃ʶˍʰ˒ˇˊʱˌ ˍˇˎ ˋˎˋˍʺ˃ʰˍˇˌ ˉˇˎ ʶˉʽ˔ʶʽˊˇˏ˃ʶ ˄ʰ ʶ˂ʷʴ˅ˇˎ˃ʶΦ ʅˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ˃ʰˌ 

ʶ˅ʰʽˍʾʰˌ ˍʹˌ ˃ˇ˄ˍʶ˂ˇˉˇʾʹˋʹˌ ˍˇˎ ˋˎˋˍʺ˃ʰˍˇˌΣ ʹ ˇˉˇʾʰ ˉʰˊˇˎˋʽʱˋˍʹˁʶ ˋˍˇ ˉˊˇʹʴˇˏ˃ʶ˄ˇ ˁʶ˒ʱ˂ʰʽˇ 

ˁʰˍʰ˂ʺʴˇˎ˃ʶ ˋʶ п ʵʽʰ˒ˇˊʶˍʽˁʷˌ ˋˎ˄ʰˊˍʺˋʶʽˌ ˃ʶˍʰ˒ˇˊʱˌ ˈˉ˖ˌ ˉʰˊˇˎˋʽʱʸˇ˄ˍʰʽ ˉʰˊʰˁʱˍ˖Υ 

1. ɳʾˋˇʵˇˌΥ ˁʾ˄ʹˋʹ ˍˇˎ ̝ ʶˊʽˇˏ όvh) ϧ ɴ˅ˇʵˇˌΥ ʵˏ˄ʰ˃ʹ ˉˇˎ ʰʽˋʻʱ˄ʶˍʰʽ ˇ ˔ˊʺˋˍʹˌ όFsen) 

( ) ( ) ( ) ( )

( ) ( ) ( ) ( )
1 2 1 1 2 2 1 1 2 1 2 1 1 2 2 1 1 2 2

4 3 2

1 1 2 1 2 1 1 2 2

4 3 2

1 2 1 2 2 1 2 2 1 2 2 1 2 2 1

1 1 2 1 2 1 1 2

2 1 2 2 1

sen

h

kb m m s s s k k m k k m sF

m

b b m b b m k m m b k m b k m b k m b

b

k m b k

v m m s b m b m s k m k m k m b b k

m

s b b k s

b m- Ö Ö Ö + Ö + Ö + - Ö Ö - Ö Ö Ö
=

Ö Ö + Ö + Ö + Ö Ö + Ö + Ö + Ö + Ö Ö + Ö + Ö Ö +

- Ö Ö - Ö Ö - Ö Ö - Ö Ö - Ö Ö - Ö Ö - Ö Ö - Ö Ö + Ö Ö

1 2k kÖ
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2. ɳʾˋˇʵˇˌΥ ˁʾ˄ʹˋʹ ˍˇˎ ̝ ʶˊʽˇˏ όvh) ϧ ɴ˅ˇʵˇˌΥ ʻʷˋʹ нʹˌ ˃ ʱʸʰˌ όxm2) 

( )

( ) ( ) ( ) ( )
2

2

1 2 2 1 1 2 1 2

4 3 2

1 2 1 2 2 1 2 2 1 2 2 1 2 2 1 2 1 2 2 1 1 2

m

h

x b b s b k b k s k k

v m m s b m b m b m s k m k m k m b b s b k b k s k k

Ö Ö + Ö + Ö Ö + Ö
=

Ö Ö + Ö + Ö + Ö Ö + Ö + Ö + Ö + Ö Ö + Ö + Ö Ö + Ö

  (63) 

G(s)
Y(s)U(s)E(s)R(s)

K
T s

T s
p

I

D
Ö+

Ö
+ Ö

å

ç
æ

õ

÷
ö1

1

B(s)

+
-
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3. ɳʾˋˇʵˇˌΥ ʵˏ˄ʰ˃ʹ ʶʽˁˇ˄ʽˁˇˏ ˉʶˊʽʲʱ˂˂ˇ˄ˍˇˌ όFmot) ϧ ɴ˅ˇʵˇˌΥ ʵˏ˄ʰ˃ʹ ˉˇˎ ʰʽˋʻʱ˄ʶˍʰʽ ˇ ˔ˊʺˋˍʹˌ όFsen) 

( ) ( )

( ) ( ) ( ) ( )

2

1 2 1 2 2 1 1 2

4 3 2

1 2 1 2 2 1 2 2 1 2 2 1 2 2 1 2 1 2 2 1 1 2

sen

mot

b b s k b k b s k kF

F m m s b m b m b m s k m k m k m b b s b k b k s k k

Ö Ö + Ö + Ö Ö + Ö
=

Ö Ö + Ö + Ö + Ö Ö + Ö + Ö + Ö + Ö Ö + Ö + Ö Ö + Ö

  (64) 

4. ɳʾˋˇʵˇˌΥ ʵˏ˄ʰ˃ʹ ʶʽˁˇ˄ʽˁˇˏ ˉʶˊʽʲʱ˂˂ˇ˄ˍˇˌ όFmot) ϧ ɴ˅ˇʵˇˌΥ ʻʷˋʹ нʹˌ ˃ ʱʸʰˌ όxm2) 

( ) ( )

( ) ( ) ( ) ( )
2

3 2

1 1 2 1 2

4 3 2

1 2 1 2 2 1 2 2 1 2 2 1 2 2 1 2 1 2 2 1 1 2

m

mot

x m s b b s k k s

F m m s b m b m b m s k m k m k m b b s b k b k s k k

Ö + + Ö + + Ö
=

Ö Ö + Ö + Ö + Ö Ö + Ö + Ö + Ö + Ö Ö + Ö + Ö Ö + Ö

  (65) 

ʅˍˈ˔ˇˌ ˍʹˌ ʶˊʴʰˋʾʰ ˃ʰˌ ʶʾ˄ʰʽ ˇʽ ˁʽ˄ʹˍʺˊʶˌ ˄ʰ ʰˋˁˇˏ˄ ˋˍˇ ˋˏˋˍʹ˃ʰ ˍʷˍˇʽʶˌ ˊˇˉ̫̩ ˗ˋˍʶ ʹ ʵˏ˄ʰ˃ʹκˊˇˉʺ ˉˇˎ 

ʰʽˋʻʱ˄ʶˍʰʽ ˇ ˔ˊʺˋˍʹˌ ˄ʰ ʶʾ˄ʰʽ ʾˋʹ ˃ʶ ʶˁʶʾ˄ʹ ʹ ˇˉˇʾʰ ˎˉˇ˂ˇʴʾʸʶˍʰʽ ˃ʶ ʲʱˋʹ ˍˇ ˃ˇ˄ˍʷ˂ˇ ˎˉˇ˂ˇʴʽˋ˃ˇˏ ˍ˖˄ 

ʶʽˁˇ˄ʽˁ˗˄ ʵˎ˄ʱ˃ʶ˖˄Φ ɱʾ˄ʶˍʰʽ ʶˏˁˇ˂ʰ ʰ˄ˍʽ˂ʹˉˍˈ ˉ˖ˌ ʹ ˋˎ˄ʱˊˍʹˋʹ ˃ʶˍʰ˒ˇˊʱˌ ʹ ˇˉˇʾʰ ˃ʰˌ ʶ˄ʵʽʰ˒ʷˊʶʽ ʶʾ˄ʰʽ 

ʶˁʶʾ˄ʹ ˉˇˎ ˋˎ˄ʵʷʶʽ ˍʹ˄ ʵˏ˄ʰ˃ʹ ς ˊˇˉʺ ˉˇˎ ʰˋˁˇˏ˄ ˇʽ ˁʽ˄ʹˍʺˊʶˌ όFmot) ˁʰʽ ˍʹ˄ ʵˏ˄ʰ˃ʹ ˉˇˎ ˍʶ˂ʽˁʱ ʰʽˋʻʱ˄ʶˍʰʽ 

ˇ ˔ˊʺˋˍʹˌ (Fsen)Σ ʵʹ˂ʰʵʺ ʹ ό64ύΦ ʁʽ ˋˎ˄ʰˊˍʺˋʶʽˌ ˃ʶˍʰ˒ˇˊʱˌ ˃ʶ ʲʱˋʹ ˍˇ˄ ˎˉˇ˂ˇʴʽˋ˃ˈ ˍ˖˄ ˉʰˊʰ˃ʷˍˊ˖˄ ʴʽʰ ˍˇˎˌ 

ʵˏˇ ˃ʶˍʰ˒ˇˊʽˁˇˏˌ ʱ˅ˇ˄ʶˌ ˉˇˎ ˉʰˊˇˎˋʽʱˋˍʹˁʶ ˋˍˇ ˉˊˇʹʴˇˏ˃ʶ˄ˇ ˁʶ˒ʱ˂ʰʽˇ ʶʾ˄ʰʽ ˇʽ ʶ˅ʺˌΥ 

- ɯ˅ˇ˄ʰˌ ʋΥ 

4 2 9 12

4 4 3 8 2 9 12

5,542 10 1,208 10 1,158 10

1,764 10 3,667 10 1,208 10 1,158 10

x axis

x axis

sen

x axis

mot

F s s
G

F s s s s

-

-

-

Ö Ö + Ö Ö + Ö
= =

+ Ö Ö + Ö Ö + Ö Ö + Ö
  (66) 

- ɯ˅ˇ˄ʰˌ ʇΥ 

4 2 9 12

4 4 3 8 2 9 12

2,257 10 0,502 10 0,691 10

0,495 10 1,025 10 0,502 10 0,691 10

y axis

y axis

sen

y axis

mot

F s s
G

F s s s s

-

-

-

Ö Ö + Ö Ö + Ö
= =

+ Ö Ö + Ö Ö + Ö Ö + Ö
  (67) 

ʁʽ ʰˉʰʽˍʺˋʶʽˌ ˍˇˎ ˋˎʴˁʶˁˊʽ˃ʷ˄ˇˎ ˋˎˋˍʺ˃ʰˍˇˌ ˇˊʾʸˇ˄ˍʰʽ ʰˉˈ ˍʽˌ ʶ˅ʺˌ ˉʰˊʰ˃ʷˍˊˇˎˌΥ 

- ʅˎ˔˄ˈˍʹˍʰ ʰ˄ʰ˄ʷ˖ˋʹˌ ˍˇˎ ʶˊʶʻʾˋ˃ʰˍˇˌ ˍʹˌ ʰ˒ʺˌ ό250 Hz Ą ̟ d = 1570 rad/s). 

- ɳ˂ʰ˔ʽˋˍˇˉˇʾʹˋʹ ̱ ˖˄ ˍʰ˂ʰ˄ˍ˗ˋʶ˖˄ ˍˇˎ ˋˎˋˍʺ˃ʰˍˇˌ ˋˍʹ ˃ʶˍʰʲʰˍʽˁʺ ˁʰˍʱˋˍʰˋʹ ό˃ʽˁˊʺ ˎˉʶˊʰˁˈ˄ˍʽˋʹ ς y   Ҕ 

0,7). 

3.3.1 ɯ˅ˇ˄ʰˌ ʋ 

ʁ ˉʰˊˇ˄ˇ˃ʰˋˍʺˌ ˍʹˌ ˋˎ˄ʱˊˍʹˋʹˌ ˃ʶˍʰ˒ˇˊʱˌ (66) ʰˉˇˍʶ˂ʶʾ ˍʹ˄ ˔ʰˊʰˁˍʹˊʽˋˍʽˁʺ ʶ˅ʾˋ˖ˋʹ ˍˇˎ ˋˎˋˍʺ˃ʰˍˇˌΦ ʅˍˇ 

ʅ̝ ʺ˃ʰ о-3 ˉʰˊˇˎˋʽʱʸˇ˄ˍʰʽ ˇʽ ˊʾʸʶˌ ˍʹˌ ˔ʰˊʰˁˍʹˊʽˋˍʽˁʺˌ ʶ˅ʾˋ˖ˋʹˌ ʺ ʰ˂˂ʽ˗ˌ ˉˈ˂ˇʽ ˍˇˎ ˋˎˋˍʺ˃ʰˍˇˌ ˁʰʻ˗ˌ ˁʰʽ 

ˇʽ ˊʾʸʶˌ ˍˇˎ ʰˊʽʻ˃ʹˍʺ ˍʹˌ ˋˎ˄ʱˊˍʹˋʹˌ ˃ʶˍʰ˒ˇˊʱˌ ʺ ʰ˂˂ʽ˗ˌ ˃ʹʵʶ˄ʽˋˍʷˌ ˍˇˎ ˋˎˋˍʺ˃ʰˍˇˌ. 

 

ʅ˔ʺ˃ʰ 3-8. ʃˈ˂ˇʽ ϧ ɾʹʵʶ˄ʽˋˍʷˌ ˍʹˌ ʅˎ˄ʱˊˍʹˋʹˌ ɾʶˍʰ˒ˇˊʱˌ ɮ˄ˇʽ˔ˍˇˏ ɰˊˈ˔ˇˎ (ɯ˅ˇ˄ʰˌ ʋύ. 
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ʅˍˇ ʅ˔ʺ˃ʰ о-р ʶˋˍʽʱʸˇˎ˃ʶ ˋˍʹ˄ ˉʶˊʽˇ˔ʺ ˍ˖˄ ˁˎˊʾʰˊ˔˖˄ ˉˈ˂˖˄Φ ɶ ˋ˔ʶˍʽˁʺ ˋˉˇˎʵʰʽˈˍʹˍʰ ˍ˖˄ ˉˈ˂˖˄ ˁ˂ʶʽˋˍˇˏ 

ʲˊˈ˔ˇˎ ˉˊˇˋʵʽˇˊʾʸʶˍʰʽ ʰˉˈ ˍˇ ˂ˈʴˇ ˍ˖˄ ˉˊʰʴ˃ʰˍʽˁ˗˄ ˃ʶˊ˗˄ ˍ˖˄ ˉˈ˂˖˄ ˁ˂ʶʽˋˍˇˏ ʲˊˈ˔ˇˎΦ ʂˍʰ˄ ˇ ˂ˈʴˇˌ ˍ˖˄ 

ˉˊʰʴ˃ʰˍʽˁ˗˄ ˃ʶˊ˗˄ ʵˏˇ ˉˈ˂˖˄ ˎˉʶˊʲʰʾ˄ʶʽ ˍˇ р ˍˈˍʶ ˇʽ ˉ˂ʹˋʽʷˋˍʶˊˇʽ ˉˈ˂ˇʽ ˁ˂ʶʽˋˍˇˏ ʲˊˈ˔ˇˎ ˋˍˇ˄ ˒ʰ˄ˍʰˋˍʽˁˈ 

ʱ˅ˇ˄ʰ ʻʰ ˁˎˊʽʰˊ˔ˇˏ˄ ʶˉʾ ˍʹˌ ˃ʶˍʰʲʰˍʽˁʺˌ ˋˎ˃ˉʶˊʽ˒ˇˊʱˌ ʵʽˈˍʽ ˇʽ ˉˈ˂ˇʽ ʰˎˍˇʾ ʰ˄ˍʽˋˍˇʽ˔ˇˏ˄ ˋʶ ˈˊˇˎˌ 

˃ʶˍʰʲʰˍʽˁʺˌ ʰˉˈˁˊʽˋʹˌ ˇʽ ˇˉˇʾˇʽ ˒ʻʾ˄ˇˎ˄ ʰˊʴʱΦ 

 
ʅ˔ʺ˃ʰ 3-9. ɳˋˍʾʰˋʹ ˋˍˇˎˌ ˁˎˊʾʰˊ˔ˇˎˌ ˉˈ˂ˇˎˌ ˍʹˌ ʅˎ˄ʱˊˍʹˋʹˌ ɾʶˍʰ˒ˇˊʱˌ ɮ˄ˇʽ˔ˍˇˏ ɰˊˈ˔ˇˎ (ɯ˅ˇ˄ʰˌ ʋύΦ 

ʁʽ ʰˉʰʽˍʺˋʶʽˌ ˍˇˎˌ ˋˎˋˍʺ˃ʰˍˇˌ ˉʰˊˇˎˋʽʱʸˇ˄ˍʰʽ ˋˍˇ ʅ̝ ʺ˃ʰ 3-5 ˈˉˇˎ ˇʽ ˁˎˊʾʰˊ˔ˇʽ ˉˈ˂ˇʽ ˍʹˌ ˋˎ˄ʱˊˍʹˋʹˌ 

˃ʶˍʰ˒ˇˊʱˌ ˁ˂ʶʽˋˍˇˏ ʲˊˈ˔ˇˎ ʶʾ˄ʰʽ ʶˉʽʻˎ˃ʹˍˈ ˄ʰ ˍˇˉˇʻʶˍʹʻˇˏ˄ ˋˍˇ ʶˋ˖ˍʶˊʽˁˈ ˍʹˌ ʴˊʰ˃˃ˇˋˁʽʰˋ˃ʷ˄ʹˌ 

ˉʶˊʽˇ˔ʺˌ. ɶ ˉʶˊʽˇ˔ʺ ʰˎˍʺ ʶˉʽ˂ʷʴʶˍʰʽ ˁʰʻ˗ˌ ˈˋˇ ʰˉˇ˃ʰˁˊˎ˄ˈ˃ʰˋˍʶ ʰˉˈ ˍˇ˄ ˇˊʽʸˈ˄ˍʽˇ ʱ˅ˇ˄ʰ όReal Axis) ̱ ˈˋˇ 

ʰˎ˅ʱ˄ˇ˄ˍʰʽ ˇʽ ˍʰ˂ʰ˄ˍ˗ˋʶʽˌ ˁʰˍʱ ˍʹ˄ ˃ʶˍʰʲʰˍʽˁʺ ˉʶˊʾˇʵˇ ʶ˄˗ ˈˋˇ ˉ˂ʹˋʽʱʸˇˎ˃ʶ ˋˍˇ˄ ˁʰˍʰˁˈˊˎ˒ˇ ʱ˅ˇ˄ʰ 

(Imaginary Axis) ˍˈˋˇ ʰˎ˅ʱ˄ʶˍʰʽ ˇ ˔ˊˈ˄ˇˌ ʰˉˇˁʰˍʱˋˍʰˋʹˌ (settling time ς ts). ʆˇ ˁʱˍ˖ ˈˊʽˇ ˍʹˌ ʶˉʽʻˎ˃ʹˍʺˌ 

ˉʶˊʽˇ˔ʺˌ ˇˊʾˋˍʹˁʶ ʰˉˈ ˍʹ˄ ʰˉʰʾˍʹˋʹ ˍˇˎ ˋˎˋˍʺ˃ʰˍˇˌ ˋ˔ʶˍʽˁʱ ˃ʶ ˍʹ˄ ˋˎ˔˄ˈˍʹˍʰ ʰ˄ʰ˄ʷ˖ˋʹˌ ˍˇˎ ʶˊʶʻʾˋ˃ʰˍˇˌ 

ˍʹˌ ʰ˒ʺˌΦ ɸʶ˖ˊʹˍʽˁʱ ʶʾ˄ʰʽ ʶˉʽʻˎ˃ʹˍˈ ˇʽ ˉˈ˂ˇʽ ˍˇˎ ˋˎˋˍʺ˃ʰˍˇˌ ˄ʰ ˍˇˉˇʻʶˍʹʻˇˏ˄ ˈˋˇ ˍˇ ʵˎ˄ʰˍˈ˄ ˉʽˇ ʰˊʽˋˍʶˊʱ 

˃ʶ ˋˁˇˉˈ ˍʹ˄ ʰˏ˅ʹˋʹ ˍʹˌ ˒ˎˋʽˁʺˌ ˋˎ˔˄ˈˍʹˍʰˌ ˍˇˎˌ ˋˎˋˍʺ˃ʰˍˇˌ ˁʰʽ ˍʹ˄ ˃ʶʾ˖ˋʹ ˍˇˎ ˔ˊˈ˄ˇˎ ʰˉˇˁʰˍʱˋˍʰˋʹˌΦ 

ʆˇ ʴʶʴˇ˄ˈˌ ʰˎˍˈ ˉʶˊʽˇˊʾʸʶˍʰʽ ʰˉˈ ˍʽˌ ˒ˎˋʽˁʷˌ ʽʵʽˈˍʹˍʶˌ ˍˇˎ ˋˎˋˍʺ˃ʰˍˇˌ ˁʰʽ ˋˍʹ˄ ˋˎʴˁʶˁˊʽ˃ʷ˄ʹ ˉʶˊʾˉˍ˖ˋʹ 

ʰˉˈ ˍʰ ˈˊʽʰ ˍʹˌ ʽˋ˔ˏˇˌ ˉˇˎ ˃ˉˇˊˇˏ˄ ˇʽ ˁʽ˄ʹˍʺˊʶˌ ˄ʰ ˉʰˊʷ˔ˇˎ˄Φ 

 

ʅ˔ʺ˃ʰ 3-10. ɳˉʽʻˎ˃ʹˍʺ ˉʶˊʽˇ˔ʺ ˁˎˊʾʰˊ˔˖˄ ˉˈ˂˖˄. 
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ʂˉ˖ˌ ˒ʰʾ˄ʶˍʰʽ ˁʰʽ ˋˍˇ ʅ˔ʺ˃ʰ о-5, ˇʽ ˉˈ˂ˇʽ ʵʶ˄ ʲˊʾˋˁˇ˄ˍʰʽ ˋˍʹ˄ ʶˉʽʻˎ˃ʹˍʺ ˉʶˊʽˇ˔ʺ ˁʰʽ ˁʰˍʱ ˋˎ˄ʷˉʶʽʰ ʹ 

ʶ˒ʰˊ˃ˇʴʺ ˇˊʽˋ˃ʷ˄ˇˎ ˄ˈ˃ˇˎ ʶ˂ʷʴ˔ˇˎ ʻʰ ˇʵʹʴʺˋʶʽ ˋˍʹ˄ ˁʰˍʱ˂˂ʹ˂ʹ ˍˇˉˇʻʷˍʹˋʺ ˍˇˎˌΦ ɮˊ˔ʽˁʱ ʶˉʽ˂ʷʴʶˍʰʽ ʷ˄ʰˌ 

ʰˉ˂ˈˌ ʰ˄ʰ˂ˇʴʽˁˈˌ ʷ˂ʶʴ˔ˇˌΦ ʆˇ ʵˇ˃ʽˁˈ ʵʽʱʴˊʰ˃˃ʱ ˉʰˊˇˎˋʽʱʸʶˍʰʽ ˋˍˇ ʅ˔ʺ˃ʰ о-6 ˁʰʽ ʹ ˋˎ˄ʱˊˍʹˋʹ ˃ʶˍʰ˒ˇˊʱˌ 

ˁ˂ʶʽˋˍˇˏ ʲˊˈ˔ˇˎ ˋˍʹ˄ (68). 

 
ʅ˔ʺ˃ʰ 3-11Φ ɲˇ˃ʽˁˈ ʵʽʱʴˊʰ˃˃ʰ P ʁ ˂ʶʴˁˍʺ 

 
1

sen P x axis

mot P x axis

F K G

F K G

-

-

Ö
=
+ Ö

  (68) 

ʅ̱ ˇ ʅ˔ʺ˃ʰ о-6 ˒ʰʾ˄ʶˍʰʽ ˉ˖ˌ ˍˇ ˋ˒ʱ˂˃ʰ ˉˇˎ ˉˊˇˁˏˉˍʶʽ ˃ʶˍʰ˅ˏ ˍʹˌ ʵˏ˄ʰ˃ʹˌ ˉˇˎ ʰʽˋʻʱ˄ʶˍʰʽ ˍˇ ˔ʷˊʽ ˁʰʽ ˍʹˌ 

ʵˏ˄ʰ˃ʹˌ ˉˇˎ ʰˋˁˇˏ˄ ˇʽ ˁʽ˄ʹˍʺˊʶˌ ˉˇ˂˂ʰˉ˂ʰˋʽʱʸʶˍʰʽ ˁʱʻʶ ˒ˇˊʱ ˃ʶ ˍˇ KPΦ ɼʰˍʱ ˋˎ˄ʷˉʶʽʰ ʰˁˈ˃ʰ ˁʰʽ ʴʽʰ ˃ʽˁˊʱ 

ˋ˒ʱ˂˃ʰˍʰ ʶʱ˄ ˍˇ KP ʷ˔ʶʽ ˉˇ˂ˏ ˃ʶʴʱ˂ʹ ˍʽ˃ʺ ʹ ʶʾˋˇʵˇˌ όˊˇˉʺ ˉˇˎ ʰˋˁʶʾ ˇ ˁʽ˄ʹˍʺˊʰˌύ ˉˇˎ ʻʰ ˉˊˇˁˏ˕ʶʽ ˋˍˇ 

ˋˏˋˍʹ˃ʰ ʻʰ ʶʾ˄ʰʽ ʰˊˁʶˍʱ ˎ˕ʹ˂ʺΦ 

ɶ ʰ˄˗ˍʰˍʹ ˍʽ˃ʺ ˍʹˌ ˊˇˉʺˌ ˉˇˎ ˃ˉˇˊʶʾ ˄ʰ ʰˋˁʹʻʶʾ ʰˉˈ ˍˇˎˌ ˁʽ˄ʹˍʺˊʶˌ ˉˇˎ ˔ˊʹˋʽ˃ˇˉˇʽˇˏ˄ˍʰʽ ʶʾ˄ʰʽ млс 

mNm. ʅˍˇ ˉ˂ʰʾˋʽˇ ˍʹˌ ˋˎʴˁʶˁˊʽ˃ʷ˄ʹˌ ʷˊʶˎ˄ʰˌ ˇʽ ˃ʷʴʽˋˍʶˌ ʶˉʽʻˎ˃ʹˍʷˌ ʵˎ˄ʱ˃ʶʽˌ ˉˇˎ ˉʰˊˇˎˋʽʱʸˇ˄ˍʰʽ ʶʾ˄ʰʽ 

ˁˇ˄ˍʱ ˋˍˇ мɿΦ ʅˏ˃˒˖˄ʰ ˃ʶ ˍʹ˄ ˁʽ˄ʹ˃ʰˍʽˁʺ ˍˇˎ ˃ʹ˔ʰ˄ʽˋ˃ˇˏ ʹ ʵˏ˄ʰ˃ʹ ʰˎˍʺ ˃ʶˍʰ˒ˊʱʸʶˍʰʽ ˋʶ ˊˇˉʺ ˁʽ˄ʹˍʺˊʰ 

ʾˋʹ ˃ʶ нлmNmΦ ɮˎˍˈ ˃ʰˌ ʵʶʾ˔˄ʶʽ ˉ˖ˌ ˇʽ ˁʽ˄ʹˍʺˊʶˌ ˉˇˎ ˔ˊʹˋʽ˃ˇˉˇʽˇˏ˄ˍʰʽ ʶʾ˄ʰʽ ʶˉʰˊˁʶʾˌ ʰ˂˂ʱ ˉˊˇˋʻʷˍʶʽ ʷ˄ʰ˄ 

ʰˁˈ˃ʰ ˉʶˊʽˇˊʽˋ˃ˈ ˋ˔ʶˍʽˁʱ ˃ʶ ˍˇ˄ ʶ˂ʶʴˁˍʺΦ ʁ ˉʶˊʽˇˊʽˋ˃ˈˌ ʰˎˍˈˌ ʰˉˇˍʶ˂ʶʾ ˍˇ ʱ˄˖ ˈˊʽˇ ˍʹˌ ʴˊʰ˃˃ˇˋˁʽʰˋ˃ʷ˄ʹˌ 

ˉʶˊʽˇ˔ʺˌ ˉˇˎ ˉʰˊˇˎˋʽʱʸʶˍʰʽ ˋˍʰ ʅ˔ʺ˃ʰˍʰ о-5 & 3-7. ɳʱ˄ ʴʽʰ ˉʰˊʱʵʶʽʴ˃ʰ ˍˇ ˋ˒ʱ˂˃ʰ ˉˇˎ ˉˊˇˁˏ˕ʶʽ ʶʾ˄ʰʽ р҈ 

(1 mNm) ̱ ˈˍʶ ʹ ˍʽ˃ʺ KP ̄ ˊʷˉʶʽ ˄ʰ ʶʾ˄ʰʽ ˍʷˍˇʽʰ ˗ˋˍʶ ˄ʰ ˃ʹ˄ ˎˉʶˊʲʰʾ˄ʶʽ ʹ ˃ʷʴʽˋˍʹ ʰˉʰʽˍˇˏ˃ʶ˄ʹ ˊˇˉʺ ˉˇˎ ʶʾ˄ʰʽ 

ʽˁʰ˄ˈˌ ˄ʰ ˉʰˊʷ˔ʶʽ ˇ ˁʽ˄ʹˍʺˊʰˌΦ  

ʅˍ̌ ʅ˔ʺ˃ʰ о-7 ˃ ʶ ˍʹ˄ ʲˇʺʻʶʽʰ ˍʹˌ ʶ˄ˍˇ˂ʺˌ rlocus ̄ ˇˎ ˉʰˊʷ˔ʶˍʰʽ ʰˉˈ ˍˇ MATLAB ̀ ˔ʶʵʽʱʸʶˍʰʽ ˇ ˍˈˉˇˌ ˊʽʸ˗˄ 

ˋʶ ˋˎ˄ʱˊˍʹˋʹ ˃ʶ ˍˇ KP ̱ ˇˎ ʶ˂ʶʴˁˍʺ. 

 
ʅ˔ʺ˃ʰ 3-12. ʆˈˉˇˌ ˍ˖˄ ˊʽʸ˗˄ ʴʽʰ ʰ˄ʰ˂ˇʴʽˁˈ ʷ˂ʶʴ˔ˇ P 

G(s)-
+ KP

Fmot Fsen
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ʅˍˇ ˋˎʴˁʶˁˊʽ˃ʷ˄ˇ ˋ˔ʺ˃ʰ ˍˇ ˉˊ˗ˍˇ ˉˇˎ ˉʰˊʰˍʹˊʶʾˍʰʽ ʶʾ˄ʰʽ ˉ˖ˌ ʹ ˃ʶʴʱ˂ʹ ʰˏ˅ʹˋʹ ˍˇˎ ˁʷˊʵˇˎˌ KP ˃ˉˇˊʶʾ ˄ʰ 

ˇʵʹʴʺˋʶʽ ˋʶ ˇ˂ˇˁ˂ʹˊ˖ˍʽˁʺ ʰˋˍʱʻʶʽʰ ˍˇˎ ˋˎˋˍʺ˃ʰˍˇˌ ˁʰʻ˗ˌ ˇʽ ˉˈ˂ˇʽ ʻʰ ʲˊʶʻˇˏ˄ ʵʶ˅ʽʱ ʰˉˈ ˍˇ˄ ˒ʰ˄ˍʰˋˍʽˁˈ 

ʱ˅ˇ˄ʰ ˁ ʰʽ ˇʽ ˍʰ˂ʰ˄ˍ˗ˋʶʽˌ ʻʰ ʶʾ˄ʰʽ ˃ʹ ʰˉˇˋʲˇˏ˃ʶ˄ʶˌ. ʁ ˉˊ˗ˍˇˌ ˉʶˊʽˇˊʽˋ˃ˇˏˌ ˉˇˎ ˉˊˇˁˏˉˍʶʽ ˂ˇʽˉˈ˄ ʶʾ˄ʰʽ ˉ˖ˌ 

ʹ ˋˍʰʻʶˊʱ KP < 24800. ʅˍˇ ʅ˔ʺ˃ʰ о-у ˉʰˊˇˎˋʽʱʸʶˍʰʽ ˅ʰ˄ʱ ʹ ʶˋˍʾʰˋʹ ˋˍʹ˄ ˉʶˊʽˇ˔ʺ ˍ˖˄ ˁˎˊʾʰˊ˔˖˄ ˉˈ˂˖˄Φ 

 

ʅ˔ʺ˃ʰ 3-13. ʆˈˉˇˌ ˍ˖˄ ˊʽʸ˗˄ ʴʽʰ ʰ˄ʰ˂ˇʴʽˁˈ ʷ˂ʶʴ˔ˇ P ς ɳˋˍʾʰˋʹ ˋˍʹ˄ ˉʶˊʽˇ˔ʺ ˍ˖˄ ˁˎˊʾʰˊ˔˖˄ ˉˈ˂˖˄ 

ʅˍˇ ʅ˔ʺ˃ʰ о-у ˒ʰʾ˄ʶˍʰʽ ˉ˖ˌ ʰˊˁʶʾ ʷ˄ʰˌ ʰ˄ʰ˂ˇʴʽˁˈˌ ʷ˂ʶʴ˔ˇˌ ʴʽʰ ˄ʰ ˍˇˉˇʻʶˍʹʻˇˏ˄ ˇʽ ˉˈ˂ˇʽ ˋˍʹ˄ ʶˉʽʻˎ˃ʹˍʺ 

ˉʶˊʽˇ˔ʺΦ ɶ ˔ʰ˃ʹ˂ˈˍʶˊʹ ˍʽ˃ʺ ˉˇˎ ʶʾ˄ʰʽ ʵˎ˄ʰˍˈ ˄ʰ ˉʱˊʶʽ ˍˇ ɼP ˗ˋˍʶ ˄ʰ ˍˇˉˇʻʶˍʹʻˇˏ˄ ˇʽ ˁˎˊʾʰˊ˔ˇʽ ˉˈ˂ˇʽ ˋˍʹ˄ 

ʶˉʽʻˎ˃ʹˍʺ ˉʶˊʽˇ˔ʺ ʶʾ˄ʰʽ трлΦ ɶ ˔ˊʺˋʹ ʶ˄ˈˌ ˉʽˇ ˉˇ˂ˏˉ˂ˇˁˇˎ ʶ˂ʷʴ˔ˇˎ όʶʾˍʶ ʵʽʰ˒ˇˊʽˁˇˏ ʶʾˍʶ ˇ˂ˇˁ˂ʹˊ˖ˍʽˁˇˏύ 

˒ʰʾ˄ʶˍʰʽ ˉ˖ˌ ʵʶ˄ ʶʾ˄ʰʽ ʰˉʰˊʰʾˍʹˍʹ ˁʰʻ˗ˌ ʹ ˉˊˇˋʻʺˁʹ ˍˇˎˌ ʵʹ˃ʽˇˎˊʴʶʾ ˋˎʴˁʶˁˊʽ˃ʷ˄ʰ ˉˊˇʲ˂ʺ˃ʰˍʰ ˔˖ˊʾˌ ˄ʰ 

ʲʶ˂ˍʽ˗˄ʶʽ ˋʹ˃ʰ˄ˍʽˁʱ ˍʹ˄ ʰˉˈˁˊʽˋʹ ˍˇˎ ˋˎˋˍʺ˃ʰˍˇˌΦ ɶ ˉˊˇˋʻʺˁʹ ˁʱˉˇʽˇˎ ˇ˂ˇˁ˂ʹˊ˖ˍʺ ʶʾ˄ʰʽ ˉʽʻʰ˄ˈ˄ ˄ʰ 

ˇʵʹʴˇˏˋʶ ˋʶ ʰˋˍʱʻʶʽʰ ʶ˄˗ ʹ ˉˊˇˋʻʺˁʹ ˁʱˉˇʽˇˎ ʵʽʰ˒ˇˊʽˋˍʺ ˉʰˊˇˎˋʽʱʸʶʽ ˉˊˇʴˊʰ˃˃ʰˍʽˋˍʽˁʺ ˉˇ˂ˎˉ˂ˇˁˈˍʹˍʰΦ 

ʅˍʹ ˋˎ˄ʷ˔ʶʽʰ ˋ˔ʶʵʽʱˋˍʹˁʶ ʷ˄ʰ ˋʶ˄ʱˊʽˇ ˔ˊʺˋʹˌ ˍˇˎ ˃ʹ˔ʰ˄ʽˋ˃ˇˏ ˃ʶ ˋˁˇˉˈ ˍʹ˄ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˍˇˎ ˁʰʽ ˍʹ˄ 

ˉʰˊʰˁˇ˂ˇˏʻʹˋʹ ˍ˖˄ ʰ˄ʰʴˁ˗˄ ˋʶ ʽˋ˔ˏΦ ʆˇ ʶ˄ʵˇˋˁˈˉʽˇ ˁʽ˄ʶʾˍʰʽ ʰˉˇˁ˂ʶʽˋˍʽˁʱ ˁʰˍʱ ˍˇ˄ ˇˊʽʸˈ˄ˍʽˇ ʱ˅ˇ˄ʰ ʋ ˁʰʽ 

ʵʽʰ˄ˏʶʽ мл cm ˋʶ о ʵʶˎˍʶˊˈ˂ʶˉˍʰ ˁʰʽ ˋˍʹ ˋˎ˄ʷ˔ʶʽʰ ˉʰˊʰ˃ʷ˄ʶʽ ʶˁʶʾΦ ʅˍʰ ˉˊ˗ˍʰ ʵˏˇ ʶˁʰˍˇˋˍʱ ˍˇ ʶ˄ʵˇˋˁˈˉʽˇ 

ˁʽ˄ʶʾˍʰʽ ʶ˂ʶˏʻʶˊˇΣ ˈ˃˖ˌ ˋˍʹ ˋˎ˄ʷ˔ʶʽʰ ʷˊ˔ʶˍʰʽ ˋʶ ʶˉʰ˒ʺ ˃ʶ ʷ˄ʰ ʶʽˁˇ˄ʽˁˈ ʶ˂ʰˍʺˊʽˇ ˃ʶ ˋˍʰʻʶˊʱ ʶ˂ʰˍʹˊʾˇˎ kVE = 

10 N/m. 

 

ʅ˔ʺ˃ʰ 3-14. ɸʷˋʹ ˔ʶˊʽˇˏ ˋˍʰ ʰˊʽˋˍʶˊʱ ˁʰʽ ʵˏ˄ʰ˃ʹ ʶʽˁˇ˄ʽˁˇˏ ʶ˂ʰˍʹˊʾˇˎ ˋˍʰ ʵʶ˅ʽʱ 
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ʅˍˇ ʅ˔ʺ˃ʰ о-ф ˉʰˊʰˍʹˊˇˏ˃ʶ ˍʹ˄ ˁʾ˄ʹˋʹ ˍˇˎ ˔ʶˊʽˇˏ ˁʰˍʱ ˍʹ˄ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˁʰʻ˗ˌ ˁʰʽ ˍ́  ʵˏ˄ʰ˃ʹ ˉˇˎ ˉʰˊʱʴʶʽ 

ˍˇ ʶʽˁˇ˄ʽˁˈ ʶ˂ʰˍʺˊʽˇΦ ʅˍˇ ʅ˔ʺ˃ʰ о-мл ˉʰˊˇˎˋʽʱʸʶˍʰʽ ʹ ˍʰ˔ˏˍʹˍʰ ˁʰʽ ʹ ʶˉʽˍʱ˔ˎ˄ˋʹ ˍˇˎ ˔ʶˊʽˇˏ ˁʰˍʱ ˍʹ˄ ʶˁˍʷ˂ʶˋʹ 

ˍˇˎ ˋˎʴˁʶˁˊʽ˃ʷ˄ˇˎ ˋʶ˄ʰˊʾˇˎΦ 

 

ʅ˔ʺ˃ʰ 3-15Φ ʆʰ˔ˏˍʹˍʰ όʰˊʽˋˍʶˊʱύ ϧ ʶˉʽˍʱ˔ˎ˄ˋʹ όʵʶ˅ʽʱύ ˔ʶˊʽˇˏ ˁʰˍʱ ˍʹ˄ ʶˁˍʷ˂ʶˋʹ ˍˇˎ ˋʶ˄ʰˊʾˇˎ 

ʆˇ ˔ʷˊʽ ˁʽ˄ʶʾˍʰʽ ʴʽʰ мл cm ˋˍˇ˄ ʱ˅ˇ˄ʰ ʋ ˈ˃˖ˌ ʵʶ˄ ˁʰˍʰʴˊʱ˒ʶˍʰʽ ʹ ˁʾ˄ʹˋʹ ˋˍˇ ˍʶ˂ʽˁˈ ˋʹ˃ʶʾˇ ʵˊʱˋʹˌ ʰ˂˂ʱ ˋˍˇ 

ˋʹ˃ʶʾˇ ˉˇˎ ʶʾ˄ʰʽ ˍˇˉˇʻʶˍʹ˃ʷ˄ˇʽ ˇʽ encoders ˁʰʽ ʶ˅ʰʽˍʾʰˌ ˍʹˌ ʵˎ˄ʰ˃ʽˁʺˌ ˍˇˎ ˃ʹ˔ʰ˄ʽˋ˃ˇˏ ʹ ˃ʶˍʰˍˈˉʽˋʹ ˍˇˎ 

ˋʹ˃ʶʾˇˎ ˉˇˎ ˁʰˍʰʴˊʱ˒ˇˎ˄ ˇʽ encoders ʁ ʾ˄ʰʽ ˃ʽˁˊˈˍʶˊʹ. ɴˍˋʽ ˂ˇʽˉˈ˄Σ ʹ ʵˏ˄ʰ˃ʹ ˉˇˎ ˉʰˊʱʴʶˍʰʽ h ˉˈ ˍˇ ʶʽˁˇ˄ʽˁˈ 

ʶ˂ʰˍʺˊʽˇ ʶʾ˄ʰʽ ˃ʽˁˊˈˍʶˊʹ ʰˉˈ 0,8N. ɮˊ˔ʽˁʱ ˋˍˇ ˋʶ˄ʱˊʽˇ ʵʶ˄ ˎˉʱˊ˔ʶʽ ʹ ˉʰˊˇˎˋʾʰ ʶ˂ʶʴˁˍʺΦ ʅˍˇ ʅ̝ ʺ˃ʰ 3-11 

˒ʰʾ˄ʶˍʰʽ ʹ ˊˇˉʺ ˉˇˎ ʰ˄ˍʽˋˍˇʽ˔ʶʾ ˋˍʹ˄ ʵˏ˄ʰ˃ʹ ˉˇˎ ˉʰˊˇˎˋʽʱʸʶˍʰʽ ˋˍˇ ʅ˔ʺ˃ʰ о-ф ˁʰʻ˗ˌ ˁʰʽ ˍˇ ˊʶˏ˃ʰ ˉˇˎ 

ʰˉʰʽˍʶʾˍʰʽ ˗ˋˍʶ ˇ ˁʽ˄ʹˍʺˊʰˌ ˄ʰ ˉʰˊʱʴʶʽ ˍʹ˄ ʰˉʰʽˍˇˏ˃ʶ˄ʹ ˊˇˉʺΦ 

 

ʅ˔ʺ˃ʰ 3-16Φ ʄˇˉʺ ˉˇˎ ˉˊʷˉʶʽ ˄ʰ ˉʰˊʱʴˇˎ˄ ˇʽ ˁʽ˄ʹˍʺˊʶˌ ˋˍʰ ʰˊʽˋˍʶˊʱ ˁʰʽ ˍˇ ʰˉʰʽˍˇˏ˃ʶ˄ˇ ˊʶˏ˃ʰ ˋˍʰ ʵʶ˅ʽʱ ̀ ˍʹ˄ 
ˉˊˇˋˇ˃ˇʾ˖ˋʹ ʰ˄ˇʽ˔ˍˇˏ ʲˊˈ˔ˇˎ 

ʆʷ˂ˇˌ ˋˍˇ˄ ʰ˄ˇʽ˔ˍˈ ʲˊˈ˔ˇ ˉʰˊʰˍʹˊˇˏ˃ʶ ˁʰʽ ˍʹ˄ ʵˏ˄ʰ˃ʹ ˉˇˎ ˍʶ˂ʽˁʱ ʻʰ ʰʽˋʻʰ˄ʻʶʾ ˍˇ ˔ʷˊʽ ˉˇˎ ˂ˈʴ˖ ˍʹˌ 

ʵˎ˄ʰ˃ʽˁʺˌ ˍˇˎ ˃ʹ˔ʰ˄ʽˋ˃ˇˏ ʶʾ˄ʰʽ ʰˊˁʶˍʱ ʵʽʰ˒ˇˊʶˍʽˁʺ ʰˉˈ ʶˁʶʾ˄ʹ ˉˇˎ ˉʰˊʱʴʶʽ ˍˇ ʶʽˁˇ˄ʽˁˈ ʶ˂ʰˍʺˊʽˇ ˈˉ˖ˌ 

˒ʰʾ˄ʶˍʰʽ ˋˍˇ ʅ˔ʺ˃ʰ о-11. 

 
ʅ˔ʺ˃ʰ 3-17. ɲˏ˄ʰ˃ʹ ˉˇˎ ʰʽˋʻʱ˄ʶˍʰʽ ˇ ˔ˊʺˋˍʹˌ ˁʰˍʱ ˍʹ˄ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ʰ˄ˇʽ˔ˍˇˏ ʲˊˈ˔ˇˎ 
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ʅˍˇ ʅ˔ʺ˃ʰ о-11 ˒ ʰʾ˄ʶˍʰʽ ʹ ʰ˄ʱʴˁʹ ʴʽʰ ʶʽˋʰʴ˖ʴʺ ʶ˄ˈˌ ˁʰˍʱ˂˂ʹ˂ˇˎ ʶ˂ʶʴˁˍʺ ˋˍˇ ˋˏˋˍʹ˃ʰ ˗ˋˍʶ ʹ ʵˏ˄ʰ˃ʹ ˉˇˎ 

ˍʶ˂ʽˁʱ ʰʽˋʻʱ˄ʶˍʰʽ ˇ ˔ˊʺˋˍʹˌ ˄ʰ ʶʾ˄ʰʽ ʰˎˍʺ ˉˇˎ ˉʰˊʱʴʶʽ ˍˇ ʶʽˁˇ˄ʽˁˈ ˉʶˊʽʲʱ˂˂ˇ˄ ς ˍˇ ʶʽˁˇ˄ʽˁˈ ʶ˂ʰˍʺˊʽˇ ˋˍʹ˄ 

ˋˎʴˁʶˁˊʽ˃ʷ˄ʹ ˉʶˊʾˉˍ˖ˋʹΦ ʃʽˇ ˅ʶˁʱʻʰˊʰ ʹ ʰˉˈˁ˂ʽˋʹ ˍʹˌ ʵˏ˄ʰ˃ʹˌ ˉˇˎ ʰʽˋʻʱ˄ʶˍʰʽ ˇ ˔ˊʺˋˍʹˌ ʰˉˈ ʶˁʶʾ˄ʹ ˍˇˎ 

ʶʽˁˇ˄ʽˁˇˏ ʶ˂ʰˍʹˊʾˇˎ ˒ʰʾ˄ʶˍʰʽ ʰ˄ ʶˋˍʽʱˋˇˎ˃ʶ ˋˍʽˌ ˁˊʾˋʽ˃ʶˌ ˋˍʽʴ˃ʷˌΦ ɼˊʾˋʽ˃ʶˌ ˋˍʽʴ˃ʷˌ ʶʾ˄ʰʽ ʹ ʶˁˁʾ˄ʹˋʹ ˍˇˎ 

ˍʶ˂ʽˁˇˏ ˋʹ˃ʶʾˇˎ ʵˊʱˋʹˌΣ ʹ ʶˉʰ˒ʺ ˃ʶ ˍˇ ʶʽˁˇ˄ʽˁˈ ʶ˂ʰˍʺˊʽˇ ˁʰʽ ˍʷ˂ˇˌ ˈˍʰ˄ ˍˇ ˔ʷˊʽ ˋˍʰ˃ʰˍʱʶʽ ˋˍʰ млcm. ʅˍˇ 

ʅ˔ʺ˃ʰ о-мн ˉʰˊˇˎˋʽʱʸʶˍʰʽ ʹ ʶˋˍʾʰˋʹ ˋˍʹ˄ ˍʶ˂ʶˎˍʰʾʰ ˁˊʾˋʽ˃ʹ ˁʰˍʱˋˍʰˋʹ όˋˍˇ оˇ ʵʶˎˍʶˊˈ˂ʶˉˍˇύ ˈˉˇˎ 

ˉʰˊʰˍʹˊʶʾˍʰʽ ˉ˖ˌ ˍˇ ˋˏˋˍʹ˃ʰ ˒ˍʱ˄ʶʽ ˋˍʹ˄ ˃ˈ˄ʽ˃ʹ ˁʰˍʱˋˍʰˋʹ ˋʶ ˔ˊˈ˄ˇ ˃ʶʴʰ˂ˏˍʶˊˇ ʰˉˈ ˍʰ пms ʴʶʴˇ˄ˈˌ ˉˇˎ 

ˋʹ˃ʰʾ˄ʶʽ ˈˍʽ ʹ ʵʽʰ˒ˇˊʱ ʰˎˍʺ ʴʾ˄ʶˍʰʽ ʰ˄ˍʽ˂ʹˉˍʺ ʰˉˈ ˍˇ ʰ˄ʻˊ˗ˉʽ˄ˇ ˔ʷˊʽ. 

 

ʅ˔ʺ˃ʰ 3-18. ɲˏ˄ʰ˃ʹ ˉˇˎ ʰʽˋʻʱ˄ʶˍʰʽ ˇ ˔ˊʺˋˍʹˌ ˋˍʹ˄ ˁˊʾˋʽ˃ʹ ˋˍʽʴ˃ʺ ˋˍˇ оˇ ɻ ʶˎˍʶˊˈ˂ʶˉˍˇΦ 

ʋˊʹˋʽ˃ˇˉˇʽʺʻʹˁʶ ˇ ʶ˂ʶʴˁˍʺˌ ˉˇˎ ˉʰˊˇˎˋʽʱˋˍʹˁʶ ˋˍʹ˄ ʰ˄ʱ˂ˎˋʹ ˉʰˊʰˉʱ˄˖ ˁʰʽ ˉˊˇˋˇ˃ˇʽ˗ʻʹˁʶ ˍˇ ʾʵʽˇ 

ˋʶ˄ʱˊʽˇΦ ɶ ʻʷˋʹ ˍˇˎ ˔ʶˊʽˇˏ ˁʰʽ ʹ ʵˏ˄ʰ˃ʹ ˉˇˎ ʰˋˁʶʾˍʰʽ ʰˉˈ ˍˇ ʶʽˁˇ˄ʽˁˈ ʶ˂ʰˍʺˊʽˇ ʶʾ˄ʰʽ ʰˁˊʽʲ˗ˌ ʾʵʽʶˌ ˃ʶ ˍˇ 

ʅ˔ʺ˃ʰ о-9. ɶ ʶˉʽˍʱ˔ˎ˄ˋʹ ˁʰʽ ʹ ˍʰ˔ˏˍʹˍʰ ˍˇˎ ˔ʶˊʽˇˏ ʶʾ˄ʰʽ ˅ʰ˄ʱ ˈˉ˖ˌ ˋˍˇ ʅ˔ʺ˃ʰ о-10. ʅˍˇ ʅ̝ ʺ˃ʰ о-14 

ˉʰˊˇˎˋʽʱʸʶˍʰʽ ʹ ʵˏ˄ʰ˃ʹ ˉˇˎ ˍʶ˂ʽˁʱ ʰʽˋʻʱ˄ʶˍʰʽ ˇ ˔ˊʺˋˍʹˌΦ 

 

ʅ˔ʺ˃ʰ 3-19Φ ɲˏ˄ʰ˃ʹ ˉˇˎ ʰʽˋʻʱ˄ʶˍʰʽ ˇ ˔ˊʺˋˍʹˌ ˋʶ ˈ˂ʹ ˍʹ˄ ʵʽʱˊˁʶʽʰ ˋˍʰ ʰˊʽˋˍʶˊʱ ˁʰʽ ˋˍʹ˄ ˁˊʾˋʽ˃ʹ ˋˍʽʴ˃ʺ ˋˍʰ ʵʶ˅ʽʱ 

ʃʰ́ʰˍʹˊʶʾˍʰʽ ˈˍʽ ˍˇ ˋˏˋˍʹ˃ʰ ˔ˊʶʽʱʸʶˍʰʽ ˉʶˊʾˉˇˎ п ms ɹ ʽʰ ˄ʰ ˒ˍʱˋʶʽ ˋˍʹ˄ ˃ˈ˄ʽ˃ʹ ˁʰˍʱˋˍʰˋʹ ˈˉ˖ˌ ʰˊ˔ʽˁʱ ʶʾ˔ʶ 

ʰˉʰʽˍʹʻʶʾΦ ʃʰˊʱ˂˂ʹ˂ʰ ʹ ˎˉʶˊʰˁˈ˄ˍʽˋʹ ˉˇˎ ˉʰˊˇˎˋʽʱʸʶˍʰʽ ʶʾ˄ʰʽ ʰʽˋʻʹˍʱ ˃ʽˁˊʺ ʴʶʴˇ˄ˈˌ ˉˇˎ ˇ˒ʶʾ˂ʶˍʰʽ ˋˍʹ˄ 

ˉˇ˂ˏ ˃ʶʴʱ˂ʹ ˍʽ˃ʺ ˍˇ ɼPΦ ɱʽʰ ˄ʰ ʶˊʶˎ˄ʹʻʶʾ ʰ˄ ʹ ˍʽ˃ʺ ˍˇˎ KP ʁ ʾ˄ʰʽ ʶ˒ʽˁˍˈ ˄ʰ ˔ˊʹˋʽ˃ˇˉˇʽʹʻʶʾ ˋˍʹ˄ ˉˊʰʴ˃ʰˍʽˁˈˍʹˍʰ 

ˉʰˊˇˎˋʽʱʸʶˍʰʽ ˋˍˇ ʅ˔ʺ˃ʰ о-15 ʹ ˊˇˉʺ ˉˇˎ ˉˊʷˉʶʽ ˇʽ ˁʽ˄ʹˍʺˊʶˌ ˄ʰ ʰˋˁʺˋˇˎ˄ ˋˏ˃˒˖˄ʰ ˃ʶ ˍʹ˄ ˁʽ˄ʹ˃ʰˍʽˁʺ ˍˇˎ 

˃ʹ˔ʰ˄ʽˋ˃ˇˏ ˁʰʻ˗ˌ ˁʰʽ ˍˇ ˊʶˏ˃ʰ ˉˇˎ ʰˉʰʽˍʶʾˍʰʽ ˗ˋˍʶ ˇʽ ˁʽ˄ʹˍʺˊʶˌ ˄ʰ ˉʰˊʱʴˇˎ˄ ˍʹ˄ ˋˎʴˁʶˁˊʽ˃ʷ˄ʹ ˊˇˉʺΦ 
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ʅ˔ʺ˃ʰ 3-20. ʄˇˉʺ ˉˇˎ ˉˊʷˉʶʽ ˄ʰ ˉʰˊʱʴˇˎ˄ ˇʽ ˁʽ˄ʹˍʺˊʶˌ ˋˍʰ ʰˊʽˋˍʶˊʱ ˁʰʽ ˍˇ ʰˉʰʽˍˇˏ˃ʶ˄ˇ ˊʶˏ˃ʰ ˋˍʰ ʵʶ˅ʽʱ ̀ ˍʹ˄ 
ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˁ˂ʶʽˋˍˇˏ ʲˊˈ˔ˇˎ 

ɱʾ˄ʶˍʰʽ ʰ˄ˍʽ˂ʹˉˍˈ ˉ˖ˌ ʶ˅ʰʽˍʾʰˌ ˍʹˌ ˎ˕ʹ˂ʺˌ ˍʽ˃ʺˌ ˍˇˎ KP ʰˎ˅ʺʻʹˁʰ˄ ʰˊˁʶˍʱ ˇʽ ʰˉʰʽˍʺˋʶʽˌ ˋʶ ˊˇˉʺ ʰˉˈ ˍˇˎˌ 

ˁʽ˄ʹˍʺˊʶˌ ˁʰʽ ˁʰˍʱ ˋˎ˄ʷˉʶʽʰ ˍˇ ʰˉʰʽˍˇˏ˃ʶ˄ˇ ˊʶˏ˃ʰΦ ʁ̔  ˃ʷʴʽˋˍʶˌ ˍʽ˃ʷˌ ˉˇˎ ˉʰˊʰˍʹˊˇˏ˄ˍʰʽ ʲˊʾˋˁˇ˄ˍʰʽ ʶ˄ˍˈˌ 

ˍ˖˄ ʶˉʽˍˊʶˉˍ˗˄ ˇˊʾ˖˄ ˁʰʻ˗ˌ ʹ ˃ʷʴʽˋˍʹ ˊˇˉʺ ˉˇˎ ˃ˉˇˊʶʾ ˄ʰ ʰˋˁʺˋʶʽ ˇ ˁʽ˄ʹˍʺˊʰˌ ʶʾ˄ʰʽ лΣфну ɮΦ ʃʰˊˈ˂ʰ ʰˎˍʱ 

ˋˍ̔ˌ ˋˎ˄ʻʺˁʶˌ ˍˇˎ ˉʶʽˊʱ˃ʰˍˇˌ ˉˊˇˍʽ˃ʱˍʰʽ ˄ʰ ˔ˊʹˋʽ˃ˇˉˇʽʶʾˍʰʽ ˋˍʰʵʽʰˁʱ ˃ʶʴʰ˂ˏˍʶˊʹ ˍʽ˃ʺ ˁʷˊʵˇˎˌ ˃ʶ ˋˁˇˉˈ 

˄ʰ ʶ˂ʷʴ˔ʶˍʰʽ ˁʰʽ ʹ ʰˁˊʾʲʶʽʰ ˍʹˌ ˃ˇ˄ˍʶ˂ˇˉˇʾʹˋʹˌΦ 
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3.3.2 ɯ˅ˇ˄ʰˌ ʇ 

ʅˍʹ˄ ʶ˅ʾˋ˖ˋʹ όстύ ˉʰˊˇˎˋʽʱʸʶˍʰʽ ʹ ˋˎ˄ʱˊˍʹˋʹ ˃ʶˍʰ˒ˇˊʱˌ (Gy-axis) ̄ ˇˎ ˋˎ˄ʵʷʶʽ ˍʹ˄ ʵˏ˄ʰ˃ʹ ˉˇˎ ʰʽˋʻʱ˄ʶˍʰʽ ˇ 

˔ˊʺˋˍʹˌ ˃ʶ ʶˁʶʾ˄ʹ ˉˇˎ ʰˋˁʶʾ ˇ ˁʽ˄ʹˍʺˊʰˌ ˋˍˇ˄ ˁʰˍʰˁˈˊˎ˒ˇ ʱ˅ˇ˄ʰ όʱ˅ˇ˄ʰˌ Y). ʁ ˉʰˊˇ˄ˇ˃ʰˋˍʺˌ ˍʹˌ 

ˋˎʴˁʶˁˊʽ˃ʷ˄ʹˌ ˋˎ˄ʱˊˍʹˋʹˌ ˃ʶˍʰ˒ˇˊʱˌ ʰˉˇˍʶ˂ʶʾ ˍʹ˄ ˔ʰˊʰˁˍʹˊʽˋˍʽˁʺ ʶ˅ʾˋ˖ˋʹ ˍˇˎ ˋˎˋˍʺ˃ʰˍˇˌ ˁʰʽ ˋˍˇ ʅ˔ʺ˃ʰ 

3-16 ̄ ʰˊˇˎˋʽʱʸˇ˄ˍʰʽ ˇʽ ˊʾʸʶˌ ˍʹˌ ˁʰʻ˗ˌ ˁʰʽ ˇʽ ˊʾʸʶˌ ˍˇˎ ʰˊʽʻ˃ʹˍʺ ̋  ʰ˂˂ʽ˗ˌ ˉˈ˂ˇʽ ˍˇˎ ˋˎˋˍʺ˃ʰˍˇˌΦ 

 

ʅ˔ʺ˃ʰ 3-21. ʃˈ˂ˇʽ ϧ ɾʹʵʶ˄ʽˋˍʷˌ ˍʹˌ ʅˎ˄ʱˊˍʹˋʹˌ ɾʶˍʰ˒ˇˊʱˌ ɮ˄ˇʽ˔ˍˇˏ ɰˊˈ˔ˇˎ όɯ˅ˇ˄ʰˌ ʇ). 

ʁʽ ʰˉʰʽˍʺˋʶʽˌ ˍˇˎ ˋˎˋˍʺ˃ʰˍˇˌ ˉʰˊʰ˃ʷ˄ˇˎ˄ ʾʵʽʶˌ ˁʰʽ ˋˍˇ˄ ˁʰˍʰˁˈˊˎ˒ˇ ʱ˅ˇ˄ʰ ˁʰʻ˗ˌ ˉʰˊʰ˃ʷ˄ʶʽ ʹ ʰ˄ʱʴˁʹ ʴʽʰ 

ʶˉʾˍʶˎ˅ʹ ˍʹˌ ˃ˈ˄ʽ˃ʹˌ ˁʰˍʱˋˍʰˋʹˌ ˋʶ ˔ˊˈ˄ˇ ˃ʽˁˊˈˍʶˊˇ ʰˉˈ ˍʰ п ms ˁʰʻ˗ˌ ˁʰʽ ʴʽʰ ʶˁ˃ʹʵʷ˄ʽˋʹ ˍ˖˄ 

ˍʰ˂ʰ˄ˍ˗ˋʶ˖˄Φ ʁʽ ʰˉʰʽˍʺˋʶʽˌ ʰˎˍʷˌ ˉʰˊˇˎˋʽʱʸˇ˄ˍʰʽ ˋˍˇ ʅ˔ʺ˃ʰ о-17 ˋʶ ˋ˔ʷˋʹ ˃ʶ ˍˇˎˌ ˉˈ˂ˇˎˌ ˁʰʽ ˍˇˎˌ 

˃ʹʵʶ˄ʽˋˍʷˌ ˍˇˎ ˋˎˋˍʺ˃ʰˍˇˌ ˈˉ˖ˌ ʰˁˊʽʲ˗ˌ ˁʰʽ ˋˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ˍˇˎ ˇˊʽʸˈ˄ˍʽˇˎ ʱ˅ˇ˄ʰ ʋΦ 

 

ʅ˔ʺ˃ʰ 3-22. ɳˉʽʻˎ˃ʹˍʺ ˉʶˊʽˇ˔ʺ ˁˎˊʾʰˊ˔˖˄ ˉˈ˂˖˄ όɯ˅ˇ˄ʰˌ ʇύ. 

ʂˉ˖ˌ ˒ʰʾ˄ʶˍʰʽ ˁʰʽ ˋˍˇ ʴˊʱ˒ʹ˃ʰ ˇʽ ˁ ˎˊʾʰˊ˔ˇʽ ̄ ˈ˂ˇʽ ʵʶ˄ ʲˊʾˋˁˇ˄ˍʰʽ ˋˍʹ˄ ʶˉʽʻˎ˃ʹˍʺ ˉʶˊʽˇ˔ʺ ˁʰʽ ˁʰˍʱ ˋˎ˄ʷˉʶʽʰ 

ʹ ʶ˒ʰˊ˃ˇʴʺ ˇˊʽˋ˃ʷ˄ˇˎ ˄ˈ˃ˇˎ ʶ˂ʷʴ˔ˇˎ ʻʰ ˇʵʹʴʺˋʶʽ ˋˍʹ˄ ˁʰˍʱ˂˂ʹ˂ʹ ˍˇˉˇʻʷˍʹˋʺ ˍˇˎˌΦ ɮˊ˔ʽˁʱ ʶˉʽ˂ʷʴʶˍʰʽ ʷ˄ʰˌ 

ʰˉ˂ˈˌ ʰ˄ʰ˂ˇʴʽˁˈˌ ʷ˂ʶʴ˔ˇˌ ̱ ˇ ʵˇ˃ʽˁˈ ʵʽʱʴˊʰ˃˃ʰ ˍˇˎ ˇˉˇʾˇˎ ˉʰˊˇˎˋʽʱˋˍʹˁʶ ˋˍˇ ʅ˔ʺ˃ʰ о-5. 
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ʅ˔ʺ˃ʰ 3-23Φ ʆˈˉˇˌ ˍ˖˄ ˊʽʸ˗˄ ʴʽʰ ʰ˄ʰ˂ˇʴʽˁˈ ʷ˂ʶʴ˔ˇ P όɯ˅ˇ˄ʰˌ ʇύ. 

ʃʰˊʰˍʹˊʶʾˍʰʽ ˈˍʽ ʰˉˈ ˍˇ˄ ˍˈˉˇ ˍ˖˄ ˊʽʸ˗˄ ʴʽʰ ʰ˄ʰ˂ˇʴʽˁˈ ʷ˂ʶʴ˔ˇ ˋˍˇ ʅ˔ʺ˃ʰ о-му ˉˊˇˁˏˉˍʶʽ ˇ ˉˊ˗ˍˇˌ 

ˉʶˊʽˇˊʽˋ˃ˈˌ ˋ˔ʶˍʽˁʱ ˃ʶ ˍˇ ˁʷˊʵˇˌ ɼP. ʆˇ ˁʷˊʵˇˌ ˉˊʷˉʶʽ ˄ʰ ʶʾ˄ʰʽ ˃ʽˁˊˈˍʶˊˇ ʰˉˈ ˍʹ˄ ˍʽ˃ʺ ммрл ˁʰʻ˗ˌ ˋʶ 

ʰ˄ˍʾʻʶˍʹ ̄ ʶˊʾˉˍ˖ˋʹ ˇʽ ˉˈ˂ˇʽ ˍˇˉˇʻʶˍˇˏ˄ˍʰʽ ʵʶ˅ʽʱ ʰˉˈ ˍˇ˄ ˒ʰ˄ˍʰˋˍʽˁˈ ʱ˅ˇ˄ʰ ˁʰʽ ˍˇ ˋˏˋˍʹ˃ʰ ʴʾ˄ʶˍʰʽ ʰˋˍʰʻʷˌΦ 

ʅˍʹ˄ ˋˎ˄ʷ˔ʶʽʰ ˈˉ˖ˌ ˁʰʽ ˉˊˇʹʴˇˎ˃ʷ˄˖ˌ ʶˋˍʽʱʸˇˎ˃ʶ ˋˍʹ˄ ˉʶˊʽˇ˔ʺ ˍ˖˄ ˁˎˊʾʰˊ˔˖˄ ˉˈ˂˖˄ ˁʱˍʽ ˉˇˎ 

ˉʰˊˇˎˋʽʱʸʶˍʰʽ ˋˍˇ ʅ˔ʺ˃ʰ о-19. 

 
ʅ˔ʺ˃ʰ 3-24Φ ʆˈˉˇˌ ˍ˖˄ ˊʽʸ˗˄ ʴʽʰ ʰ˄ʰ˂ˇʴʽˁˈ ʷ˂ʶʴ˔ˇ P ς ɳˋˍʾʰˋʹ ˋˍʹ˄ ˉʶˊʽˇ˔ʺ ˍ˖˄ ˁˎˊʾʰˊ˔˖˄ ˉˈ˂˖˄ 

όɯ˅ˇ˄ʰˌ ʇύΦ 

ʅˍʹ˄ ʶˋˍʾʰˋʹ ˍˇˎ ˍˈˉˇˎ ˍ˖˄ ˊʽʸ˗˄ ʶʾ˄ʰʽ ʶ˃˒ʰ˄ʷˌ ˈˍʽ ˁʱ˄ˇ˄ˍʰˌ ˉʱ˂ʽ ˔ˊʺˋʹ ʶ˄ˈˌ ʰ˄ʰ˂ˇʴʽˁˇˏ ʶ˂ʶʴˁˍʺ ˃ʶ 

ˁʷˊʵˇˌ ˃ʶʴʰ˂ˏˍʶˊˇ ˍˇˎ рул ˁʰʽ ˃ʽˁˊˈˍʶˊˇ ˍˇˎ тсн ʶʾ˄ʰʽ ʵˎ˄ʰˍˈ˄ ˇʽ ˉˈ˂ˇʽ ˍˇˎ ˋˎˋˍʺ˃ʰˍˇˌ ˄ʰ ˍˇˉˇʻʶˍʹʻˇˏ˄ 

ˋˍʹ˄ ʶˉʽʻˎ˃ʹˍʺ ˉʶˊʽˇ˔ʺΦ ɳˉʽ˂ʷʴʶˍʰʽ ˋˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ˍˇ KP = 580 ̠ ˋˍʶ ˄ʰ ˎˉʱˊ˔ˇˎ˄ ˇ ̔˔ʰ˃ʹ˂ˈˍʶˊʶˌ ʵˎ˄ʰˍʷˌ 

ʰˉʰʽˍʺˋʶʽˌ ˋʶ ˊˇˉʷˌ ˁʰʽ ˊʶˏ˃ʰ ʰ˄ˍʾˋˍˇʽ˔ʰ ʰˉˈ ˍˇˎˌ ˁʽ˄ʹˍʺˊʶˌΦ 

ʃʰˊˇˎˋʽʱʸʶˍʰʽ ˉʰˊʰˁʱˍ˖ ˍˇ ʰ˄ˍʾˋˍˇʽ˔ˇ ˋʶ˄ʱˊʽˇ ˉˇˎ ˁʰˍʰˋˍˊ˗ʻʹˁʶ ˁʰʽ ˋˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ˍˇˎ ʱ˅ˇ˄ʰ ʋΦ ʆˇ 

ʶ˄ʵˇˋˁˈˉʽˇ ʵʽʰ˄ˏʶʽ мл cm ˋʶ о ʵʶˎˍʶˊˈ˂ʶˉˍʰ ˁʰʽ ˋˍʹ ˋˎ˄ʷ˔ʶʽʰ ˉʰˊʰ˃ʷ˄ʶʽ ʶˁʶʾΦ ʅˍʰ ˉˊ˗ˍʰ ʵˏˇ ʶˁʰˍˇˋˍʱ ˍˇ 

ʶ˄ʵˇˋˁˈˉʽˇ ˁʽ˄ʶʾˍʰʽ ʶ˂ʶˏʻʶˊˇΣ ˈ˃˖ˌ ˋˍʹ ˋˎ˄ʷ˔ʶʽʰ ʷˊ˔ʶˍʰʽ ˋʶ ʶˉʰ˒ʺ ˃ʶ ʷ˄ʰ ʶʽˁˇ˄ʽˁˈ ʶ˂ʰˍʺˊʽˇ ˃ʶ ˋˍʰʻʶˊʱ 

ʶ˂ʰˍʹˊʾˇˎ kVE = 10 N/m. ʅˍʰ ʅ˔ʺ˃ʰˍʰ о-9 & 3-мл ʷ˔ʶʽ ˉʰˊˇˎˋʽʰˋˍʶʾ ʹ ʻʷˋʹΣ ʹ ˍʰ˔ˏˍʹˍʰ ˁʰʽ ʹ ʶˉʽˍʱ˔ˎ˄ˋʹ ˍˇˎ 
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˔ʶˊʽˇˏ ˁʰʻ˗ˌ ˁʰʽ ʹ ʵˏ˄ʰ˃ʹ ˉˇˎ ˉʰˊʱʴʶˍʰʽ ʰˉˈ ˍˇ ʶʽˁˇ˄ʽˁˈ ʶ˂ʰˍʺˊʽˇΦ ʆʰ ʵʶʵˇ˃ʷ˄ʰ ʰˎˍʱ ˉʰˊʰ˃ʷ˄ˇˎ˄ ˍʰ ʾʵʽʰ 

˃ʶ ˃ˇ˄ʰʵʽˁʺ ʵʽʰ˒ˇˊʱ ˍˇ ʴʶʴˇ˄ˈˌ ˈˍʽ ʶ˒ʰˊ˃ˈʸˇ˄ˍʰʽ ˋˍˇ˄ ʱ˅ˇ˄ʰ ʇΦ ʅˍʰ ˉʰˊʰˁʱˍ˖ ˋ˔ʺ˃ʰˍʰ ˉʰˊˇˎˋʽʱʸˇ˄ˍʰʽ ˇʽ 

ʰ˄ˍʾˋˍˇʽ˔ʶˌ ʰˉʰʽˍʺˋʶʽˌ ˋʶ ˊˇˉʺ ˁʰʽ ˊʶˏ˃ʰ ˁʰʻ˗ˌ ˁʰʽ ʹ ʵˏ˄ʰ˃ʹ ˉˇˎ ʰʽˋʻʱ˄ʶˍʰʽ ˍʶ˂ʽˁʱ ˍˇ ˔ʷˊʽ ˋˍʹ˄ 

ˉˊˇˋˇ˃ˇʾ˖ˋʹ ʰ˄ˇʽ˔ˍˇˏ ʲˊˈ˔ˇˎ. 

 
ʅ˔ʺ˃ʰ 3-25Φ ʄˇˉʺ ˉˇˎ ˉˊʷˉʶʽ ˄ʰ ˉʰˊʱʴˇˎ˄ ˇʽ ˁʽ˄ʹˍʺˊʶˌ ˋˍʰ ʰˊʽˋˍʶˊʱ ˁʰʽ ˍˇ ʰˉʰʽˍˇˏ˃ʶ˄ˇ ˊʶˏ˃ʰ ˋˍʰ 

ʵʶ˅ʽʱ ˋˍʹ˄ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ʰ˄ˇʽ˔ˍˇˏ ʲˊˈ˔ˇˎ όɯ˅ ˇ˄ʰˌ ʇύ 

ʅˍˇ ʅ˔ʺ˃ʰ о-нм ʰˉʶʽˁˇ˄ʾʸʶˍʰʽ ʹ ʵˏ˄ʰ˃ʹ ˉˇˎ ʰʽˋʻʱ˄ʶˍʰʽ ˍʶ˂ʽˁʱ ˍˇ ˔ʷˊʽ ˁʰˍʱ ˍʹ˄ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ʰ˄ˇʽ˔ˍˇˏ 

ʲˊˈ˔ˇˎΦ ɳʾ˄ʰʽ ʶ˃˒ʰ˄ʷˌ ˉ˖ˌ ˋˍʽˌ ˁˊʾˋʽ˃ʶˌ ˉʶˊʽˇ˔ʷˌΣ ˈˉ˖ˌ ʰˎˍʷˌ ˉʰˊˇˎˋʽʱˋˍʹˁʰ˄ ˉˊˇʹʴˇˎ˃ʷ˄˖ˌ ˎˉʱˊ˔ʶʽ 

ˋʹ˃ʰ˄ˍʽˁʺ ʰˉˈˁ˂ʽˋʹˌ ˍʹˌ ʵˏ˄ʰ˃ʹˌ ˉˇˎ ʰʽˋʻʱ˄ʶˍʰʽ ˇ ˔ˊʺˋˍʹˌ ˁʰʽ ˍʹˌ ʵˏ˄ʰ˃ʹˌ ˍˇˎ ʶʽˁˇ˄ʽˁˇˏ ʶ˂ʰˍʹˊʾˇˎΦ ʅˍˇ 

ʅ˔ʺ˃ʰ о-нн ʶˋˍʽʱʸˇˎ˃ʶ ˋˍʹ˄ ˁˊʾˋʽ˃ʹ ˉʶˊʽˇ˔ʺ ˋˍˇ оˇ ɻ ʶˎˍʶˊˈ˂ʶˉˍˇ ˈˉ˖ˌ ʰ˄ˍʾˋˍˇʽ˔ʰ ʷʴʽ˄ʶ ˁʰʽ ˋˍˇ˄ ʱ˅ˇ˄ʰ ʋΦ ʆˇ 

ˋˏˋˍʹ˃ʰ ʵʶ˄ ˒ˍʱ˄ʶʽ ˋˍʹ˄ ˃ˈ˄ʽ˃ʹ ˁʰˍʱˋˍʰˋʹ ˋʶ ˔ˊˈ˄ˇ ˃ʽˁˊˈˍʶˊˇ ˍ˖˄ пms 

 
ʅ˔ʺ˃ʰ 3-26. ɲˏ˄ʰ˃ʹ ˉˇˎ ʰʽˋʻʱ˄ʶˍʰʽ ˇ ˔ˊʺˋˍʹˌ ˁʰˍʱ ˍʹ˄ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ʰ˄ˇʽ˔ˍˇˏ ʲˊˈ˔ˇˎ όɯ˅ˇ˄ʰˌ ʇύ  

 
ʅ˔ʺ˃ʰ 3-27Φ ɲˏ˄ʰ˃ʹ ˉˇˎ ʰʽˋʻʱ˄ʶˍʰʽ ˇ ˔ˊʺˋˍʹˌ ˋˍʹ˄ ˁˊʾˋʽ˃ʹ ˋˍʽʴ˃ʺ ˋˍˇ оˇ ɻ ʶˎˍʶˊˈ˂ʶˉˍˇ όɯ˅ˇ˄ʰˌ ʇύΦ 
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ʅˍʹ˄ ˋˎ˄ʷ˔ʶʽʰ ʶ˒ʰˊ˃ˈʸʶˍʰʽ ˇ ˄ˈ˃ˇˌ ʶ˂ʷʴ˔ˇˎ ˉˇˎ ˉʰˊˇˎˋʽʱˋˍʹˁʶ ˋˍʹ˄ ʰ˄ʱ˂ˎˋʹ ˉʰˊʰˉʱ˄˖ ˁʰʽ ʶˁˍʶ˂ʶʾˍʰʽ ˍˇ 

ʾʵʽˇ ˋʶ˄ʱˊʽˇΦ ɶ ʻʷˋʹ ˍˇˎ ˔ʶˊʽˇˏ ˁʰʽ ʹ ʵˏ˄ʰ˃ʹ ˉˇˎ ʰˋˁʶʾˍʰʽ ʰˉˈ ˍˇ ʶʽˁˇ˄ʽˁˈ ʶ˂ʰˍʺˊʽˇ ʶʾ˄ʰʽ ʰˁˊʽʲ˗ˌ ʾʵʽʶˌ ˃ʶ ˍˇ 

ʅ˔ʺ˃ʰ о-фΦ ɶ ʶˉʽˍʱ˔ˎ˄ˋʹ ˁʰʽ ʹ ˍʰ˔ˏˍʹˍʰ ˍˇˎ ˔ʶˊʽˇˏ ʶʾ˄ʰʽ ˅ʰ˄ʱ ˈˉ˖ˌ ˋˍˇ ʅ˔ʺ˃ʰ о-млΦ ʅˍˇ ʅ˔ʺ˃ʰ о-23 

ˉʰˊˇˎˋʽʱʸʶˍʰʽ ʹ ʵˏ˄ʰ˃ʹ ˉˇˎ ˍʶ˂ʽˁʱ ʰʽˋʻʱ˄ʶˍʰʽ ˇ ˔ˊʺˋˍʹˌΦ 

 

ʅ˔ʺ˃ʰ 3-28. ɲˏ˄ʰ˃ʹ ˉˇˎ ʰʽˋʻʱ˄ʶˍʰʽ ˇ ˔ˊʺˋˍʹˌ ˋʶ ˈ˂ʹ ˍʹ˄ ʵʽʱˊˁʶʽʰ ˋˍʰ ʰˊʽˋˍʶˊʱ ˁʰʽ ˋˍʹ˄ ˁˊʾˋʽ˃ʹ ˋˍʽʴ˃ʺ 
ˋˍʰ ʵʶ˅ʽʱ όɯ˅ˇ˄ʰˌ ʇύΦ 

ʃʰˊʰˍʹˊʶʾˍʰʽ ˈˍʽ ˍˇ ˋˏˋˍʹ˃ʰ ˔ˊʶʽʱʸʶˍʰʽ ˉʶˊʾˉˇˎ п ms ɹ ʽʰ ˄ʰ ˒ˍʱˋʶʽ ˋˍʹ˄ ˃ˈ˄ʽ˃ʹ ˁʰˍʱˋˍʰˋʹ ˈˉ˖ˌ ʰˊ˔ʽˁʱ ʶʾ˔ʶ 

ʰˉʰʽˍʹʻʶʾΦ ʃʰˊʱ˂˂ʹ˂ʰ ʹ ˎˉʶˊʰˁˈ˄ˍʽˋʹ ˉˇˎ ˉʰˊˇˎˋʽʱʸʶˍʰʽ ʶʾ˄ʰʽ ʰʽˋʻʹˍʱ ˃ʽˁˊʺ ʴʶʴˇ˄ˈˌ ˉˇˎ ˇ˒ʶʾ˂ʶˍʰʽ ˋˍʹ˄ 

ˉˇ˂ˏ ˃ʶʴʱ˂ʹ ˍʽ˃ʺ ˍˇ ɼP. ʂˉ˖̩ ˁʰʽ ˋˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ˍˇˎ ʱ˅ˇ˄ʰ ʋ ʶˊʶˎ˄ʱˍʰʽ ʰ˄ ʹ ˍʽ˃ʺ ˍˇˎ ɼP ʶʾ˄ʰʽ 

ˉˊʰʴ˃ʰˍˇˉˇʽʺˋʽ˃ʹΦ ʅˍˇ ʅ˔ʺ˃ʰ о-нп ˒ʰʾ˄ʶˍʰʽ ˈˍʽ ˇʽ ʰˉʰʽˍʺˋʶʽˌ ˋʶ ˊˇˉʺ ʰˉˈ ˍˇˎˌ ˁʽ˄ʹˍʺˊʶˌ ˁʰʽ ˋʶ ˊʶˏ˃ʰ 

ʰ˄ˍʾˋˍˇʽ˔ʰ ʰˎ˅ʺʻʹˁʰ˄ ˋʹ˃ʰ˄ˍʽˁʱΦ ʁʽ ˁʽ˄ʹˍʺˊʶˌ ˉˇˎ ˔ˊʹˋʽ˃ˇˉˇʽˇˏ˄ˍʰʽ ˋˍˇ˄ ʱ˅ˇ˄ʰ ʋ ϧ ʇ ʶʾ˄ʰʽ ʾʵʽˇʽ ˁʰʽ ˁʰˍʱ 

ˋˎ˄ʷˉʶʽʰ ʹ ˃ʷʴʽˋˍʹ ˊˇˉʺ ˉˇˎ ˃ˉˇˊʶʾ ˄ʰ ʰˋˁʺˋʶʽ ˇ ˁʽ˄ʹˍʺˊʰˌ ʶʾ˄ʰʽ лΣфну ɮΦ ʃʰˊˈ˂ˇ ˉˇˎ ˉʰˊʰˍʹˊʶʾˍʰʽ ˉ˖ˌ ʹ 

ʰˉʰʽˍˇˏ˃ʶ˄ʹ ˊˇˉʺ ˍʹˌ ˉˊˇˋˇ˃ˇʾ˖ˋʹˌ ʶʾ˄ʰʽ ʶ˄ˍˈˌ ˇˊʾ˖˄ ˁʰˍʱ ˍʹ˄ ʶˁˍʷ˂ʶˋʹ ˉʶʽˊʰ˃ʱˍ˖˄ ˍˇ ˁʷˊʵˇˌ ʰˎ˅ʱ˄ʶˍʰʽ 

ˋˍʰʵʽʰˁʱ ˃ʶ ˋˁˇˉˈ ˍˇ˄ ʷ˂ʶʴ˔ˇ ˍʹˌ ʰˁˊʾʲʶʽʰˌ ˍʹˌ ˃ˇ˄ˍʶ˂ˇˉˇʾʹˋʹˌΦ 

 

ʅ˔ʺ˃ʰ 3-29. ʄˇˉʺ ˉˇˎ ˉˊʷˉʶʽ ˄ʰ ˉʰˊʱʴˇˎ˄ ˇʽ ˁʽ˄ʹˍʺˊʶˌ ˋˍʰ ʰˊʽˋˍʶˊʱ ˁʰʽ ˍˇ ʰˉʰʽˍˇˏ˃ʶ˄ˇ ˊʶˏ˃ʰ ˋˍʰ 
ʵʶ˅ʽʱ ˋˍʹ˄ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˁ˂ʶʽˋˍˇˏ ʲˊˈ˔ˇˎ όɯ˅ˇ˄ʰˌ ʇύ 
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4 ɼʰˍʰˋˁʶˎʺ ς ʃʶˊʽʴˊʰ˒ʺ ʹ˂ʶˁˍˊˇ˄ʽˁ˗˄ 

4.1 ɼʰˍʰˋˁʶˎʺ ʶʽʵʽˁˇˏ ˉ˂ʰʽˋʾˇˎ 
ʁʽ ʹ˂ʶˁˍˊˇ˄ʽˁʷˌ ʵʽʰˍʱ˅ʶʽˌ ˍˇˎ ʰˉˍʽˁˇˏ ˃ʹ˔ʰ˄ʽˋ˃ˇˏ ˍˇˉˇʻʶˍʺʻʹˁʰ˄ ˋʶ ʷ˄ʰ ʶʽʵʽˁʱ ʵʽʰ˃ˇˊ˒˖˃ʷ˄ˇ ʰ˂ˇˎ˃ʽ˄ʷ˄ʽˇ 

ˁˇˎˍʾ ʴʽʰ ˄ʰ ʵʽʰˋ˒ʰ˂ʾʸʶˍʰʽ ʹ ʰˋ˒ʰ˂ʺˌ ˁʰʽ ʶˏˁˇ˂ʹ ˔ˊʺˋʹ ˍˇˎ  ˃ʹ˔ʰ˄ʽˋ˃ˇˏΦ ɮˊ˔ʽˁʱ ˋ˔ʶʵʽʱˋˍʹˁʰ˄ ˈ˂ʰ ˍʰ 

ʹ˂ʶˁˍˊˇ˄ʽˁʱ ˋˍˇʽ˔ʶʾʰ ˗ˋˍʶ ˄ʰ ʶˁˍʽ˃ʹʻʶʾ ˍˇ ˃ʷʴʶʻˇˌ ˁʰʽ ˄ʰ ʰʴˇˊʰˋˍʶʾ ˍˇ ˁʰˍʱ˂˂ʹ˂ˇ ˉ˂ʰʾˋʽˇ ʰ˄ʰ˒ˇˊʽˁʱ ˃ʶ ˍʽˌ 

ʵʽʰˋˍʱˋʶʽˌΦ ʆˇ ʰˊ˔ʽˁˈ ˋ˔ʷʵʽˇ ˒ʰʾ˄ʶˍʰʽ ˉʰˊʰˁʱˍ˖Υ 

 

ʅ˔ʺ˃ʰ 4-1. ʅ˔ʶʵʽʰˋ˃ˈˌ ʹ˂ʶˁˍˊˇ˄ʽˁ˗˄ ς ɼˇˎˍʾ. 

ɰʰˋʽˁˈ ˉˊˈʲ˂ʹ˃ʰ ˋˍˇ˄ ˋ˔ʶʵʽʰˋ˃ˈ ˁʰʽ ˍʹ˄ ˁʰˍʰˋˁʶˎʺ ˍˇˎ ˉ˂ʰʽˋʾˇˎΣ ˈˉ˖ˌ ˁʰʽ ˋʶ ʷ˄ʰ˄ ʹ˂ʶˁˍˊˇ˄ʽˁˈ 

ˎˉˇ˂ˇʴʽˋˍʺ ʶʾ˄ʰʽ ʹ ʻʶˊ˃ˈˍʹˍʰ ˉˇˎ ʰ˄ʰˉˍˏˋˋʶˍʰʽΦ ʆʰ ʹ˂ʶˁˍˊˇ˄ʽˁʱ ˋˍˇʽ˔ʶʾʰ ʶʾ˄ʰʽ ʰˊˁʶˍʱ ʶˎʰʾˋʻʹˍʰ ˁʰʽ ʹ 

ʰ˄ʱˉˍˎ˅ʹ ˎ˕ʹ˂ʺˌ ʻʶˊ˃ˇˁˊʰˋʾʰˌ ˃ʷˋʰ ˋˍˇ ˉ˂ʰʾˋʽˇ ʻʰ ˃ˉˇˊˇˏˋʶ ˄ʰ ˇʵʹʴʺˋʶʽ ˋˍʹ˄ ˁʰˍʰˋˍˊˇ˒ʺ ˍˇˎˌΦ ɴˍˋʽ 

˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʶ ʷ˄ʰˌ ʰ˄ʶ˃ʽˋˍʺˊʰˌΣ ˈˉ˖ˌ ʰˁˊʽʲ˗ˌ ˁʰʽ ˋʶ ʷ˄ʰ ˉ˂ʰʾˋʽˇ ʹ˂ʶˁˍˊˇ˄ʽˁˇˏ ˎˉˇ˂ˇʴʽˋˍʺΦ ɳˉʾˋʹˌ ˍˇ 

ˉ˂ʰʾˋʽˇ ˉˇˎ ʰʴˇˊʱˋˍʹˁʶ ˈˉ˖ˌ ˒ʰʾ˄ʶˍʰʽ ˁʰʽ ˋˍ hʅ˔ʺ˃ʰˍʰ 4-1 & 4-2 ˉʰˊˇˎˋʽʱʸʶʽ ˃ʽˁˊʷˌ ˇˉʷˌ ʰˉΩˈˉˇˎ 

ʵʽʰ˒ʶˏʴʶʽ ˇ ʸʶˋˍˈˌ ʰʷˊʰˌΦ 

 

ʅ˔ʺ˃ʰ 4-2. ʅ˔ʶʵʽʰˋ˃ˈˌ ʹ˂ʶˁˍˊˇ˄ʽˁ˗˄Φ ɮˊʽˋˍʶˊʱ ʶʽˁˇ˄ʾʸʶˍʰʽ ʹ ʶ˃ˉˊˈˌ ˈ˕ʹ ˁʰʽ ʵʶ˅ʽʱ ʹ ˉ˂ʱʴʽʰ. 
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ʃʰˊʱ˂˂ʹ˂ʰ ˍˇ ʲʰˋʽˁˈ ʸʺˍʹ˃ʰ ˍˇ ˇˉˇʾˇ ˃ʶ˂ʶˍʺʻʹˁʶ ʺˍʰ˄ ˇ ˍˊˈˉˇˌ ˃ʶ ˍˇ˄ ˇˉˇʾˇ ʻʰ ʵʹ˃ʽˇˎˊʴʹʻˇˏ˄ ˇʽ 

ˁʰˍʱ˂˂ʹ˂ʶˌ ˎˉˇʵˇ˔ʷˌ ˗ˋˍʶ ˄ʰ ˋˎ˄ʵʷʶˍʰʽ ˋˍˇ ˁˇˎˍʾ ˈˍʽ ˔ˊʹˋʽ˃ˇˉˇʽʶʾˍʰʽ ʴʽʰ ˍˇ˄ ʷ˂ʶʴ˔ˇ ˁʰʽ ˍʹ˄ ˇʵʺʴʹˋʹ ˍˇˎ 

˃ʹ˔ʰ˄ʽˋ˃ˇˏΦ ʁʽ ˎˉˇʵˇ˔ʷˌ ˉˇˎ ʶʾ˄ʰʽ ʰˉʰˊʰʾˍʹˍˇ ˄ʰ ˎˉʱˊ˔ˇˎ˄ ʶʾ˄ʰʽ ˇʽ ʶ˅ʺˌΥ 

ω ɼʰˍʱ˂˂ʹ˂ʹ ˎˉˇʵˇ˔ʺ ʴʽʰ ˍˇˎˌ ŜƴŎƻŘŜǊs. 

ω р ˁʰˍʱ˂˂ʹ˂ʶˌ ˎˉˇʵˇ˔ʷˌ ʴʽʰ ˍʹ˄ ˇʵʺʴʹˋʹ ˍ˖˄ ˁʽ˄ʹˍʺˊ˖˄. 

ω м ˎˉˇʵˇ˔ʺ Ethernet. 

ω н ˎˉˇʵˇ˔ʷˌ ¦{.. 

ω 1 ˎ ˉˇʵˇ˔ʺ ±D!. 

ʂˉ˖ˌ ˉʰˊˇˎˋʽʱʸʶˍʰʽ ˉʰˊʰˁʱˍ˖ όпΦоύ ˋ˔ʶʵʽʱˋˍʹˁʰ˄ н ˍ˃ʺ˃ʰˍʰ ˍʰ ˇˉˇʾʰ ʻʰ ˃ˉˇˊˇˏˋʰ˄ ˄ʰ ˉˊˇˋʰˊˍʹʻˇˏ˄ 

ˋˍˇ ˉʾˋ˖ ˃ʷˊˇˌ ˍˇˎ ˉ˂ʰʽˋʾˇˎ ˃ʶ ˍʽˌ ˁʰˍʱ˂˂ʹ˂ʶˌ ʶˋˇ˔ʷˌ ʴʽʰ ˈ˂ʶˌ ˍʽˌ ˎˉˇʵˇ˔ʷˌ ˉˇˎ ˔ˊʶʽʰʸˈ˃ʰˋˍʶΦ ʆʰ ʵˏˇ 

ˁˇ˃˃ʱˍʽʰ ˁʰˍʰˋˁʶˎʱˋˍʹˁʰ˄ ʰˉˈ Plexiglas ̱ ˇ ˇˉˇʾˇ ˁˈˉʹˁʶ ˁ ʰˍʱ˂˂ʹ˂ʰ ˋˍʹ˄ ʶˊʴʰ˂ʶʽˇ˃ʹ˔ʰ˄ʺ Laser ̄ ˇˎ ˎˉʱˊ˔ʶʽ 

ˋˍˇ ʶˊʴʰˋˍʺˊʽˇΦ ʁ ˂ˈʴˇˌ ˉˇˎ ˁʰˍʰˋˁʶˎʱˋˍʹˁʰ˄ ʵˏˇ ʵʽʰ˒ˇˊʶˍʽˁʱ ˍ˃ʺ˃ʰˍʰ ʶʾ˄ʰʽ ʴʽʰ ˄ʰ ˃ˉˇˊˇˏ˃ʶ ˄ʰ 

˔ˊʹˋʽ˃ˇˉˇʽʺˋˇˎ˃ʶ ˁʰʽ ˍʽˌ ʵˏˇ ˃ʶʻˈʵˇˎˌ ʴʽʰ ˍʹ˄ ˋˏ˄ʵʶˋʹ ˍ˖˄ ŜƴŎƻŘŜǊ ˃ʶ ˍʽˌ ʹ˂ʶˁˍˊˇ˄ʽˁʷˌ ˉ˂ʰˁʷˍʶˌ t/ ς 104. 

 

 

ʅ˔ʺ˃ʰ 4-3. ɲʽʱˍʰ˅ʹ ʹ˂ʶˁˍˊˇ˄ʽˁ˗˄ ˋˍˇ ʶˋ˖ˍʶˊʽˁˈ ˍˇˎ ˁˇˎˍʽˇˏ. 

 

 

ʅ˔ʺ˃ʰ 4-4. ɼˇˎˍʾ ʹ˂ʶˁˍˊˇ˄ʽˁ˗˄Σ ʰˊʽˋˍʶˊʱ ʶʽˁˇ˄ʾʸʶˍʰʽ ʹ ʶ˃ˉˊˈˌ ˉ˂ʶˎˊʱ ˁʰʽ ʵʶ˅ʽʱ ʹ ˉʾˋ˖. 
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4.2 ʃʶˊʽʴˊʰ˒ʺ ʹ˂ʶˁˍˊˇ˄ʽˁ˗˄ 
ʁʽ ʰˉʰʽˍʺˋʶʽˌ ˉˇˎ ˎˉʺˊ˔ʰ˄ ʴʽʰ ʶˉʷˁˍʰˋʹ ˍʹˌ ˂ʶʽˍˇˎˊʴʾʰˌ ˋˍˇˎˌ р ʲʰʻ˃ˇˏˌ ʶ˂ʶˎʻʶˊʾʰˌ ˁʰʻ˗ˌ ˁʰʽ ʴʽʰ ʷ˂ʶʴ˔ˇ 

ˍʹˌ ʵˏ˄ʰ˃ʹˌ ˇʵʺʴʹˋʰ˄ ˋˍʽˌ ʰʴˇˊʷˌ ʶ˄ˈˌ ˍˊˇ˒ˇʵˇˍʽˁˇˏ ˁʰʽ ˃ʾʰˌ ˁʱˊˍʰˌ PC млп ʴʽʰ ˍʹ˄ ˁʰˍʰʴˊʰ˒ʺ ˍ˖˄ 

ʵʶʵˇ˃ʷ˄˖˄ ˍˇˎ ʰʽˋʻʹˍʺˊʰ ʵˏ˄ʰ˃ʹˌΦ ʆʰ ʹ˂ʶˁˍˊˇ˄ʽˁʱ ˋˍˇʽ˔ʶʾʰ ˉˇˎ ˔ˊʹˋʽ˃ˇˉˇʽˇˏ˄ˍʰʽ ʴʽʰ ˍˇ˄ ˔ʶʽˊʽˋ˃ˈ ˍˇˎ 

˃ʹ˔ʰ˄ʽˋ˃ˇˏ ʶʾ˄ʰʽ ˍʰ ʶ˅ʺˌΥ 

¶ ɶ˂ʶˁˍˊˇ˄ʽˁʷˌ ˉ˂ʰˁʷˍʶˌ PC 104: 

1. ɾʹˍˊʽˁʺ ˉ˂ʰˁʷˍʰΥ PCM ς 3353 ̱ ʹˌ Advantech. 

2. DM 6604 ̱ ʹˌ Real Time Devices. 

ʋˊʹˋʽ˃ˇˉˇʽˇˏ˄ˍʰʽ ˍʰ ʰ˄ʰ˂ˇʴʽˁʱ ˁʰ˄ʱ˂ʽʰ ʶ˅ˈʵˇˎ ˗ˋˍʶ ˄ʰ ʵʾ˄ʶˍʰʽ ʹ ʶ˄ˍˇ˂ʺ ʰˉˈ ˍˇ˄ ˎˉˇ˂ˇʴʽˋˍʺ 

ˋʶ ˁʱʻʶ ʶ˄ʽˋ˔ˎˍʺΦ 

3. 2 x DM 6604 ̱ ʹˌ Real Time Devices. 

ʋˊʹˋʽ˃ˇˉˇʽˇˏ˄ˍʰʽ ʴʽʰ ˍʹ˄ ˁʰˍʰʴˊʰ˒ʺ ˍ˖˄ ʵʶʵˇ˃ʷ˄˖˄ ˉˇˎ ˉʰˊʷ˔ˇˎ˄ ˇʽ encoders. ɼʱʻʶ ˁʱˊˍʰ 

˃ˉˇˊʶʾ ˄ʰ ʵʽʰʲʱˋʶʽ ʷ˖ˌ оΣ ˃ʶ ʰˉˇˍʷ˂ʶˋ˃ʰ ˄ʰ ˔ˊʶʽʱʸˇ˄ˍʰʽ ʵˏˇ ˋˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ˍˇˎ 

ˋˎʴˁʶˁˊʽ˃ʷ˄ˇˎ ˃ʹ˔ʰ˄ʽˋ˃ˇˏΦ 

4. DMM ς 32X ς AT ̱ ʹˌ Diamond Systems. 

ʋˊʹˋʽ˃ˇˉˇʽˇˏ˄ˍʰʽ ˍʰ ʰ˄ʰ˂ˇʴʽˁʱ ˁʰ˄ʱ˂ʽʰ ʶʽˋˈʵˇˎ ʴʽʰ ˍʹ˄ ˁʰˍʰʴˊʰ˒ʺ ˍ˖˄ ʵʶʵˇ˃ʷ˄˖˄ ˍˇˎ 

ʰʽˋʻʹˍʺˊʰ ʵˏ˄ʰ˃ʹˌ ˁʰʻ˗ˌ ˁʰʽ ˍˇˎ ˊʶˏ˃ʰˍˇˌ ˉˇˎ ˇʵʹʴʶʾ ˍˇˎˌ ˁʽ˄ʹˍʺˊʶˌ ˃ʷˋ˖ ˍ˖˄ ʶ˄ʽˋ˔ˎˍ˗˄Φ 

 

ʅ˔ʺ˃ʰ 4-5. ʃˏˊʴˇˌ ʹ˂ʶˁˍˊˇ˄ʽˁ˗˄ ˉ˂ʰˁʶˍ˗˄ PC ς 104. 

¶ ʆˊˇ˒ˇʵˇˍʽˁʱΥ 

1. 2 x 6EP1334-2BA00 (24V / 10A) ˁ ʰʽ 6EP1333-2BA00 (24V / 5A) ̱ ʹˌ Siemens. 

ʋˊʹˋʽ˃ˇˉˇʽˇˏ˄ˍʰʽ ʴʽʰ ˍʹ˄ ˃ʶˍʰˍˊˇˉʺ ˍʹˌ ˍʱˋʹˌ ˍˇˎ ʵʽˁˍˏˇˎ όннлVύ ˋʶ ˁʰˍʱ˂˂ʹ˂ʹ ˍʱˋʹ ʴʽʰ ˍʹ˄ 

˂ʶʽˍˇˎˊʴʾʰ ˍ˖˄ ʶ˄ʽˋ˔ˎˍ˗˄Φ ɽˈʴ˖ ˍ˖˄ ʰˉʰʽˍʺˋʶ˖˄ ˉˇˎ ˎˉʱˊ˔ˇˎ˄ ʰˉˇ˒ʰˋʾˋˍʹˁʶ ʹ ˉˊˇˋʻʺˁʹ ˍˇˎ 

ˍˊʾˍˇˎ ˃ʽˁˊˈˍʶˊˇˎ ˍˊˇ˒ˇʵˇˍʽˁˇˏ ˃ʶ ˋˁˇˉˈ ˍʹ˄ ˉ˂ʺˊʹ ʰ˅ʽˇˉˇʾʹˋʹ ˍ˖˄ ʵˎ˄ʰˍˇˍʺˍ˖˄ ˉˇˎ 

ˉʰˊʷ˔ˇˎ˄ ˇʽ ˁʽ˄ʹˍʺˊʶˌΦ ʆʰ ʵˏˇ ˍˊˇ˒ˇʵˇˍʽˁʱ ˍ˖˄ млA ʶʾ˄ʰʽ ˍˇˉˇʻʶˍʹ˃ʷ˄ʰ ˋʶ ˋʶʽˊʱΦ ɶ 

ˋˎʴˁʶˁˊʽ˃ʷ˄ʹ ˋˏ˄ʵʶˋʹ ʰˉʰʽˍʶʾ ˍʹ˄ ˏˉʰˊ˅ʹ ˃ʽʰˌ ʵʽˈʵˇˎ ˋʶ ˁʱʻʶ ˍˊˇ˒ˇʵˇˍʽˁˈ ʹ ˇˉˇʾʰ 

ʵʽʰˋ˒ʰ˂ʾʸʶʽ ˉ˖ˌ ʶʱ˄ ˍˇ ʷ˄ʰ ˍˊˇ˒ˇʵˇˍʽˁˈ ʶ˄ʶˊʴˇˉˇʽʹʻʶʾ ˉˊʽ˄ ʰˉˈ ˍˇ ʱ˂˂ˇΣ ʵʶ˄ ʻʰ ʶ˒ʰˊ˃ˇˋˍʶʾ 

ˍʱˋʹ ʰ˄ˍʾˋˍˊˇ˒ʹˌ ˉˇ˂ʽˁˈˍʹˍʰˌ ʹ ˇˉˇʾʰ ʻʰ ʲ˂ʱ˕ʶʽ ˍʽˌ ˋˎˋˁʶˎʷˌΦ 
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ʅ˔ʺ˃ʰ 4-6. ʆˊˇ˒ˇʵˇˍʽˁˈ ˁʽ˄ʹˍʺˊ˖˄ ς ɻ ʾˇʵˇˌ. 

2. 6EP1311-1SH13 (5V / 6,3A) ̱ ʹˌ Siemens. 

ʋˊʹˋʽ˃ˇˉˇʽʶʾˍʰʽ ʴʽʰ ˄ʰ ˉʰˊʷ˔ʶʽ ˍʹ˄ ʰˉʰʽˍˇˏ˃ʶ˄ʹ ʽˋ˔ˏ ˋˍʽˌ ʹ˂ʶˁˍˊˇ˄ʽˁʷˌ ˉ˂ʰˁʷˍʶˌ PC 104. 

 
ʅ˔ʺ˃ʰ 4-7. ɶ˂ʶˁˍˊˇ˄ʽˁʷˌ ˉ˂ʰˁʷˍʶˌ ˃ʶ ˍˊˇ˒ˇʵˇˍʽˁˈ. 

¶ ɼʽ˄ʹˍʺˊʶˌ 

1. 2 x Re ор qор mm, Graphite Brushes, 90 Watt. 

2. 2 x Re ос qос mm, Graphite Brushes, 70 Watt. 

3. Re нр qнр mm, Precious Metal Brushes CLL, 10 Watt. 

ʁʽ ˁʽ˄ʹˍʺˊʶˌ ˉˇˎ ˔ˊʹˋʽ˃ˇˉˇʽˇˏ˄ˍʰʽ ʶʾ˄ʰʽ ˋˎ˄ʶ˔ˇˏˌ ˊʶˏ˃ʰˍˇˌ ˁʰʽ ʷ˔ˇˎ˄ ˔ʰˊʰˁˍʹˊʽˋˍʽˁʱ 

ˁʰˍʱ˂˂ʹ˂ʰ ʴʽʰ ˍʹ˄ ˉʰˊˇˏˋʰ ʶ˒ʰˊ˃ˇʴʺ όˎ˕ʹ˂ʺ ˊˇˉʺ ʶˁˁʾ˄ʹˋʹˌΣ ʵˎ˄ʰˍˈˍʹˍʰ ˃ʶʴʱ˂˖˄ ˊˇˉ˗˄ ʴʽʰ 

˃ʽˁˊʷˌ ˔ˊˇ˄ʽˁʷˌ ˉʶˊʽˈʵˇˎˌ ˁʰʽ ˃ʽˁˊˈ ˈʴˁˇύΦ ʋˊʹˋʽ˃ˇˉˇʽˇˏ˄ˍʰʽ ʶʽʵʽˁˇʾ ˁʽ˄ʹˍʺˊʶˌ ˉʶˊʽʶ˂ʽʴ˃ʷ˄ˇˎ 

ˉʹ˄ʾˇˎ ˉˇˎ ˉʰˊˇˎˋʽʱʸˇˎ˄ ʶ˂ʱ˔ʽˋˍʹ ʰʵˊʱ˄ʶʽʰ ʵˊˇ˃ʷʰ ˁʰʽ ˉˇ˂ˏ ʴˊʺʴˇˊʹ ʰˉˈˁˊʽˋʹΦ 

 
ʅ˔ʺ˃ʰ 4-8. ɼʽ˄ʹˍʺˊʶˌ. 
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¶ ɳ˄ʽˋ˔ˎˍʷˌ: 

5 x 4 ς Q ς DC Servoamplifers ADS 50/5. 

ʋˊʹˋʽ˃ˇˉˇʽˇˏ˄ˍʰʽ ʴʽʰ ˍʹ˄ ˇʵʺʴʹˋʹ ˍ˖˄ ˁʽ˄ʹˍʺˊ˖˄Φ ɴ˔ˇˎ˄ ˖ˌ ʶʾˋˇʵˇ ˍʹ˄ ʶ˄ˍˇ˂ʺ ˉˇˎ ʵʾ˄ʶˍʰʽ ʰˉˈ ˍʹ˄ 

ˁʱˊˍʰ ˍˇˎ PC 104 (DM сслпύ ʹ ˇˉˇʾʰ ˃ʶˍˊʽʷˍʰʽ ˋʶ Volt ˁʰʽ ˖ˌ ʷ˅ˇʵˇ ˍˇ ˊʶˏ˃ʰ ˃ʶ ˍˇ ˇˉˇʾˇ 

ˍˊˇ˒ˇʵˇˍˇˏ˄ ˍˇˎˌ ˁʽ˄ʹˍʺˊʶˌ ˍˇ ˇˉˇʾˇ ˃ʶˍˊʽʷˍʰʽ ˋʶ AΦ ɶ ʶ˄ʾˋ˔ˎˋʹ ʰˎˍʺ ˉˇˎ ʴʾ˄ʶˍʰʽ ʲʰˋʾʸʶˍʰʽ ˋˍʹ˄ 

ʶ˅ʺˌ ʰ˄ʰ˂ˇʴʾʰΥ млV ʰ˄ˍʽˋˍˇʽ˔ˇˏ˄ ˋʶ млAΦ ɶ ʰ˄ʰ˂ˇʴʾʰ ʰˎˍʺ ˃ˉˇˊʶʾ ˄ʰ ˃ʶˍʰʲ˂ʹʻʶʾ ˔ʱˊʹ ˋˍʰ 

ˉˇˍʶ˄ˋʽˈ˃ʶˍˊʰ ˉˇˎ ˒ʰʾ˄ˇ˄ˍʰʽ ˋˍʹ˄ ˉʰˊʰˁʱˍ˖ ˒˖ˍˇʴˊʰ˒ʾʰΦ 

 
ʅ˔ʺ˃ʰ 4-9. ʃˇˍʶ˄ˋʽˈ˃ʶˍˊʰ ʶ˂ʷʴ˔ˇˎ ʶ˄ʽˋ˔ˎˍ˗˄. 

ʁʽ ʶ˄ʽˋ˔ˎˍʷˌ ˊˎʻ˃ʾˋˍʹˁʰ˄ ˈ˂ˇʽ ˄ʰ ʲˊʾˋˁˇ˄ˍʰʽ ˋˍˇ нл҈ ˗ˋˍʶ ʹ ʰ˄ʰ˂ˇʴʾʰ ˄ʰ ʶʾ˄ʰʽ млV Ą 2AΦ ɾˉˇˊʶʾ ˇʽ 

ˁʽ˄ʹˍʺˊʶˌ ˃ʰˌ ˄ʰ ʷ˔ˇˎ˄ ˃ʷʴʽˋˍˇ ʶˉʽˍˊʶˉˈ˃ʶ˄ˇ ˊʶˏ˃ʰ ˃ʽˁˊˈˍʶˊˇ ʰˉˈ н! ʰ˂˂ʱ ˎˉʱˊ˔ʶʽ ʹ ˁʰˍʱ˂˂ʹ˂ʹ 

ˉˊˇʴˊʰ˃˃ʰˍʽˋˍʽˁʺ ˉˊˈ˂ʹ˕ʹ ˍˇˉˇʻʶˍ˗˄ˍʰˌ ʱ˄˖ ˁʰʽ ˁʱˍ˖ ˈˊʽˇ ˋˍʹ˄ ʶ˄ˍˇ˂ʺ ˉˇˎ ʵʾ˄ʶʽ ʹ ˁʱˊˍʰ ˋʶ 

ʶ˄ʽˋ˔ˎˍʺ 

 

ʅ˔ʺ˃ʰ 4-10. ɳ˄ʽˋ˔ˎˍʷˌ ˁʽ˄ʹˍʺˊ˖˄. 

¶ ʃʰ˂˃ˇʴʶ˄˄ʺˍˊʽʶˌ όEncoders). 

1. 2 x HEDL ς 5560. 

2. 3 x HEDL ς 5540. 

ʁʽ encoders ̝ ˊʹˋʽ˃ˇˉˇʽˇˏ˄ˍʰʽ ʴʽʰ ˍʹ˄ ˁʰˍʰʴˊʰ˒ʺ ˍ˖˄ ʴ˖˄ʽ˗˄ ˍ˖˄ ʰˊʻˊ˗ˋʶ˖˄ όq1 ς q5ύΦ ɶ ˁʰˍʰʴˊʰ˒ʺ 

ʰˎˍʺ ʴʾ˄ʶˍʰʽ ˃ʷˋ˖ ˍˇˎ ˋʺ˃ʰˍˇˌ ˉˇˎ ʵʾ˄ˇˎ˄ ˁʰʽ ˇˊʽˋ˃ʷ˄˖˄ ʰˉ˂˗˄ ˎˉˇ˂ˇʴʽˋ˃˗˄Φ ʆˇ ʴʶʴˇ˄ˈˌ ˈˍʽ ˋˍʹ˄ 

ˉʶˊʾˉˍ˖ˋʹ ˍˇˎ ˋˎʴˁʶˁˊʽ˃ʷ˄ˇˎ ˃ʹ˔ʰ˄ʽˋ˃ˇˏ ʵʶ˄ ˎˉʱˊ˔ʶʽ ˉʶˊʾˉˍ˖ˋʹ ˇ˂ˈˁ˂ʹˊʹˌ ˉʶˊʽˋˍˊˇ˒ʺˌ ˁʱˉˇʽˇˎ 

ˁʽ˄ʹˍʺˊʰ ʰˉ˂ˇˉˇʾʹˋʶ ˋʹ˃ʰ˄ˍʽˁʱ ˍʹ˄ ʵʽʰʵʽˁʰˋʾʰΦ ɶ ʴ˖˄ʾʰ ˋʶ ˁʱʻʶ ˋˍʽʴ˃ʺ ʵʾ˄ʶˍʰʽ ʰˉˈ ˍˇ˄ ˉʰˊʰˁʱˍ˖ 

ˍˏˉˇΥ 

 2
P

PPR
a p= Ö   (69) 

ʁˉˇˏ P ˇʽ ˉʰ˂˃ˇʾ ˁʰʽ PPR ˇʽ ˉʰ˂˃ˇʾ ʴʽʰ ˃ʾʰ ˉʶˊʽˋˍˊˇ˒ʺΦ ʆˇ ˉˊˈʲ˂ʹ˃ʰ ˉˇˎ ˉˊˇˁˏˉˍʶʽ ʶʾ˄ʰʽ ˇ 

ˁʰʻˇˊʽˋ˃ˈˌ ˍʹˌ ˒ˇˊʱˌΦ ʁʽ encoder ˉˇˎ ʷ˔ˇˎ˃ʶ ʶʾ˄ʰʽ мс bit ʰ˄ʱ˂ˎˋʹˌ ˁʱˍʽ ˉˇˎ ˋʹ˃ʰʾ˄ʶʽ ˉ˖ˌ ˃ˉˇˊʶʾ 

˄ʰ ʷ˔˖ ˃ʷ˔ˊʽ ˁʰʽ н16 Ґ срросΦ ɴˍˋʽ ˃ˉˇˊˇˏ˃ʶ ˄ʰ ˋˎʴˁˊʾ˄ˇˎ˃ʶ ˍʹ˄ ˍʽ˃ʺ ˉˇˎ ˃ʰˌ ʵʾ˄ʶʽ ˃ʶ ˍʹ˄ ˃ʷʴʽˋˍʹΦ 

ɮ˄ ʰˎˍʺ ʶʾ˄ʰʽ ˉˇ˂ˏ ˃ʽˁˊˈˍʶˊʹ ˋʹ˃ʰʾ˄ʶʽ ˉ˖ˌ ˁʽ˄ʺʻʹˁʶ ˖ˊˇ˂ˇʴʽʰˁʱ ʶ˄˗ ʰ˄ ʶʾ˄ʰʽ ˋˍʰ ʶˉʾˉʶʵʰ ˍʹˌ 

˃ʷʴʽˋˍʹˌ ʹ ˁʾ˄ʹˋʹ ʷʴʽ˄ʶ ˉˊˇˌ ˍʹ˄ ʰ˄ˍʾʻʶˍʹ ˒ˇˊʱΦ ʆʷ˂ˇˌ ˋˎ˄ʵˎʱʸˇˎ˃ʶ ˍʰ ʵˏˇ ˁʰ˄ʱ˂ʽʰ ˍ˖˄ encoder όɮ 

ˁʰʽ Bύ ˃ʶ ʰˉˇˍʷ˂ʶˋ˃ʰ ˄ʰ ˍʶˍˊʰˉ˂ʰˋʽʱʸˇˎ˃ʶ ˍˇˎˌ ˉʰ˂˃ˇˏˌ ˉˇˎ ˉʰʾˊ˄ˇˎ˃ʶ ˁʱʻʶ ˒ˇˊʱΦ  
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4.3 ʅ˔ʶʵʽʰˋ˃ˈˌ ʹ˂ʶˁˍˊˇ˄ʽˁ˗˄ ˉ˂ʰˁʶˍ˗˄ 
ɶ ʰˉʰʾˍʹˋʹ ʴʽʰ ʶˏˁˇ˂ʹ ˁʰʽ ʰˋ˒ʰ˂ʺ ˋˎ˄ʰˊ˃ˇ˂ˈʴʹˋʹ ˁʰʽ ʰˉˇˋˎ˄ʰˊ˃ˇ˂ˈʴʹˋʹ ˋʶ ˋˎ˄ʵˎʰˋ˃ˈ ˃ʶ ˍʹ˄ ˉˇ˂ˏˉ˂ˇˁʹ 

ˁʰ˂˖ʵʾ˖ˋʹ ˍʹˌ ˋˎˋˁʶˎʺˌ ˇʵʺʴʹˋʶ ˋˍʹ˄ ˋˁʷ˕ʹ ʴʽʰ ˍˇ˄ ˋ˔ʶʵʽʰˋ˃ˈ ˁʰʽ ˍʹ˄ ˁʰˍʰˋˁʶˎʺ ʹ˂ʶˁˍˊˇ˄ʽˁ˗˄ ˉ˂ʰˁʶˍ˗˄ 

ʴʽʰ ˍʹ˄ ˁʰˍʰʴˊʰ˒ʺ ˍ˖˄ ˉʰ˂˃˗˄ ˍ˖˄ encoderΦ ɱʽʰ ˍˇ˄ ˋ˔ʶʵʽʰˋ˃ˈ ˍˇˎˌ ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʶ ˍˇ ˋ˔ʶʵʽʰˋˍʽˁˈ ˉʰˁʷˍˇ 

Eagle ˁʰʽ ʴʽʰ ˍʹ˄ ˁʰˍʰˋˁʶˎʺ ˍˇˎˌ ʹ ʶˊʴʰ˂ʶʽˇ˃ʹ˔ʰ˄ʺ LPKF ˃ʶ ˍʹ˄ ˋˎ˄ʵˊˇ˃ʺ ˍˇˎ ˃ʶˍʰˉˍˎ˔ʽʰˁˇˏ ˒ˇʽˍʹˍʺ 

ɼ˖˄ˋˍʰ˄ˍʾ˄ˇˎ ɮˋʹ˃ʰˁˈˉˇˎ˂ˇˎΦ 

ɮˊ˔ʽˁʱ ˍˇ ʸʺˍʹ˃ʰ ˉˇˎ ˍʷʻʹˁʶ ˉˊˇˌ ˋˎʸʺˍʹˋʹ ʺˍʰ˄ ʹ ʶˉʽˁˇʽ˄˖˄ʾʰ ˍ˖˄ encoder ˃ʶ ˍʽˌ ʹ˂ʶˁˍˊˇ˄ʽˁʷˌ 

ˉ˂ʰˁʷˍʶˌ PC ς млпΦ ɮˎˍʷˌ ˈˉ˖ˌ ˉˊˇʰ˄ʰ˒ʷˊʻʹˁʶΣ ˃ʰʸʾ ˃ʶ ˍʰ ˎˉˈ˂ˇʽˉʰ ʹ˂ʶˁˍˊˇ˄ʽˁʱ ˍˇˉˇʻʶˍʺʻʹˁʰ˄ ˋʶ ʷ˄ʰ 

ʶʽʵʽˁʱ ˁʰˍʰˋˁʶˎʰˋ˃ʷ˄ˇ ˁˇˎˍʾΦ ɷˍʰ˄ ʰˉʰˊʰʾˍʹˍˇΣ ˂ˇʽˉˈ˄ ˄ʰ ʵʹ˃ʽˇˎˊʴʹʻʶʾ ʶʾˍʶ ʷ˄ʰ ʲˏˋ˃ʰ ʶʾˍʶ ˃ʽʰ ʹ˂ʶˁˍˊˇ˄ʽˁʺ 

ˉ˂ʰˁʷˍʰ ˍʰ ˇˉˇʾʰ ʻʰ ˃ˉˇˊˇˏˋʰ˄ ˄ʰ ˉˊˇˋʰˊ˃ˇˋˍˇˏ˄ ˋˍˇ ˋʰˋʾ ˍˇˎ ˁˇˎˍʽˇˏ ˁʰʻ˗ˌ ʶˉʾˋʹˌ ʻʰ ʶˉʷˍˊʶˉʰ˄ ˍʹ˄ 

ˁʰˍʰʴˊʰ˒ʺ ˍ˖˄ ˉʰ˂˃˗˄ ˍ˖˄ encoderΦ ʆʶ˂ʽˁʱ ˋ˔ʶʵʽʱˋˍʹˁʰ˄ ˁʰʽ ˁʰˍʰˋˁʶˎʱˋˍʹˁʰ˄ ˁʰʽ ˇʽ ʵˏˇ ˍˊˈˉˇʽΦ 

ɳʽʵʽˁˈˌ connector ς ˁ ˈ˂˂ʹˋʹΥ 

ɮˊ˔ʽˁʱ ˋˍʰ ˉˊˈˍˎˉʰ ˍˇˎ ˉˊ˗ˍˇˎ ˁˇˎˍʽˇˏ ˉˇˎ ʶʾ˔ʶ ˁʰˍʰˋˁʶˎʰˋˍʶʾ ʴʽʰ ˍʹ˄ ʰˊ˔ʽˁʺ ˃ˇˊ˒ʺ ˍˇˎ ʰˉˍʽˁˇˏ 

˃ʹ˔ʰ˄ʽˋ˃ˇˏ ˁʰʻ˗ˌ ˁʰʽ ʴʽʰ ˍʹ˄ ʶ˅ˇʽˁʶʾ˖ˋʹ ˃ʶ ˍʰ ʶˊʴʰ˂ʶʾʰ ˁʰʽ ˍʹˌ ˃ʶʻˈʵˇˎˌ ʴʽʰ ˍʹ˄ ˁˈ˂˂ʹˋʹ ˁʰˍʰˋˁʶˎʱˋˍʹˁʶ 

ʷ˄ʰˌ ʶʽʵʽˁˈˌ connector ̌  ˇˉˇʾˇˌ ʶˉʷˍˊʶˉʶ ˍʹ˄ ˋˏ˄ʵʶˋʹ ˍ˖˄ encoder ˃ ʶ ˍʽˌ ʹ˂ʶˁˍˊˇ˄ʽˁʷˌ ˉ˂ʰˁʷˍʶˌ ˍˇˎ PC ς 104. 

ʆʰ ʻʶˍʽˁʱ ˉˇˎ ˉˊˇˋ˒ʷˊʶʽ ʹ ˂ˏˋʹ ʰˎˍʺ ʶʾ˄ʰʽ ˍˇ ʴʶʴˇ˄ˈˌ ˉ˖ˌ ʷ˔ˇˎ˃ʶ ʰˉˇˁ˂ʶʽˋˍʽˁʱ ʷ˄ʰ˄ connector ˁʱˍʽ ˉˇˎ 

ʶʾ˄ʰʽ ˉˇ˂ˏ ˋʹ˃ʰ˄ˍʽˁˈ ˁʰʻ˗ˌ ʰˉˇˍˊʷˉʶʽ ˇˉˇʽʰʵʺˉˇˍʶ ˂ʱʻˇˌ ˋˏ˄ʵʶˋʹ ˍ˖˄ encoderΦ ɼʱˉˇʽʰ ʶˋ˒ʰ˂˃ʷ˄ʹ 

ˋˏ˄ʵʶˋʹ ʻʰ ˃ˉˇˊˇˏˋʶ ˄ʰ ˉˊˇˁʰ˂ʷˋʶʽ ˁʰˍʰˋˍˊˇ˒ʺ ˍ˖˄ encoder ʺ ˂ʰ˄ʻʰˋ˃ʷ˄ʹ ˃ʷˍˊʹˋʹ ˍ˖˄ ˉʰ˂˃˗˄ ˁʰʽ 

ʰ˄ˍʽˋˍˇʾ˔ʽˋʹ ˃ʶ ˍʹ˄ ˁʾ˄ʹˋʹ ˍˇˎ ˃ʹ˔ʰ˄ʽˋ˃ˇˏΦ ɮˊ˄ʹˍʽˁˈ ˋˍˇʽ˔ʶʾ ʰˎˍʺˌ ˍʹˌ ˉˊˇˋʷʴʴʽˋʹˌ ʰˉˇˍʶ˂ʶʾ ˍˇ ʴʶʴˇ˄ˈˌ ˉ˖ˌ 

ʰˉʰʽˍˇˏ˄ˍʰʽ ζ˂ʶˉˍʷˌη ˁˇ˂˂ʺˋʶʽˌ ˋʶ ʰˊˁʶˍʱ ˉʶˊʽˇˊʽˋ˃ʷ˄ˇ ˔˗ˊˇΦ ʁʽ ˁˇ˂˂ʺˋʶʽˌ ʰˎˍʷˌ ˉˊʷˉʶʽ ˄ʰ ʴʾ˄ˇˎ˄ ˃ʶ ˍˇ 

˔ʷˊʽΣ ʴʶʴˇ˄ˈˌ ˉˇˎ ˉʶˊʽʷ˔ʶʽ ˉʱ˄ˍʰ ˍʹ˄ ˉʽʻʰ˄ˈˍʹˍʰ ʰ˄ʻˊ˗ˉʽ˄ˇˎ ˋ˒ʱ˂˃ʰˍˇˌΦ ɮˁˇ˂ˇˎʻˇˏ˄ ˇʽ ˒˖ˍˇʴˊʰ˒ʾʶˌ ˃ʶ 

ˍˇ˄ connector ̫ ˍˋʽ ˈˉ˖ˌ ʰˎˍˈˌ ʷ˔ʶʽ ˍˇˉˇʻʶˍʹʻʶʾ ˋˍˇ ˉʾˋ˖ ˃ʷˊˇˌ ˍˇˎ ˉ˂ʰʽˋʾˇˎΦ 

 

ʅ˔ʺ˃ʰ 4-11. Encoder connector. 
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ʅ˔ʺ˃ʰ 4-12. Plexiglas ˃ ʶ ˎˉˇʵˇ˔ʷˌ. 

ɶ˂ʶˁˍˊˇ˄ʽˁʺ ̄ ˂ʰˁʷˍʰΥ 

ɶ ʹ˂ʶˁˍˊˇ˄ʽˁʺ ˉ˂ʰˁʷˍʰ ˉˇˎ ˋ˔ʶʵʽʱˋˍʹˁʶ ʷ˔ʶʽ ʰˉˇˁ˂ʶʽˋˍʽˁˈ ˋˍˈ˔ˇ ˍʹ˄ ˃ʶˍʰ˒ˇˊʱ ˍ˖˄ ˋʹ˃ʱˍ˖˄ ʰˉˈ ˁʱʻʶ ˁʰ˄ʱ˂ʽ 

ˍˇˎ encoder ̀ ˍˇ ʶˋ˖ˍʶˊʽˁˈ ˍˇˎ ˁˇˎˍʽˇˏΦ ɶ ʵˎˋˁˇ˂ʾʰ ˉˇˎ ˉˊˇˁˏˉˍʶʽ ˂ˈʴ˖ ʰˎˍʺˌ ˍʹˌ ʰˉʰʾˍʹˋʹˌ ʶʾ˄ʰʽ ˍˇ ʴʶʴˇ˄ˈˌ 

ˈˍʽ ʷˉˊʶˉʶ ˄ʰ ʵʹ˃ʽˇˎˊʴʹʻʶʾ ˃ʾʰ ʹ˂ʶˁˍˊˇ˄ʽˁʺ ˉ˂ʰˁʷˍʰ ʵˎˇ ʶˉʽ˒ʰ˄ʶʽ˗˄ ό˃ˉˊˇˋˍʱ ˁʰʽ ˉʾˋ˖ύΦ ʃʰˊˈ˂ʰ ʰˎˍʱ ˃ʶ 

ˍʹ˄ ˁʰˍʱ˂˂ʹ˂ʹ ˍʶ˔˄ʽˁʺ ˁˈ˂˂ʹˋʹˌ ʹ ʵˎˋˁˇ˂ʾʰ ʰˎˍʺ ˎˉʶˊ˄ʽˁʺʻʹˁʶ ˁʰʽ ˉʰˊʰˁʱˍ˖ ˉʰˊˇˎˋʽʱʸʶˍʰʽ ˍˇ ˋ˔ʷʵʽˇ ˍʹˌ 

ˉ˂ʰˁʷˍʰˌ ˋˍˇ ˉˊˈʴˊʰ˃˃ʰ eagle. 

 
ʅ˔ʺ˃ʰ 4-13. ʅ˔ʷʵʽˇ ʹ˂ʶˁˍˊˇ˄ʽˁʺˌ ˉ˂ʰˁʷˍʰˌ ˋˍˇ EAGLE. 

ɶ ʶˉˈ˃ʶ˄ʹ ʰˉʰʾˍʹˋʹ ʺˍʰ˄ ˇ ˋ˔ʶʵʽʰˋ˃ˈˌ ʹ˂ʶˁˍˊˇ˄ʽˁʺˌ ˉ˂ʰˁʷˍʰˌ ˍʷˍˇʽ˖˄ ʵʽʰˋˍʱˋʶ˖˄ ˗ˋˍʶ ˄ʰ ˃ˉˇˊʶʾ ˄ʰ 

ˉˊˇˋʰˊ˃ˇˋˍʶʾ ˋˍˇ ˉʾˋ˖ ˃ʷˊˇˌ ˍˇˎ ˁˇˎˍʽˇˏΦ ɴˍˋʽΣ ˍˇ ˁˇˎˍʾ ˋ˔ʶʵʽʱˋˍʹˁʶ ˋˍˇ Solidworks ˁʰʽ ˉˊˇˋʰˊ˃ˈˋˍʹˁʶ 

ʹ˂ʶˁˍˊˇ˄ʽˁʺ ˉ˂ʰˁʷˍʰ ˃ʶ ˋˁˇˉˈ ˍʹ˄ ʶˉʽˋˁˈˉʹˋʹ ˍˇˎ ˔˗ˊˇˎ ˉˇˎ ʰˉʰʽˍʶʾˍʰʽ ˁʰʻ˗ˌ ˁʰʽ ˍˇˎ ˍˊˈˉˇˎ ˉˇˎ ʻʰ 

ˉˊˇˋʰˊ˃ˇˋˍʶʾ ˋˍˇ ˉʾˋ˖ ˃ʷˊˇˌ ˍˇˎΦ ʃʰˊʰˁʱˍ˖ ˒ʰʾ˄ʶˍʰʽ ˍˇ ʰˊ˔ʽˁˈ ˋ˔ʷʵʽˇ ˍʹˌ ʹ˂ʶˁˍˊˇ˄ʽˁʺˌ ˉ˂ʰˁʷˍʰˌ ˁʰʽ ʹ 

ˉˊˇˋʱˊˍʹˋʹ ʰˎˍˇˏ ˋˍˇ ˉʾˋ˖ ˃ʷˊˇˌ ˍˇˎ ˁˇˎˍʽˇˏΦ 

 
ʅ˔ʺ˃ʰ 4-14. ʅ˔ʷʵʽˇ ʹ˂ʶˁˍˊˇ˄ʽˁʺˌ ˉ˂ʰˁʷˍʰˌ ˋˍˇ Solidworks. 
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ɶ ˉ˂ʰˁʷˍʰ ʰˎˍʺ ˍʶ˂ʽˁʱ ˍˊˇˉˇˉˇʽʺʻʹˁʶ ˁʰˍʱ˂˂ʹ˂ʰ ˁʰʽ ˃ʶ ˍʹ˄ ʲˇʺʻʶʽʰ ˍʹˌ ʶˊʴʰ˂ʶʽˇ˃ʹ˔ʰ˄ʺˌ LPKF ˉˇˎ 

ʲˊʾˋˁʶˍʰʽ ˋˍˇ ʶˊʴʰˋˍʺˊʽˇΣ ˁʰˍʰˋˁʶˎʱˋˍʹˁʶ ˈˉ˖ˌ ˒ʰʾ˄ʶˍʰʽ ˋˍʽˌ ˉʰˊʰˁʱˍ˖ ʶʽˁˈ˄ʶˌΦ 

 
ʅ˔ʺ˃ʰ 4-15. ɼʰˍʰˋˁʶˎʺ ʹ˂ʶˁˍˊˇ˄ʽˁʺˌ ˉ˂ʰˁʷˍʰˌ ˋˍˇ LPKF. 

 
ʅ˔ʺ˃ʰ 4-16. ɶ˂ʶˁˍˊˇ˄ʽˁʺ ˉ˂ʰˁʷˍʰ ʴʽʰ ˍʹ ˋˏ˄ʵʶˋʹ ˍ˖˄ encoders. 

ʅˎ˄ʶˉ˗ˌ ˁʰˍʰˋˁʶˎʱˋˍʹˁʶ ʶˁ ˄ʷˇˎ ˃ʾʰ ʲʱˋʹ ʰˉˈ Plexiglas ʴʽʰ ˍʽˌ ˎˉˇʵˇ˔ʷˌ ˉˇˎ ˔ˊʶʽʱʸʶˍʰʽ ʹ ˋˎˋˁʶˎʺ 

ˁʰʻ˗ˌ ˁʰʽ ʴʽʰ ˍʹ˄ ˍˇˉˇʻʷˍʹˋʹ ˍʹˌ ʹ˂ʶˁˍˊˇ˄ʽˁʺˌ ˉ˂ʰˁʷˍʰˌ ˉˇˎ ˁʰˍʰˋˁʶˎʱˋˍʹˁʶΦ 

 
ʅ˔ʺ˃ʰ 4-17. Plexiglas ˃ ʶ ˎˉˇʵˇ˔ʷˌ ϧ ʹ˂ʶˁˍˊˇ˄ʽˁʺ ˉ˂ʰˁʷˍʰ. 
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ʅˍʰ ˉˊˈˍˎˉʰ ˍʹˌ ʵʽʱˍʰ˅ʹˌ ˉˇˎ ʷ˔ʶʽ ˔ˊʹˋʽ˃ˇˉˇʽʹʻʶʾ ˋˍˇ ˍʶˍˊʱˉˇʵˇ ˉˇˎ ʶʾ˄ʰʽ ˁʰˍʰˋˁʶˎʰˋ˃ʷ˄ˇ ˋˍˇ 

ʶˊʴʰˋˍʺˊʽˇ ʰˎˍˇ˃ʱˍˇˎ ʶ˂ʷʴ˔ˇˎ ˋ˔ʶʵʽʱˋˍʹˁʶ ˃ʾʰ ˉ˂ʰˁʷˍʰ ʹ ˇˉˇʾʰ ˄ʰ ˃ˉˇˊʶʾ ˄ʰ ˃ʶˍʰ˒ʷˊʶʽ ˍʰ pins ˉˇˎ 

˔ˊʹˋʽ˃ˇˉˇʽˇˏ˄ˍʰʽ ʰˉˈ ˍʽˌ ʹ˂ʶˁˍˊˇ˄ʽˁʷˌ ˉ˂ʰˁʷˍʶˌ ˍˇˎ PC ς млп ˋʶ ˎˉˇʵˇ˔ʷˌ ʴʽʰ ˁʰˍʱ˂˂ʹ˂ˇˎˌ connector 

ʰ˄ʱ˂ˇʴʰ ˃ʶ ˍʹ ˔ˊʺˋʹ ˍˇˎˌΦ ʅˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ˃ʰˌΣ ʺˍʰ˄ ʶˉʽʻˎ˃ʹˍˈ ˄ʰ ʵʹ˃ʽˇˎˊʴʹʻˇˏ˄ р ʵʽʰ˒ˇˊʶˍʽˁʷˌ ˎˉˇʵˇ˔ʷˌ 

ʴʽʰ ˍˇˎˌ encoderΣ ˇʽ ˇˉˇʾʶˌ ʻʰ ˋˎ˄ʵʷˇ˄ˍʰ˄ ˃ʶ ˍʽˌ ʹ˂ʶˁˍˊˇ˄ʽˁʷˌ ˉ˂ʰˁʷˍʶˌ ˉˇˎ ˔ˊʹˋʽ˃ˇˉˇʽˇˏ˄ˍʰʽ ʴʽʰ ˍʹ˄ 

ˁʰˍhɹ ˊʰ˒ʺ ˍ˖˄ ˉʰ˂˃˗˄ όDM6814). 

 
ʅ˔ʺ˃ʰ 4-18. ʅ˔ʷʵʽˇ ʹ˂ʶˁˍˊˇ˄ʽˁʺˌ ˉ˂ʰˁʷˍʰˌ ʴʽʰ ˍʹ˄ ʶ˒ʰˊ˃ˇʴʺ ˋˍˇ˄ ˉˏˊʴˇ ˍˇˎ t/ млп. 

ɳ˅ʰʽˍʾʰˌ ˉʶˊʽˇˊʽˋ˃ˇˏ ʰ˄ʰ˒ˇˊʽˁʱ ˃ʶ ˍʹ˄ ʶˉʷˁˍʰˋʹ ˁʰʽ ˃ʽˁˊʺˌ ˉˊˇˋ˒ˇˊʱˌ ˋʶ ˋ˔ʷˋʹ ˃ʶ ˍˇ ˁˈˋˍˇˌ ˁʰʽ ˍʹ˄ 

ˉˇ˂ˎˉ˂ˇˁˈˍʹˍʱ ˍʹˌ ʰˉˇ˒ʰˋʾˋˍʹˁʶ ˄ʰ ˃ʹ˄ ˔ˊʹˋʽ˃ˇˉˇʽʹʻʶʾ ˍʶ˂ʽˁ˗ˌΦ 
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5 ʃʶʽˊʰ˃ʰˍʽˁʺ ʶ˒ʰˊ˃ˇʴʺ 

5.1 ʃʰˊˇˎˋʾʰˋʹ ʵʽʱˍʰ˅ʹˌ 

ʅˍˇ нˇ ˁʶ˒ʱ˂ʰʽˇ ˉʰˊˇˎˋʽʱˋˍʹˁʶ ʹ ˃ˇ˄ˍʶ˂ˇˉˇʾʹˋʹ ˍˇˎ ʰˉˍʽˁˇˏ ˃ʹ˔ʰ˄ʽˋ˃ˇˏΣ ʶ˄˗ ˋˍˇ оˇ ˉʶˊʽʴˊʱ˒ʶˍʰʽ ʹ 

ʵʽʰʵʽˁʰˋʾʰ ʰ˄ʱ˂ˎˋʹˌ ˁʰʽ ˋ˔ʶʵʽʰˋ˃ˇˏ ʶ˄ˈˌ ˁʰˍʱ˂˂ʹ˂ˇˎ ˄ˈ˃ˇˎ ʶ˂ʷʴ˔ˇˎ ˗ˋˍʶ ʹ ʵˏ˄ʰ˃ʹ ˉˇˎ ʰʽˋʻʱ˄ʶˍʰʽ ˇ 

˔ˊʺˋˍʹˌ ˄ʰ ˍʰˎˍʾʸʶˍʰʽ ˃ʶ ʶˁʶʾ˄ʹ ˉˇˎ ˉʰˊʱʴʶʽ ˍˇ ʶʽˁˇ˄ʽˁˈ ˉʶˊʽʲʱ˂˂ˇ˄Φ ɶ ˋˎʴˁʶˁˊʽ˃ʷ˄ʹ ʰ˄ʱ˂ˎˋʹ ˉʶˊʽ˂ʰ˃ʲʱ˄ʶʽ 

ʰˉˇˁ˂ʶʽˋˍʽˁʱ ˍ ̌˃ ʹ˔ʰ˄ʽˋ˃ˈ ˁʰʽ ˍ́  ʵˎ˄ʰ˃ʽˁʺ ˍˇˎΦ ɶ ̒ ʷˋʹ ˍˇˎ ˔ʶˊʽˇˏ ˁʰˍʰʴˊʱ˒ʶˍʰʽ ʰˉˈ ˍˇˎˌ encoders ̌ ʽ ˇˉˇʾˇʽ 

ʶʾ˄h̔ ʶ˄ˋ˖˃ʰˍ˖˃ʷ˄ˇʽ ˋˍˇˎˌ ˁʽ˄ʹˍʺˊʶˌ ˁʰʽ ˇ ˍˊˈˉˇˌ ˂ʶʽˍˇˎˊʴʾʰˌ ˍˇˎˌ ˉʰˊˇˎˋʽʱˋˍʹˁʶ ˋˍˇ пΦнΦ ɶ ʵˏ˄ʰ˃ʹ ˉˇˎ 

ˍʶ˂ʽˁʱ ʰʽˋʻʱ˄ʶˍʰʽ ˇ ˔ˊʺˋˍʹˌ ˉʰˊʷ˔ʶˍʰʽ ʰˉˈ ˍˇˎˌ ˁʽ˄ʹˍʺˊʶˌ. ɮˉˈ ˍˇ PC ς 104 ɻ ʾ˄ʶˍʰʽ ʹ ʶ˄ˍˇ˂ʺ (ʰˉˈ -10V ʷ˖ˌ 

+10V) ˋˍˇˎˌ ʶ˄ʽˋ˔ˎˍʷˌ ʰ˄ʱ˂ˇʴʰ ˃ʶ ˍʹ˄ ʰˉʰʽˍˇˏ˃ʶ˄ʹ ʵˏ˄ʰ˃ʹΦ ʁʽ ʶ˄ʽˋ˔ˎˍʷ̩  ˉʰˊʷ˔ˇˎ˄ ˋˍˇˎ̩ ˁʽ˄ʹˍʺˊʶ ̩ˍˇ 

ʰˉʰʽˍˇˏ˃ʶ˄ˇ ˊʶˏ˃ʰ ˁʰʽ ˇʽ ˁʽ˄ʹˍʺˊʶˌ ˍʷ˂ˇˌ ˃ʶ ʲʱˋʹ ˍʹ˄ ˋˍʰʻʶˊʱ ˊˇˉʺˌ όkt) ̄ ʰˊʷ˔ˇˎ˄ ˍʹ ˊˇˉʺ ˉˇˎ ʰ˄ˍʽˋˍˇʽ˔ʶʾ 

ˋʶ ʰˎˍˈ ˍˇ ˊʶˏ˃ʰΦ ɶ ˊˇˉʺ ʰˎˍʺ ˔ʱˊʹ ˋˍʹ˄ ˁʽ˄ʹ˃ʰˍʽˁʺ ˍˇˎ ˃ʹ˔ʰ˄ʽˋ˃ˇˏ ˃ʶˍʰ˒ˊʱʸʶˍʰʽ ˋˍʹ˄ ʵˏ˄ʰ˃ʹ ˉˇˎ 

ʰʽˋʻʱ˄ʶˍʰʽ ˇ ˔ˊʺˋˍʹˌ ˋˍˇ ˍʶ˂ʽˁˈ ˋʹ˃ʶʾˇ ʵˊʱˋʹˌΦ ɮˎˍʺ ʶʾ˄ʰʽ ˁʰʽ ʹ ʵˏ˄ʰ˃ʹ ˉˇˎ ˁʰˍʰʴˊʱ˒ʶʽ ˇ ʰʽˋʻʹˍʺˊʰˌ 

ʵˏ˄ʰ˃ʹˌ ˁʰʽ ʰ˄ʰˍˊˇ˒ˇʵˇˍʶʾ ˋˍˇ ˋˏˋˍʹ˃ʰ ˃ʶ ʲʱˋʹ ˍˇ˄ ˄ˈ˃ˇ ʶ˂ʷʴ˔ˇˎ ˉˇˎ ˔ˊʹˋʽ˃ˇˉˇʽʶʾˍʰʽΦ 

ʁʽ ʵʽʰˍʱ˅ʶʽˌ ˉˇˎ ˉˊˇʰ˄ʰ˒ʷˊʻʹˁʰ˄ όencoder, PC ς 104, ʶ˄ʽˋ˔ˎˍʺˌΣ ʰʽˋʻʹˍʺˊʰˌ ʵˏ˄ʰ˃ʹˌ ˁʰʽ ˁʽ˄ʹˍʺˊʰˌ) 

ʶˉʹˊʶʱʸˇˎ˄ ˍˇ ˋˏˋˍʹ˃ʰ ˃ʷˋ˖ ˇˊʽˋ˃ʷ˄ʹˌ ˋˍʰʻʶˊʱˌ ʰ˄ʱ˂ˇʴʰ ˃ʶ ˍʹ˄ ˊˏʻ˃ʽˋʺ ˍˇˎˌ όʶ˄ʽˋ˔ˎˍʺˌύΣ ˍˇ˄ ˍˊˈˉˇ ˉˇˎ 

ʶˁˍʶ˂ˇˏ˄ ˇˊʽˋ˃ʷ˄ʹ ʶ˄ˍˇ˂ʺ όPC-104 ˁʰʽ ˁʽ˄ʹˍʺˊʰˌ) ˁʰʻ˗ˌ ˁʰʽ ˍˇ˄ ˍˊˈˉˇ ˉˇˎ ˁʰˍʰʴˊʱ˒ˇˎ˄ ˍʽˌ ˃ʶˍˊʺˋʶʽˌ 

(encoder ˁʰʽ ʰʽˋʻʹˍʺˊʰ ʵˏ˄ʰ˃ʹˌύΦ ʃʽˇ ˋˎʴˁʶˁˊʽ˃ʷ˄ʰΣ ʹ ˋˍʰʻʶˊʱ ˊˇˉʺˌ όkt) ̄ ˇˎ ʰ˄ʰ˒ʷˊʶˍʰʽ ˋˍʰ ˋˍˇʽ˔ʶʾʰ ˍˇˎ 

ˁʽ˄ʹˍʺˊʰ ˋˍʹ˄ ˉˊʰʴ˃ʰˍʽˁˈˍʹˍʰ ʶ˅ʰˊˍʱˍʰʽ ʰˉˈ ʵʽʱ˒ˇˊˇˎˌ ˉʰˊʱʴˇ˄ˍʶˌΣ ˈˉ˖ˌ ˉʰˊʰʵʶʾʴ˃ʰˍˇˌ ˔ʱˊʽ˄ ʹ 

ʻʶˊ˃ˇˁˊʰˋʾʰΣ ʶ˄˗ ʹ ˊˏʻ˃ʽˋʹ ˍ˖˄ ʶ˄ʽˋ˔ˎˍ˗˄ ʴʾ˄ʶˍʰʽ ˈˉ˖ˌ ʷ˔ʶʽ ʰ˄ʰ˒ʶˊʻʶʾ ˋˍˇ пΦн ˔ʶʽˊˇˁʾ˄ʹˍʰ ˃ʷˋ˖ 

ˁʰˍʱ˂˂ʹ˂˖˄ ˉˇˍʶ˄ˋʽˈ˃ʶˍˊ˖˄Φ ɮˎˍˈ ˎˉˇʵʶʽˁ˄ˏʶʽ ˉ˖ˌ ʹ ˋˍʰʻʶˊʱ ˍˇˎ ˁʽ˄ʹˍʺˊʰ ˁʰʻ˗ˌ ˁʰʽ ʹ ʶ˄ʾˋ˔ˎˋʹ ˉˇˎ 

ˉʰˊʷ˔ˇˎ˄ ˋˍˇ ˋˏˋˍʹ˃ʰ ˉʰˊˇˎˋʽʱʸˇˎ˄ ˇˊʽˋ˃ʷ˄ʹ ʰˉˈˁ˂ʽˋʹ ʰˉˈ ˍʽˌ ʻʶ˖ˊʹˍʽˁʷˌ ˍʽ˃ʷˌ ˉˇˎ ˔ˊʹˋʽ˃ˇˉˇʽˇˏ˄ˍʰ ˋˍʹ˄ 

ˉˊˇˋˇ˃ˇʾ˖ˋʹ όAmplifier Gain = 0,2 ς Torque Constant = 119 mNm/A). ʅˍˇ ʅ˔ʺ˃ʰ р-м ˉʰˊˇˎˋʽʱʸʶˍʰʽ ʹ ʵʽʱˍʰ˅ʹ 

ˈˉˇˎ ʴʾ˄ʶˍʰʽ ʰ˄ˍʽ˂ʹˉˍˈ ˉ˖ˌ ʹ ˊˏʻ˃ʽˋʹ ˍˇˎ ʶ˄ʽˋ˔ˎˍʺ ˁ ʰʻ˗ˌ ˁʰʽ ʹ ˋˍʰʻʶˊʱ ˍˇˎ ˁʽ˄ʹˍʺˊʰ ʁ ˉʽʵˊˇˏ˄ ˋˍˇ ˋˏˋˍʹ˃ʰΦ 

 
ʅ˔ʺ˃ʰ 5-1. Simulink model ̄ ˊˇˋˇ˃ˇʾ˖ˋʹˌ ˍʹˌ ɻ ʽʱˍʰ˅ʹˌ ˁ˂ʶʽˋˍˇˏ ʲˊˈ˔ˇˎ. 
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ʅ˔ʺ˃ʰ 5-2Φ ʇˉˇ˂ˇʴʽˋ˃ˇʾ ˉˇˎ ʶˁˍʶ˂ˇˏ˄ˍʰʽ ˁ ʰˍʱ ˍʹ˄ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˍˇˎ PC 104 ̄ ˇˎ ˒ʰʾ˄ʶˍʰʽ ˋˍˇ ʅ˔ʺ˃ʰ р-1. 

ʃʰˊʰˍʹˊ˗˄ˍʰˌ ˂ˇʽˉˈ˄ ˍʰ ʅ˔ʺ˃ʰˍʰ р-1 & 5-н ʴʾ˄ʶˍʰʽ ʰ˄ˍʽ˂ʹˉˍˈ ˉ˖ˌ ʹ ʵˏ˄ʰ˃ʹ ˉˇˎ ˉʰˊʱʴʶˍʰʽ ʰˉˈ ˍˇ 

ʶʽˁˇ˄ʽˁˈ ʶ˂ʰˍʺˊʽˇ ς virtual spring fmot ς fcontrol (ʅ˔ʺ˃ʰ р-нύ ʵʽʰ˒ʷˊʶʽ ʰˉˈ ˍʹ ʵˏ˄ʰ˃ʹ ˉˇˎ ˉˊʰʴ˃ʰˍʽˁʱ 

ʶ˒ʰˊ˃ˈʸʶˍʰʽ ʰˉˈ ˍˇˎˌ ˁʽ˄ʹˍʺˊʶˌ ˋˍˇ˄ Fmot όʅ˔ʺ˃ʰ р-1). 

ʃʰˊʱ˂˂ʹ˂ʰ ʶˁˍʶ˂ʷˋˍʹˁʰ˄ ˇˊʽˋ˃ʷ˄ʰ ˉʶʽˊʱ˃ʰˍʰ ʰ˄ˇʽ˔ˍˇˏ ʲˊˈ˔ˇˎ ˃ʶ ˋˁˇˉˈ ˄ʰ ʶ˂ʶʴ˔ʻʶʾ ʶʱ˄ ʹ 

˃ˇ˄ˍʶ˂ˇˉˇʾʹˋʹ ˍˇˎ ˋˎˋˍʺ˃ʰˍˇˌ ʰ˄ˍʰˉˇˁˊʾ˄ʶˍʰʽ ˋˍʹ˄ ˉˊʰʴ˃ʰˍʽˁˈˍʹˍʰΦ ɼʰˍʰʴˊʱ˒ʹˁʶ ʹ ʻʷˋʹ ˍˇˎ ˔ʶˊʽˇˏ ˁʰʽ 

ˋˍʹ ˋˎ˄ʷ˔ʶʽʰ ˔ˊʹˋʽ˃ˇˉˇʽʶʾˍʰʽ ˖ˌ ʶʾˋˇʵˇˌ ˋˍʹ˄ ˉˊˇˋˇ˃ˇʾ˖ˋʹΦ ɮˊ˔ʽˁʱ ˉʰˊˇˎˋʽʱʸʶˍʰʽ ˋˍˇ ʅ˔ʺ˃ʰ р-3 ʹ 

˃ʶˍʰˍˈˉʽˋʹ ˍˇˎ ˔ʶˊʽˇˏ ʹ ˇˉˇʾʰ ˎˉˇ˂ˇʴʾʸʶˍʰʽ ˃ʷˋ˖ ˍʹˌ ˁʽ˄ʹ˃ʰˍʽˁʺˌ ˍˇˎ ˃ʹ˔ʰ˄ʽˋ˃ˇˏ ˔ˊʹˋʽ˃ˇˉˇʽ˗˄ˍʰˌ ˍʰ 

ʵʶʵˇ˃ʷ˄ʰ ˉˇˎ ˁʰˍʰʴˊʱ˒ʹˁʰ˄ ʰˉˈ ˍˇ ˄encoder. 

 

ʅ˔ʺ˃ʰ 5-3Φ ɾʶˍʰˍˈˉʽˋʹ ʆʶ˂ʽˁˇˏ ʅʹ˃ʶʾˇˎ ɲˊʱˋʹˌ όʆʅɲύ ˈˉ˖ˌ ˍʹ˄ ˁʰˍʷʴˊʰ˕ʰ˄ ˇʽ encoders. 

ʆˇ ˉʶʾˊʰ˃ʰ ʰ˄ˇʽ˔ˍˇˏ ʲˊˈ˔ˇˎ ʰˁˇ˂ˇˎʻʶʾ ˍˇ ʶ˅ʺˌ ˋʶ˄ʱˊʽˇΥ ʆˇ ˔ʷˊʽ ˁʽ˄ʶʾˍʰʽ ˋˍˇ˄ ʋ ʱ˅ˇ˄ʰ ʴʽʰ пΣр cm. ɾʷ˔ˊʽ 

ˍˇ нˇ ʶˁʰˍˇˋˍˈ ʹ ˍˇ ˔ʷˊʽ ˁʽ˄ʶʾˍʰʽ ʶ˂ʶˏʻʶˊˇΣ ʵʶ˔ˈ˃ʶ˄ˇ ʰˉˇˁ˂ʶʽˋˍʽˁʱ ˍʹ˄ ʰ˄ˍʾˋˍʰˋʹ ʰˉˈ ˍʹ˄ ʵˎ˄ʰ˃ʽˁʺ ˍˇˎ 

˃ʹ˔ʰ˄ʽˋ˃ˇˏΦ ʅˍʹ ˋˎ˄ʷ˔ʶʽʰ ˎˉʱˊ˔ʶʽ ʷ˄ʰ ʶʽˁˇ˄ʽˁˈ ʶ˂ʰˍʺˊʽˇ ˃ʶ ˋˍʰʻʶˊʱ ʶ˂ʰˍʹˊʾˇˎ kvr = 100 N/m ˍˇ ˇˉˇʾˇ ˁʰʽ 

ʰˋˁʶʾ ʵˏ˄ʰ˃ʹ ˋˍˇ ˔ʷˊʽ. ʅˍˇ ʅ˔ʺ˃ʰ р-п ˉʰˊˇˎˋʽʱʸʶˍʰʽ ʹ ʵˏ˄ʰ˃ʹ ˉˇˎ ˁʰˍʰʴˊʱ˒ʶʽ ˇ ʰʽˋʻʹˍʺˊʰˌ ʵˏ˄ʰ˃ʹˌ ˃ʶ 

ˉˊʱˋʽ˄ʹ ʴˊʰ˃˃ʺ ʶ˄˗ ˃ʶ ˃ʰˏˊʹ ˉʰˊˇˎˋʽʱʸʶˍʰʽ ʹ ʶˉʽʻˎ˃ʹˍʺ ʵˏ˄ʰ˃ʹ ˉˇˎ ˉʰˊʱʴʶʽ ˍˇ ʶʽˁˇ˄ʽˁˈ ʶ˂ʰˍʺˊʽˇΦ 
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ʃʰˊʱ˂˂ʹ˂ʰ ˋˍˇ ʅ˔ʺ˃ʰ р-р ʰˉʶʽˁˇ˄ʾʸʶˍʰʽ ˍˇ ˋ˒ʱ˂˃ʰ ˃ʶˍʰ˅ˏ ˍʹˌ ʶˉʽʻˎ˃ʹˍʺˌ ʵˏ˄ʰ˃ʹˌ ˁʰʽ ʶˁʶʾ˄ʹˌ ˉˇˎ ˇ 

ʰʽˋʻʹˍʺˊʰˌ ˁʰˍʰʴˊʱ˒ʶʽΦ ʆˇ ˋ˒ʱ˂˃ʰ ʰˎˍˈ ʹ ̄ ʰˊˇˏˋʰ ʶˊʴʰˋʾʰ ʶˉʽʵʽ˗ˁʶʽ ˄ʰ ʰˉʰ˂ʶʾ˕ʶʽΦ 

 

ʅ˔ʺ˃ʰ 5-4Φ ɳˉʽʻˎ˃ʹˍʺ ʵˏ˄ʰ˃ʹ ʶʽˁˇ˄ʽˁˇˏ ʶ˂ʰˍʹˊʾˇˎ ϧ ˁʰˍʰʴʶʴˊʰ˃˃ʷ˄ʹ ʵˏ˄ʰ˃ʹ ʰˉˈ ˍˇ˄ ʰʽˋʻʹˍʺˊʰ 
ʵˏ˄ʰ˃ʹˌ ˁʰˍʱ ˍʹ˄ ʶˁˍʷ˂ʶˋʹ ˉʶʽˊʱ˃ʰˍˇˌ ʰ˄ˇʽ˔ˍˇˏ ʲˊˈ˔ˇˎΦ 

 

 

ʅ˔ʺ˃ʰ 5-5Φ ʅ˒ʱ˂˃ʰ ˃ʶˍʰ˅ˏ ʶˉʽʻˎ˃ʹˍʺˌ ϧ ˁʰˍʰʴʶʴˊʰ˃˃ʷ˄ʹˌ ʵˏ˄ʰ˃ʹˌ ˋˍˇ ˉʶʾˊʰ˃ʰ ʰ˄ˇʽ˔ˍˇˏ ʲˊˈ˔ˇˎΦ 

ʅˏ˃˒˖˄ʰ ˃ʶ ˍˇ ʅ˔ʺ˃ʰ р-р ʹ ʵˏ˄ʰ˃ʹ ˉˇˎ ˁʰˍʰʴˊʱ˒ʶʽ ˇ ʰʽˋʻʹˍʺˊʰˌ ˉʰˊˇˎˋʽʱʸʶʽ ˋ˒ʱ˂˃ʰ ˍʹˌ ˍʱ˅ʹˌ ˍ˖˄ 

лΣнɿ ˋʶ ˋ˔ʷˋʹ ˃ʶ ˍʹ˄ ʶˉʽʻˎ˃ʹˍʺ ʵˏ˄ʰ˃ʹΦ ɳˉʾˋʹˌ ʹ ʵˏ˄ʰ˃ʹ ˉˇˎ ʰʽˋʻʱ˄ʶˍʰʽ ˇ ˔ˊʺˋˍʹˌ ˒ʰʾ˄ʶˍʰʽ ˄ʰ ʶʾ˄ʰʽ ˁʰˍʱ 

ʰˉˈ˂ˎˍʹ ˍʽ˃ʺ ˃ʶʴʰ˂ˏˍʶˊʹ ʰˉˈ ˍʹ˄ ʶˉʽʻˎ˃ʹˍʺΦ ɮˎˍˈ ˃ˉˇˊʶʾ ˄ʰ ˇ˒ʶʾ˂ʶˍʰʽ ˋˍˇ ʴʶʴˇ˄ˈˌ ˈˍʽ ˇ ˔ˊʺˋˍʹˌ ˉˊʷˉʶʽ ˄ʰ 

ˎˉʶˊ˄ʽˁʺˋʶʽ ˁʰʽ ˍʹ˄ ˍˊʽʲʺ ˍˇˎ ˃ʹ˔ʰ˄ʽˋ˃ˇˏ ˁʰˍʱ ˍʹ˄ ˁʾ˄ʹˋʹ ʺ ˋˍʽˌ ˉˊʰʴ˃ʰˍʽˁʷˌ ˋˍʰʻʶˊʷˌ ˍˇˎ ˁʽ˄ʹˍʺˊʰ ˁʰʽ ˍˇˎ 

ʶ˄ʽˋ˔ˎˍʺ ʰ˂˂ʱ ˁʰʽ ˋʶ ˋˎ˄ʵˎʰˋ˃ˈ ˍ˖˄ ʵˏˇΦ 

ʅˍʹ ˋˎ˄ʷ˔ʶʽʰ ʹ ˃ʶˍʰˍˈˉʽˋʹ ˉˇˎ ˉʰˊʰˍʹˊʶʾˍʰʽ ˋˍˇ ʅ˔ʺ˃ʰ р-о ʶʽˋʱʴʶˍʰʽ ˖ˌ ʶʾˋˇʵˇˌ ˋˍʹ˄ ˉˊˇˋˇ˃ˇʾ˖ˋʹ 

ˉˇˎ ʷ˔ʶʽ ʵʹ˃ʽˇˎˊʴʹʻʶʾ ʲʰˋʽʸˈ˃ʶ˄ʹ ˋˍʹ˄ ˃ˇ˄ˍʶ˂ˇˉˇʾʹˋʹ ˍˇˎ ˃ʹ˔ʰ˄ʽˋ˃ˇˏΦ ʅ̱ ʹ˄ ˃ˇ˄ˍʶ˂ˇˉˇʾʹˋʹ ʶˉʽ˔ʶʽˊʶʾˍʰʽ ʹ 

˔ˊʺˋʹ ˍ˖˄ ʻʶ˖ˊʹˍʽˁ˗˄ ˍʽ˃˗˄ ˍʹˌ ˋˍʰʻʶˊʱˌ ˍˇˎ ˁʽ˄ʹˍʺˊʰ ˁʰʽ ˍˇˎ ʶ˄ʽˋ˔ˎˍʺ. ʆˇ ˋʶ˄ʱˊʽˇ ˉˇˎ ʶˁˍʶ˂ʶʾˍʰʽ ʶʾ˄ʰʽ 

ʰˁˊʽʲ˗ˌ ʾʵʽˇ ˃ʶ ʰˎˍˈ ˉˇˎ ˋˎ˄ʷʲʹ ˋˍʹ˄ ˉˊʰʴ˃ʰˍʽˁˈˍʹˍʰΦ ʆˇ ˔ʷˊʽ ˁʽ˄ʶʾˍʰʽ ʴʽʰ пΣр cm, ˈˉˇˎ ʴʽʰ ˍʰ ˉˊ˗ˍʰ н cm 

ˁʽ˄ʶʾˍʰʽ ʶ˂ʶˏʻʶˊˇ ʶ˄˗ ˋˍʹ˄ ˋˎ˄ʷ˔ʶʽʰ ˋˎ˄ʰ˄ˍʱ ʷ˄ʰ ʶʽˁˇ˄ʽˁˈ ʶ˂ʰˍʺˊʽˇ ˋˍʰʻʶˊʱˌ kvr = 100 N/m. ʅˍˇ ʅ˔ʺ˃ʰ р-6 
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ˉʰ́ˇˎˋʽʱʸʶˍʰʽ ʹ ʶˉʽʻˎ˃ʹˍʺ ʵˏ˄ʰ˃ʹ ˉˇˎ ˉʰˊʱʴʶʽ ˍˇ ʶʽˁˇ˄ʽˁˈ ʶ˂ʰˍʺˊʽˇ ˋʶ ˋˏʴˁˊʽˋʹ ˃ʶ ˍʹ˄ ʵˏ˄ʰ˃ʹ ˉˇˎ 

ʰʽˋʻʱ˄ʶˍʰʽ ˍˇ ˔ʷˊʽ ˁʰˍʱ ˍʹ˄ ˉˊˇˋˇ˃ˇʾ˖ˋʹΦ 

 

ʅ˔ʺ˃ʰ 5-6Φ ɳˉʽʻˎ˃ʹˍʺ ʵˏ˄ʰ˃ʹ ʶʽˁˇ˄ʽˁˇˏ ʶ˂ʰˍʹˊʾˇˎ ϧ ʵˏ˄ʰ˃ʹ ˉˇˎ ʰʽˋʻʱ˄ʶˍʰʽ ˍˇ ˔ʷˊʽ ˁʰˍʱ ˍʹ˄ 
ˉˊˇˋˇ˃ˇʾ˖ˋʹ h ˄ˇʽ˔ˍˇˏ ʲˊˈ˔ˇˎ ̝ ˊʹˋʽ˃ˇˉˇʽ˗˄ˍʰˌ ˉˊʰʴ˃ʰˍʽˁʱ ʵʶʵˇ˃ʷ˄ʰ ˃ʶˍʰˍˈˉʽˋʹˌ ˍˇˎ ʆʅɲ. 

 

 

ʅ˔ʺ˃ʰ 5-7. ʅ˒ʱ˂˃ʰ ˃ʶˍʰ˅ˏ ʶˉʽʻˎ˃ʹˍʺˌ ϧ ˁʰˍʰʴʶʴˊʰ˃˃ʷ˄ʹˌ ʵˏ˄ʰ˃ʹˌ ˁʰˍʱ ˍʹ˄ ˉˊˇˋˇ˃ˇʾ˖ˋʹ h ˄ˇʽ˔ˍˇˏ 
ʲˊˈ˔ˇˎΦ 

 

ʅˍˇ ʅ˔ʺ˃ʰ р-т ˉʰˊˇˎˋʽʱʸʶˍʰʽ ˍˇ ˋ˒ʱ˂˃ʰ ˃ʶˍʰ˅ˏ ˍʹˌ ʵˏ˄ʰ˃ʹˌ ˉˇˎ ʰʽˋʻʱ˄ʶˍʰʽ ˇ ˔ˊʺˋˍʹˌ ˁʰʽ ˍʹˌ 

ʶˉʽʻˎ˃ʹˍʺˌ ˁʰˍʱ ˍʹ˄ ˉˊˇˋˇ˃ˇʾ˖ˋʹΦ ɳʾ˄ʰʽ ʶ˃˒ʰ˄ʷˌ ˉ˖ˌ ˍˇ ˋ˒ʱ˂˃ʰ ˋˍʹ˄ ˉˊʰʴ˃ʰˍʽˁˈˍʹˍʰ ʶʾ˄ʰʽ ˃ʶʴʰ˂ˏˍʶˊˇ ʰˉΩ 

ˈˍʽ ˋˍʹ˄ ˉˊˇˋˇ˃ˇʾ˖ˋʹΦ ɼʰˍʱ ˍʹ˄ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ʰˉˇˎˋʽʱʸʶʽ ˍˈˋˇ ʹ ˍˊʽʲʺ ˍˇˎ ˃ʹ˔ʰ˄ʽˋ˃ˇˏ ˈˋˇ ˁʰʽ ˇʽ 

ˉˊʰʴ˃ʰˍʽˁʷˌ ˍʽ˃ʷˌ ˍ˖˄ ˋˍʰʻʶˊ˗˄ ˍˇˎ ˁʽ˄ʹˍʺˊʰ ˁʰʽ ˍˇˎ ʶ˄ʽˋ˔ˎˍʺΦ ʆˇ ˋ˒ʱ˂˃ʰ ˉˇˎ ˉʰˊˇˎˋʽʱʸʶˍʰʽ ˋˍˇ ʅ˔ʺ˃ʰ р-

т ʶ˅ʰˊˍʱˍʰʽ ʰˉˇˁ˂ʶʽˋˍʽˁʱ ʰˉˈ ˍʹ˄ ʵˎ˄ʰ˃ʽˁʺ ˍˇˎ ˃ʹ˔ʰ˄ʽˋ˃ˇˏ ˁʰʽ ʴʽΩʰˎˍˈ ˍˇ ˂ˈʴˇ ˉʰˊˇˎˋʽʱʸʶʽ ˍʽˌ ˎ˕ʹ˂ˈˍʶˊʶˌ 

ˍʽ˃ʷˌ ˍˇˎ ˁʰˍʱ ˍʹ ˋˍʽʴ˃ʺ ̄ ˇˎ ˍˇ ˔ʷˊʽ ʷˊ˔ʶˍʰʽ ˋʶ ʶˉʰ˒ʺ ˃ʶ ˍˇ ʶʽˁˇ˄ʽˁˈ ʶ˂ʰˍʺˊʽˇΦ 

ʆ̌  ˋ˒ʱ˂˃ʰ ˋˍˇ ˉˊʰʴ˃ʰˍʽˁˈ ˉʶʾˊʰ˃ʰ ʰ˂˂ʱ ˁʰʽ ˋˍʹ˄ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˉʰˊʱ˂˂ʹ˂ʰ ˃ʶ ˍʹ˄ ˍʰ˔ˏˍʹˍʰ ˍˇˎ ˔ʶˊʽˇˏ 

ˉʰˊˇˎˋʽʱʸˇ˄ˍʰʽ ˋˍˇ ʅ˔ʺ˃ʰ р-8. ɶ ˁʾ˄ʹˋʹ ˉˇˎ ˉʰˊˇˎˋʽʱˋˍʹˁʶ ˋˍˇ ʅ˔ʺ˃ʰ р-о ʶʾ˄ʰʽ ˉˊˇˌ ˍʹ˄ ʰˊ˄ʹˍʽˁʺ 

ˁʰˍʶˏʻˎ˄ˋʹ ˃ ʶ ʰˉˇˍʷ˂ʶˋ˃ʰ ʹ ˍʰ˔ˏˍʹˍʰ ˄ʰ ʶʾ˄ʰʽ ʰˊ˄ʹˍʽˁʺ ˋˍˇ ˃ʶʴʰ˂ˏˍʶˊˇ ˁˇ˃˃ʱˍʽ ˍʹˌ ˉˊˇˋˇ˃ˇʾ˖ˋʹˌΦ ɮˊ˔ʽˁʱ 

ˉʰˊʰˍʹˊʶʾˍʰʽ ˍˇ ʴʶʴˇ˄ˈˌ ˈˍʽ ˋˍʹ˄ ˉˊʰʴ˃ʰˍʽˁˈˍʹˍʰ ˍˇ ˋ˒ʱ˂˃ʰ ʶʾ˄ʰʽ ˉˇ˂˂ʰˉ˂ʱˋʽˇ ˍˇˎ ˋ˒ʱ˂˃ʰˍˇˌ ˋˍʹ˄ 
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ˉˊˇˋˇ˃ˇʾ˖ˋʹΦ ɮ˅ʾʸʶʽ ˈ˃˖ˌ ˄ʰ ˋʹ˃ʶʽ˖ʻʶʾ ˉ˖ˌ ˏˋˍʶˊʰ ʰˉˈ ˍʹ˄ ʶˉʰ˒ʺ ˍˇˎ ˔ʶˊʽˇˏ ˃ʶ ˍˇ ʶʽˁˇ˄ʽˁˈ ʶ˂ʰˍʺˊʽˇ ό˃ʶˍʱ 

ˍˇ мˇ ʵʶˎˍʶˊˈ˂ʶˉˍˇύ ˈˍʰ˄ ʹ ˍʰ˔ˏˍʹˍʰ ˉˊˇˋʶʴʴʾʸʶʽ ˍˇ ˃ʹʵʷ˄ ˍˇ ˋ˒ʱ˂˃ʰ ʰˎ˅ʱ˄ʶˍʰʽΦ ɮˎˍˈ ʶʾ˄ʰʽ ˉʽʻʰ˄ˈ ˄ʰ 

ˇ˒ʶʾ˂ʶˍʰʽ ˋˍʹ˄ ˍˊʽʲʺ ˍˇˎ ˃ʹ˔ʰ˄ʽˋ˃ˇˏΦ ɶ ˍˊʽʲʺ ʰˎˍʺ ʵʶ˄ ˃ˇ˄ˍʶ˂ˇˉˇʽʺʻʹˁʶ ˋˍʹ˄ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˃ʶ ʰˉˇˍʷ˂ʶˋ˃ʰ 

ˍˇ ˋ˒ʱ˂˃ʰ ˉˇˎ ˉʰˊʰˍʹˊʶʾˍʰʽ ˋˍʹ˄ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˄ʰ ˃ʹ˄ ʶ˅ʰˊˍʱˍʰʽ ʰˉˈ ˍʹ˄ ˍʰ˔ˏˍʹˍʰ ˍˇˎ ˔ʶˊʽˇˏΦ 

 

ʅ˔ʺ˃ʰ 5-8Φ ʅ˒ʱ˂˃ʰ ʵˏ˄ʰ˃ʹˌ ˋˍʹ˄ ˉˊʰʴ˃ʰˍʽˁˈˍʹˍʰ ˁʰʽ ˋˍʹ˄ ˉˊˇˋˇ˃ˇʾ˖ˋʹ όˉʱ˄˖ύ ϧ ˍʰ˔ˏˍʹˍʰ ˁʾ˄ʹˋʹˌ 
˔ʶˊʽˇˏ όˁʱˍ˖ύ 

ɳʾ˄h ʽ ˂ˇʽˉˈ˄Σ ˋʹ˃ʰ˄ˍʽˁˈ ˄ʰ ˉˊˇˋˍʶʻʶʾ ʹ ˍˊʽʲʺ ˉˇˎ ʰ˄ʰˉˍˏˋˋʶˍʰʽ ˁʰˍʱ ˍʹ˄ ˁʾ˄ʹˋʹ ˍˇˎ ˃ʹ˔ʰ˄ʽˋ˃ˇˏ ˋˍʹ˄ 

ˉˊˇˋˇ˃ˇʾ˖ˋʹΦ ʁ ˃ʹ˔ʰ˄ʽˋ˃ˈˌ ʷ˔ʶʽ ʲʶ˂ˍʽˋˍˇˉˇʽʹʻʶʾ ˋ˔ʶˍʽˁʱ ˃ʶ ˍˇ ʲʱˊˇˌ ˈ˃˖ˌ ʰ˄ˍʽˍʾʻʶˍʰʽ ˋˍʹ˄ ˁʾ˄ʹˋʹ ˂ˈʴ˖ ˍʹˌ 

ʵˎ˄ʰ˃ʽˁʺˌ ˍˇˎΦ ʆˇ ˉʶʾˊʰ˃ʰ ˉˇˎ ʶˁˍʶ˂ʷˋˍʹˁʶ ʴʽʰ ˍˇ˄ ˉˊˇˋʵʽˇˊʽˋ˃ˈ ˍʹˌ ˍˊʽʲʺˌ ʶʾ˄ʰʽ ˄ʰ ˍˊˇ˒ˇʵˇˍʶʾˍʰʽ ˇ 

ˁʽ˄ʹˍʺˊʰˌ ˁʱʻʶ ʲʰʻ˃ˇˏ ʶ˂ʶˎʻʶˊʾʰˌ ˃ʶ ˍˇ ʶ˂ʱ˔ʽˋˍˇ ˊʶˏ˃ʰ ˉˇˎ ˔ˊʶʽʱʸʶˍʰʽ ˗ˋˍʶ ˄ʰ ˁʽ˄ʶʾ ˍˇ˄ ˃ʹ˔ʰ˄ʽˋ˃ˈΦ ɾʷˋ˖ 

ˍˇˎ ˉʶʽˊʱ˃ʰˍˇˌ ʰˎˍˇˏ ˎˉˇ˂ˇʴʾˋˍʹˁʶ ˉˇʽʰ ʶʾ˄ʰʽ ʹ ʶ˂ʱ˔ʽˋˍʹ ʵˏ˄ʰ˃ʹ ˉˇˎ ˔ˊʶʽʱʸʶˍʰʽ ʴʽʰ ˄ʰ ˁʽ˄ʹʻʶʾ ˍˇ ˍʶ˂ʽˁˈ 

ˋʹ˃ʶʾˇ ʵˊʱˋʹˌ ˁʰˍʱ ˍˇ˄ ʱ˅ˇ˄ʰ ʋ ˁʰʽ ʇ ʰ˄ˍʾˋˍˇʽ˔ʰΦ ɶ ˍˊʽʲʺ ˉˇˎ ˉˊʷˉʶʽ ˄ʰ ˎˉʶˊ˄ʽˁʺˋʶʽ ˇ ˁʽ˄ʹˍʺˊʰˌ ʴʽʰ ˄ʰ 

ˁʽ˄ʹʻʶʾ ˃ʹ˔ʰ˄ʽˋ˃ˈˌ ʶʾ˄ʰʽ ʾˋʹ ˃ʶ лΣнм ɿ ˁʰʽ ˋˍˇˎˌ ʵˏˇ ʱ˅ˇ˄ʶˌΦ ɶ ˍˊʽʲʺ ʰˎˍʺ ˉˊˇˋˍʾʻʶˍʰʽ ˖ˌ ʵʽʰˍʰˊʰ˔ʺ ˋˍˇ 

ˋˏˋˍʹ˃ʰΦ ʂˉ˖ˌ ˉʰˊˇˎˋʽʱʸʶˍʰʽ ˋˍˇ ώпрϐ ˎˉʱˊ˔ˇˎ˄ ʵʽʱ˒ˇˊʰ ˃ ˇ˄ˍʷ˂ʰ ˍˊʽʲʺˌΣ ʰˉ˂ʱ ʺ ˁʰʽ ˉʽˇ ˋˏ˄ʻʶˍʰΣ ˍʰ ˇˉˇʾʰ 

ˁʰʽ ˉˊˇˋˇ˃ˇʽʱʸˇˎ˄ ˍˇ ˋˎʴˁʶˁˊʽ˃ʷ˄ˇ ˒ʰʽ˄ˈ˃ʶ˄ˇΦ ɶ ˁ˂ʰˋʽˁʺ ˃ʷʻˇʵˇˌ ˃ˇ˄ˍʶ˂ˇˉˇʾʹˋʹˌ ˉʰˊˇˎˋʽʱʸʶˍʰʽ ˋˍʹ˄ όтлύΦ 

 ()sgnf CT T bq q= + Ö  (70) 

ʂˉˇˎ                 ()
1, 0

sgn 0, 0

1, 0

q

q q

q

ë+ >
î
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ʆˇ ˁ˂ʰˋʽˁˈ ˃ˇ˄ˍʷ˂ˇ ˍˊʽʲʺˌ ˉʰˊˇˎˋʽʱʸʶˍʰʽ ˋˍˇ ʅ˔ʺ˃ʰ р-9. ɳʱ˄ ʹ ˋˍʰˍʽˁʺ ˍˊʽʲʺ ˉˊˇˋʵʽˇˊʽˋˍʶʾΣ ˍˈˍʶ ˍˇ 

˃ˇ˄ˍʷ˂ˇ ʰˎˍˈ ˇ˂ˇˁ˂ʹˊ˗˄ʶˍʰʽ ˁʰʻ˗ˌ ˍˇ b ˍˇˎ ˃ʹ˔ʰ˄ʽˋ˃ˇˏ ʷ˔ʶʽ ˉˊˇˋʵʽˇˊʽˋˍʶʾ ˁʰˍʱ ˍʹ˄ ˃ˇ˄ˍʶ˂ˇˉˇʾʹˋʹ ˍˇˎ 

˃ʹ˔ʰ˄ʽˋ˃ˇˏ ˁʰʽ ˔ˊʹˋʽ˃ˇˉˇʽʶʾˍʰʽ ˋˍʽˌ ʵʽʰ˒ˇˊʽˁʷˌ ʶ˅ʽˋ˗ˋʶʽˌΦ ɶ ˋˍʰˍʽˁʺ ˍˊʽʲʺ ʶʾ˄ʰʽ ʹ ʶ˂ʱ˔ʽˋˍʹ ˍʽ˃ʺ ˍʹˌ ʵˏ˄ʰ˃ʹˌ 

ˉˇˎ ʰˉʰʽˍʶʾˍʰʽ ˗ˋˍʶ ˄ʰ ˁʽ˄ʹʻʶʾ ˇ ˃ʹ˔ʰ˄ʽˋ˃ˈˌΦ ɶ ʵˏ˄ʰ˃ʹ ʰˎˍʺ ˈˉ˖ˌ ˉˊˇʰ˄ʰ˒ʷˊʻʹˁʶ ʷ˔ʶʽ ˉˊˇˋʵʽˇˊʽˋˍʶʾ ˁʰʽ 

ˋˍˇˎˌ ʵˏˇ ʱ˅ˇ˄ʶˌ ˍʹˌ ˁʾ˄ʹˋʹˌ.  
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ʅ˔ʺ˃ʰ 5-9Φ ɼ˂ʰˋˋʽˁˈ ˃ˇ˄ˍʷ˂ˇ ˍˊʽʲʺˌ ώпрϐ 

ʃˊˇˋʻʷˍˇ˄ˍʰˌ ˋˍʹ˄ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˍʹ˄ ʰ˄ˍʾˋˍʰˋʹ ˍˇˎ ˃ʹ˔ʰ˄ʽˋ˃ˇˏ ˈˉ˖ˌ ˉʰˊˇˎˋʽʱʸʶˍʰʽ ˋˍˇ ʅ˔ʺ˃ʰ р-мл ˍˇ 

ˋ˒ʱ˂˃ʰ ˉˇˎ ˉˊˇˁˏˉˍʶʽ ˋˍʹ˄ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˉˊˇˋʶʴʴʾʸʶʽ ˍʹ˄ ˍʱ˅ʹ ˍˇˎ ˉˊʰʴ˃ʰˍʽˁˇˏ ˋ˒ʱ˂˃ʰˍˇˌ όʅ˔ʺ˃ʰ р-11). 

ʆʷ˂ˇˌΣ ˒ ʰʾ˄ʶˍʰʽ ˉ˖ˌ ˃ʶˍʱ ˍʹ˄ ʶˉʰ˒ʺ ˍˇˎ ˔ʶˊʽˇˏ ˃ʶ ˍˇ ʶʽˁˇ˄ʽˁˈ ʶ˂ʰˍʺˊʽˇΣ ˈˍʰ˄ ʹ ˍʰ˔ˏˍʹˍʰ ˉˊˇˋʶʴʴʾʸʶʽ ˍˇ ˃ʹʵʷ˄ 

όˋˍˇ рˇ ˁ ʰʽ ˋˍˇ тˇ ɻ ʶˎˍʶˊˈ˂ʶˉˍˇύ ˍˇ ˋ˒ʱ˂˃ʰ ˍʹˌ ˉˊˇˋˇ˃ˇʾ˖ˋʹˌ ʰˎ˅ʱ˄ʶˍʰʽ ˋʹ˃ʰ˄ˍʽˁʱ. ɽ̍ ʴ˖ ˍʹˌ ʵˎ˄ʰ˃ʽˁʺ ̩̱ ˇˎ 

˃ʹ˔ʰ˄ʽˋ˃ˇˏΣ ˍˈˋˇ  ̀ ˍʹ  ̀ ˍʽʴ˃ʺ  ̄ ˇˎ  ˃ ʹʵʶ˄ʾʸʶˍʰʽ  ́   ̱ ʰ˔ˏˍʹˍʰ  ̍ ˋˇ  ˁ ʰʽ  ̍ ˍʰ˄  ́   ˁ ʾ˄ʹˋʹ  ˅ ʰ˄ʰ˅ʶˁʽ˄ʱ  ̱  ̌ ̀ ˒ʱ˂˃ʰ  

˃ʶˍʰʲʱ˂˂ʶˍʰʽ. 

 
ʅ˔ʺ˃ʰ 5-10Φ ʃˊˇˋˇ˃ˇʾ˖ˋʹ ˋˎˋˍʺ˃ʰˍˇˌ ʰ˄ˇʽ˔ˍˇˏ ʲˊˈ˔ˇˎ ˃ʶ ˍʹ˄ ˉˊˇˋʻʺˁʹ ˍˇˎ ˁ˂ʰˋʽˁˇˏ ˃ˇ˄ˍʷ˂ˇˎ ˍˊʽʲʺˌΦ 

 
ʅ˔ʺ˃ʰ 5-11Φ ʅ˒ʱ˂˃ʰ ʵˏ˄ʰ˃ʹˌ ˋˍʹ˄ ˉˊʰʴ˃ʰˍʽˁˈˍʹˍʰ ˁʰʽ ˋˍʹ˄ ˉˊˇˋˇ˃ˇʾ˖ˋʹ όˉʱ˄˖ύ ˃ʶ ˍʹ˄ ˉˊˇˋʻʺˁʹ 

˃ˇ˄ˍʷ˂ˇˎ ˍˊʽʲʺˌ ϧ ˍʰ˔ˏˍʹˍʰ ˁʾ˄ʹˋʹˌ ˔ʶˊʽˇˏ όˁʱˍ˖ύ 
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ɱʽʰ ˉˇ˂ˏ ˃ʽˁˊˈ ˔ˊˇ˄ʽˁˈ ʵʽʱˋˍʹ˃ʰ ʹ ˍʰ˔ˏˍʹˍʰ ʰ˂˂ʱʸʶʽ ˉˊˈˋʹ˃ˇ ˁʰʽ ʴʽʰ ˍˇ˄ ˂ˈʴˇ ʰˎˍˈ ˍˇ ˋ˒ʱ˂˃ʰ ʴʾ˄ʶˍʰʽ ˁʰʽ 

ʰˎˍˈ ʻʶˍʽˁˈΦ ʆˇ ˒ʰʽ˄ˈ˃ʶ˄ˇ ˉˇˎ ˉʰˊʰˍʹˊʶʾˍʰʽ ʶʾ˄ʰʽ ˍˇ ʶ˅ʺˌΦ ɮˊ˔ʽˁʱ ˇ ˃ʹ˔ʰ˄ʽˋ˃ˈ ˋˎ˄ʶ˔ʾʸʶʽ ˄ʰ ˁʽ˄ʶʾˍʰʽ ˉʰˊˈ˂ˇ 

ˉˇˎ ʹ ˍʰ˔ˏˍʹˍʰ ʶʾ˄ʰʽ ˃ʹʵʷ˄ ˂ˈʴˇ ˍʹˌ ʵˎ˄ʰ˃ʽˁʺˌ ˍˇˎ ˃ʹ˔ʰ˄ʽˋ˃ˇˏΦ ʅˍʹ ˋˎ˄ʷ˔ʶʽʰ ˈˍʰ˄ ʹ ˍʰ˔ˏˍʹˍʰ ʰˎ˅ʱ˄ʶˍʰʽ 

όˁʰˍʱ ʰˉˈ˂ˎˍʹ ˍʽ˃ʺύ ˇ ˃ʹ˔ʰ˄ʽˋ˃ˈˌ ʰ˄ˍʽˍʾʻʶˍʰʽ ˋˍʹ˄ ˁʾ˄ʹˋʹ ˈˉ˖ˌ ˉʶˊʾˉˇˎ ˁʰʽ ˋˍʹ˄ ʰˊ˔ʺΦ ʆʷ˂ˇˌ ˋˍˇ ʅ˔ʺ˃ʰ р-12 

ʶʾ˄ʰʽ ʶ˃˒ʰ˄ʺˌ ʹ ˋ˔ʷˋʹ ˍʹˌ ˍˊʽʲʺˌ Coulomb ˍˇˎ ˃ʹ˔ʰ˄ʽˋ˃ˇˏ ˁʰʽ ˍʹˌ ˍʰ˔ˏˍʹˍʰˌΦ ʅˍˇ ˉˊ˗ˍˇ ʵʽʱʴˊʰ˃˃ʰ 

ˉh ˊʰˍʹˊʶʾˍʰʽ ʹ ˍˊʽʲʺ Coulomb, ˋˍˇ ʵʶˏˍʶˊˇ ʹ ˋˎ˄ˇ˂ʽˁʺ ˍʰ˔ˏˍʹˍʰ ˍˇˎ ˃ʹ˔ʰ˄ʽˋ˃ˇˏ ʶ˄˗ ˋˍˇ ˍˊʾˍˇ 

ˉʰˊˇˎˋʽʱʸʶˍʰʽ ʹ ʶˋˍʾʰˋʹ ˋˍʹ˄ ˉʶˊʽˇ˔ʺ ˈˉˇˎ ʹ ˍʰ˔ˏˍʹˍʰ ʴʾ˄ʶˍʰʽ ʻʶˍʽˁʺΦ 

 
ʅ˔ʺ˃ʰ 5-12Φ ʆˊʽʲʺ Coulomb ˃ ʹ˔ʰ˄ʽˋ˃ˇˏ ˋʶ ʰ˄ˍʽˉʰˊʰʲˇ˂ʺ ˃ʶ ˍʹ˄ ˍʰ˔ˏˍʹˍʰΦ 
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5.2 ʃʶʾˊʰ˃ʰ ˁ˂ʶʽˋˍˇˏ ʲˊˈ˔ˇˎ ˔˖ˊʾˌ ʶʽˁˇ˄ʽˁˈ ʶ˂ʰˍʺˊʽˇ 

ʅˁˇˉˈˌ ˍˇˎ ˋˎʴˁʶˁˊʽ˃ʷ˄ˇˎ ˉʶʽˊʱ˃ʰˍˇˌ ʶʾ˄ʰʽ ˄ʰ ˁʰˍʰˋˍʶʾ ˇ ʰˉˍʽˁˈˌ ˃ʹ˔ʰ˄ʽˋ˃ˈ ʵʽʰ˒ʰ˄ʺˌ (transparent)Φ ʂˉ˖ˌ 

ʷ˔ʶʽ ʰ˄ʰ˒ʶˊʻʶʾ ˅ʰ˄ʱ ˇ ˔ˊʺˋˍʹˌ ˁʰˍʱ ˍʹ˄ ʶˁˍʷ˂ʶˋʹ ˍʹˌ ˉˊˇˋˇ˃ˇʾ˖ˋʹˌ ʶʾ˄ʰʽ ʶˉʽʻˎ˃ʹˍˈ ˄ʰ ʰʽˋʻʱ˄ʶˍʰʽ ˉ˖ˌ 

˔ˊʹˋʽ˃ˇˉˇʽʶʾ ˍˇ ʶʽˁˇ˄ʽˁˈ ʶˊʴʰ˂ʶʾˇ ˁʰʽ ˄ʰ ˃ʹ˄ ˄ʽ˗ʻʶʽ ˋˍˇ ˔ʷˊʽ ˍˇˎ ˍʹ˄ ʰʵˊʱ˄ʶʽʰ ˍˇˎ ˃ʹ˔ʰ˄ʽˋ˃ˇˏΦ ʆˇ ˉʶʾˊʰ˃ʰΣ 

ˉˇˎ ʶˁˍʶ˂ʷˋˍʹˁʶ ʰˊ˔ʽˁʱ, ʶʾ˄ʰʽ ʹ ʶ˂ʶˏʻʶˊʹ ˁʾ˄ʹˋʹ ˍˇˎ ʶ˄ʵˇˋˁˇˉʾˇˎ ˁʰˍʱ ˍˇ˄ ʋ ʱ˅ˇ˄ʰ ˁʰʽ ˋˍʹ˄ ˋˎ˄ʷ˔ʶʽʰ ˁʰˍʱ 

ˍˇ˄ ʇ ʱ˅ˇ˄ʰΦ ʅˍˇ ˉʶʾˊʰ˃ʰ ʰ˄ˇʽ˔ˍˇˏ ʲˊˈ˔ˇˎ ˇʽ ˃ʶˍˊʺˋʶʽˌ ˉˇˎ ˁʰˍʰʴˊʱ˒ʹˁʰ˄ ʰˉˈ ˍˇ˄ ʰʽˋʻʹˍʺˊʰ ʵˏ˄ʰ˃ʹˌ 

ʰ˄ˍʽˋˍˇʽ˔ˇˏ˄ ˋˍʹ˄ ʰʵˊʱ˄ʶʽʰ ˍˇˎ ˃ʹ˔ʰ˄ʽˋ˃ˇˏΦ ʅˍʹ ˋˎ˄ʷ˔ʶʽʰ ˋˍˇ ˉʶʾˊʰ˃ʰ ˁ˂ʶʽˋˍˇˏ ʲˊˈ˔ˇˎ ʹ ʵˏ˄ʰ˃ʹ ˉˇˎ ʶʾ˄ʰʽ 

ʶˉʽ̒ˎ ˃ʹˍˈ ˄ʰ ʰʽˋʻʱ˄ʶˍʰʽ ˇ ˔ˊʺˋˍʹˌ ʶʾ˄ʰʽ ˃ʹʵʶ˄ʽˁʺΦ ʆʷ˂ˇˌ ˋˍʰ ˉʶʽˊʱ˃ʰˍʰ ˁ˂ʶʽˋˍˇˏ ʲˊˈ˔ˇˎ ˉˇˎ ʻʰ ʶˁˍʶ˂ʶˋˍˇˏ˄ 

ˍˇ ˁʷˊʵˇˌ ˉˇˎ ˎˉˇ˂ˇʴʾˋˍʹˁʶ ˁʰˍʱ ˍʹ˄ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ʵʶ˄ ˃ˉˇˊʶʾ ˄ʰ ˔ˊʹˋʽ˃ˇˉˇʽʹʻʶʾ ʴʽʰ ˍʹ˄ ʰˉˇ˒ˎʴʺ ˉʽʻʰ˄ˇˏ 

ʰˍˎ˔ʺ˃ʰˍˇˌΦ ʆˇ ˁʷˊʵˇˌ ˉˇˎ ˎˉˇ˂ˇʴʾʸʶˍʰʽ ˋʶ ˁʱʻʶ ˁˏˁ˂ˇ ʶ˂ʷʴ˔ˇˎ ˉˇ˂˂ʰˉ˂ʰˋʽʱʸʶˍʰʽ ˃ʶ ˍˇ ˋ˒ʱ˂˃ʰ ˍʹˌ 

ʶˉʽʻˎ˃ʹˍʺˌ ʵˏ˄ʰ˃ʹˌ ˁʰʽ ʶˁʶʾ˄ʹˌ ˉˇˎ ˁʰˍʰʴˊʱ˒ʶʽ ˇ ʰʽˋʻʹˍʺˊʰˌΦ 

 

ɯ˅ˇ˄ʰˌ ʋ 

ʅˍˇ ʅ˔ʺ˃ʰ р-13 ˉʰˊˇˎˋʽʱʸʶˍʰʽ ʹ ˁʾ˄ʹˋʹ ˍˇˎ ˔ʶˊʽˇˏ ˁʰˍʱ ˍˇ˄ ʱ˅ˇ˄ʰ ʋ ʴʽʰ 8 mm ˁʰʽ ˁʰˍʰʴˊʱ˒ʶˍʰʽ ʹ ʵˏ˄ʰ˃ʹ 

ˉˇˎ ʰʽˋʻʱ˄ʶˍʰʽ ˇ ʰʽˋʻʹˍʺˊʰˌ ʵˏ˄ʰ˃ʹˌΦ ʆˇ ʰˊ˔ʽˁˈ ˉʶʾˊʰ˃ʰ ʶʾ˄ʰʽ ʰ˄ˇʽ˔ˍˇˏ ʲˊˈ˔ˇˎ ʶ˄˗ ˋˍʹ ˋˎ˄ʷ˔ʶʽʰ 

˔ˊʹˋʽ˃ˇˉˇʽʶʾˍʰʽ ʷ˄ʰˌ P ʁ ˁ˂ʶˁˍʺˌΦ  

 
ʅ˔ʺ˃ʰ 5-13Φ ʃʶʾˊʰ˃ʰ ʰ˄ˇʽ˔ˍˇˏ ʲˊˈ˔ˇˎ ̀ ˍˇ˄ ʱ˅ˇ˄ʰ ʋ ˃ʶ ʶ˂ʶˏʻʶˊʹ ˁʾ˄ʹˋʹ ˍˇˎ ˔ʶˊʽˇˏΦ 


















































































































