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͑ϘϤЮϞϚϫϚ 

ʁʽ ˃ʰʴ˄ʹˍʽˁˇʾ ʰʽˋʻʹˍʺˊʶˌ ʰˉˇˍʶ˂ˇˏ˄ ˔ˊʺˋʽ˃ʰ ʶˊʴʰ˂ʶʾʰΣ ˁʰʻ˗ˌ ˉˊˇˋ˒ʷˊˇˎ˄ ˍʹ 

ʵˎ˄ʰˍˈˍʹˍʰ ʰ˄ʾ˔˄ʶˎˋʹˌ ʺ ˁʰʽ ˃ʷˍˊʹˋʹˌ ˍˇˎ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎΦ ʅˎ˄ʰ˄ˍ˗˄ˍʰʽ ˋʶ 

ˉˇ˂˂ʷˌ ʶ˒ʰˊ˃ˇʴʷˌ, ˋʶ ˍˇ˃ʶʾˌ ˈˉ˖ˌ ˇʽ ʶˉʽˋˍʺ˃ʶˌΣ ʹ ʲʽˇ˃ʹ˔ʰ˄ʾʰ ˁʰʽ ˇʽ ˃ʶˍʰ˒ˇˊʷˌΦ ɶ 

ˋ˔ʶʵʾʰˋʹ ˁʰʽ ʹ ʰ˄ʱˉˍˎ˅ʹ ˃ʰʴ˄ʹˍʽˁ˗˄ ʰʽˋʻʹˍʺˊ˖˄ ˉˇʽˁʾ˂˂ˇˎ˄ ʰ˄ʰ˂ˈʴ˖ˌ ˍ˖˄ 

ʶˉʽʻˎ˃ʹˍ˗˄ ˔ʰˊʰˁˍʹˊʽˋˍʽˁ˗˄ ˁʰʽ ˍˇˎ ˉʶʵʾˇˎ ʶ˒ʰˊ˃ˇʴʺˌΦ ʂ˃˖ˌΣ ʰˉʰˊʰʾˍʹˍˇ ˋˍʱʵʽˇ 

ˋʶ ˁʱʻʶ ˉʶˊʾˉˍ˖ˋʹ ʰˉˇˍʶ˂ʶʾ ʹ ˔ˊʺˋʹ ˃ʽʰˌ ʵʽʱˍʰ˅ʹˌ ʵʽʰˁˊʾʲ˖ˋʹˌΣ ˃ʶ ˋˁˇˉˈ ˍʹ˄ 

ʰˊ˔ʽˁʺ ʲʰʻ˃ˇ˄ˈ˃ʹˋʹ ˍ˖˄ ʰʽˋʻʹˍʺˊ˖˄Σ ʰ˂˂ʱ ˁʰʽ ˍˇ˄ ˃ʶˍʷˉʶʽˍʰ ʷ˂ʶʴ˔ˇ ˍʹˌ ˇˊʻʺˌ 

˂ʶʽˍˇˎˊʴʾʰˌ ˍˇˎˌΦ  

ʅˍˇ ˉ˂ʰʾˋʽˇ ˍʹˌ ʶˁˉˈ˄ʹˋʹˌ ˍʹˌ ˉʰˊˇˏˋʰˌ ɲʽʵʰˁˍˇˊʽˁʺˌ ɲʽʰˍˊʽʲʺˌ, 

ʵʹ˃ʽˇˎˊʴʺʻʹˁʶ ˃ʾʰ ʵʽʱˍʰ˅ʹ ʵʽʰˁˊʾʲ˖ˋʹˌ ˃ʰʴ˄ʹˍˇ˃ʷˍˊ˖˄Σ ʰˉˇˍʶ˂ˇˏ˃ʶ˄ʹ ʰˉˈ ˃ʾʰ 

ˍˇˉˇ˂ˇʴʾʰ ˉˊ˖ˍʶˏˇ˄ˍˇˌ-ʵʶˎˍʶˊʶˏˇ˄ˍˇˌ ˉʹ˄ʾˇˎ ʴʽʰ ˍʹ˄ ʰ˄ʾ˔˄ʶˎˋʹ ˍˇˎ ˃ʰʴ˄ʹˍʽˁˇˏ 

ˉʶʵʾˇˎΣ ʷ˄ʰ ˋˏˋˍʹ˃ʰ ʶˉʽʲˇ˂ʺˌ ˍˇˎ ʶˉʽʻˎ˃ʹˍˇˏ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎ ˁʰʽ ˍʷ˂ˇˌΣ ˍʰ 

ʰˉʰʽˍˇˏ˃ʶ˄ hʹ˂ʶˁˍˊˇ˄ʽˁ ɦ˃ʷˍˊʹˋʹˌ ˁʰʽ ˍˊˇ˒ˇʵˇˋʾʰˌΦ ɶ ʰˊ˔ʺ ˂ʶʽˍˇˎˊʴʾʰˌ ˍʹˌ 

ʰ˄ʰˉˍˎ˔ʻʶʾˋʰ ̩ ʵʽʱˍʰ˅ʹ ̩ ʲʰˋʾʸʶˍʰʽ ˋˍʹ ˃ʷˍˊʹˋʹ ˃ʽʰˌ ˒ˎˋʽˁʺˌ ˉˇˋˈˍʹˍʰˌ ˁʰʽ 

ˋˎʴˁʶˁˊʽ˃ʷ˄ʰ ˍˇˎ ˔ˊˈ˄ˇˎΦ ɾʶ ʰˎˍˈ˄ ˍˇ˄ ˍˊˈˉˇΣ ˃̄ ˇˊʶʾ ˄ʰ ʰˉˇˍʶ˂ʷˋʶʽ ʵʶˎˍʶˊʶˏˇ˄ ʺ 

ˁʰʽ ˉˊ˖ˍʶˏˇ˄ ˉˊˈˍˎˉˇ ʵʽʰˁˊʾʲ˖ˋʹˌΦ 

ʅ̱ ʹ ˋˎ˄ʷ˔ʶʽʰΣ ʹ ʵʽʱˍʰ˅ʹ ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʶ ʴʽʰ ˍʹ ʵʽʰˁˊʾʲ˖ˋʹ ˃ʰʴ˄ʹˍʽˁ˗˄ 

ʰʽˋʻʹˍʺˊ˖˄ ̄ ˇˎ ˋ˔ʶʵʽʱˋˍʹˁʰ˄ ˁʰʽ ʰ˄ʰˉˍˏ˔ʻʹˁʰ˄Φ ʅˎʴˁʶˁˊʽ˃ʷ˄ʰΣ ʰ˄ʰˉˍˏ˔ʻʹˁʰ˄ ʵˏˇ 

˃ʰʴ˄ʹˍˈ˃ʶˍˊʰ ˍˏˉˇˎ Fluxgate ʵʽʰ˒ˇˊʶˍʽˁ˗˄ ˍˇˉˇ˂ˇʴʽ˗˄Σ ˉˊˇˋ˒ʷˊˇ˄ˍʰˌ ˎ˕ʹ˂ʺ 

ʶˎʰʽˋʻʹˋʾʰ ˁʰˍʱ ˍʹ ˃ʷˍˊʹˋʹ ˍˇˎ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎΦ ɮˁˈ˃ʹΣ ʰ˄ʰˉˍˏ˔ʻʹˁʰ˄ ʵˏˇ 

ʵʽʰˍʱ˅ʶʽˌ ɾʹ ɼʰˍʰˋˍˊˇ˒ʽˁˇˏ ɳ˂ʷʴ˔ˇˎ ˒ʶˊˊˇ˃ʰʴ˄ʹˍʽˁ˗˄ ˎ˂ʽˁ˗˄Φ ʁʽ ʵʽʰˍʱ˅ʶʽˌ 

ˉʶˊʽ˂ʰ˃ʲʱ˄ˇˎ˄ ˍʰ ʰˉʰʽˍˇˏ˃ʶ˄ʰ ʹ˂ʶˁˍˊˇ˄ʽˁʱ ʴʽʰ ˍʹ ʵʽʶ˅ʰʴ˖ʴʺ ˍ˖˄ ˃ʶˍˊʺˋʶ˖˄ ˁʰʽ 

ˍʹ˄ ʰˉˇˋˍˇ˂ʺ ˍ˖˄ ʵʶʵˇ˃ʷ˄˖˄ ʴʽʰ ˉʶˊʰʽˍʷˊ˖ ʶˉʶ˅ʶˊʴʰˋʾʰ, ʶ˄˗ ˃ˉˇˊˇˏ˄ ˄ʰ ʶʾ˄ʰʽ 

˒ˇˊʹˍʷˌ, ̠ ˋˍʶ ˄ʰ ˔ˊʹˋʽ˃ˇˉˇʽˇˏ˄ˍʰʽ ʴʽʰ ˍˇ˄ ʶˉʾ ̱̍ ˉˇˎ ʷ˂ʶʴ˔ˇ ˋʶ ˉˊʰʴ˃ʰˍʽˁˈ ˔ˊˈ˄ˇΦ  

ɽʷ˅ʶʽˌ-ˁ˂ʶʽʵʽʱ: ɾʰʴ˄ʹˍʽˁˈ ̩ʰʽˋʻʹˍʺˊʰ̩ Σ ɲ̔ ʰˁˊʾʲ˖ˋʹ ˃ʰʴ˄ʹˍˇ˃ʷˍˊˇ ,ˎ ɮ̔ ˋʻʹˍʺˊʰˌ 

ˉˏ˂ʹˌ-ˊˇʺˌΣ ɾʹ ɼʰˍʰˋˍˊˇ˒ʽˁˈˌ ɴ˂ʶʴ˔ˇˌΣ ʅ̔ ʵʹˊˇ˃ʰʴ˄ʹˍʽˁ ̍ˎ ˂ʽˁ.̍ 
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Abstract  

Magnetic sensors are useful tools, offering the ability to detect and measure the 

magnetic field. They can be found in many applications in the fields of sciences, 

industry and transport. The design and development of magnetic sensors vary 

according to the desired characteristics and applications. However, the use of a 

calibration device, in order to initially calibrate the sensors and verify their proper 

functionality, is a necessary step in any case. 

As part of this PhD thesis, a magnetometer calibration device was developed, 

consisting of a magnetic field sensing element, an arrangement that produces the 

counter-acting magnetic field and finally, the required electronics for measurement 

and power supply. The operating principle of the developed device is based on 

measuring a physical quantity, in particular, time. In this way, it can be developed as 

a secondary, or even primary calibration standard. 

Afterwards, the device was used to calibrate the magnetic sensors that were 

designed and developed. Specifically, two Fluxgate-type magnetometers of different 

topologies were developed, providing high-sensitivity magnetic field measurements. 

Two devices for Non-Destructive Testing of ferromagnetic materials have also been 

developed. The devices include the electronics required to perform the 

measurements and send the data for further processing. They can be portable, in 

order to be used for real-time on-field measurements. 

 
Keywords: Magnetic sensor, Magnetometer calibration, Fluxgate sensor, Non-
Destructive Testing, Ferromagnetic material.  
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͑ϤрϞϢϖϢϥ ɬ ͆ϨϪϔϤϜϦϧЮϘϥ 

ʷ˃ʰ ˍʹˌ ˉʰˊˇˏˋʰˌ ɲʽʵʰˁˍˇˊʽˁʺˌ ɲʽʰˍˊʽʲʺˌ ʰˉˇˍʷ˂ʶˋʶ ʹ ˋ˔ʶʵʾʰˋʹ ˁ ʰʽ ʹ 

ʰ˄ʱˉˍˎ˅ʹ ˃ʰʴ˄ʹˍʽˁ˗˄ ʰʽˋʻʹˍʺˊ˖˄Σ ˁʰʻ˗ˌ ˁʰʽ ˍʹˌ ʵʽʱˍʰ˅ʹˌ ˉˇˎ ʻʰ 

ʶˉʽˍˊʷˉʶʽ ˍʹ˄ ʰˉˇˍʶ˂ʶˋ˃ʰˍʽˁʺ ˍˇˎˌ ʵʽʰˁˊʾʲ˖ˋʹΦ ɶ ɲʽʵʰˁˍˇˊʽˁʺ 

ɲʽʰˍˊʽʲʺ ʶˁˉˇ˄ʺʻʹˁʶ ˋˍˇ ɳˊʴʰˋˍʺˊʽˇ ɶ˂ʶˁˍˊˇ˄ʽˁ˗˄ ɮʽˋʻʹˍʹˊʾ˖˄ ˍʹˌ ʅ˔ˇ˂ʺˌ 

ɶ˂ʶˁˍˊˇ˂ˈʴ˖˄ ɾʹ˔ʰ˄ʽˁ˗˄ ˁʰʽ ɾʹ˔ʰ˄ʽˁ˗˄ ʇˉˇ˂ˇʴʽˋˍ˗˄ ˍˇˎ ɳʻ˄ʽˁˇˏ ɾʶˍˋˈʲʽˇˎ 

ʃˇ˂ˎˍʶ˔˄ʶʾˇˎΦ ʅˁˇˉˈˌ ˍʹˌ ʺˍʰ˄  ́̀ ˔ʶʵʾʰˋʹ ˁʰʽ ʹ ʰ˄ʱˉˍˎ˅ʹ ˃ʰʴ˄ʹˍʽˁ˗˄ ʰʽˋʻʹˍʺˊ˖˄Σ 

ˁʰʻ˗ˌ ˁʰʽ ʹ ʰ˄ʱˉˍˎ˅ʹ ˃ʽʰˌ ʵʽʱˍʰ˅ʹˌ ʴʽʰ ˍʹ ʵʽʰˁˊʾʲ˖ˋʺ ˍˇˎˌΦ ʅˍˈ˔ˇˌ ʺˍʰ˄ ˄ʰ 

ʵʹ˃̔̌ ˎˊʴʹʻˇˏ˄ ˉ˂ʺˊʶʽˌ ʵʽʰˍʱ˅ʶʽˌΣ ˃ʶ ˃ʽˁˊˈ ˃ʷʴʶʻˇˌΣ ʰ˂˂ʱ ˁʰʽ ˔ʰ˃ʹ˂ˈ ˁˈˋˍˇˌ 

ʰ˄ʱˉˍˎ˅ʹˌΣ ˗ˋˍʶ ˄ʰ ʶʾ˄ʰʽ ʵˎ˄ʰˍʺ ʹ ˔ˊʺˋʹ ˍˇˎˌ ˋʶ ˉˇʾˁʽ˂˂ʶˌ ʶ˒ʰˊ˃ˇʴʷˌΦ  

ʅˍˇ ɼʶ˒ʱ˂ʰʽˇ м ˉˊʰʴ˃ʰˍˇˉˇʽʶʾˍʰʽ ˃ʽʰ ʲʽʲ˂ʽˇʴˊʰ˒ʽˁʺ ʰ˄ʰˋˁˈˉʹˋʹ ˋ˔ʶˍʽˁʱ ˃ʶ ˍʽˌ 

ˎ˒ʽˋˍʱ˃ʶ˄ʶˌ ˍʶ˔˄ʽˁʷˌ ˃ʰʴ˄ʹˍʽˁʺˌ ʻ˖ˊʱˁʽˋʹˌ ˁʰʽ ʰ˄ˍʽˋˍʱʻ˃ʽˋʹˌ ˍˇˎ ˃ʰʴ˄ʹˍʽˁˇˏ 

ˉʶʵʾˇˎΣ ˋˍˇʽ˔ʶʾʰ ʰˉʰˊʰʾˍʹˍʰ ʴʽʰ ˍʹ ʵʽʰˁˊʾʲ˖ˋʹ ˍ˖˄ ˃ʰʴ˄ʹˍʽˁ˗˄ ʰʽˋʻʹˍʺˊ˖˄Φ 

ɳˉʾˋʹˌΣ ʰ˄ʰ˂ˏˇ˄ˍʰʽ ˇʽ ˎˉʱˊ˔ˇ˄ˍʶˌ ˍˏˉˇʽ ˃ʰʴ˄ʹˍʽˁ˗˄ ʰʽˋʻʹˍʺˊ˖˄Σ ˁʰʻ˗ˌ ˁʰʽ ˍʰ 

˔ʰˊʰˁˍʹˊʽˋˍʽˁʱ ˍˇˎˌΦ ʆʷ˂ˇˌΣ ˉʶˊʽʴˊʱ˒ˇ˄ˍʰʽ ˇʽ ˁˏˊʽʶˌ ˃ʷʻˇʵˇʽ ɾʹ ɼʰˍʰˋˍˊˇ˒ʽˁˇˏ 

ɳ˂ʷʴ˔ˇˎ ˉˇˎ ˋ˔ʶˍʾʸˇ˄ˍʰʽ ˃ʶ ˍʰ ˃ʰʴ˄ʹˍʽˁʱ ˎ˂ʽˁʱΣ ˁʰʻ˗ˌ ˁʰʽ ˇʽ ˍˊˈˉˇʽ ʵʽʶ˅ʰʴ˖ʴʺˌ ˍ˖˄ 

˃ʶˍˊʺˋʶ˖˄Φ 

ʅˍˇ ɼʶ˒ʱ˂ʰʽˇ н ˉʰˊˇˎˋʽʱʸʶˍʰʽ ʹ ʰ˄ʱˉˍˎ˅ʹ ˍʹˌ ʵʽʱˍʰ˅ʹˌ ʵʽʰˁˊʾʲ˖ˋʹˌ 

˃ʰʴ˄ʹˍˇ˃ʷˍˊ˖˄ ˉˇˎ ʵʹ˃ʽˇˎˊʴʺʻʹˁʶ ˋˍˇ ɳˊʴʰˋˍʺˊʽˇΣ ˃ʶ ˋˁˇˉˈ ˍʹ ˔ˊʺˋʹ ˍʹˌ ˋˍˇˎˌ 

ʰ˄ʰˉˍˎ˔ʻʷ˄ˍʶˌ ˃ ʰʴ˄́ ˍʽˁˇˏˌ ʰʽˋʻʹˍʺˊʶˌ ʺ ˁʰʽ ˋʶ ʱ˂˂ˇˎˌ ˎ˒ʽˋˍʱ˃ʶ˄ˇˎˌ ˃ʰʴ˄ʹˍʽˁˇˏˌ 

ʰʽˋʻʹˍʺˊʶˌΦ ʃʶˊʽʴˊʱ˒ʶˍʰʽ ˍˇ ʻʶ˖ˊʹˍʽˁˈ ˎˉˈʲʰʻˊˇ ˍˇˎ ˍˊˈˉˇˎ ʵʽʶ˅ʰʴ˖ʴʺˌ ˍ˖˄ 

˃ʶˍˊʺˋʶ˖˄Σ ʹ ʰ˄ʱˉˍˎ˅ʹ ˍʹˌ ˁʰˍʱ˂˂ʹ˂ʹˌ ˍˇˉˇ˂ˇʴʾʰˌ ʰ˄ʾ˔˄ʶˎˋʹˌ ˍˇˎ ʶˉʽʲʰ˂˂ˈ˃ʶ˄ˇˎ 

˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎΣ ʹ ˁʰˍʰˋˁʶˎʺ ʶ˄ˈˌ ˋ˖˂ʹ˄ˇʶʽʵˇˏˌ ɹ̔ʰ ˍʹ˄ ʶˉʽʲˇ˂ʺ ˍˇˎ 

ʶˉʽʻˎ˃ʹˍˇˏ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎΣ ˁʰʻ˗ˌ ˁʰʽ ʹ ʵʽʶ˅ʰʴ˖ʴʺ ʵˇˁʽ˃ʰˋˍʽˁ˗˄ ˃ʶˍˊʺˋʶ˖˄Φ 

ʅˍʹ ˋˎ˄ʷ˔ʶʽʰΣ ʰ˄ʰ˂ˏʶˍʰʽ ʹ ˋ˔ʶʵʾʰˋʹΣ ʹ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˁ ʰʽ ʹ ˁʰˍʰˋˁʶˎʺ ʹ˂ʶˁˍˊˇ˄ʽˁ˗˄ 

ˁˎˁ˂˖˃ʱˍ˖˄, ˃ ʶ ˋˁˇˉˈ ˍʹ˄ ʰˎˍˇ˃ʰˍˇˉˇʾʹˋʹ ˍʹˌ ʵʽʰʵʽˁʰˋʾʰˌ ʵʽʶ˅ʰʴ˖ʴʺˌ ˃ʶˍˊʺˋʶ˖˄ 

ˁʰʽ ʶˉʽʲˇ˂ʺˌ ˍˇˎ ʁ ˉʽʻˎ˃ʹˍˇˏ ˃ ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎΦ  

ɸ 
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ʅˍˇ ɼʶ˒ʱ˂ʰʽˇ о ˉʶˊʽʴˊʱ˒ʶˍʰʽ ʹ ˋ˔ʶʵʾʰˋʹ ˁʰʽ ʹ ʰ˄ʱˉˍˎ˅ʹ ˍʶˋˋʱˊ˖˄ ʵʽʰˍʱ˅ʶ˖˄ 

˃ʰʴ˄ʹˍʽˁ˗˄ ʰʽˋʻʹˍʺˊ˖˄Σ ʴʽʰ ˍʹ ʵʽʰˁˊʾʲ˖ˋʹ ˍ˖˄ ˇˉˇʾ˖˄ ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʶ ʹ 

ʰ˄ʰˉˍˎ˔ʻʶʾˋʰ ʵʽʱˍʰ˅ʹΦ ʁʽ ʵˏˇ ˉˊ˗ˍʶˌ ʵʽʰˍʱ˅ʶʽˌ ˉʶˊʽ˂ʰ˃ʲʱ˄ˇˎ˄ ʰʽˋʻʹˍʺˊʶˌ ˍˏˉˇˎ 

Fluxgate ʵʽʰ˒ˇˊʶˍʽˁ˗˄ ˍˇˉˇ˂ˇʴʽ˗˄Φ ɶ ˍˊʾˍʹ ʵʽʱˍʰ˅ʹ ˉˊˇˋ˒ʷˊʶʽ ˍʹ ʵˎ˄ʰˍˈˍʹˍʰ 

ˁʰˍʰʴˊʰ˒ʺˌ ˍˇˎ ʲˊˈ˔ˇˎ ˎˋˍʷˊʹˋʹˌ ˃ʰʴ˄ʹˍʽˁ˗˄ ˎ˂ʽˁ˗˄Σ ˃ʶ ˋˁˇˉˈ ˍʹ˄ ʶˏˊʶˋʹ ˍ˖˄ 

ʽʵʽˇˍʺˍ˖˄ ˍˇˎˌΦ ʆʷ˂ˇˌΣ ʹ ˍʷˍʰˊˍʹ ʵʽʱˍʰ˅ʹ ʲʰˋʾʸʶˍʰʽ ˋˍˇ ˒ʰʽ˄ˈ˃ʶ˄ˇ Hall ˁʰʽ ʷ˔ʶʽ ˖ˌ 

ˋˁˇˉˈ ˍˇ ˄̄ ˊˇ̀ɻ ʽˇˊʽˋ˃ˈ ˍʹ̩ ˃ ʰʴ˄ʹˍʽˁʺˌ ʵʽʰˉʶˊʰˍˈˍʹˍʰˌ ˍ˖˄ ˃ʰʴ˄ʹˍʽˁ˗˄ ˎ˂ʽˁ˗˄ ˁʰʽ 

ˋˎ˄ʶˉ˗ˌΣ ˍʹ˄ ʰ˄ʾ˔˄ʶˎˋʹ ˍ˖˄ ʶˉʽʲʰ˂˂ˈ˃ʶ˄˖˄ ˃ʹ˔ʰ˄ʽˁ˗˄ ˍʱˋʶ˖˄Φ 

ʅ̱ ˇ ɼʶ˒ʱ˂ʰʽˇ 4 ʰ˄ʰ˒ʷˊˇ˄ˍʰʽ ˍʰ ˋˎ˃ˉʶˊʱˋ˃ʰˍʰ ˉˇˎ ˉˊˇʷˁˎ˕ʰ˄ ʰˉˈ ˍʹ 

ʵʽʶ˅ʰʴ˖ʴʺ ˍʹˌ ɲʽʵʰˁˍˇˊʽˁʺˌ ɲʽʰˍˊʽʲʺˌΣ ʶ˄˗ ˉʰˊʰˍʾʻʶ˄ˍʰʽ ˁʰʽ ˉˊˇˍʱˋʶʽˌ ʴʽʰ 

ˉʶˊʰʽˍʷˊ˖ ʲʶ˂ˍʾ˖ˋʹ ˍ˖˄ ʵʽʰˍʱ˅ʶ˖˄Φ 

ʆʷ˂ˇˌΣ ˉʰˊʰˍʾʻʶ˄ˍʰʽ ˇʽ ʲʽʲ˂ʽˇʴˊʰ˒ʽˁʷˌ ʰ˄ʰ˒ˇˊʷˌ ˉˇˎ ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʰ˄ ˁʰˍʱ 

ˍʹ˄ ʷˊʶˎ˄ʰ ʴˏˊ˖ ʰˉˈ ˍˇ ʰ˄ˍʽˁʶʾ˃ʶ˄ˇ ˍʹˌ ˋˎʴˁʶˁˊʽ˃ʷ˄ʹˌ ɲʽʵʰˁˍˇˊʽˁʺˌ ɲʽʰˍˊʽʲʺˌΣ 

ˁʰʻ˗ˌ ˁʰʽ ˇʽ ˉˊˇʴˊʰ˃˃ʰˍʽˋˍʽˁˇʾ ˁ˗ʵʽˁʶˌ ˉˇˎ ʰ˄ʰˉˍˏ˔ʻʹˁʰ˄ ʴʽʰ ˍʹ˄ ʶˁˍʷ˂ʶˋʹ ˍ˖˄ 

˃ʶˍˊʺˋʶ˖˄ ˁʰʽ ˍˇ˄ ʷ˂ʶʴ˔ˇ ˍ˖˄ ʵʹ˃ʽˇˎˊʴʹʻʷ˄ˍ˖˄ ʰʽˋʻʹˍʺˊ˖˄Φ 

ɱʽʰ ˍʹ˄ ˇ˂ˇˁ˂ʺˊ˖ˋʹ ʰˎˍʺˌ ˍʹˌ ɲʽʵʰˁˍˇˊʽˁʺˌ ɲʽʰˍˊʽʲʺˌ ̒ ʰ ʺʻʶ˂ʰ, ˁ ʰˍΩ ʰˊ˔ʱˌ, ˄ ʰ 

ʶˎ˔ʰˊʽˋˍʺˋ˖ ˍˇ˄ ʶˉʽʲ˂ʷˉˇ˄ˍʰ ɼʰʻʹʴʹˍʺ ˁΦ ɳˎʱʴʴʶ˂ˇ ʋˊʽˋˍˇ˒ˈˊˇˎ, ɹ ʽʰ ˍʹ˄ ʶˎˁʰʽˊʾʰ 

ˉˇˎ ˃ˇˎ ʷʵ˖ˋʶ ˄ʰ ʰˋ˔ˇ˂ʹʻ˗ ˃ʶ ˍˇ ˋˎʴˁʶˁˊʽ˃ʷ˄ˇ ʻʷ˃ʰΦ ɶ ʶ˃ˉʽˋˍˇˋˏ˄ʹ ˉˇˎ ˃ˇˎ 

ʷʵʶʽ˅ʶΣ ʹ ʲˇʺʻʶʽʰ ˉˇˎ ˃ˇˎ ˉʰˊʶʾ˔ʶΣ ˁʰʻ˗ˌ ˁʰʽ ˇ ˔ˊˈ˄ˇˌ ˉˇˎ ʰ˒ʽʷˊ˖ˋʶ ʴʽʰ ˍʹ˄ 

ˁʰʻˇʵʺʴʹˋʺ ˃ˇˎ ˁʰʽ ˍʹ˄ ˉʰˊˇ˔ʺ ˉˇ˂ˏˍʽ˃˖˄ ˋˎ˃ʲˇˎ˂˗˄Σ ˎˉʺˊ˅ʰ˄ ˁʰʻˇˊʽˋˍʽˁˇʾ 

ˉʰˊʱʴˇ˄ˍʶˌ ʴʽʰ ˍʹ˄ ˇ˂ˇˁ˂ʺˊ˖ˋʹ ˍʹˌ ɲʽʵʰˁˍˇˊʽˁʺˌ ɲʽʰˍˊʽʲʺˌ.  

ɳˎ˔ʰˊʽˋˍ˗Σ ʶˉʾˋʹˌΣ ˍʰ ˃ʷ˂ʹ ˍʹˌ ˋˎ˃ʲˇˎ˂ʶˎˍʽˁʺˌ ˁʰʽ ʶ˅ʶˍʰˋˍʽˁʺˌ ʶˉʽˍˊˇˉʺˌ ʴʽʰ 

ˍʽˌ ˋˎ˃ʲˇˎ˂ʷˌ ˁʰʽ ˎˉˇʵʶʾ˅ʶʽˌ ˍˇˎˌΣ ˇʽ ˇˉˇʾʶˌ ˋˎ˄ʷʲʰ˂ʰ˄ ˋˍʹ ʲʶ˂ˍʾ˖ˋʹ ˍʹˌ ˉʰˊˇˏˋʰˌ 

ɲʽʵʰˁˍˇˊʽˁʺˌ ɲʽʰˍˊʽʲʺˌΦ 

ɸʰ ʺʻʶ˂ʰΣ ʰˁˈ˃ʹΣ ˄ʰ ʶˎ˔ʰˊʽˋˍʺˋ˖ ˈ˂h ˍʰ ˃ʷ˂ʹ ˍʹˌ ˇ˃ʱʵʰ ̩ˍˇˎ ɳˊʴʰˋˍʹˊʾˇˎ 

ɶ˂ʶˁˍˊˇ˄ʽˁ˗˄ ɮʽˋʻʹˍʹˊʾ˖˄ ˍˇˎ ɳΦɾΦʃΦ ʴʽʰ ˍʹ˄ ʱˊʽˋˍʹ ˋˎ˄ʶˊʴʰˋʾʰ ˉˇˎ ʶʾ˔ʰ˃ʶ ˁʰˍʱ 

ˍʹ ʵʽʱˊˁʶʽʰ ˍʹˌ ʶˁˉˈ˄ʹˋʹˌ ˍʹˌ ɲʽʵʰˁˍˇˊʽˁʺˌ ɲʽʰˍˊʽʲʺˌ. 

ʆʷ˂ˇˌΣ ʻʰ ʺʻʶ˂ʰ ˄ʰ ʶˎ˔ʰˊʽˋˍʺˋ˖ ˍʹ˄ ˇʽˁˇʴʷ˄ʶʽʱ ˃ˇˎ, ʴʽʰ ˍʹ ˋˎ˃ˉʰˊʱˋˍʰˋʹ ˁʰʽ 

ˍʹ ̱̀ʺˊʽ˅ʹ ˉˇˎ ˃ˇˎ ˉʰˊʶʾ˔ʶ ˁʰʻΩ ˈ˂ʰ ʰˎˍʱ ˍʰ ʷˍʹΦ 
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͆ϨϤϘϧЕϤϜϢɯϔϝϤϬϠϨϟЮϬϠ 

ɮɼʄʍɿʇɾɹʁ ɳʃɳʀɶɱɶʅɶ 
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GMR Giant MagnetoResistance 
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SMD Surface-Mount Device 
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̓ϜϕϞϜϢϖϤϔϯϜϝЕɯϔϠϔϦϝрϣϚϦϚ 

1.1 ɳʽˋʰʴ˖ʴʺ 

˄ʰˌ ˃ʰʴ˄ʹˍʽˁˈˌ ʰʽˋʻʹˍʺˊʰˌ ˃ˉˇˊʶʾ ˄ʰ ʶ˄ˍˇˉʽˋˍʶʾ ˍˈˋˇ ˋʶ ˉˊˇʿˈ˄ˍʰ 

ˁʰʻʹ˃ʶˊʽ˄ʺˌ ˔ˊʺˋʹˌΣ ˈˋˇ ˁʰʽ ˋʶ ˉˊˇʹʴ˃ʷ˄ˇ ʶˊʴʰˋˍʹˊʽʰˁˈ ʶ˅ˇˉ˂ʽˋ˃ˈΦ ʁʽ 

˃ʰʴ˄ʹˍʽˁˇʾ ʰʽˋʻʹˍʺˊʶˌ ʰˉˇˍʶ˂ˇˏ˄ ˃ʾʰ ˋʹ˃ʰ˄ˍʽˁʺ ˁʰˍʹʴˇˊʾʰ ʰʽˋʻʹˍʺˊ˖˄Σ 

˂ˈʴ˖ ˍʹˌ ʽˁʰ˄ˈˍʹˍʱˌ ˍˇˎ ̩˄ʰ ʰ˄ˍʽ˂ʰ˃ʲʱ˄ˇ˄ˍʰʽ ˁʰʽ ˄ʰ ˃ʶˍˊˇˏ˄ ˍˇ ˃ʰʴ˄ʹˍʽˁˈ ˉʶʵʾˇΣ 

ʶʾˍʶ ʰˎˍˈ ˉˊˇʷˊ˔ʶˍʰʽ ʰˉˈ ˍʹ ɱʹ, ʁ ʾˍʶ ʰˉˈ ˁʱˉˇʽʰ ʱ˂˂ʹ ˉʹʴʺΦ ʅˎ˄ʶˉ˗ˌΣ ˇʽ ˃ʰʴ˄ʹˍʽˁˇʾ 

ʰʽˋʻʹˍʺˊʶˌ ʶʾ˄ʰʽ ʰˉʰˊʰʾˍʹˍˇ ̔ˋʶ ̫˄ ʰ ˃ʶʴʱ˂ˇ ʶˏˊˇ ̩ʶ˒ʰˊ˃ˇʴ˗ ,˄ ̌ ʽ ˇˉˇʾʶˌ ʰ˄ʺˁˇˎ˄ 

ˋʶ ˍˇ˃ʶʾˌ ˈˉ˖ˌ ˇʽ ʁ ˉʽˋˍʺ˃ʶˌΣ ˇ ̔˃ ʶˍʰ˒ˇˊʷˌ ˁ ʰʽ ʹ ʲʽˇ˃ʹ˔ʰ˄ʾʰΦ  

ʁ ̔ˎˉˈ ˔ˊʺˋʹ ˃ʰʴ˄ʹˍʽˁˇʾ ʰʽˋʻʹˍʺˊʶˌ ˉˊʷ̄ʁ ʽ ˄ʰ ˉˊˇˋ˒ʷˊˇˎ˄ ˍʹ˄ ʶˉʽʻˎ˃ʹˍʺ 

ʰˁˊʾʲʶʽʰ ˁʰʽ ʶˉʰ˄ʰ˂ʹ˕ʽ˃ˈˍʹˍʰ ˁʰˍʱ ˍʹ ʵʽʶ˅ʰʴ˖ʴʺ ˃ʶˍˊʺˋʶ˖Φ˄ ʅˎ˄ʶˉ˗ˌΣ ʶʾ˄ʰʽ 

ʰˉʰˊʰʾˍʹˍˇ ˄  hʁ ˁ̱ʶ˂ˇˏ˄ˍʰʽ ʵʽʶˊʴʰˋʾʶˌ ˋˎ˄ˍʺˊʹˋʹˌ ˁʰʽ ʵʽʰˁˊʾʲ˖ˋʺ̩  ̱̌ ˎˌ ʰ˄ʱ ˍʰˁˍʱ 

˔ˊˇ˄ʽˁʱ ʵʽʰˋˍʺ˃ʰˍʰΣ ʰ˄ʰ˂ˈʴ˖ˌ ̱ ˖˄ ʶ˒ʰˊ˃ˇʴ˗˄ ˁʰʽ ˍ˖˄ ˋˎ˄ʻʹˁ˗˄ ˂ʶʽˍˇˎˊʴʾʰˌ ̱ ˇˎˌ. 

ɶ ʵʽʰˁˊʾʲ˖ˋʹ ˍ˖˄ ˃ʰʴ˄ʹˍˇ˃ʷˍˊ˖˄ ʰˉʰʽˍʶʾ ˍʹ˄ ˏˉʰˊ˅ʹ ˁʰˍʱ˂˂ʹ˂ˇˎ ʶ˅ˇˉ˂ʽˋ˃ˇˏ ˁʰʽ 

ˍʹ ˔ˊʺˋʹ ʶʽʵʽˁ˗˄ ʵʽʰˍʱ˅ʶ˖˄Φ ʁ ˔˗ˊˇˌ ʵʽʶ˅ʰʴ˖ʴʺˌ ˍ˖˄ ˃ʶˍˊʺˋʶ˖˄ ˁʰʽ ˍʹˌ 

ʵʽʰˁˊʾʲ˖ˋʹˌ ˉˊʷˉʶʽ ˄ʰ ʶʾ˄ʰʽ ˁʰˍʱ˂˂ʹ˂ʰ ʵʽʰ˃ˇˊ˒˖˃ʷ˄ˇˌ ˁʰʽ ˄ʰ ʵʹ˃ʽˇˎˊʴʶʾ ˍʽˌ 

ʰˉʰʽˍˇˏ˃ʶ˄ʶˌ ʶʽʵʽˁʷˌ ˋˎ˄ʻʺˁʶˌΦ ʂ˃˖ˌΣ ˇ ̔ ˎ˒ʽˋˍʱ˃ʶ˄ʶˌ ʵʽʰˍʱ˅ʶʽˌ ʶʾ˄ʰʽ ˋˎ˔˄ʱ 

ˇʴˁ˗ʵʶʽˌ ˁʰʽ ˉˊˇˋ˒ʷˊˇˎ˄ ˍʹ ɻˎ ˄ʰˍˈˍʹˍ h˃ʷˍˊʹˋʹˌ ˋʶ ʷ˄ʰ ˉʶˊʽˇˊʽˋ˃ʷ˄ˇ ʶˏˊˇˌ 

ˍˏ̄˖˄  ˃h ʴ˄ʹˍˇ˃ʷˍˊ˖˄Σ ʶ˄˗ ˁʰʽ ˍˇ ˁˈˋˍˇˌ ˍˇˎˌ ˁˎ˃ʰʾ˄ʶˍʰʽ ˋʶ ˎ˕ʹ˂ʱ ʶˉʾˉʶʵʰΦ  

ɴ 
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ʅ̱ ˈ˔ˇˌ ˍʹˌ ˉʰˊˇˏˋʰˌ ɲʽʵʰˁˍˇˊʽˁʺˌ ɲʽʰˍˊʽʲʺˌ ʶʾ˄ʰʽ ʹ ʰ˄ʱˉˍˎ˅ʹ ˃ʽʰˌ ʵʽʱˍʰ˅ʹˌ 

ʵʽʰˁˊʾʲ˖ˋʹˌ ˃ʰʴ˄ʹˍˇ˃ʷˍˊ˖˄Σ ʹ ˇˉˇʾʰ ʻʰ ʲʰˋʾʸʶˍʰʽ ˋˍʹ˄ ʶˁ˃ʶˍʱ˂˂ʶˎˋʹ ˍ˖˄ 

˔ʰˊʰˁˍʹˊʽˋˍʽˁ˗˄ ˁʰʽ ˍ˖˄ ʽʵʽˇˍʺˍ˖˄ ˍ˖˄ ˃ʰʴ˄ʹˍʽˁ˗˄ ˎ˂ʽˁ˗˄Σ ʴʽʰ ˍʹ ˃ʷˍˊʹˋʹ ˃ʽʰˌ 

ʻʶ˃ʶ˂ʽ˗ʵˇˎˌ ˉˇˋˈˍʹˍʰˌΣ ˈˉ˖ˌ ʶʾ˄ʰʽ ˇ ˔ˊˈ˄ˇˌΣ ˃ʶ ˋˁˇˉˈ ˍʹ˄ ʰ˄ʾ˔˄ʶˎˋʹ ˁʰʽ 

ʰ˄ˍʽˋˍʱʻ˃ʽˋʹ ˍˇˎ ʶˉʽʲʰ˂˂ˈ˃ʶ˄ˇˎ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎ. ʅˎ˄ʶˉ˗ˌΣ ˃ʶ ˁʰˍʱ˂˂ʹ˂ʶˌ 

ʲʶ˂ˍʽ˗ˋʶʽˌΣ ˉʰˊʷ˔ʶˍʰʽ ʹ ʵˎ˄ʰˍˈˍʹˍʰ ˔ˊʺˋʹˌ ˍʹˌ ʵʽʱˍʰ˅ʹˌ ˖ˌ ʷ˄ʰ ˉˊ˖ˍʶˏˇ˄ ˉˊˈˍˎˉˇ 

ʴʽʰ ˍʹ ʵʽʰˁˊʾʲ˖ˋʹ ˃ʰʴ˄ʹˍˇ˃ʷˍˊ˖˄Φ  

ɴ˄ʰˌΣ ʰˁˈ˃ʹΣ ˋˍˈ˔ˇˌ ˍʹˌ ˉʰˊˇˏˋʰˌ ɲʽʵʰˁˍˇˊʽˁʺˌ ɲʽʰˍˊʽʲʺˌ ʶʾ˄ʰʽ ʹ ˋ˔ʶʵʾʰˋʹ ˁʰʽ 

ʰ˄ʱˉˍˎ˅ʹ ˃ʰʴ˄ʹˍʽˁ˗˄ ʰʽˋʻʹˍʺˊ˖˄ ʴʽʰ ˉˇʽˁʾ˂ʶˌ ʶ˒ʰˊ˃ˇʴʷˌΦ ɶ ʵʽʰˁˊʾʲ˖ˋʹ ʰˎˍ˗˄ ˍ˖˄ 

ʰʽˋʻʹˍʺˊ˖˄ ˃ˉˇˊʶʾ ˄ʰ ʶˉʽˍʶˎ˔ʻʶʾ ˃ʷˋ˖ ˍʹˌ ˔ˊʺˋʹˌ ˍʹˌ ʰ˄ʰˉˍˎ˔ʻʶʾˋʰˌ ʵʽʱˍʰ˅ʹˌΦ 

ʅˍʽˌ ʶˉˈ˃ʶ˄ʶˌ ˉʰˊʰʴˊʱ˒ˇˎˌ ˉʶˊʽʴˊʱ˒ˇ˄ˍʰʽ ˇʽ ˎ˒ʽˋˍʱ˃ʶ˄ʶˌ ˃ʷʻˇʵˇ ̔

ʵʽʰˁˊʾʲ˖ˋʹˌ ˃ʰʴ˄ʹˍˇ˃ʷˍˊ˖˄Σ ˁʰʻ˗ˌ ˁʰʽ ˇʽ ˋˎ˄ʺʻʶʽˌ ˍˏˉˇʽ ˃ʰʴ˄ʹˍʽˁ˗˄ ʰʽˋʻʹˍʺˊ˖˄Σ 

˃ʶ ʷ˃˒ʰˋʹ ˋˍˇ˄ ɾʹ ɼʰˍʰˋˍˊˇ˒ʽˁˈ ɴ˂ʶʴ˔ˇ ˎ˂ʽˁ˗˄Φ 

1.2 ɾʰʴ˄ʹˍʽˁʺ ʻ˖ˊʱˁʽˋʹ 

1.2.1 ɳʽˋʰʴ˖ʴʺ 

ʁ ˁˏˊʽˇˌ ˉʰˊʱʴˇ˄ˍʰˌ ˉˇˎ ʶˉʹˊʶʱʸʶʽ ˍʽˌ ʵʽʰˍʱ˅ʶʽˌ ʵʽʰˁˊʾʲ˖ˋʹˌ ʶʾ˄ʰʽΣ ˒ˎˋʽˁʱΣ ˍˇ 

ʶ˅˖ˍʶˊʽˁ˗ˌ ʶˉʽʲʰ˂˂ˈ˃ʶ˄ˇ ˃ʰʴ˄ʹˍʽˁˈ ˉʶʵʾˇΦ ʆˇ ˃ʰʴ˄ʹˍʽˁˈ ˉʶʵʾˇ ˍʹˌ ɱʹˌΣ ʺ ˇʽ ˍˎ ˔ˈ˄ 

ʹ˂ʶˁˍˊˇ˃ʰʴ˄ʹˍʽˁʷˌ ˉʰˊʶ˃ʲˇ˂ʷˌ ʰˉˈ ʴʶʽˍˇ˄ʽˁʷˌ ʶʴˁʰˍʰˋˍʱˋʶʽˌΣ ʰ˄ʺˁˇˎ˄ ˋˍʹ˄ 

ˁʰˍʹʴˇˊʾʰ ˍˇˎ ˉʶˊʽʲʰ˂˂ˇ˄ˍʽˁˇˏ ʻˇˊˏʲˇˎ ˉˇˎ ʻʰ ˉˊʷˉʶʽ ˄ʰ ʶ˅ʰ˂ʶʽ˒ʻʶʾΣ ˗ˋˍʶ ˄ʰ 

ʵʽʶ˅ʰ˔ʻˇˏ˄ ʰˊˍʾ˖ˌ ˇʽ ˃ʶˍˊʺˋʶʽˌΦ ɶ ʶ˅ʱ˂ʶʽ˕ʹ ʰˎˍ˗˄ ˍ˖˄ ˉʰˊʶ˃ʲˇ˂˗˄ ʴʾ˄ʶˍʰʽ ʶ˒ʽˁˍʺ 

˃ʷˋ˖ ˍʹˌ ˔ˊʺˋʹˌ ˍʶ˔˄ʽˁ˗˄ ˉʰʻʹˍʽˁʺˌ ˃ʰʴ˄ʹˍʽˁʺˌ ʻ˖ˊʱˁʽˋʹˌ ʺ ʶ˄ʶˊʴʹˍʽˁʺˌ 

ʰ˄ˍʽˋˍʱʻ˃ʽˋʹˌ ̄ ʶʵʾˇˎ [1]ς[5]. 

1.2.2 ʃʰʻʹˍʽˁʺ ˃ʰʴ˄ʹˍʽˁʺ ʻ˖ˊʱˁʽˋʹ 

ɶ ˉʰʻʹˍʽˁʺ ˃ʰʴ˄ʹˍʽˁʺ ʻ˖ˊʱˁʽˋʹ ʶʾ˄ʰʽ ʰˉʰˊʰʾˍʹˍʹ ˋʶ ˉˇ˂˂ʷˌ ʲʽˇʿʰˍˊʽˁʷˌ 

ʶ˒ʰˊ˃ˇʴʷˌΣ ˋˍʽˌ ˇˉˇʾʶˌ ʰˉʰʽˍʶʾˍʰʽ ʹ ʰ˄ʾ˔˄ʶˎˋʹ ʶ˅ʰʽˊʶˍʽˁʱ ʰˋʻʶ˄˗˄ ˃ʰʴ˄ʹˍʽˁ˗˄ 

ˉʶʵʾ˖˄Σ ˈˉ˖ˌ ˋˍʽˌ ˉʶˊʽˉˍ˗ˋʶʽˌ ˍʹˌ ˉʰˊhˁ ˇ˂̌ ˏʻʹˋʹ ̩ˍʹˌ ʵˊʰˋˍʹˊʽˈˍʹˍʰˌ ˍˇˎ 
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ʶʴˁʶ˒ʱ˂ˇˎ όɾʰʴ˄ʹˍˇʶʴˁʶ˒ʰ˂ˇʴˊʰ˒ʾʰ ς MEG) ʺ ˍʹˌ ˁʰˊʵʽʱˌ (ɾʰʴ˄ʹˍˇ-

ˁʰˊʵʽˇʴˊʰ˒ʾʰ ς MCG) [6]ς[9]. ʁ ʰʽˋʻʹˍʺˊʰˌ ˉˇˎ ˔ˊʹˋʽ˃ˇˉˇʽʶʾˍʰʽ ˋˎ˄ʺʻ˖ˌ ˋʶ ʰˎˍʷˌ 

ˍʽˌ ʶ˒ʰˊ˃ˇʴʷˌΣ ʶʾ˄ʰʽ ˇ ʰʽˋʻʹˍʺˊʰˌ SQUID (Superconducting Quantum Interference 

DeviceύΣ ʹ ʶˎʰʽˋʻʹˋʾʰ ˍˇˎ ˇˉˇʾˇˎ ˒ʻʱ˄ʶʽ ˋˍʰ мл-15T [9]. ʅˎ˄ʶˉ˗ˌ, ʁ ʾ˄ʰʽ ˉˊˇ˒ʰ˄ʷˌ ˈˍʽ 

ˁʰʻʾˋˍʰˍʰʽ ʰʵˏ˄ʰˍʹ ʹ ˔ˊʺˋʹ ʶ˄ˈˌ ʰʽˋʻʹˍʺˊʰ SQUID ʴʽʰ ˃ʶˍˊʺˋʶʽˌ ˋʶ ˃ʹ ˃ʰʴ˄ʹˍʽˁʱ 

ʻ˖ˊʰˁʽˋ˃ʷ˄ˇ ˔˗ˊˇΣ ˋˍˇ˄ ˇˉˇʾˇ ʶˉʽʵˊˇˏ˄ ˉˇ˂ˏ ˉʽˇ ʽˋ˔ˎˊʱ ˃ʰʴ˄ʹˍʽˁʱ ˉʶʵʾʰΣ ˈˉ˖ˌ 

ʶʾ˄ʰʽ ˇʽ ʵʽʰˁˎ˃ʱ˄ˋʶʽˌ ˍˇˎ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎ ˍʹˌ ɱʹˌ ˁʰʽ ˇʽ ʹ˂ʶˁˍˊˇ˃ʰʴ˄ʹˍʽˁ̩̫  

ˉʰˊʶ˃ʲˇ˂ʷˌΦ ɱʽʰ ˍʹ˄ ʰ˄ˍʽ˃ʶˍ˗ˉʽˋʹ ʰˎˍˇˏ ˍˇˎ ˉˊˇʲ˂ʺ˃ʰˍˇˌ ˋʶ ʷ˄ʰ˄ ʲʰʻ˃ˈ, 

ʵʹ˃ʽˇˎˊʴˇˏ˄ˍʰʽ ʶʽʵʽˁʱ ʵʽʰ˃ˇˊ˒˖˃ʷ˄ˇ ̔ ˔˗ˊ̌̔, ˍʰ ˍˇʽ˔˗˃ʰˍʰ ˍ˖˄ ˇˉˇʾ˖˄ 

ʶˉʶ˄ʵˏˇ˄ˍʰʽ ˁʰˍʰ˂˂ʺ˂˖ˌ ˃ʶ ˋˎʴˁʶˁˊʽ˃ʷ˄ʰ ˎ˂ʽˁʱ. ɮˎˍˇʾ ˇʽ ˔˗ˊˇʽ ˁʰˍʰˋˁʶˎʱʸˇ˄ˍʰʽ 

ˋʶ ˈˋˇ ˍˇ ʵˎ˄ʰˍˈ˄ ˃ʶʴʰ˂ˏˍʶˊʹ ʰˉˈˋˍʰˋʹ h ˉˈ ˍʹ˄ ʶ˃ʲʷ˂ʶʽʰ ʶˉʾʵˊʰˋʹ ̩̱ ˖˄ ˍˎˉʽˁ˗˄ 

ʶˉʽʲʰ˂˂ˈ˃ʶ˄˖˄ ˃ʰʴ˄ʹˍʽˁ˗˄ ˉʶʵʾ˖˄.  

ʆˇ ʶʾʵˇˌ, ˇʽ ʽʵʽˈˍʹˍʶˌ, ˁʰʻ˗ˌ ˁʰʽ ʹ ʴʶ˖˃ʶˍˊʾʰ ˍ̟  ˄˔ˊʹˋʽ˃ˇˉˇʽʹʻʷ˄ˍ˖  ˄ˎ˂ʽˁ˗  ˄

ˁʰˍʰˋˁʶˎʺˌ, ʰˉˇˍʶ˂ˇˏ˄ ˍˇ ˉˊ˗ˍˇ ˋˏ˄ˇ˂ ̌ ˉʰˊʰ˃ʷˍˊ˖˄ ˉˇˎ ʶˉʹˊʶʱʸˇˎ˄ ˍʹ˄ 

ʰˉˈʵˇˋʹ ˍʹˌ ˃ʰʴ˄ʹˍʽˁʺˌ ʻ˖ˊʱˁʽˋʹˌΦ ɱʽʰ ˍʹ˄ ʶ˅ʱ˂ʶʽ˕ʹ ˍ˖˄ ʶˉʽʲʰ˂˂ˈ˃ʶ˄˖˄ ˋˎ˄ʶ˔˗˄ 

˃ʰʴ˄ʹˍʽˁ˗˄ ˉʶʵʾ˖˄ ʺ ˉʶʵʾ˖˄ ˉˇ˂ˏ ˔ʰ˃ʹ˂˗˄ ˋˎ˔˄ˇˍʺˍ˖˄Σ ˔ˊʹˋʽ˃ˇˉˇʽˇˏ˄ˍʰʽ 

˒ʶˊˊˇ˃ʰʴ˄ʹˍʽˁʱ ˎ˂ʽˁʱ ˃ ʁˎ˕ʹ˂ʺ ˃ʰʴ˄ʹˍʽˁʺ ʵʽʰˉʶˊʰˍˈˍʹˍʰΣ ˈˉ˖ˌ ʶʾ˄ʰʽ ˍˇ NiFe 

(Mumetal), ˃ ʶ ˍʽ˃ʺ ˃ʰʴ˄ʹˍʽˁʺˌ ʵʽʰˉʶˊʰˍˈˍʹˍʰˌ 50x103 ς 100x103. ɽˈʴ˖ ˍʹˌ ˎ˕ʹ˂ʺˌ 

ˍˇˎˌ ˃ʰʴ˄ʹˍʽˁʺˌ ʵʽʰˉʶˊʰˍˈˍʹˍʰˌ, ́  ˃ʰʴ˄ʹˍʽˁʺ ˊˇʺ ˋˎʴˁʶ˄ˍˊ˗˄ʶˍʰʽ ˋʶ ʰˎˍʱ ̱ ʰ ˎ˂ʽˁʱ, 

ʵʹ˃ʽˇˎˊʴ˗˄ˍʰˌ ʷ˄ʰ˄ ˁ˂˖ʲˈ ˉˇˎ ˉʶˊʽˁ˂ʶʾʶʽ ˍˇ˄ ˔˗ˊˇ ɻ ʽʶ˅ʰʴ˖ʴʺˌ ˍ˖˄ ˃ʶˍˊʺˋʶ˖˄ ˁʰʽ 

ʰˉˇˍˊʷˉʶʽ ˍʹ ʵʽʷ˂ʶˎˋʹ ˍ˖˄ h˄ ʶˉʽʻˏ˃ʹˍ˖˄ ʹ˂ʶˁˍˊˇ˃ʰʴ˄ʹˍʽˁ˗˄ ˉʶʵʾ˖˄ ˋˍˇ 

ʶˋ˖ˍʶˊʽˁˈ ˍˇˎ [10], [11].  

ɶ ʁˉˈ˃ʶ˄ʹ ˋʹ˃ʰ˄ˍʽˁʺ ˉʰˊʱ˃ʶˍˊˇˌ ˉˇˎ ʶˉʹˊʶʱʸʶʽ ˍʹ˄ ʰˉˈʵˇˋʹ ˍʹˌ ˃ʰʴ˄ʹˍʽˁʺˌ 

ʻ˖ˊʱˁʽˋʹˌ ʶʾ˄ʰʽ ˍˇ ˉʱ˔ˇˌ ˍˇˎ ˔ˊʹˋʽ˃ˇˉˇʽˇˏ˃ʶ˄ˇˎ ˎ˂ʽˁˇˏΦ ʅˏ˃˒˖˄ʰ ˃ʶ ˍˇ 

ʶˉʽʵʶˊ˃ʽˁˈ ˒ʰʽ˄ˈ˃ʶ˄ˇΣ ʹ ʶˉʽʲˇ˂ʺ ʶ˄ˈˌ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇ ˎˋʶ ʷ˄ʰ ˎ˂ʽˁˈ ˇʵʹʴʶʾ ˋˍʹ ˄

ʶ˃˒ʱ˄ʽˋʹ ˍ˖˄ ˂ʶʴˈ˃ʶ˄˖˄ ʵʽ˄ˇˊˊʶˎ˃ʱˍ˖˄Φ ɮˉˇˍʷ˂ʶˋ˃ʰ ˍ˖˄ ʵʽ˄ˇˊˊʶˎ˃ʱˍ˖˄ ʶʾ˄ʰʽ ʹ 

ʵʹ˃ʽˇˎˊʴʾʰ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎ ˃ʶ ˁʰˍʶˏʻˎ˄ˋʹ ʰ˄ˍʾʻʶˍʹ ˖ˌ ˉˊˇˌ ʰˎˍʺ ˍˇˎ 

ʶˉʽʲʰ˂˂ˈ˃ʶ˄ˇˎΦ ʅˎ˄ʶˉ˗ˌΣ ʰ˄ʰ˂ˈʴ˖ˌ ˍ˖˄ ʵʽ˄ˇˊˊʶˎ˃ʱˍ˖˄Σ ˃ʶˍʰʲʱ˂˂ʶˍʰʽ ˁ ʰʽ ˍˇ ʲʱʻˇˌ 

ʵʽʶʾˋʵˎˋʹˌ ‏ ̱ ˇˎ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎ ˋˍˇ ˎ˂ʽˁˈΣ ˋˏ˃˒˖˄ʰ ˃ʶ ˍʹ˄ ˉʰˊʰˁʱˍ˖ ˋ˔ʷˋʹΥ 
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‏ 
ρ

“Ὢ‘„
 (1.1) 

ˈˉˇˎΥ 

¶ Ὢ: ́  ˋˎ˔˄ˈˍʹˍʰ ˍˇˎ ˉʰˊʰʴˈ˃ʶ˄ˇˎ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎ 

¶ ‘Υ ʹ ˃ʰʴ˄ʹˍʽˁʺ ʵʽʰˉʶˊʰˍˈˍʹˍʰ ˍˇˎ ˎ˂ʽˁˇˏ ʵʽʱʵˇˋʹˌ 

¶ „: ́  ʰʴ˖ʴʽ˃ˈˍʹˍʰ ˍˇˎ ˎ˂ʽˁˇˏ. 

ɶ ʰ˄ˍʽ˃ʶˍ˗ˉʽˋʹ ˍ˖˄ ʵʽ˄ˇˊˊʶˎ˃ʱˍ˖˄ ʶˉʽˍˎʴ˔ʱ˄ʶˍʰʽ ˃ʶ ˍʹ ˔ˊʺ̀́  ˉˇ˂˂˗˄ ˂ʶˉˍ˗˄ 

˒ˏ˂˂˖˄ ˎ˂ʽˁˇˏΣ ʰ˄ˍʾ ˍʹˌ ʶˉʽ˂ˇʴʺˌ ʶ˄ˈˌ ˋˎ˃ˉʰʴˇˏˌ ˍ˃ʺ˃ʰˍˇˌ ˃ʶʴʱ˂ˇˎ ˉʱ˔ˇˎ̩ Φ 

ɱʶ˄ʽˁʱΣ ʹ ʻ˖ˊʱˁʽˋʹ ʶʾ˄ʰʽ ˉʽˇ ʰˉˇʵˇˍʽˁʺ ˋˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ˍʹˌ ʶˉʽʲˇ˂ʺˌ ˃ʰʴ˄ʹˍʽˁ˗˄ 

ˉʶɻʾ˖˄ ˉˇˎ ʶʾ˄ʰʽ ˁʱʻʶˍʰ ˋʶ ʰˎˍʺ˄Φ ɶ ʰˉˈʵˇˋʹ ˃ʶʽ˗˄ʶˍʰʽ ˋˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ˍ˖˄ 

ˉʰˊʱ˂˂ʹ˂˖˄ ̄ ʶʵʾ˖˄ ˁʰʽ ˒ˎˋʽˁʱ ʶʾ˄ʰʽ ʰˁˈ˃ʰ ˉʽˇ ˃ʽˁˊʺ ˈˍʰ˄ ˎˉʱˊ˔ˇˎ˄ ˇˉʷˌ ʺ ʱ˂˂ˇˎ 

ʶʾʵˇˎˌ ˁʶ˄ʱΦ ɳˉʾˋʹˌΣ ˃ʶ ˋˁˇˉˈ ˍʹ˄ ʶˉʾˍʶˎ˅ʹ ˍʹˌ ʲʷ˂ˍʽˋˍʹˌ ˍʽ˃ʺˌ ˃ʰʴ˄ʹˍʽˁʺˌ 

ʵʽʰˉʶˊʰˍˈˍʹˍʰˌΣ ˉˊˇˍʽ˃ʱˍʰʽ ʹ ʰ˄ˈˉˍʹˋʹ ˍˇˎ ˎ˂ʽˁˇˏ ˉˇˎ ʵʹ˃ʽˇˎˊʴʶʾ ˍʹ ʻ˖ˊʱˁʽˋʹΦ 

ɴ˄ʰˌ ˋˎ˄ʺʻʹˌ ˁˏˁ˂ˇˌ ʰ˄ˈˉˍʹˋʹˌ ʴʽʰ ˎ˂ʽˁˈ ˍˏˉˇˎ NiFe ˉʶˊʽ˂ʰ˃ʲʱ˄ʶʽ ˍʹ ʻʷˊ˃ʰ˄ˋʺ 

ˍˇˎ ˋˍˇˎˌ ммллČ ɹ ʽʰ ʰˊˁʶˍʷˌ ˗ˊʶˌΣ ʰˁˇ˂ˇˎʻˇˏ˃ʶ˄ʹ ʰˉˈ ˍʹ˄ ʰˊʴʺ ˕ˏ˅ʹ ˍˇˎΦ 

ɶ ˉʰˊʰ˃ʷ˄ˇˎˋʰ ˃ʰʴ˄ʺˍʽˋʹ ˍ˖˄ ˎ˂ʽˁ˗˄ ʶʾ˄ʰʽ ʷ˄ʰ ʰˁˈ˃ʰ ˋˍˇʽ˔ʶʾˇ ˉˇˎ ˉˊʷˉʶʽ ˄ʰ 

ʰ˄ˍʽ˃ʶˍ˖ˉʽˋˍʶʾΦ ɱʽΩ ʰˎˍˈ˄ ˍˇ˄ ˋˁˇˉˈΣ ˉˊʷˉʶʽ ˄ʰ ˉˊʰʴ˃ʰˍˇˉˇʽʹʻʶʾ ʰˉˇ˃ʰʴ˄ʺˍʽˋʹ ˍ˖˄ 

ˎ˂ʽˁ˗˄ ˉˇˎ ʰˉˇˍʶ˂ˇˏ˄ ˍʹ ˃ʰʴ˄ʹˍʽˁʺ ʻ˖ˊʱˁʽˋʹΦ ʆˎˉʽˁʷˌ ʵʽʰˍʱ˅ʶʽˌ ʰˉˇ˃ʰʴ˄ʺˍʽˋʹˌ 

ʰˉˇˍʶ˂ˇˏ˄ˍʰʽ ʰˉˈ ʰˊˁʶˍʱ ˋˍˊ˗˃ʰˍʰ NiFe ̄ ʱ˔ˇˎˌ мmm, ̱ ʰ ˇˉˇʾʰ ʵʹ˃ʽˇˎˊʴˇˏ˄ ʷ˄ʰ˄ 

ˁˏ˂ʽ˄ʵˊˇ ˃ʶ ʶˋ˖ˍʶˊʽˁʺ ʵʽʱ˃ʶˍˊˇ мр-20 cm ˁʰʽ ˃ʺˁˇˌ 0.6-1 m [12]. ʍˌ ˉʹ˄ʾˇ 

ʰˉˇ˃ʰʴ˄ʺˍʽˋʹˌ ˔ˊʹˋʽ˃ˇˉˇʽʶʾˍʰʽ ʷ˄ʰ ʽˋ˔ˎˊˈ ˉʹ˄ʾˇΣ ˍʷˍˇʽˇ ˗ˋˍʶ ˄ʰ ʷ˔ʶʽ ˍʹ˄ ʽˁʰ˄ˈˍʹˍʰ 

˄ʰ ʶˉʹˊʶʱˋʶʽ ˃ʰʴ˄ʹˍʽˁʱ ˈ˂ʰ ˍʰ ˋˍˊ˗˃ʰˍʰ NiFe. ʆˇ ˉʹ˄ʾˇ ʰˉˇ˃ʰʴ˄ʺˍʽˋʹˌ 

ˍˇˉˇʻʶˍʶʾˍʰʽ ˋˍˇ ʶˋ˖ˍʶˊʽˁˈ ˍˇˎ ˁˎ˂ʾ˄ʵˊˇˎ ˁʰʽ ˃ʶˍʰˁʽ˄ʶʾˍʰʽ ˃ʶ ˔ʰ˃ʹ˂ʺ ˍʰ˔ˏˍʹˍʰ 

ˉˊˇˌ ˍʰ ʷ˅˖Σ ˇʵʹʴ˗˄ˍʰˌ ˋˍʹ˄ ʰˉˇ˃ʰʴ˄ʺˍʽˋʹ ˍˇˎ ʶˋ˖ˍʶˊʽˁˇˏ ˔˗ˊˇˎΦ  

ɱʽʰ ˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ˍ˖˄ ˎ˕ʹ˂ˈˍʶˊ˖˄ ˋˎ˔˄ˇˍʺˍ˖˄Σ ˍˇ ʰ˂ˇˎ˃ʾ˄ʽˇ ʰˉˇˍʶ˂ʶʾ ˋˎ˄ʺʻʹ 

ʶˉʽ˂ˇʴʺ ˎ˂ʽˁˇˏ ˃ʰʴ˄ʹˍʽˁʺˌ ʻ˖ˊʱˁʽˋʹˌΣ ˂ˈʴ˖ ˍ˖˄ ʽˋ˔ˎˊˈˍʶˊ˖˄ ʵʽ˄ˇˊˊʶˎ˃ʱˍ˖˄ ˉˇˎ 

ʵʹ˃ʽˇˎˊʴˇˏ˄ˍʰʽ ˋʶ ʰˎˍˈ. ɽ̍ ʴ˖ ˍˇˎ ʶˉʽʵʶˊ˃ʽˁˇˏ ˒ʰʽ˄ˇ˃ʷ˄ˇˎΣ ˉˊˇˍʽ˃ʱˍʰʽ ʹ 

ˍˇˉˇʻʷˍʹˋʹ ˉ˂ʰˁ˗˄ ʰ˂ˇˎ˃ʽ˄ʾˇˎ ˉʱ˔ˇˎˌ ˉʶˊʾˉˇˎ рлmm, ˇʽ ˇˉˇʾʶˌ ʻʰ ˉˊʷˉʶʽ ˄ʰ 

ˁʰ˂ˏ˕ˇˎ˄ ʶ˅˖ˍʶˊʽˁʱ ˈ˂ˇ ˍˇ˄ ˔˗ˊˇΦ ʊˎˋʽˁʱΣ ʴʽʰ ˍʹ˄ ˈˋˇ ˍˇ ʵˎ˄ʰˍˈ˄ ˁʰ˂ˏˍʶˊʹ 
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˃ʰʴ˄ʹˍʽˁʺ ʻ˖ˊʱˁʽˋʹ ʶ˄ˈˌ ˔˗ˊˇˎΣ ˋˎ˔˄ʱ ˉˊˇˍʽ˃ʱˍʰʽ ˇ ˋˎ˄ʵˎʰˋ˃ˈˌ ˎ˂ʽˁ˗˄Σ ˗ˋˍʶ ˄ʰ 

ʶʾ˄ʰʽ ʵˎ˄ʰˍʺ ʹ ʶ˅ʱ˂ʶʽ˕ʹ ˃ʰʴ˄ʹˍʽˁ˗˄ ˉʶʵʾ˖˄ ˋˍˇ ʶˉʽʻˎ˃ʹˍˈ ʶˏˊˇˌ ˋˎ˔˄ˇˍʺˍ˖˄Φ  

ʅʶ ˁʱʻʶ ˉʶˊʾˉˍ˖ˋʹΣ ˃ʶʽ̌˄ ʷˁˍʹ˃ʰ ̱ ʹˌ ˉʰʻʹˍʽˁʺˌ ʻ˖ˊʱˁʽˋʹˌ h ˉˇˍʶ˂ʶʾ ˍˇ ʴʶʴˇ˄ˈˌ 

ˈˍʽ ʷ˔ʶʽ ˎ˕ʹ˂ˈ ˁˈˋˍˇˌ ʶʴˁʰˍʱˋˍʰˋʹˌΣ ˔˖ˊʾˌ ˖ˋˍˈˋˇ ˄ hʵʽʰˋ˒ʰ˂ʾʸʶʽ ˍʹ˄ ˉ˂ʺˊʹ 

ʶ˅ʱ˂ʶʽ˕ʹ ˍ˖˄ ˉʶʵʾ˖˄ ˈ˂˖˄ ˍ˖˄ ˋˎ˔˄ˇˍʺˍ˖˄ [13]ς[15]Φ ʆʰ ˁʰ˂ˏˍʶˊʰ ʶˉʾˉʶʵʰ 

ˉʰʻʹˍʽˁʺˌ ˃ʰʴ˄ʹˍʽˁʺˌ ʻ˖ˊʱˁʽˋʹˌ ˉˇˎ ʷ˔ˇˎ˄ ʶˉʽˍʶˎ˔ʻʶʾ ˒ʻʱ˄ˇˎ˄ ˋˍʹ˄ ʶ˅ʱ˂ʶʽ˕ʹ 

˃ʰʴ˄ʹˍʽˁ˗˄ ˉʶʵʾ˖˄ ˍʹˌ ˍʱ˅ʶ˖ˌ ˍ˖˄ 0.5nT [16].  

1.2.3 ɳ˄ʶˊʴʹˍʽˁʺ ʰ˄ˍʽˋˍʱʻ˃ʽˋʹ ̄ ʶʵʾˇˎ 

ɶ ʶ˄ʶˊʴʹˍʽˁʺ ʰ˄ˍʽˋˍʱʻ˃ʽˋʹ ˉʶʵʾˇˎ ʰˉˇˍʶ˂ʶʾ ˍʹ ʵʶˏˍʶˊʹ ˍʶ˔˄ʽˁʺ ʶ˅ʱ˂ʶʽ˕ʹˌ ˍˇˎ 

ʶˉʽʲʰ˂˂ˈ˃ʶ˄ˇˎ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎΦ ɰʰˋʾʸʶˍʰʽ ˋˍʹ ʵˎ˄ʰ˃ʽˁʺ ʶˉʽʲˇ˂ʺ ʶ˄ˈˌ 

˃ʰʴ˄ʹˍʽˁ̌ ˏ ˉʶʵʾˇˎΣ ˍˇ ˇˉˇʾˇ ʷ˔ʶʽ ˖ˌ ˋˁˇˉˈ ˍʹ˄ ʶ˅ˇˎʵʶˍʷˊ˖ˋʹ ˍ˖˄ ˃ʰʴ˄ʹˍʽˁ˗˄ 

ˉʶʵʾ˖˄ ˉˇˎ ˎ˒ʾˋˍʰ˄ˍʰʽ ˋˍʹ˄ ˉʶˊʽˇ˔ʺ ˈˉˇˎ ʵʽʶ˅ʱʴˇ˄ˍʰʽ ˇʽ ˃ʶˍˊʺˋʶʽˌ ʺ ˁʰʽ ˍʹ 

ʵʹ˃ʽˇˎˊʴʾʰ ˃ʰʴ˄ʹˍʽˁ˗˄ ˉʶʵʾ˖˄ ˉˊˇˋʰˊ˃ˇˋ˃ʷ˄ʹˌ ˍʽ˃ʺˌ ˁʰʽ ˁʰˍʶˏʻˎ˄ˋʹˌΣ ˗ˋˍʶ ˄ʰ 

ʵʽʶ˅ʰ˔ʻʶʾ ʹ ʵʽʰˁˊʾʲ˖ˋʹ ˍ˖˄ ˃ʰʴ˄ʹˍˇ˃ʷˍˊ˖˄. 

ɾʽʰ ˋˎ˄ʺʻʹˌ ʵʽʱˍʰ˅ʹ ʶ˄ʶˊʴʹˍʽˁʺˌ ʰ˄ˍʽˋˍʱʻ˃ʽˋʹˌ ˃h ʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎ 

ˉʶˊʽ˂ʰ˃ʲʱ˄ʶʽ ˍʹ ˔ˊʺˋʹ ˃ʰʴ˄ʹˍˇ˃ʷˍˊ˖˄Σ ˉʹ˄ʾ˖˄ ʰ˄ˍʽˋˍʱʻ˃ʽˋʹˌΣ ˁʰʻ˗ˌ ˁʰʽ ˍ˖˄ 

ʰˉʰˊʰʾˍʹˍ˖˄ ʹ˂ʶˁˍˊˇ˄ʽˁ˗˄ ˃ʷˍˊʹˋʹˌ ˁʰʽ ˍˊˇ˒ˇʵˇˋʾʰˌ [17]ς[27]Φ ʆʰ ˃ʰʴ˄ʹˍˈ˃ʶˍˊʰ 

˔ˊʹˋʽ˃ˇˉˇʽˇˏ˄ˍʰʽ ˃ʶ ˋˁˇˉˈ ˍʹ˄ ʰ˄ʾ˔˄ʶˎˋʹ ˁʰʽ ˃ʷˍˊʹˋʹ ˍˇˎ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎ ˉˇˎ 

ʶˉʽʲʱ˂˂ʶˍʰʽ ˋˍˇ˄ ˔˗ˊˇ ˈˉˇˎ ʻʰ ʵʽʶ˅ʰ˔ʻˇˏ˄ ˇʽ ʶˊʴʰˋʾʶˌ ʵʽʰˁˊʾʲ˖ˋʹˌ ˍ˖˄ ˎˉˈ 

ʶ˅ʷˍʰˋʹ ˃ʰʴ˄ʹˍʽˁ˗˄ ʰʽˋʻʹˍʺˊ˖˄Φ ʆʰ ˃ʰʴ˄ʹˍˈ˃ʶˍˊʰ SQUID ˉˇˎ ʰ˄ʰ˒ʷˊʻʹˁʰ˄ ˁʰʽ 

ˉʰˊʰˉʱ˄˖Σ ʶʾ˄ʰʽ ʰˎˍʱ ˉˇˎ ˔ˊʹˋʽ˃ˇˉˇʽˇˏ˄ˍʰʽ ˋˎ˄ʺʻ˖ˌ ʴʽʰ ʰˎˍˈ˄ ˍˇ ˋˁˇˉˈ [8], [28]ς

[34]Φ ɰʰˋʽʸˈ˃ʶ˄ʰ ˋˍˇ ˒ʰʽ˄ˈ˃ʶ˄ˇ JosephsonΣ ˃ˉˇˊˇˏ˄ ˄ʰ ˉˊˇˋʶ˒ʷˊˇˎ˄ ˎ˕ʹ˂ʺ 

ʰˁˊʾʲʶʽʰ ˁʰˍʱ ˍʽˌ ˃ʶˍˊʺˋʶʽˌ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎΦ ʂ˃˖ˌΣ ʹ ˂ʶʽˍˇˎˊʴʾʰ ˍˇˎˌ 

ˉˊˇːˉˇʻʷˍʶʽ ˍʹ˄ ˏˉʰˊ˅ʹ ˋˎˋˍʺ˃ʰˍˇˌ ˕ˏ˅ʹˌΣ ˁʱˍʽ ˉˇˎ ʵˎˋ˔ʶˊʰʾ˄ʶʽ ˍʹ ˔ˊʺˋʹ ˍˇˎˌ ˁʰʽ 

ʰˎ˅ʱ˄ʶʽ ˍˇ ˁ̍ ˋˍˇˌ ˍˇˎˌΣ ˁʰʻ˗ˌ ˁʰʽ ˍˇ ˃ʷʴʶʻˇ ̩ˍʹˌ ˋˎ˄ˇ˂ʽˁʺˌ ʵʽʱˍʰ˅ʹˌΦ ɳˉʾˋʹˌΣ ʹ 

ʴʶ˖˃ʶˍˊʾʰ ˍˇˎˌ ˁʰʽ ˁˎˊʾ˖ˌ ˇʽ ˃ʽˁˊʷˌ ˍˇˎˌ ʵʽʰˋˍʱˋʶʽˌ, ʰˎ˅ʱ˄ˇˎ˄ ˍʹ˄ ʰʲʶʲʰʽˈˍʹˍʰ 

ˍ˖˄ ʰˉˇˍʶ˂ʶˋ˃ʱˍ˖˄ ˍ˖˄ ˃ʶˍˊʺˋʶ˖˄ ˁʰʽ ˇʵʹʴˇˏ˄ ˋˍʹ ʵʹ˃ʽˇˎˊʴʾʰ ˃ʶʴʰ˂ˏˍʶˊ˖˄ 

ˋ˒ʰ˂˃ʱˍ˖˄Σ ˂ˈʴ˖ ˍʹˌ ʵˎˋˁˇ˂ʾʰˌ ʶˎʻˎʴˊʱ˃˃ʽˋʺˌ ˍˇˎˌ ˖ˌ ˉˊˇˌ ˍˇ˄ ˎˉˈ ʵʽʰˁˊʾʲ˖ˋʹ 

ʰʽˋʻʹˍʺˊ .h 
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ʁ ʰˉ˂ˇˏˋˍʶˊˇˌ ˍˊˈˉˇˌ ʶˉʽʲˇ˂ʺˌ ˃ ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎ ʴ˄˖ˋˍʺˌ ˍʽ˃ʺˌ ʁ ʾ˄ʰʽ ʹ ˔ˊʺˋʹ 

ʶ˄ˈˌ ˋ˖˂ʹ˄ˇʶʽʵˇˏˌΦ ʆˇ ˎˉˈ ʶ˅ʷˍʰˋʹ ˃ʰʴ˄ʹˍˈ˃ʶˍˊˇ ˍˇˉˇʻʶˍʶʾˍʰʽ ˋˍˇ ˁʷ˄ˍˊˇ ˍˇˎ 

ˋ˖˂ʹ˄ˇʶʽʵˇˏˌΣ ˃ʶ ʰˉˇˍʷ˂ʶˋ˃ʰ ˄ʰ ʵʷ˔ʶˍʰʽ ˃ʰʴ˄ʹˍʽˁˈ ˉʶʵʾˇ ʴ˄˖ˋˍʺˌ ˍʽ˃ʺˌΦ ʁ 

ˎˉˇ˂ˇʴʽˋ˃ˈˌ ˍʹˌ ʻʶ˖ˊʹˍʽˁʺˌ ˍʽ˃ʺˌ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎ ῷ ˋˍˇ ˁʷ˄ˍˊˇ ˍˇˎ 

ˋ˖˂ʹ˄ˇʶʽʵˇˏˌΣ ˃ʶ ʰ˄ʶ˅ʱˊˍʹˍʹ ˃ʶˍʰʲ˂ʹˍʺ ˍʹ˄ ˍʽ˃ʺ ʷ˄ˍʰˋʹˌ ˉʰˊʶ˔ˈ˃ʶ˄ˇˎ ˊʶˏ˃ʰˍˇˌΣ 

ˉˊˇˁˏˉˍʶʽ ʰˉˈ ˍʹ˄ ˉʰˊʰˁʱˍ˖ ˋ˔ʷˋʹΣ ˈˍʰ˄ ˃ˉˇˊʶʾ ˄ʰ ʻʶ˖ˊʹʻʶʾ ˈˍʽ ʹ ʰˁˍʾ˄ʰ ὶ ˍˇˎ 

ˋ˖˂ʹ˄ˇʶʽʵˇˏˌ ʶʾ˄ʰʽ ˉˇ˂ˏ ˃ʽˁˊˈˍʶˊʹ ʰˉˈ ˍˇ ˃ʺˁˇˌ ˍˇˎ ὰ (ὰḻὶ) : 

 Ὄ
´ϽὍ

ςὰ
 (1.2) 

ˈˉˇˎΥ 

¶ Ύ ˇ ʰˊʽʻ˃ˈˌ ˍ˖˄ ˉʶˊʽʶ˂ʾ˅ʶ˖˄ ̱ ˇˎ ˋ˖˂ʹ˄ˇʶʽʵˇˏˌ 

¶ ΌΥ ʹ ʷ˄ˍʰˋʹ ˍˇˎ ˉʰˊʶ˔ˈ˃ʶ˄ˇˎ ˊʶˏ˃ʰˍˇˌ 

¶ ὰΥ ˍˇ ˃ʺˁˇˌ ˍˇˎ ˋ˖˂ʹ˄ˇʶʽʵˇˏˌ. 

ʅˍʹ˄ ˋˎ˄ʹʻʷˋˍʶˊʹ ˉʶˊʾˉˍ˖ˋʹ ˉˇˎ ʹ ʰˁˍʾ˄ʰ ˍˇˎ ˋ˖˂ʹ˄ˇʶʽʵˇˏˌ ʶʾ˄ʰʽ ˋˎʴˁˊʾˋʽ˃ʹ 

˃ʶ ˍˇ ˃ʺˁˇˌ ˍˇˎΣ ˍˇ ˃ʰʴ˄ʹˍʽˁˈ ˉʶʵʾˇ ῷ ɻ ʾʵʶˍʰʽ ʰˉˈ ˍʹ˄ ˉʰˊʰˁʱˍ˖ ˋ˔ʷˋʹΥ 

 
ῷ

´ϽὍ

ς
ὰ
ς ὶ

 
(1.3) 

ɳˉˇ˃ʷ˄˖ˌΣ ˔ˊʹˋʽ˃ˇˉˇʽ˗˄ˍʰˌ ˍʹ ʅ˔ʷˋʹ 1.3, ʶʾ˄ʰʽ ʵˎ˄ʰˍˈˌ ˇ ˎˉˇ˂ˇʴʽˋ˃ˈˌ ˍˇˎ 

˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎ ˉˇˎ ʶˉʽʲʱ˂˂ʶˍʰʽ ˋˍˇ˄ ˎˉˈ ʵʽʰˁˊʾʲ˖ˋʹ ʰʽˋʻʹˍʺˊʰΣ ˉˇˎ ʶʾ˄ʰʽ 

ˍˇˉˇʻʶˍʹ˃ʷ˄ˇˌ ˋˍˇ ˁʷ˄ˍˊˇ ˍˇˎ ˋ˖˂ʹ˄ˇʶʽʵˇˏˌΦ ʃˊˇːˉˈʻʶˋʹ ʴʽʰ ˍʹ˄ ʶˉʽˍˎ˔ʺ 

ʵʽʰˁˊʾʲ˖ˋʹ ʶʾ˄ʰʽ ˄ʰ ʷ˔ʶʽ ʶ˅ʰ˂ʶʽ˒ʻʶʾ ˍˇ ˉʶˊʽʲʱ˂˂ˇ˄ ˃ʰʴ˄ʹˍʽˁˈ ˉʶʵʾˇ ʰˉˈ ˍˇ ˄˔˗ˊˇ 

ˍʹˌ ʵʽʶ˅ʰʴ˖ʴʺˌ ˍ˖˄ ˃ʶˍˊʺˋʶ˖˄Φ 

ʂ˃˖ˌΣ ˉʰˊʱ ˍʹ˄ ʶˎˁˇ˂ʾʰ ˎˉˇ˂ˇʴʽˋ˃ˇˏ ˍˇˎ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎ ˉˇˎ ˉˊˇˋ˒ʷˊʶʽ 

ʷ˄ʰ ˋ˖˂ʹ˄ˇʶʽʵʷ̩ Σ ˋʶ ˉˇ˂˂ʷˌ ˉʶˊʽˉˍ˗ˋʶʽˌ ʶʾ˄ʰʽ ʵˏˋˁˇ˂ʹ ʹ ˍˇˉˇʻʷˍʹˋʹ ˍˇˎ ˎˉˈ 

ʵʽʰˁˊʾʲ˖ˋʹ ˃ʰʴ˄ʹˍˇ˃ʷˍˊˇˎ ˋˍˇ ʶˋ˖ˍʶˊʽˁˈ ˍˇΣˎ ˂ˈʴ˖ ˍˇˎ ˉʶˊʽˇˊʽˋ˃ʷ˄ˇˎ ˔˗ˊˇˎ ˉˇˎ 

ˉˊˇˋ˒ʷˊʶʽΦ ʅʰ˄ ʰˉˇˍʷ˂ʶˋ˃ʰΣ ʹ ˋˎ˄ʺʻʹˌ ˃ʷʻˇʵˇˌ ˉˇˎ ˍʶ˂ʽˁʱ ˔ˊʹˋʽ˃ˇˉˇʽʶʾˍʰʽ ʴʽʰ ˍʹ 

ʵʹ˃ʽˇˎˊʴʾʰ ˇ˃ˇʴʶ˄ˇˏˌ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎ ˋʶ ˃ʶʴʰ˂ˏˍʶˊˇ ˔˗ˊˇΣ ʶʾ˄ʰʽ ʹ ˔ˊʺˋʹ 

ʸʶˎʴ˗˄ ˉʹ˄ʾ˖˄ Helmholtz [22], [35]ς[37]. ʆˇ ˁʱʻʶ ʸʶˏʴˇˌ ˉʹ˄ʾ˖˄ Helmholtz 
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ʰˉˇˍʶ˂ʶʾˍʰʽ ʰˉˈ ʵˏˇ ˈ˃ˇʽʰΣ ʰ˄ˍʽʵʽʰ˃ʶˍˊʽˁ˗ˌ ˍˇˉˇʻʶˍʹ˃ʷ˄ʰ ˉʹ˄ʾʰΦ ʆˇ ʽʵʰ˄ʽˁˈ ˋ˔ʺ˃ʰ 

ˍ˖˄ ˉʹ˄ʾ˖˄ ʶʾ˄ʰʽ ˍˇ ˁˎˁ˂ʽˁˈΣ ʰ˂˂ʱ ˂ˈʴ˖ ˍˇˎ ˉʶˊʽˇˊʽˋ˃ʷ˄ˇˎ ʶˋ˖ˍʶˊʽˁˇˏ ˔˗ˊˇˎ ˉˇˎ 

ˉˊˇˋ˒ʷˊʶʽΣ ˉˇ˂˂ʷˌ ˒ˇˊʷˌ ˉˊˇˍʽ˃ʱˍʰʽ ˍˇ ˍʶˍˊʰʴ˖˄ʽˁˈΦ ʆˇ ˔ʰˊʰˁˍʹˊʽˋˍʽˁˈ ˍ˖˄ ˉʹ˄ʾ˖˄ 

Helmholtz ʶʾ˄ʰʽ ˈˍʽ ʹ ˃ʶˍʰ˅ˏ ˍˇˎˌ ʰˉˈˋˍʰˋʹ Ὠ ʶʾ˄h̔ ʾˋʹ ˃ʶ ˍʹ˄ ʰˁˍʾ˄ʰ ˍˇˎˌ ὶ, ˁʱˍʽ 

ˉˇˎ ʷ˔ʶʽ ˖ˌ ʰˉˇˍʷ˂ʶˋ˃ʰ ˍ́  ʵʹ˃ʽˇˎˊʴʾʰ ˇ˃ˇʴʶ˄ˇˏˌ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎ ˋˍˇ˄ ˔˗ˊˇ 

ˉˇˎ ˉʶˊʽˁ˂ʶʾˇˎ˄. ɶ ˃ʰʴ˄ʹˍʽˁʺ ʶˉʰʴ˖ʴʺ  `ˋˍˇ ˃ʷˋˇ, ˃ʶˍʰ˅ˏ ʵˏˇ ˉʹ˄ʾ˖˄ Helmholtz, 

ˎˉˇ˂ˇʴʾʸʶˍʰʽ ˖ˌ ʶ˅ʺˌΥ 

ὄ ὄ
ὶ

ς
ὄ

ὶ

ς
ςὄ
ὶ

ς
ᵼ 

ᵼὄ ‘Ͻ
ὶϽὔϽΌ

ὶ
ὶ
τ

ᵾ 

ᵾ ὄ ‘Ͻ
ψϽὔϽΌ

υЍυϽὶ
ᵼ 

 ᵼὄ ψȢωωρπ Ͻ
ὔϽΌ

ὶ
 (1.4) 

ˈˉˇˎ: 

¶ ‘ τ“ ρπ: ́  ˃ʰʴ˄ʹˍʽˁʺ ʵʽʰˉʶˊʰˍˈˍʹˍʰ ̱ ˇˎ ˁʶ˄ˇˏ 

¶ ὔȡ ̌  ʰˊʽʻ˃ˈˌ ˍ˖˄ ˉʶˊʽʶ˂ʾ˅ʶ˖˄ ˍ˖˄ ˉʹ˄ʾ˖˄ 

¶ Ό: ́  ʷ˄ˍʰˋʹ ˍˇˎ ˊʶˏ˃ʰˍˇˌ ˍˊˇ˒ˇʵˇˋʾʰˌ  

¶ ὶ: ́  ʰˁˍʾ˄ʰ ˍ˖˄ ˉʹ˄ʾ˖˄Φ 

ɶ ˍˇˉˇʻʷˍʹˋʹ ˍˊʽ˗˄ ʸʶˎʴ˗˄ ˉʹ˄ʾ˖˄ Helmholtz, ̄ ˇˎ ʶʾ˄ʰʽ ʰ˄ʱ ʵˏˇ ˁʱʻʶˍʰ ˃ʶˍʰ˅ˏ 

ˍˇˎˌΣ ˈˉ˖ˌ ˒ʰʾ˄ʶˍʰʽ ˋˍˇ ʅ˔ʺ˃ʰ 1.1, ʷ˔ʶʽ ˖ˌ ʰˉˇˍʷ˂ʶˋ˃ʰ ˍʹ˄ ʶ˅ʱ˂ʶʽ˕ʹ ˍ˖˄ 

˃ʰʴ˄ʹˍʽˁ˗˄ ˉʶʵʾ˖˄ ˁʰʽ ˋˍʽˌ ˍˊʶʽˌ ʵʽʰˋˍʱˋʶʽˌ. ɮˎˍˈ ʶʾ˄ʰʽ ʽʵʽʰʾˍʶˊʰ ˔ˊʺˋʽ˃ˇ ʴʽʰ ˍʹ 

ʵʽʰˁˊʾʲ˖ˋʹ ˃ʰʴ˄ʹˍˇ˃ʷˍˊ˖˄ ˍˊʽ˗˄ ʰ˅ˈ˄˖˄Φ  

ʅˎ˄ʺʻ˖ˌΣ ˔ˊʹˋʽ˃ˇˉˇʽˇˏ˄ˍʰʽ ʵˏˇ ˍˊʽʰ˅ˇ˄ʽˁʷˌ ʵʽʰˍʱ˅ʶʽˌ ˉʹ˄ʾ˖˄ Helmholtz, 

ʵʽʰ˒ˇˊʶˍʽˁ˗˄ ʵʽʰˋˍʱˋʶ˖˄ [38]ς[40]Φ ɶ ˃ʶʴʰ˂ˏˍʶˊʹ ʵʽʱˍʰ˅ʹΣ ˃ʶ ˈʴˁˇ ˉʶˊʾˉˇˎ мm3, 

ˉʶˊʽˁ˂ʶʾʶʽ ˍʹ ˃ʽˁˊˈˍʶˊʹΣ ʹ ˇˉˇʾʰ ʷ˔ʶʽ ˈʴˁˇ ˉʶˊʾˉˇˎ лΦнрm3Φ ʁʽ ʵˏˇ ʵʽʰˍʱ˅ʶʽˌ 
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ˍˇˉˇʻʶˍˇˏ˄ˍʰʽ ˋʶ ˔˗ˊˇ ˈˋˇ ˍˇ ʵˎ˄ʰˍˈ˄ ˉʽˇ ˃ʰˁˊʽʱ ʰˉˈ ʹ˂ʶˁˍˊˇ˃ʰʴ˄ʹˍʽˁʷˌ 

ˉʰˊʶ˃ʲˇ˂ʷˌΦ ʁ ˔˗ˊˇˌ ˉˊʷˉʶʽ ˄ʰ ʶʾ˄ʰʽ ˃ʰʴ˄ʹˍʽˁʱ ʻ˖ˊʰˁʽˋ˃ʷ˄ˇˌΣ ˔ˊʹˋʽ˃ˇˉˇʽ˗˄ˍʰˌ 

ˍʽ̩ ˍʶ˔˄ʽˁʷˌ ˉʰʻʹˍʽˁʺˌ ˃ʰʴ˄ʹˍʽˁʺˌ ʻ˖ˊʱˁʽˋʹˌ ˉˇˎ ʷ˔ˇˎ˄ ˉʶˊʽʴˊʰ˒ʶʾ ˋˍʹ˄ 

ˉˊˇʹʴˇˏ˃ʶ˄ʹ ʶ˄ˈˍʹˍʰ. ɳˉʾˋʹˌΣ ˁˊʾ˄ʁˍʰʽ ʰˉʰˊʰʾˍʹˍˇˌ ˇ ʷ˂ʶʴ˔ˇˌ ˍʹˌ ʻʶˊ˃ˇˁˊʰˋʾʰˌΣ 

˃ʶ ˋˁˇˉˈ ˍʹ ʵʽˈˊʻ˖ˋʹ ˍ˖˄ ˃ʶˍˊʺˋʶ˖˄Σ ˁʰʻ˗ˌ ˉˇ˂˂ˇʾ ʰˉˈ ˍˇˎˌ ˃ʰʴ˄ʹˍʽˁˇˏˌ 

ʰʽˋʻʹˍʺˊʶˌ ʶˉʹ́ʁ ʱy̌ ˄ˍʰʽ ʰˉˈ ˍʽˌ ʻʶˊ˃ˇˁˊʰˋʽʰˁʷˌ ˃ʶˍʰʲˇ˂ʷˌΦ ʆʶ˂ʽˁʱΣ ˍˇ ˎˉˈ 

ʵʽʰˁˊʾʲ˖ˋʹ ˃ʰʴ˄ʹˍˈ˃ʶˍˊˇ ˍˇˉˇʻʶˍʶʾˍʰʽ ˋˍˇ ʶˋ˖ˍʶˊʽˁˈ ˍ˖˄ ʵʽʰˍʱ˅ʶ˖˄ ʵʽʰˁˊʾʲ˖ˋʹˌ 

ˁʰʽ ʵʷ˔ʶˍʰʽ ˃ˈ˄ˇ ˍʰ ʶˉʽʻˎ˃ʹˍʱ ˃ʰʴ˄ʹˍʽˁʱ ˉʶʵʾʰΦ  

 

ʅ˔ʺ˃ʰ 1.1Υ ʆˊʾʰ ʸʶˏʴʹ ˉʹ˄ʾ˖˄ IŜƭƳƘƻƭǘȊ ʴʽʰ ʶ˅ʱ˂ʶʽ˕ʹ  
ˍˇˎ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎ ˋʶ ˍˊʶʽˌ ʵʽʰˋˍʱˋʶʽˌΦ 

ɰʶʲʰʾ˖ˌΣ ˍʰ ˉʰˊʰˉʱ˄˖ ˉˊˇːˉˇʻʷˍˇˎ˄ ˍʹ˄ ˉʰˊˇ˔ʺ ˍˊˇ˒ˇʵˇˋʾʰˌ ˃ʶ ʰˁˊʾʲʶʽʰ ˁʰʽ 

ˋʶ ˉˊʰʴ˃ʰˍʽˁˈ ˔ˊˈ˄ˇΣ ʴʽʰ ˍʹ ʵʹ˃ʽˇˎˊʴʾʰ ˍˇˎ ˁʰˍʱ˂˂ʹ˂ˇˎ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎΦ 

ʅˎ˄ʶˉ˗ˌΣ ʰˉʰʽˍʶʾˍʰʽ ʹ ˏˉʰˊ˅ʹ ˁʰˍʱ˂˂ʹ˂˖˄ ʹ˂ʶˁˍˊˇ˄ʽˁ˗˄ ˁˎˁ˂˖˃ʱˍ˖˄Σ ˉˇˎ ʻʰ 

ʶˉʽˍˊʷˉˇˎ˄ ˍˇ˄ ʷ˂ʶʴ˔ˇ ˍˇˎ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎ ˃ʷˋ˖ ˍʹ̩ ʱ˃ʶˋʹ ̩ˉˊˇˋʰˊ˃ˇʴʺ ̩ˍʹˌ 

ˍˊˇ˒ˇʵˇˋʾʰˌ ˍ˖˄ ˉʹ˄ʾ˖˄Φ 

ɳˉʾˋʹˌΣ ʴʽʰ ˍʹ˄ ʰ˄ʾ˔˄ʶˎˋʹ ˁʰʽ ˃ʷˍˊʹˋʹ ˍˇˎ ˎˉʱˊ˔ˇ˄ˍˇˌ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎΣ 

˔ˊʹˋʽ˃ˇˉˇʽˇˏ˄ˍʰʽ ʱ˂˂ʰ ˃ʰʴ˄ʹˍˈ˃ʶˍˊʰ ˖ˌ ˉˊˈˍˎˉʰΣ ˍʰ ˇˉˇʾʰ ˉˊʷˉʶʽ ˉˊˇ˒ʰ˄˗ˌ ˄ʰ 

ʷ˔ˇˎ˄ ˁʰ˂ˏˍʶˊʹ ʶˎʰʽˋʻʹˋʾʰ ˋʶ ˋ˔ʷˋʹ ˃ʶ ˍˇ ʶ˅ʶˍʰʸˈ˃ʶ˄ˇΦ ʁʽ ˋˎ˄ʺʻʶʽˌ ˍˏˉˇʽ ˍʷˍˇʽ˖˄ 

˃ʰʴ˄ʹˍˇ˃ʷˍˊ˖˄ ʶʾ˄ʰʽ ˇʽ ʰʽˋʻʹˍʺˊʶˌ SQUID, ̌ ʽ ʰʽˋʻʹˍʺˊʶˌ Fluxgate ˁ ʰʽ ˇʽ ʰʽˋʻʹˍʺˊʶˌ 

AMRΣ ˉˇˎ ʻʰ ʰ˄ʰ˂ˎʻˇˏ˄ ˋˍʹ ˋˎ˄ʷ˔ʶʽʰΦ ɱʽʰ ˍʹ˄ ʰˉˇ˒ˎʴʺ ˉˊˈˁ˂ʹˋʹˌ ˉʰˊʶ˃ʲˇ˂˗˄Σ 

ʰˎˍʱ ˍʰ ˃ʰʴ˄ʹˍˈ˃ʶˍˊʰ ˍˇˉˇʻʶˍˇˏ˄ˍʰʽ ˋʶ ʰˉˈˋˍʰˋʹ ʰˉˈ ˍˇ ˎˉˈ ʵʽʰˁˊʾʲ˖ˋʹ 

˃ʰʴ˄ʹˍˈ˃ʶˍˊˇΦ ʆʰ ˉˊˈˍˎˉʰ ˃ʰʴ˄ʹˍˈ˃ʶˍˊʰ ʵʹ˃ʽˇˎˊʴˇˏ˄ ˍʰ ʵʶʵˇ˃ʷ˄ʰ ʶʽˋˈʵˇˎ ˍ˖˄ 

ˋˎˋˍʹ˃ʱˍ˖˄ ʰˎˍˇ˃ʱˍˇˎ ʶ˂ʷʴ˔ˇˎ ˉˇˎ ˔ˊʹˋʽ˃ˇˉˇʽˇˏ˄ˍʰʽ ʴʽʰ ˍʹ˄ ˍˊˇ˒ˇʵˇˋʾʰ ˍ˖˄ 

ˉʹ˄ʾ˖˄ ʰ˄ˍʽˋˍʱʻ˃ʽˋʹˌ ˍˇˎ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎΦ ɾʶʴʱ˂ˇ ˍ˃ʺ˃ʰ ˍʹˌ ˃ʶ˂ʷˍʹˌ ˍ˖˄ 
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ʵʽʰˍʱ˅ʶ˖˄ ʵʽʰˁˊʾʲ˖ˋʹˌ ʰˉˇˍʶ˂ʶʾ ˇ ʲʷ˂ˍʽˋˍˇˌ ˍˊˈˉˇˌ ˎ˂ˇˉˇʾʹˋʹˌ ˍ˖˄ ʰ˂ʴˇˊʾʻ˃˖˄ 

ʰˎˍˇ˃ʰˍˇˉˇʾʹˋʹˌ ˍ˖˄ ˉʰˊʰˉʱ˄˖ ʵʽʶˊʴʰˋʽ˗˄Σ ʵʹ˂ʰʵʺ ˍʹˌ ˃ʷˍˊʹˋʹˌ ˍˇˎ ˎˉʱˊ˔ˇ˄ˍˇˌ 

˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎΣ ˍʹˌ ʰ˄ˍʽˋˍʱʻ˃ʽˋʺˌ ˍˇˎ ˁʰʽ ˍʶ˂ʽˁʱΣ ˍʹˌ ʵʽʰˁˊʾʲ˖ˋʹˌ ˍ˖˄ 

˃ʰʴ˄ʹˍˇ˃ʷˍˊ˖˄ ˋʶ ʷ˄ʰ˄ ʺ ˉʶˊʽˋˋˈˍʶˊˇˎˌ ʱ˅ˇ˄ʶˌΦ  

ʂ˃˖̩Σ ˋʶ ˃ʶˊʽˁʷˌ ˉʶˊʽˉˍ˗ˋʶʽˌ ʰˉʰʽˍʶʾˍʰʽ ʹ ˍʰ˔ʶʾʰ ʵʽʰˁˊʾʲ˖ˋʹ ʶ˄ˈˌ 

˃ʰʴ˄ʹˍˇ˃ʷˍˊˇˎΣ ˔˖ˊʾˌ ˍʹ ˔ˊʺˋʹ ʶʽʵʽˁ˗˄ ʵʽʰˍʱ˅ʶ˖˄Σ ʻˎˋʽʱʸˇ˄ˍʰˌ ˒ˎˋʽˁʱ ˍˇ˄ ʲʰʻ˃ˈ 

ʰˁˊʾʲʶʽʰˌΦ ʃʰˊʱʵʶʽʴ˃ʰ ˍʷˍˇʽ˖˄ ˉʶˊʽˉˍ˗ˋʶ˖˄ ʰˉˇˍʶ˂ʶʾ ʹ ʵʽʰˁˊʾʲ˖ˋʹ ʶ˄ˈˌ 

˃ʰʴ˄ʹˍˇ˃ʷˍˊˇˎ ˉˇˎ ˔ˊʹˋʽ˃ˇˉˇʽʶʾˍʰʽ ˋˍʰ ˁʽ˄ʹˍʱ ˍʹ˂ʷ˒˖˄ʰΦ ɱʽʰ ˍʹ˄ ʶˏˁˇ˂ʹ 

ʵʽʰˁˊʾʲ˖ˋʺ ˍˇˎΣ ʸʹˍʶʾˍʰʽ ʰˉˈ ˍˇˎˌ ˔ˊʺˋˍʶˌ ˄ʰ ˃ʶˍʰˁʽ˄ʺˋˇˎ˄ ˍʹ˄ ˍʹ˂ʶ˒˖˄ʽˁʺ 

ˋˎˋˁʶˎʺ ˋˍˇ ˔˗ˊˇΣ ˃ʶˍʰˁʽ˄˗˄ˍʰˌ ˍʹˌ ̀ ˍˇ ˋ˔ʺ˃ʰ ˍˇˎ ʰˊʽʻ˃ˇˏ уΦ ɾʶ ʰˎˍˈ˄ ˍˇ˄ ˍˊˈˉˇΣ 

ˍˇ ˃ʰʴ˄ʹˍˈ˃ʶˍˊˇ ʰ˄ˍʽ˂ʰ˃ʲʱ˄ʶˍʰʽ ˍʽˌ ˃ʶˍʰʲˇ˂ʷˌ ˍˇˎ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇ ˋˍˇ ˔˗ˊˇΣ 

ʶˁ˃ʶˍʰ˂˂ʶˎˈ˃ʶ˄ˇ ˁʰʽ ʵʶʵˇ˃ʷ˄ʰ ˉˇˎ ˉˊˇʷˊ˔ˇ˄ˍʰʽ ʰˉˈ ʱ˂˂ˇˎˌ ʰʽˋʻʹˍʺˊʶˌ ˍʹˌ 

ˋˎˋˁʶˎʺˌ όʴˎˊˇˋˁˈˉʽˇΣ ʶˉʽˍʰ˔ˎ˄ˋʽˈ˃ʶˍˊˇ ˁΦ˂ˉΦύΦ ʁʽ ʰ˂ʴˈˊʽʻ˃ˇʽ ˉˇˎ 

˔ˊʹˋʽ˃ˇˉˇʽˇˏ˄ˍʰʽ ˋʶ ʰˎˍʷˌ ˍʽˌ ˉʶˊʽˉˍ˗ˋʶʽˌ ʲʰˋʾʸˇ˄ˍʰʽ ˋˍʰ ˉʰˊʰˉʱ˄˖ ʵʶʵˇ˃ʷ˄ʰ ˁʰʽ 

˔ˊʹˋʽ˃ˇˉˇʽˇˏ˄ ˁʰˍʱ˂˂ʹ˂ʰ ˃ˇ˄ˍʷ˂ʰ ʴʽʰ ˍˇ˄ ˎˉˇ˂ˇʴʽˋ˃ˈ ˍ˖˄ ˋˎ˄ʽˋˍ˖ˋ˗˄ ˍˇˎ 

˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎ ˉˇˎ ʵʷ˔ʶˍʰʽ ˍˇ ˃ʰʴ˄ʹˍˈ˃ʶˍˊˇΦ ɮ˄ˍʾˋˍˇʽ˔ʶˌ ʵʽʶˊʴʰˋʾʶˌ ˍʰ˔ʶʾʰˌ 

ʵʽʰˁˊʾʲ˖ˋʹˌ ʴʽʰ ʲʶ˂ˍʾ˖ˋʹ ˋˍʹ˄ ʰˁˊʾʲʶʽʰ ˍˇˎ ˃ʰʴ˄ʹˍˇ˃ʷˍˊˇˎ ʵʽʶ˅ʱʴˇ˄ˍʰʽ ˋʶ 

˃ʰʴ˄ʹˍˈ˃ʶˍˊʰ ˉˇˎ ˔ˊʹˋʽ˃ˇˉˇʽˇˏ˄ˍʰʽ ˋʶ ˉ˂ˇʾʰΣ ʰʶˊˇˉ˂ʱ˄ʰ ˁʰʽ ʰˎˍˈ˄ˇ˃ʰ ˇ˔ʺ˃ʰˍʰ 

[38], [41]ς[44]. 

1.3 ʆˏˉˇʽ ˃ʰʴ˄ʹˍʽˁ˗˄ ʰʽˋʻʹˍʺˊ˖˄ 

1.3.1 ɳʽˋʰʴ˖ʴʺ 

ɶ ʰˉˈʵˇˋʹ ˍ˖˄ ˃ ʰʴ˄ʹˍʽˁ˗˄ ʰʽˋʻʹˍʺˊ˖˄ ˉˇʽˁʾ˂˂ʶʽ ˂ˈʴ˖ ʵʽʰ˒ˈˊ˖˄ ˉʰˊʰ˃ʷˍˊ˖˄Σ 

˃ʶ ˁˏˊʽˇ ˉʰˊʱʴˇ˄ˍʰ ʵʽʰ˒ˇˊˇˉˇʾʹˋʹˌ ˍʹ˄ ʰˊ˔ʺ ˂ʶʽˍˇˎˊʴʾʰˌ ˍˇˎˌΦ ʆʰ ˃ʰʴ˄ʹˍˈ˃ʶˍˊʰ 

ʷ˔ˇˎ˄ ˍʹ ʵˎ˄ʰˍˈˍʹˍʰ ˄ʰ ʰ˄ˍʽ˂ʰ˃ʲʱ˄ˇ˄ˍʰʽ ˍʹ˄ ʶˉʽʲˇ˂ʺ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎ ˋʶ ˃ʾʰ ʺ 

ˉʶˊʽˋˋˈˍʶˊʶˌ ʵʽʰˋˍʱˋʶʽˌ ˁʰʽ ˄ʰ h̄ˇʵʾʵˇˎ˄ ʷ˄ʰ ʰ˄ʱ˂ˇʴˇ ˋʺ˃ʰ ʶ˅ˈʵˇˎΦ ɶ ʶˉʽ˂ˇʴʺ ˍˇˎ 

ˁʰˍʱ˂˂ʹ˂ˇˎ ʰʽˋʻʹˍʺˊʰ ʰ˄ʱ ʶ˒ʰˊ˃ˇʴʺ ˁʰʻˇˊʾʸʶˍʰʽ ˁˎˊʾ˖ˌ ʰˉˈ ˍʹ˄ ʶˉʽʻˎ˃ʹˍʺ 

ʶˎʰʽˋʻʹˋʾʰ ˁʰʽ ʰˉˈ ˍˇ ʶˏˊˇˌ ˃ʷˍˊʹˋʹˌΦ ʅˍʽˌ ʶˉˈ˃ʶ˄ʶˌ ˉʰˊʰʴˊʱ˒ˇˎˌ ˉʰˊʰˍʾʻʶ˄̱ ʰʽ 
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ˍʰ ˔ʰˊʰˁˍʹˊʽˋˍʽˁʱ ˁʰʽ ʹ ʰˊ˔ʺ ˂ʶʽˍˇˎˊʴʾʰˌ ˍ˖˄ ˉʽˇ ʵʽʰʵʶʵˇ˃ʷ˄˖˄ ˃ʰʴ˄ʹˍʽˁ˗˄ 

ʰʽˋʻʹˍʺˊ˖˄Φ 

1.3.2 ɮʽˋʻʹˍʺˊʶˌ SQUID 

ʁʽ ʰʽˋʻʹˍʺˊʶˌ SQUID (Superconducting Quantum Interference Device), 

ʲʰˋʾʸˇ˄ˍʰʽ ˋˍʹ ˔ˊʺˋʹ ˎˉʶˊʰʴ˗ʴʽ˃˖˄ ˎ˂ʽˁ˗˄, ʵʹ˂ʰʵʺ ˎ˂ʽˁ˗˄ ˍ˖˄ ˇˉˇʾ˖˄ ʹ 

ʹ˂ʶˁˍˊʽˁʺ ʰ˄ˍʾˋˍʰˋʹ ˉˊʰˁˍʽˁʱ ˃ʹʵʶ˄ʾʸʶˍʰʽ ˈˍʰ˄ ʲˊʶʻˇˏ˄ ˋʶ ʻʶˊ˃ˇˁˊʰˋʾʰ 

˔ʰ˃ʹ˂ˈˍʶˊʹ ˁʱˉˇʽʰˌ ˁˊʾˋʽ˃ʹˌ ˍʽ˃ʺˌΦ ʁʽ ʰʽˋʻʹˍʺˊʶˌ SQUIDΣ ʰ˄ʱ˂ˇʴʰ ˃ʶ ˍʹ 

ʻʶˊ˃ˇˁˊʰˋʾʰ ˂ʶʽˍˇˎˊʴʾʰˌ ˍˇˎˌΣ ˔˖ˊʾʸˇ˄ˍʰʽ ˋʶ ʵˏˇ ˁʰˍʹʴˇˊʾʶˌΥ ˍˇˎˌ LTS ˁ ʰʽ ˍˇˎˌ HTS. 

ʁʽ ʰʽˋʻʹˍʺˊʶˌ ˔ʰ˃ʹ˂ʺˌ ʻʶˊ˃ˇˁˊʰˋʾʰˌ όLow Temperature Sensors ς LTS) ˂ ʶʽˍˇˎˊʴˇˏ˄ 

ˋʶ ʻʶˊ˃ˇˁˊʰˋʾʶˌ -270̌  C ˁʰʽ ˁʰˍʰˋˁʶˎʱʸˇ˄ˍʰʽ ʰˉˈ ˄ʽˈʲʽˇ ʺ ˁˊʱ˃ʰˍʰ ˃ˇ˂ˏʲʵˇˎ ˁʰʽ 

˔ˊˎˋˇˏΦ ɱʽʰ ˍʹ ˂ʶʽˍˇˎˊʴʾʰ ˍˇˎˌ ʰˉʰʽˍʶʾˍʰʽ ˕ˏ˅ʹ ˃ʶ ˎʴˊˈ ʺ˂ʽˇΣ ˁʱˍʽ ˉˇˎ ˍˇˎˌ ˁʰʻʽˋˍʱ 

ˉʽˇ ʵˏˋ˔ˊʹˋˍˇˎˌΦ ɮ˄ˍʽʻʷˍ˖ˌΣ ˇʽ ʰʽˋʻʹˍʺˊʶˌ ˎ˕ʹ˂ʺˌ ʻʶˊ˃ˇˁˊʰˋʾʰˌ όHigh 

Temperature Sensors ς HTS) ˃ˉˇˊˇˏ˄ ˄ʰ ˂ʶʽˍˇˎˊʴʺˋˇˎ˄ ˋʶ ʻʶˊ˃ˇˁˊʰˋʾʶˌ ʷ˖ˌ ˁʰʽ 

ˉʶˊʾˉˇˎ -130̌  C. ɼʰˍʰˋˁʶˎʱʸˇ˄ˍʰʽ ʰˉˈ YBCO (Yttrium Barium Copper Oxide) ˁʰʽ 

˕ˏ˔ˇ˄ˍʰʽ ˃ʶ ˎʴˊˈ ʱʸ˖ˍˇΣ ˍˇ ˇˉˇʾˇ ʶʾ˄ʰʽ ˉʽˇ ʶˏ˔ˊʹˋˍˇ ˋʶ ˋ˔ʷˋʹ ˃ʶ ˍˇ ˎʴˊˈ ʺ˂ʽˇ, ʁ ˄˗ 

ʷ˔ʶʽ ˁ ʰʽ ̝ ʰ˃́˂ ˈˍʶˊˇ ˁˈˋˍˇˌ [45], [46].  

ɶ ˂ʶʽˍˇˎˊʴʾʰ ˍ˖˄ ʰʽˋʻʹˍʺˊ˖˄ SQUID ʲʰˋʾʸʶˍʰʽ ˋˍˇ ˁʲʰ˄ˍʽˁˈ ˒ʰʽ˄ˈ˃ʶ˄ˇ ˍʹˌ 

ˋʺˊʰʴʴʰˌ Josephson, ˋˏ˃˒˖˄ʰ ˃ʶ ˍˇ ˇˉˇʾˇ ʷ˄ʰ ˊʶˏ˃ʰ ˃ˉˇˊʶʾ ˄ʰ ʵʽʰˉʶˊʱˋʶʽ ʷ˄ʰ 

ˎˉʷˊ˂ʶˉˍˇ ˃ʹ ˎˉʶˊʰʴ˗ʴʽ˃ˇ ˋˍˊ˗˃ʰ ˉˇˎ ʲˊʾˋˁʶˍʰʽ ˃ʶˍʰ˅ˏ ʶ˄ˈˌ ʸʶˏʴˇˎˌ 

ˎˉʶˊʰʴ˗ʴʽ˃˖˄ ˎ˂ʽˁ˗˄Φ ɴˋˍ˖ ʷ˄ʰˌ ʰʽˋʻʹˍʺˊʰˌ SQUID ˋʶ ˋ˔ʺ˃ʰ ʵʰˁˍˎ˂ʾˇˎΦ ʂˍʰ˄ 

ʰˎˍ̩̍ ˕ˎ˔ʻʁʾ ˋˍʹ˄ ˁʰˍʱ˂˂ʹ˂ʹ ʻʶˊ˃ˇˁˊʰˋʾʰΣ ʵʹ˃ʽˇˎˊʴʶʾˍʰʽ ˃ʽʰ ˋˍʰʻʶˊʺ ˃ʰʴ˄ʹˍʽˁʺ 

ˊˇʺΦ ɾʶ ˍʹ˄ ʁ ˒ʰˊ˃ˇʴʺ ʶ˄ˈˌ ʶ˅˖ˍʶˊʽˁˇˏ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎ ˃ ʶ ˃ʰʴ˄ʹˍʽˁʺ ˊˇʺ   Σ ʹ 

ʶˋ˖ˍʶˊʽˁʺ ˊˇʺ    h ˂˂ʱʸʶʽ ˋˍʽʴ˃ʽʰʾʰΣ ˋˏ˃˒˖˄ʰ ˃ʶ ˍʹ ˋ˔ʷˋʹΥ 

     ὒὍÓÉÎ
ς“ 

 
 (1.5) 

ˈˉˇˎ: 

¶ ὒ: ́  ʰˎˍʶˉʰʴ˖ʴʺ ˍˇˎ ʵʰˁˍˎ˂ʾˇˎ 

¶ Ό: ˃ ʾʰ ˁˊʾˋʽ˃ʹ ˍʽ˃ʺ ʷ˄ˍʰˋʹˌ ˊʶˏ˃ʰˍˇˌ  
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¶   ςȢπφψρπ  7ÂΥ ˍˇ ˁʲʱ˄ˍˇ ˃ʰʴ˄ʹˍʽˁʺˌ ˊˇʺˌΦ  

ʅˎ˄ʶˉ˗ˌΣ ʲʱˋʶʽ ˍʹˌ ˃ʷˍˊʹˋʹˌ ˍʹˌ ˃ʶˍʰʲˇ˂ʺˌ ˍʹˌ ˃ʰʴ˄ʹˍʽˁʺˌ ˊˇʺˌΣ ʶʾ˄ʰʽ ʵˎ˄ʰˍˈˌ 

ˇ ˉˊˇˋʵʽˇˊʽˋ˃ˈˌ ˍˇˎ ʶˉʽʲʰ˂˂ˈ˃ʶ˄ˇˎ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎΦ 

ɽˈʴ˖ ˍʹˌ ˃ʶʴʱ˂ʹˌ ʶˎʰʽˋʻʹˋʾʰˌ ˍˇˎˌΣ ʰ˂˂ʱ ˁʰʽ ˍ˖˄ ʶʽʵʽˁ˗˄ ʶˊʴʰˋˍʹˊʽʰˁ˗˄ 

ˋˎ˄ʻʹˁ˗˄ ˉˇˎ ʰˉʰʽˍʶʾ ʹ ˂ʶʽˍˇˎˊʴʾʰ ˍˇˎˌΣ ˇʽ ʰʽˋʻʹˍʺˊʶˌ SQUID ʵʶ˄ 

˔ˊʹˋʽ˃ˇˉˇʽˇˏ˄ˍʰʽ ˋʶ ˁʰˍʰ˄ʰ˂˖ˍʽˁʱ ˉˊˇʿˈ˄ˍʰΣ ʰ˂˂ʱ ˁˎˊʾ˖ˌ ˋʶ ʶˊʶˎ˄ʹˍʽˁ ̍ʁ ˅ˇˉ˂ʽˋ˃ˈ 

ό˃ʽˁˊˇˋˁˈˉʽˇ SQUID [47]ύ ˁʰʽ ˋˍʹ ɰʽˇʿʰˍˊʽˁʺ όMRI [7]). ɴ˄ʰˌ ʶ˃ˉˇˊʽˁˈˌ ʰʽˋʻʹˍʺˊʰˌ 

SQUID ̄ ʰˊˇˎˋʽʱʸʶˍʰʽ ˋˍˇ ʅ˔ʺ˃ʰ 1.2: 

 

ʅ˔ʺ˃ʰ 1.2Υ ɳ˃ˉˇˊʽˁˈˌ ʰʽˋʻʹˍʺˊʰˌ SQUID [46]. 

1.3.3 ɮʽˋʻʹˍʺˊʶˌ Fluxgate 

ʆʰ ˃ʰʴ˄ʹˍˈ˃ʶˍˊʰ ˉˏ˂ʹˌ-ˊ̌ ʺˌ ʺ ˃ʰʴ˄ʹˍˈ˃ʶˍˊʰ Fluxgate ʰˉˇˍʶ˂ˇˏ˄ ˃ʾʰ 

ˋʹ˃ʰ˄ˍʽˁʺ ˁʰˍʹʴˇˊʾʰ ˃ʰʴ˄ʹˍʽˁ˗˄ ʰʽˋʻʹˍʺˊ˖˄Σ ˉˊˇˋ˒ʷˊˇ˄ˍʰˌ ˎ˕ʹ˂ʺ ʶˎʰʽˋʻʹˋʾʰΣ 

˔˖ˊʾˌ ˈ˃˖ˌ ˄ʰ ʰˉʰʽˍˇˏ˄ ʶʽʵʽˁʷˌ ˋˎ˄ʻʺˁʶˌ ˂ʶʽˍˇˎˊʴʾʰˌΣ ˈˉ˖ˌ ̀ˎ ˃̡h ʾ˄ʶʽ ˃ʶ ˍˇˎˌ 

ʰʽˋʻʹˍʺˊʶˌ SQUID. ʋ́ ʹ̀ʽ˃̌ ˉˇʽˇˏ˄ˍʰʽ ˁˎˊʾ˖ˌ ˖ˌ ʰʽˋʻʹˍʺˊʶˌ ˉˊˇˋʵʽˇˊʽˋ˃ˇˏ ʻʷˋʹˌ 

ˁʰʽ ˍʰ˔ˏˍʹˍʰˌΣ ʰ˂˂ʱ ˁʰʽ ˋʶ ˈˊʴʰ˄ʰ ˉ˂ˇʺʴʹˋʹˌ ʺ ˃ʷˍˊʹˋʹˌ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎ [48]ς

[56]. ɶ ʰˁˊʾʲʶʽʰ ʰˎˍ˗˄ ˍ˖˄ ʰʽˋʻʹˍʺˊ˖˄ ˁˎ˃ʰʾ˄ʶˍʰʽ ʰˉˈ лΦм ʷ˖ˌ мл ƴ¢Σ ʶ˄˗ 

˔ˊʹˋʽ˃ˇˉˇʽˇˏ˄ˍʰʽ ʴʽʰ ˃ʶˍˊʺˋʶʽˌ ˃ʰʴ˄ʹˍʽˁ˗˄ ˉʶʵʾ˖˄ ˋˍˇ ʶˏˊˇˌ 10-10 ̫ ˖ˌ м0-4 T [57].  

ʁʽ ˉˊ˗ˍˇʽ ʰʽˋʻʹˍʺˊʶˌ Fluxgate ˁʰˍʰˋˁʶˎʱˋˍʹˁʰ˄ ˍˇ мфос ˁʰʽ 

˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʰ˄ ʴʽʰ ˍˇ˄ ʶ˄ˍˇˉʽˋ˃ˈ ˍʹˌ ˃ʰʴ˄ʹˍʽˁʺˌ ˎˉˇʴˊʰ˒ʺˌ ˎˉˇʲˊˎ˔ʾ˖˄Φ ɴ˄ʰˌ 

ˍˎˉʽˁˈˌ ʰʽˋʻʹˍʺˊʰˌ Fluxgate h ˉˇˍʶ˂ʶʾˍʰʽ ʰˉˈ ʵˏˇ ˉʹ˄ʾʰ, ̀ ˍˇ ʶˋ˖ˍʶˊʽˁˈ ̱ ˖˄ ˇˉˇʾ˖˄ 

ˎˉʱˊ˔ʶʽ ʷ˄ʰˌ ˒ʶˊˊˇ˃ʰʴ˄ʹˍʽˁˈˌ ˉˎˊʺ˄ʰˌΦ ʆˇ ʷ˄h ʰˉˇˍʶ˂ʶʾ ˍˇ ˉʹ˄ʾˇ ʵʽʷʴʶˊˋʹˌ ˁʰʽ ˍˇ 
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ʱ˂˂ˇ ˍˇ ˉʹ˄ʾˇ ˂ʺ˕ʹˌΦ ɳ˄ʰ˂˂ʰˋˋˈ˃ʶ˄ˇ ˋʺ˃ʰ ˍˊˇ˒ˇʵˇˍʶʾ ˍˇ ˉʹ˄ʾˇ ʵʽʷʴʶˊˋʹˌΣ 

ʵʹ˃ʽˇˎˊʴ˗˄ˍʰˌ ˃ʰʴ˄ʹˍʽˁʺ ˊˇʺ ˉˇˎ ʵʽʰʵʾʵʶˍʰʽ ˃ʷˋ˖ ˍˇˎ ˃ʰʴ˄ʹˍʽˁˇˏ ˉˎˊʺ˄ʰΦ ɳʱ˄ ˍˇ 

˃ʰʴ˄ʹˍʽˁˈ ˉʶʵʾˇ ʵʽʷʴʶˊˋʹˌ ʶʾ˄ʰʽ ʰˊˁʶˍˈΣ ˗ˋˍʶ ˄ʰ ̌ ʵʹʴʶʾ ˋˍˇ˄ ˉʶˊʽˇʵʽˁˈ ˁˇˊʶˋ˃ˈ ˍˇˎ 

ˎ˂ʽˁ̌ ˏ ˍˇˎ ˃ʰʴ˄ʹˍʽˁˇˏ ˉˎˊʺ˄ʰΣ ˍˈˍʶ ˂ʰ˃ʲʱ˄ʶˍʰʽ ˃ʷˋ˖ ˍˇˎ ˉʹ˄ʾˇˎ ˂ʺ˕ʹˌ ʷ˄ʰ ˋʺ˃ʰ 

ˉˇˎ ʶʾ˄ʰʽ ʰ˄ʱ˂ˇʴˇ ˍʹˌ ˉˊ˗ˍʹˌ ˉʰˊʰʴ˗ʴˇˎ ˍʹˌ ˃ʰʴ˄ʹˍʽˁʺˌ ʶˉʰʴ˖ʴʺˌ ˖ˌ ˉˊˇˌ ˍˇ ˄

˔ˊˈ˄ˇ. ɾʶ˂ʶˍ˗˄ˍʰˌ ˍˇ ˂ʰ˃ʲʰ˄ˈ˃ʶ˄ˇ ˋʺ˃ʰ ˖ˌ ˉˊˇˌ ʵʽʱ˒ˇˊʶˌ ˉʰˊʰ˃ʷˍˊˇˎˌ ˉˇˎ 

˃ʶˍʰʲʱ˂˂ˇ˄ˍʰʽ όˉ˂ʱˍˇˌΣ ˔ˊˇ˄ʽˁʺ ʵʽʰ˒ˇˊʱ ˁˇˊˎ˒˗˄ ˁΦ˂ˉΦύΣ ʶʾ˄ʰʽ ʵˎ˄ʰˍʺ ʹ ʶ˅ʰʴ˖ʴʺ 

ˋˎ˃ˉʶˊʰˋ˃ʱˍ˖˄ ʴʽʰ ˍʹ˄ ʷ˄ˍʰˋʹ ˁʰʽ ˍʹ˄ ˁʰˍʶˏʻˎ˄ˋʹ ˍˇˎ ʰ˄ʽ˔˄ʶˎˈ˃ʶ˄ˇˎ ˃ʰʴ˄ʹˍʽˁˇˏ 

ˉʶʵʾˇˎΦ  

ʅʹ˃ʰ˄ˍʽˁʺ ˉʰˊʱ˃ʶˍˊˇ ʴʽʰ ˍˇˎˌ ʰʽˋʻʹˍʺˊʶˌ Fluxgate ʰˉˇˍʶ˂ʶʾ ˍˇ ˎ˂ʽˁ ̍ˉˇˎ ʻʰ 

˔ˊʹˋʽ˃ˇˉˇʽʹʻʶʾ ˖  ̩˃ʰʴ˄ʹˍʽˁˈ ̩ˉˎˊʺ˄ʰΦ̩ ʆˇ ˎ˂ʽˁˈ ʻʰ ˉˊʷˉʶʽ ˄ʰ ʶ˃˒ʰ˄ʾʸʶʽ ˔ʰ˃ʹ˂ʺ 

ˎˋˍʷˊʹˋʹ ˁʰʽ ˎ˕ʹ˂ʺ ʶˎʰʽˋʻʹˋʾʰ. ʅˎ˄ʺʻ˖ˌ ʶˉʽ˂ʷʴˇ˄ˍʰʽ ʱ˃ˇˊ˒ʰ ˃ʰʴ˄ʹˍʽˁʱ ˎ˂ʽˁʱΣ 

ˈˉ˖ˌ ˍʰ FeSiB, CoSiB ˁ ʰʽ CoFeSiB ̀ ʶ ˃ˇˊ˒ʺ ˋˏˊ˃ʰˍˇˌ ʺ ˍʰʽ˄ʾʰˌΣ ˍʰ ˇˉˇʾʰ ʶ˃˒ʰ˄ʾʸˇˎ˄ 

ˍʰ ˉʰˊʰˉʱ˄˖ ʶˉʽʻˎ˃ʹˍʱ ˔ʰˊʰˁˍʹˊʽˋˍʽˁʱ [58]ς[61].  

ɲˏˇ ˉʰˊʱʴˇ˄ˍʶˌ ˉˇˎ ˃ˉˇˊʶʾ ˄ʰ ʶˉʹˊʶʱˋˇˎ˄ ʰˊ˄ʹˍʽˁʱ ˍʽˌ ˃ʶˍˊʺˋʶʽˌ ʶʾ˄ʰʽ ʹ 

ʰˋˎ˃˃ʶˍˊʾʰ ˍʹˌ ʵʽʱˍʰ˅ʹˌ ˁʰʽ ʹ ʶˉʾʵˊʰˋʹ ̱ ˇˎ ˋʺ˃ʰˍˇˌ ʵʽʷʴʶˊˋʹˌ ˋˍˇ ˉʹ˄ʾˇ ˂ʺ˕ʹˌΦ ɶ 

ʶˉʽ˂ˇʴʺ ˍʹˌ ˍˇˉ̌˂ ˇʴʾʰ̩ ˉʹ˄ʾ˖˄ ˉˇˎ ʻʰ ˔ˊʹˋʽ˃ˇˉˇʽʹʻʶʾ ʰˉˇˍʶ˂ʶʾ ʷ˄ʰ˄ ˋʹ˃ʰ˄ˍʽˁˈ 

ˉʰˊʱʴˇ˄ˍʰ ʴʽʰ ˍʹ˄ ʰ˄ˍʽ˃ʶˍ˗ˉʽˋʹ ˍ˖˄ ˉʰˊʰˉʱ˄˖ ˉˊˇʲ˂ʹ˃ʱˍ˖˄Φ ɶ ˔ˊʺˋʹ ˃ʰʴ˄ʹˍʽˁˇˏ 

ˉˎˊʺ˄ʰ ˋ˔ʺ˃ʰˍˇˌ ʵʰˁˍˎ˂ʾˇˎ ˃ˉˇˊʶʾ ˄ʰ ʰ˄ˍʽ˃ʶˍ˖ˉʾˋʶʽ ˍˇ ˉˊˈʲ˂ʹ˃ʰ ˍʹˌ 

ʰˋˎ˃˃ʶˍˊʾʰˌΣ ʶ˄˗ ́  ˔ˊʺˋʹ ʵˏˇ ˉʰˊʱ˂˂ʹ˂˖˄ ˉʹ˄ʾ˖˄ ʵʽʷʴʶˊˋʹˌ (ˍˇˉˇ˂ˇʴʾʰ racetrack) 

˃ˉˇˊʶʾ ˄ʰ ʰ˄ˍʽ˃ʶˍ˖ˉʾˋʶʽ ˍˇ ˉˊˈʲ˂ʹ˃ʰ ˍʹˌ ʶˉʾʵˊʰˋʹˌ ˍˇˎ ˋʺ˃ʰˍˇˌ ʵʽʷʴʶˊˋʹˌ ˋˍˇ 

ˋʺ˃ʰ ˂ʺ˕ʹˌΦ 

ɴ˄ʰˌ ʱ˂˂ˇˌ ˍˊˈˉˇˌ ʰ˄ˍʽ˃ʶˍ˗ˉʽˋʹˌ ʶʾ˄ʰʽ ʹ ʰˉˇ˒ˎʴʺ ˔ˊʺˋʹˌ ˉʹ˄ʾˇˎ ʵʽʷʴʶˊˋʹˌΣ 

˃ʷˋ˖ ˍʹˌ ʵʽʷ˂ʶˎˋʹˌ ˍˇˎ ˋʺ˃ʰˍˇˌ ʰˉʶˎʻʶʾʰˌ ʰˉˈ ˍˇ˄ ˃ʰʴ˄ʹˍʽˁˈ ˉˎˊʺ˄ʰ (ʅ˔ʺ˃ʰ 1.3). 

ɾʶ ʰˎˍʺ ˍʹ˄ ˍˇˉˇ˂ˇʴʾʰΣ ˉˇˎ ˇ˄ˇ˃ʱʸʶˍʰʽ Orthogonal Fluxgate, ˃ ˉˇˊʶʾ ˄ʰ ˃ʶʽ˖ʻʶʾ ˁʰʽ 

ˍˇ ˋˎ˄ˇ˂ʽˁˈ ˃ʷʴʶʻˇˌ ˍˇˎ ʰʽˋʻʹˍʺˊʰ, ̫ ˔ˇ˄ˍʰˌ ˈ˃˖ˌ ˋʰ˄ ˃ʶʽˇ˄ʷˁˍʹ˃ʰ ˍʹ ʵʹ˃ʽˇˎˊʴʾʰ 

ʰˋʻʶ˄ʷˋˍʶˊˇˎ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎ ʵʽʷʴʶˊˋʹˌΣ ʰ˒ˇˏ ʰˎˍˈ ˉʰˊʱʴʶˍʰʽ ʰˉˈ ˍˇ˄ ʾʵʽˇ ˍˇ˄ 

ˉˎˊʺ˄ʰ ˁʰʽ ˈ˔ʽ ʰˉˈ ʷ˄ʰ ˉʹ˄ʾˇ ʰˊˁʶˍ˗˄ ˉʶˊʽʶ˂ʾ˅ʶ˖˄ [62]ς[65]. 
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ʅ˔ʺ˃ʰ 1.3Υ ʆˎˉʽˁʺ ˍˇˉˇ˂ˇʴʾʰ ʰʽˋʻʹˍʺˊʰ Orthogonal Fluxgate,  
ˋˍʹ˄ ˇˉˇʾʰ ̱ ˇ ˊʶˏ˃ʰ ʵʽʷˊ˔ʶˍʰʽ ʰˉˈ ˍˇ˄ ˃ʰʴ˄ʹˍʽˁˈ ˉˎˊʺ˄ʰ [12]. 

ɾʶ ˔ˊʺˋʹ ˍʹˌ ˍʶ˔˄ˇ˂ˇʴʾʰˌ ˂ʶˉˍ˗˄ ˎ˃ʶ˄ʾ˖˄ όthin film) ʶʾ˄ʰʽ ʵˎ˄ʰˍʺ ʹ 

ζʶˁˍˏˉ˖ˋʹη ʶ˄ˈˌ ʰʽˋʻʹˍʺˊʰ Fluxgate ̀ ʶ ˉ˂ʰˁʷˍʰΣ ʵʹ˂ʰʵʺ ʹ ʶ˄ʰˉˈʻʶˋʹ ˁʰˍʱ˂˂ʹ˂˖˄ 

ˎ˂ʽˁ˗˄ ˃ʶ ˍʹ˄ ʶˉʽʻˎ˃ʹˍʺ ˍˇˉˇ˂ˇʴʾʰΣ ˋʶ ʰˎˍʺ˄ [66]ς[69]Φ ɴˍˋʽΣ ʶʾ˄ʰʽ ʶˎˁˇ˂ˈˍʶˊʹ ʹ 

ʶ˄ˋ˖˃ʱˍ˖ˋʹ ˍˇˎ ʰʽˋʻʹˍʺˊʰ ˋʶ ˃ʾʰ ˉ˂ʺˊʹ ʵʽʱˍʰ˅ʹΣ ʹ ˇˉˇʾʰ ʻʰ ˉʶˊʽ˂ʰ˃ʲʱ˄ʶʽ ˁʰʽ ˍʰ 

ʹ˂ʶˁˍˊˇ˄ʽˁʱ ˂ʺ˕ʹˌ ˁʰʽ ʶˉʶ˅ʶˊʴʰˋʾʰˌ ˍˇˎ ˋʺ˃ʰˍˇˌΦ ʅʶ ʰˎˍˈ ˍˇ ˉ˂ʰʾˋʽˇΣ ˃ˉˇˊʶʾ ˄ʰ 

ˁʰˍʰˋˁʶˎʰˋˍʶʾ ˁʰʽ ʵʽʱˍʰ˅ʹ ˉˇˎ ʻʰ ˉʶˊʽ˂ʰ˃ʲʱ˄ʶʽ ˉʶˊʽˋˋˈˍʶˊˇˎˌ ʰˉˈ ʷ˄ʰ˄ 

ʰʽˋʻʹˍʺˊʶˌ Fluxgate, ̠ ˋˍʶ ˄ʰ ʶʾ˄ʰʽ ʵˎ˄ʰˍʺ ʹ ˔ˊʺˋʹ ˍˇˎˌ ʴʽʰ ˍʰˎˍˈ˔ˊˇ˄ʶˌ ˃ʶˍˊʺˋʶʽˌ 

ˋʶ ˉʶˊʽˋˋˈˍʶˊʶˌ ʵʽʰˋˍʱˋʶʽˌΦ ʁ ˉˊˇ˒ʰ˄ʺˌ ˍˊˈˉˇˌ ˎ˂ˇˉˇʾʹˋʹˌ ˃ʽʰˌ ˍʷˍˇʽʰˌ ʵʽʱˍʰ˅ʹˌ 

ʶʾ˄ʰʽ ʹ ˍˇˉˇʻʷˍʹˋʹ ˍˊʽ˗˄ ˁʰʻʷˍ˖˄ ʰʽˋʻʹˍʺˊ˖˄Σ ˇ ˁʰʻʷ˄ʰˌ ʶˁ ˍ˖˄ ˇˉˇʾ˖˄ ʻʰ ˃ʶˍˊʱ 

˃ʾʰ ʰˉˈ ˍʽˌ ˍˊʶʽˌ ˋˎ˄ʽˋˍ˗ˋʶˌ ˍˇˎ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎΦ ʂ˃˖ˌ ˁʰʽ ˋʶ ʰˎˍʺ˄ ˍʹ˄ 

ˉʶˊʾˉˍ˖ˋʹ ʶ˃˒ʰ˄ʾʸʶˍʰʽ ˍˇ ˉˊˈʲ˂ʹ˃ʰ ˍʹˌ ʶˉʾʵˊʰˋʹˌ ˍˇˎ ˁʱʻʶ ʰʽˋʻʹˍʺˊʰ ˋˍˇ ˋʺ˃ʰ 

ˉˇˎ ˂ʰ˃ʲʱ˄ʶˍʰʽ ʰˉˈ ˍˇˎˌ ʴʶʽˍˇ˄ʽˁˇˏˌ ˍˇˎΣ ˍˇ ˇˉˇʾˇ ˉˊʷˉʶʽ ˄ʰ ʶˉʽ˂ˎʻʶʾ ˃ʷˋ˖ ˍʹˌ 

ˁʰˍʱ˂˂ʹ˂ʹˌ ʶˉʽ˂ˇʴʺˌ ˍˇˉˇ˂ˇʴʾʰˌ ˁʰʽ ʵʽʰˋˍʱˋʶ˖˄ ˍ˖˄ ˍˊʽ˗˄ ʰʽˋʻʹˍʺˊ˖˄Φ  

1.3.4 ɮʽˋʻʹˍʺˊʶˌ MDL 

ʁʽ ʰʽˋʻʹˍʺˊʶˌ MDL ʲʰˋʾʸˇ˄ˍʰʽ ˋˍʽˌ ˃ʰʴ˄ʹˍˇˋˎˋˍˇ˂ʽˁʷˌ ʴˊʰ˃˃ʷˌ ˁʰʻˎˋˍʷˊʹˋʹˌ 

(Magnetostrictive Delay Lines ς MDL) [70]ς[73]. ʅˏ˃˒˖˄ʰ ˃ʶ ˍˇ ˒ʰʽ˄ˈ˃ʶ˄ˇ ˍʹˌ 

˃ʰʴ˄ʹˍˇˋˎˋˍˇ˂ʺˌΣ ʹ ʶˉʽʲˇ˂ʺ ʶ˄ˈˌ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎ ˋʶ ʷ˄ʰ ˃ʰʴ˄ʹˍʽˁˈ ˎ˂ʽˁˈ ˇʵʹʴʶʾ 

ˋˍʹ ˃ʶˍʰʲˇ˂ʺ ˍˇˎ ˃ʺˁˇˎˌ ̱ ˇˎΣ ʹ ˇˉˇʾʰ ʶˁ˒ˊʱʸʶˍʰʽ ʰˉˈ ˍˇ˄ ˉʰˊʰˁʱˍ˖ ˂ˈʴˇΥ 
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 ‗
ῳὰ

ὰ
 (1.6) 

ˈˉˇˎΥ 

¶ ῳὰ: ʹ ˃ʶˍʰʲˇ˂ʺ ˍˇˎ ˃̋ˁˇˎˌ ˍˇˎ ˎ˂ʽˁˇˏ ˁʰˍʱ ˍʹ˄ ʶˉʽʲˇ˂ʺ ˍˇˎ ˃ʰʴ˄ʹˍʽˁˇˏ 

ˉʶʵʾˇˎ 

¶ ὰ: ̱ ˇ ʰˊ˔ʽˁˈ ˍˇˎ ˃ʺˁˇˌ. 

ʆˇ ˒ʰʽ˄ˈ˃ʶ˄ˇ ˍʹˌ ˃ʰʴ˄ʹˍˇˋˎˋˍˇ˂ʺˌ ˋˎ˃ʲʰʾ˄ʶʽ ˂ˈʴ˖ ˍʹˌ ˃ʶˍʰˁʾ˄ʹˋʹˌ ˍ˖˄ 

˃ʰʴ˄ʹˍʽˁ˗˄ ˍˇʽ˔˖˃ʱˍ˖˄Σ ʹ ˇˉˇʾʰ ˉˊʰʴ˃ʰˍˇˉˇʽʶʾˍʰʽ ˁʰˍʱ ˍʹ˄ ʶˉʽʲˇ˂ʺ ʶ˄ˈˌ 

˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎ ˋˍʰ ˒ʶˊˊˇ˃ʰʴ˄ʹˍʽˁʱ ˎ˂ʽˁʱ. ɶ ˃ʰʴ˄ʹˍˇˋˎˋˍˇ˂ʺ ˃ˉˇˊʶʾ ˄ʰ 

˃ʶ˂ʶˍʹʻʶʾ ˃ʷˋ˖ ˍʹˌ ˔ˊʺˋʹˌ ʱ˃ˇˊ˒˖˄ ˃ʰʴ˄ʹˍʽˁ˗˄ ˎ˂ʽˁ˗˄ ˉˇˎ ˂ʰ˃ʲʱ˄ˇˎ˄ ˍˇ ˊˈ˂ˇ 

ˁˎ˃ʰˍˇʵʹʴˇˏΣ ʵʽʰˊˊʶˈ˃ʶ˄ʰ ʰˉˈ ˉʰ˂˃ʽˁˈ ˊʶˏ˃ʰ. 

ɾʽʰ ˍˎˉʽˁʺ ʵʽʱˍʰ˅ʹ MDL h ˉˇˍʶ˂ʶʾˍʰʽ ʷ˄ʰ ˉʹ˄ʾˇ ʵʽʷʴʶˊˋʹˌ ˁʰʽ ʷ˄ʰ ˉʹ˄ʾˇ ˂ʺ˕ʹˌΣ 

˃ʶˍʰ˅ˏ ˍ˖˄ ˇˉˇʾ˖˄ ˎˉʱˊ˔ʶʽ ʷ˄h ̩ˁ ˎ˃ʰˍˇʵʹʴˈˌΣ ˈˉ˖ˌ ˒ʰʾ˄ʶˍʰʽ ˋˍˇ ʅ˔ʺ˃ʰ 1.4Φ ɾʷˋ˖ 

ˍˇˎ ˉʹ˄ʾˇˎ ʵʽʷʴʶˊˋʹˌΣ ʵʹ˃ʽˇˎˊʴʶʾˍʰʽ ˉʰ˂˃ʽˁˈ ˃ʰʴ˄ʹˍʽˁˈ ˉʶʵʾˇ ˉˇˎ ʵʽʰʵʾʵʶˍʰʽ ˃ʷˋ˖ 

ˍˇˎ ʱ˃ˇˊ˒ˇˎ ˃ʰʴ˄ʹˍʽˁˇˏ ˋˏˊ˃ʰˍˇˌ ʺ ˍʰʽ˄ʾʰˌ ˉˇˎ ʷ˔ʶʽ ˍˇ ˊˈ˂ˇ ˍˇˎ ˁˎ˃ʰˍˇʵʹʴˇˏ. 

ɽˈʴ˖ ˍˇˎ ˒ʰʽ˄ˇ˃ʷ˄ˇˎ ˍʹˌ ˃ʰʴ˄ʹˍˇˋˎˋˍˇ˂ʺˌΣ ʰˎˍˈ ˍˇ ˎ˂ʽˁˈ ˉʰˊʰ˃ˇˊ˒˗˄ʶˍʰʽ 

ˍˇˉʽˁʱΣ ˃ʶ ʰˉˇˍʷ˂ʶˋ˃ʰ ˄ʰ ʵʹ˃ʽˇˎˊʴʶʾˍʰʽ ʷ˄ʰˌ ʶ˂ʰˋˍʽˁˈˌ ˉʰ˂˃ˈˌΣ ˇ ˇˉˇʾˇˌ 

ʵʽʰʵʾʵʶˍʰʽ ˃ʷˋ˖ ˍˇˎ ˁˎ˃ʰˍˇʵʹʴˇˏΦ ʆʶ˂ʽˁʱΣ ˍˇ ˋʺ˃ʰ ˂ʰ˃ʲʱ˄ʶˍʰʽ ʰˉˈ ˍˇ ˉʹ˄ʾˇ ˂ʺ˕ʹˌ 

ˉˇˎ ʶʾ˄ʰʽ ˍˇˉˇʻʶˍʹ˃ʷ˄ˇ ˋˍˇ ʱ˂˂ˇ ʱˁˊˇ ˍˇˎ ˁˎ˃ʰˍˇʵʹʴˇˏΦ  

ʆˇ ˃ʺˁˇˌ ˍˇˎ ˁˎ˃ʰˍˇʵʹʴˇˏ ˃ˉˇˊʶʾ ˄ʰ ʶʾ˄ʰʽ ˃ʶʴʱ˂ˇΣ ˉˊˇˋ˒ʷˊˇ˄ˍʰˌ ˍʹ 

ʵˎ˄ʰˍˈˍʹˍʰ ʰ˄ʷˉʰ˒ʹˌ ʰ˄ʾ˔˄ʶˎˋʹˌ ˍʹˌ ʻʷˋʹˌ ˃ʰʴ˄ʹˍʽˁ˗˄ ʰ˄ˍʽˁʶʽ˃ʷ˄˖˄ ˋʶ ˋ˔ʷˋʹ ˃ʶ 

ˍʹ ʵʽʱˍʰ˅ʹΦ ɾʶˍˊ˗˄ˍʰˌ ˍʹ ˔ˊˇ˄ʽˁʺ ʵʽʰ˒ˇˊʱ ˃ʶˍʰ˅ˏ ˍ˖˄ ˂ʰ˃ʲʰ˄ˈ˃ʶ˄˖˄ ˋʹ˃ʱˍ˖˄ ʺ 

ˁʰʽ ˍʽˌ ˃ʶˍʰʲˇ˂ʷˌ ˍˇˎ ˉ˂ʱˍˇˎˌ ˍˇˎˌΣ ʶʾ˄ʰʽ ʵˎ˄ʰˍˈˌ ˇ ˉˊˇˋʵʽˇˊʽˋ˃ˈˌ ʵʽʰ˒ˈˊ˖˄ 

˃ʶʴʶʻ˗˄Σ ˈˉ˖ˌ ʶʾ˄ʰʽ ʹ ʻʷˋʹΣ ʹ ʰˉˈˋˍʰˋʹ ˁʰʽ ʹ ʶˉʽʲʰ˂˂ˈ˃ʶ˄ʹ ʵˏ˄ʰ˃ʹΦ ʅˎ˄ʶˉ˗ˌΣ ʷ˄ʰˌ 

ˍʷˍˇʽˇˌ ʰʽˋʻʹˍʺˊʰˌ ˃ˉˇˊʶʾ ˄ʰ ˔ˊʹˋʽ˃ˇˉˇʽʹʻʶʾ ˋˍʹ ʲʽˇ˃ʹ˔ʰ˄ʾʰΣ ʰ˂˂ʱ ˁʰʽ ˋʶ ʵʾˁˍˎʰ 

ζʷ˅ˎˉ˄˖˄ ˉˈ˂ʶ˖˄η [74]ς[77]. 
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ʅ˔ʺ˃ʰ 1.4Υ ɮʽˋʻʹˍʺˊʰˌ ʻʷˋʹˌ ʲʰˋʽˋ˃ʷ˄ˇˌ ˋˍʹ ʵʽʱˍʰ˅ʹ MDL [74]. 

1.3.5 ɮʽˋʻʹˍʺˊʶˌ !aw ˁʰʽ Daw 

ɮˎˍʷˌ ˇʽ ʵˏˇ ˁʰˍʹʴˇˊʾʶˌ ʰʽˋʻʹˍʺˊ˖˄Σ ʰ˄ʽˋˇˍˊˇˉʽˁʺˌ ˃ʰʴ˄ʹˍˇʰ˄ˍʾˋˍʰˋʹˌ 

(Anisotropic MagnetoResistance ς AMR) ˁʰʽ ʴʽʴʰ˄ˍʽʰʾʰˌ ˃ʰʴ˄ʹˍˇʰ˄ˍʾˋˍʰˋʹˌ όGiant 

MagnetoResistance ς GMR), ̀ ˍʹˊʾʸˇ˄ˍʰʽ ˋˍˇ ˒ʰʽ˄ˈ˃ʶ˄ˇ ˍʹˌ ʰ˂˂ʰʴʺˌ ˍʹˌ ʰ˄ˍʾˋˍʰˋʹˌ 

ˉˇˎ ʶ˃˒ʰ˄ʾʸʶˍʰʽ ˁʰˍʱ ˍʹ˄ ʶˉʽʲˇ˂ʺ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎ ˋʶ ʵʽʱ˒ˇˊʰ ˎ˂ʽˁʱΦ ɮ˄ ˁʰʽ ʰˎˍˈ 

ˍˇ ˒ʰʽ˄ˈ˃ʶ˄ˇ ʴʶ˄ʽˁʱ ˉʰˊʰˍʹˊʶʾˍʰʽ ˋʶ ˉˇ˂ˏ ˔ʰ˃ʹ˂ʷˌ ʻʶˊ˃ˇˁˊʰˋʾʶˌΣ ˎˉʱˊ˔ˇˎ˄ 

ˁʰˍʹʴˇˊʾʶˌ ˎ˂ʽˁ˗˄Σ ˈˉ˖ˌ ʶʾ˄ʰʽ ˍʰ ˒ʶˊˊˇ˃ʰʴ˄ʹˍʽˁʱΣ ˋ̱ ʰ ˇˉˇʾʰ ʶ˃˒ʰ˄ʾʸʶˍʰʽ ˋʶ 

ʻʶˊ˃ˇˁˊʰˋʾʰ ʵ˖˃ʰˍʾˇˎΦ ʅˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ˍʹˌ ʰ˄ʽˋˇˍˊˇˉʽˁʺˌ ˃ʰʴ˄ʹˍˇʰ˄ˍʾˋˍʰˋʹˌΣ 

ʷ˔ʶʽ ˉʰˊʰˍʹˊʹʻʶʾ ˈˍʽ ʹ ˍʽ˃ʺ ˍʹˌ ʰ˄ˍʾˋˍʰˋʹˌ ˍˇˎ ˎ˂ʽˁˇˏ ʵʽʰ˒ˇˊˇˉˇʽʶʾˍʰʽ ˃ʶˍʰ˅ˏ ˍʹˌ 

ʵʽʰ˃ʺˁˇˎˌ ˁ ʰʽ ˍʹˌ ʶʴˁʱˊˋʽʰˌ ʵʽʱʵˇˋʹˌ ˍˇˎ ˊʶˏ˃ʰˍˇˌ ˋʶ ʰˎˍˈΦ  

ɮ˄ˍʾˋˍˇʽ˔ʰΣ ˋˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ˍʹˌ ʴʽʴʰ˄ˍʽʰʾʰˌ ˃ʰʴ˄ʹˍˇʰ˄ˍʾˋˍʰˋʹˌΣ ˇʽ ʰʽˋʻʹˍʺˊʶˌ 

ʰ̄ ˇˍʶ˂ˇˏ˄ˍʰʽ ʰˉˈ ʵˇ˃ʷˌ ˂ʶˉˍ˗˄ ˎ˃ʶ˄ʾ˖˄ ˁʰˍʰˋˁʶˎʰˋ˃ʷ˄˖˄ ʰˉˈ ˒ʶˊˊˇ˃ʰʴ˄ʹˍʽˁʱ 

ˎ˂ ʽˁʱΣ ʰ˄ʱ˃ʶˋʰ ˋˍʰ ˇˉˇʾʰ ˍˇˉˇʻʶˍʶʾˍʰʽ ʷ˄ʰ ˎˉʷˊ˂ʶˉˍˇ ʰʴ˗ʴʽ˃ˇ, h ˂˂ʱ ˃ʹ ˃ʰʴ˄ʹˍʽˁˈ, 

ˋˍˊ˗˃ʰΣ ˍˇ ˇˉˇʾˇ ʶʾ˄ʰʽ ˋˎ˄ʺʻ˖ˌ ˁʰˍʰˋˁʶˎʰˋ˃ʷ˄ˇ ʰˉˈ ˔ʰ˂ˁˈΦ ʁ ˔ʰ˂ˁˈˌΣ ʰ˄ ˁʰʽ 

ʰʴ˗ʴʽ˃ˇ ˎ˂ʽˁˈΣ ˋʶ ʰˎˍʺ˄ ˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ˉʰˊˇˎˋʽʱʸʶʽ ˃ʶʴʱ˂ʹ ʹ˂ʶˁˍˊʽˁʺ ʰ˄ˍʾˋˍʰˋʹΣ 

˂ˈʴ˖ ˍˇˎ ˉˇ˂ˏ ˃ʽˁˊˇˏ ˉʱ˔ˇˎˌ ˍˇˎ ˁʰʽ ˋˎ˄ʶˉ˗ˌ ˍʹˌ ʰˎ˅ʹ˃ʷ˄ʹˌ ˋˁʷʵʰˋʹˌ ˍ˖˄ 

ʹ˂ʶˁˍˊˇ˄ʾ˖˄ ˋˍˇ ʶˋ˖ˍʶˊʽˁˈ ˍˇˎΦ ɾʶˍʰ˅ˏ ˍ˖˄ ˒ʶˊˊˇ˃ʰʴ˄ʹˍʽˁ˗˄ ˎ˃ʶ˄ʾ˖˄ 

ˉˊʰʴ˃ʰˍˇˉˇʽʶʾˍʰʽ ʰ˄ˍʽ˒ʶˊˊˇ˃ʰʴ˄ʹˍʽˁʺ ˋˏʸʶˎ˅ʹΣ ʵʹ˂ʰʵʺ ˉʰˊʰˍʹˊʶʾˍʰʽ ʰ˄ˍʾʻʶˍˇˌ 

ˉˊˇˋʰ˄ʰˍˇ˂ʽˋ˃ˈˌ ˍ˖˄ ˃ʰʴ˄ʹˍʽˁ˗˄ ˍˇˎˌ ʵʽˉˈ˂˖˄Φ ʂ˃˖ˌΣ ˉʰˊˇˎˋʾʰ ʶ˅˖ˍʶˊʽˁˇˏ 

˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎ ˁʰˍʱ˂˂ʹ˂ʹˌ ʵʽʶˏʻˎ˄ˋʹˌΣ ʹ ˋˏʸʶˎ˅ʹ ˉʰˏʶʽ ˄ʰ ʽˋ˔ˏʶʽ ˁʰʽ ˍʰ 

˃ʰʴ˄ʹˍʽˁʱ ʵʾˉˇ˂ʰ ʵʽʰˍʱˋˋˇ˄ˍʰʽ ˋˏ˃˒˖˄ʰ ˃ʶ ʰˎˍˈΣ ˃ʶ ʰˉˇˍʷ˂ʶˋ˃ʰ ˄ʰ ʶʾ˄ʰʽ ʵˎ˄ʰˍʺ 

ʹ ʰ˄ʾ˔˄ʶˎˋʹ ˍˇˎ ˋˎʴˁʶˁˊʽ˃ʷ˄ˇˎ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎ [78]ς[82].  
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ʆʷˍˇʽˇʽ ʰʽˋʻʹˍʺˊʶˌ ˔ˊʹˋʽ˃ˇˉˇʽˇˏ˄ˍʰʽ ˋʶ ˁʶ˒ʰ˂ʷˌ ʰ˄ʱʴ˄˖ˋʹˌ ˉ˂ʹˊˇ˒ˇˊʾʰˌ ˋʶ 

˃ʰʴ˄ʹˍʽˁʱ ˃ʷˋʰ ʰˉˇʻʺˁʶˎˋʹˌΣ ˋʶ ʵʽʰˍʱ˅ʶʽˌ ˃˄ʺ˃ʹˌ ˍˎ˔ʰʾʰˌ ˉˊˇˋˉʷ˂ʰˋʹˌ (RAM), 

ˁʰʻ˗ˌ ˁʰʽ ˋʶ ʲʽˇʰʽˋʻʹˍʺˊʶˌΦ ɶ ʰ˄ʰˁʱ˂ˎ˕ʹ ˍ˖˄ ʰʽˋʻʹˍʺˊ˖˄ GMR ˇʵʺʴʹˋʶ ˋˍʹ˄ 

ʰˉˇ˄ˇ˃ʺ ˍˇˎ ʲˊʰʲʶʾˇˎ Nobel ˋˍˇˎˌ ʶˊʶˎ˄ʹˍʷˌ Albert Fert ˁʰʽ Peter GrǸnberg ˍˇ 

2007 [83]. 

ɱʶ˄ʽˁʱΣ ˇʽ ʰʽˋʻʹˍʺˊʶˌ ˃ʰʴ˄ʹˍˇʰ˄ˍʾˋˍʰˋʹˌ ʶ˄ˋ˖˃ʰˍ˗˄ˇ˄ˍʰʽ ˋʶ ʹ˂ʶˁˍˊˇ˄ʽˁʱ 

ˁˎˁ˂˗˃ʰˍʰ ˋʶ ˍˇˉˇ˂ˇʴʾʰ ʴʷ˒ˎˊʰ ̩ Wheatstone. ʆˇˉˇʻʶˍˇˏ˄ˍʰʽ ˋʶ ˊˇ˃ˉˇˍʽˁʷˌ 

ʵʽʰˍʱ˅ʶʽˌΣ ʰ˂˂ʱ ˁʰʽ ˋʶ ˃ʶˍʰ˒ˇˊʽˁʱ ˃ʷˋʰΣ ˁˎˊʾ˖ˌ ˖ˌ ʰʽˋʻʹˍʺˊʶˌ ˉˊˇˋʰ˄ʰˍˇ˂ʽˋ˃ˇˏ 

[84]. ɳˉʾˋʹˌΣ ʷ˔ˇˎ˄ ʴʾ˄ʶʽ ˁʱˉˇʽʶˌ ˉˊˇˋˉʱʻʶʽʶˌ ˗ˋˍʶ ˄ʰ ʶ˄ˋ˖˃ʰˍ˖ʻˇˏ˄ ˋʶ 

ˇ˂ˇˁ˂ʹˊ˖˃ʷ˄ʰ ˁˎˁ˂˗˃ʰˍʰ ʴʽʰ ˍʹ˄ ʰ˄ʾ˔˄ʶˎˋʹ ʲʽˇ˃ˇˊʾ˖˄Σ ˃ʶ ˋˁˇˉˈ ˍʹ˄ 

ʰ˄ˍʽˁʰˍʱˋˍʰˋʹ ˍʹˌ ˔ˊʺˋʹˌ ˃ʶʻˈʵ˖˄ ˒ʻˇˊʽˋ˃ˇˏ ˋʶ ʵʽʰʴ˄˖ˋˍʽˁʷˌ ʶ˅ʶˍʱˋʶʽˌΦ ɮ˄ˍʾ ˍ˖˄ 

˒ʻˇˊʽʸˇˎˋ˗˄ ˇˎˋʽ˗˄Σ ʷ˔ʶʽ ʵˇˁʽ˃ʰˋˍʶʾ ʹ ʶʽˋʰʴ˖ʴʺ ˁʰˍʰ˂˂ʺ˂˖˄ ˃ʰʴ˄ʹˍʽˁ˗˄ 

˄ʰ˄ˇˋ˖˃ʰˍʽʵʾ˖˄Σ ˍʰ ˇˉˇʾʰ ʶʾ˄ʰʽ ʽˁʰ˄ʱ ˄ʰ ʰ˄ʽ˔˄ʶˏˇ˄ˍʰʽ ʰˉˈ ˍˇˎˌ ʰʽˋʻʹˍʺˊʶˌ 

˃ʰʴ˄ʹˍˇʰ˄ˍʾˋˍʰˋʹˌ [85].  

1.3.6 ɮʽˋʻʹˍʺˊʶˌ GMI 

ʁʽ ʰʽˋʻʹˍʺˊʶˌ ʴʽʴʰ˄ˍʽʰʾʰˌ ˃ʰʴ˄ʹˍˇʶ˃ˉʷʵʹˋʹˌ (Giant MagnetoImpedance ς 

GMI) ʶ˃˒ʰ˄ʾʸˇˎ˄ ˉˇ˂ˏ ˁʰ˂ʷˌ ʶˉʽʵˈˋʶʽˌΣ ˔˖ˊʾˌ ˈ˃˖ˌ ˄ʰ ʷ˔ˇˎ˄ ʰˁˈ˃ʹ ʶ˃˒ʰ˄ʽˋˍʶʾ ˋʶ 

ʵʽʰʵʶʵˇ˃ʷ˄ʶˌ ʶ˃ˉˇˊʽˁʷˌ ʶ˒ʰˊ˃ˇʴʷˌΦ ɰʱˋʶʽ ˍˇˎ ˇ˃˗˄ˎ˃ˇˎ ˒ʰʽ˄ˇ˃ʷ˄ˇˎΣ ʹ ʵʽʱʵˇˋʹ 

ʶ˄ʰ˂˂ʰˋˋˈ˃ʶ˄ˇˎ ˊʶˏ˃ʰˍˇˌ ˎ˕ʹ˂ʺˌ ˋˎ˔˄ˈˍʹˍʰˌ ˃ʷˋ˖ ʶ˄ˈˌ ˒ʶˊˊˇ˃ʰʴ˄ʹˍʽˁˇˏ 

ˋˏˊ˃ʰˍˇˌ, ˇʵʹʴʶʾ ˋˍʹ˄ ʶ˃˒ʱ˄ʽˋʹ ˁˎˁ˂ʽˁʺˌ ʰ˄ʽˋˇˍˊˇˉʾʰˌΣ ʹ ˇˉˇʾʰ ʶˉʹˊʶʱʸʶˍʰʽ ʰˉˈ 

ˍʰ ̀ˎ˄ʶ˔ʺ ʺ ˔ʰ˃ʹ˂ʺˌ ˋˎ˔˄ˈˍʹˍʰˌ ˃ʰʴ˄ʹˍʽˁʱ ˉʶʵʾʰ ˉˇˎ ʶˉʽʵˊˇˏ˄ ˋˍˇ ˎ˂ʽˁˈΦ ʅʶ ʰˎˍʺ˄ 

ˍʹ˄ ˉʶˊʾˉˍ˖ˋʹΣ ˂ˈʴ˖ ˍˇˎ ʶˉʽʵʶˊ˃ʽˁˇˏ ˒ʰʽ˄ˇ˃ʷ˄ˇˎΣ ʶ˃˒ʰ˄ʾʸʶˍʰʽ ʷ˄ʰ ʶ˅˖ˍʶˊʽˁˈ 

ˋˍˊ˗˃ʰ ˉʱ˔ˇˎˌ ʵΣ ˉˇˎ ʰ˄ˍʽˋˍˇʽ˔ʶʾ ˋˍˇ ʲʱʻˇˌ ʵʽʶʾˋʵˎˋʹˌΦ ʇˉʶ˄ʻˎ˃ʾʸʶˍʰʽ ˈˍʽ ˍˇ ʲʱʻˇˌ 

ʵʽʶʾˋʵˎˋʹˌ ʶ˅ʰˊˍʱˍʰʽ ˍˈˋˇ ʰˉˈ ˍʹ ˋˎ˔˄ˈˍʹˍʰΣ ˈˋˇ ˁʰʽ ʰˉˈ ˍʹ ˃ʰʴ˄ʹˍʽˁʺ 

ʵʽʰˉʶˊʰˍˈˍʹˍʰΣ ˋˏ˃˒˖˄ʰ ˃ʶ ˍʹ ʅ̝ ʷˋʹ 1.1. ʆˇ ˒ʰʽ˄ˈ˃ʶ˄ˇ ˍʹˌ ʴʽʴʰ˄ˍʽʰʾʰˌ 

˃ʰʴ˄ʹˍˇʶ˃ˉʷʵʹˋʹˌ ˉʰˊˇˎˋʽʱʸʶˍʰʽ ˋˍˇ ʅ˔ʺ˃ʰ 1.5. 
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ʅ˔ʺ˃ʰ 1.5Υ ʆˇ ˒ʰʽ˄ˈ˃ʶ˄ˇ ˍʹˌ ʴʽʴʰ˄ˍʽʰʾʰˌ ˃ʰʴ˄ʹˍˇʶ˃ˉʷʵʹˋʹˌ όGMI) ̀ ʶ ʷ˄ʰ˄ ʰʴ˖ʴˈ ˉˇˎ 
ʵʽʰˊˊʷʶˍʰʽ ʰˉˈ ʶ˄ʰ˂˂ʰˋˋˈ˃ʶ˄ˇ ˊʶˏ˃ʰ [86]. 

ɳˉʶʽʵʺ ̱ ˇ ʲʱʻˇˌ ʵʽʶʾˋʵˎˋʹˌ ‏ ʁ ʾ˄ʰʽ ʰ˄ˍʽˋˍˊˈ˒˖ˌ ʰ˄ʱ˂ˇʴˇ ˍʹˌ ˋˎ˔˄ˈˍʹˍʰˌΣ ʶʾ˄ʰʽ 

ˉˊˇ˒ʰ˄ʷˌ ˈˍʽ ʴʽʰ ˔ʰ˃ʹ˂ʷˌ ˋˎ˔˄ˈˍʹˍʶˌ ˇʽ ʰ˂˂ʰʴʷˌ ˋˍʹ˄ ʶ˃ˉʷʵʹˋʹ ʶʾ˄ʰʽ ˃ʽˁˊʷˌΦ 

ɮ˄ˍʽʻʷˍ˖ˌΣ ˋˍʽˌ ˎ˕ʹ˂ʷˌ ˋˎ˔˄ˈˍʹˍʶˌ, ʹ ʶˉʾʵˊʰˋʹ ˍˇˎ ʶˉʽʵʶˊ˃ʽˁˇˏ ˒ʰʽ˄ˇ˃ʷ˄ˇˎ ʶʾ˄ʰʽ 

ʽˋ˔ˎˊʺΣ ˃ʶ ʰˉˇˍʷ˂ʶˋ˃ʰ ˄ʰ ˎˉʱˊ˔ˇˎ˄ ˁʰʽ ʰ˄ˍʾˋˍˇʽ˔ʶˌ ˃ʶˍʰʲˇ˂ʷˌ ˋˍʹ˄ ʶ˃ˉʷʵʹˋʹΦ ɱʽʰ 

ˁʰ˂ˏˍʶˊʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰΣ ʰˉʰʽˍʶʾˍʰʽ ʹ ˔ˊʺˋʹ ˎ˂ʽˁ˗˄ ˃ʶ ˎ˕ʹ˂ʺ ˃ʰʴ˄ʹˍʽˁʺ 

ʵʽʰˉʶˊʰˍˈˍʹˍʰ ˁʰʽ ˔ʰ˃ʹ˂ʺ ʶʽʵʽˁʺ ʰ˄ˍʾˋˍʰˋʹΦ ʅˎ˄ʺʻʹ ˍʷˍˇʽʰ ˎ˂ʽˁʱ ʶʾ˄ʰʽ ˍʰ ʱ˃ˇˊ˒ʰ 

ˋˏˊ˃ʰˍʰ ˉˇˎ ˉʶˊʽʷ˔ˇˎ˄ ˁˇʲʱ˂ˍʽˇ όCoSiB, CoFeSiB) [86]. 

ʁʽ ʶ˒ʰˊ˃ˇʴʷˌ ˍ˖˄ ʰʽˋʻʹˍʺˊ˖˄ DaL ˉʶˊʽ˂ʰ˃ʲʱ˄ˇˎ˄Σ ˃ʶˍʰ˅ˏ ʱ˂˂˖˄Σ ˍʹ ˃ʷˍˊʹˋʹ 

ˊʶˏ˃ʰˍˇˌΣ ʴ˖˄ʽʰˁʺˌ ˍʰ˔ˏˍʹˍʰˌ ˁʰʽ ʵˏ˄ʰ˃ʹˌ [87]Φ ɶ ʶˎʰʽˋʻʹˋʾʰ ˍˇˎˌ ˃ˉˇˊʶʾ ˄ʰ 

˒ˍʱˋʶʽ ˁʰʽ ˍʰ лΦоƴ¢Σ ʶ˄˗ ˃ˉˇˊˇˏ˄ ˄ʰ ˔ˊʹˋʽ˃ˇˉˇʽʹʻˇˏ˄ ˋʶ ʻʶˊ˃ˇˁˊʰˋʾʰ ʵ˖˃ʰˍʾˇˎΣ 

ˉʰˊˇˎˋʽʱʸˇ˄ˍʰˌ ˔ʰ˃ʹ˂ʺ ʶ˄ʶˊʴʶʽʰˁʺ ˁʰˍʰ˄ʱ˂˖ˋʹ [88], [89]. 

1.3.7 ɮʽˋʻʹˍʺˊʶˌ Hall 

ʁʽ ʰʽˋʻʹˍʺˊʶˌ Hall ʰˉˇˍʶ˂ˇˏ˄ ˃ʽʰ ˉˇ˂ˏ ʵʽʰʵʶʵˇ˃ʷ˄ʹ ˁʰˍʹʴˇˊʾʰ ˃ʰʴ˄ʹˍʽˁ˗˄ 

ʰʽˋʻʹˍʺˊ˖˄Σ ˂ˈʴ˖ ˍʹˌ ʶˏˁˇ˂ʹˌ ˔ˊʺˋʹˌ ˍˇˎˌΣ ˍˇˎ ˃ʽˁˊˇˏ ˃ʶʴʷʻˇˎˌ ˍˇˎˌ ˁʰʽ ˍˇˎ 

˔ʰ˃ʹ˂ˇˏ ˁˈˋˍˇˎˌ ˍˇˎˌ. ʋˊʹˋʽ˃ˇˉˇʽˇˏ˄ˍʰʽ ˋʶ ˉˇ˂˂ʷˌ ʶ˒ʰˊ˃ˇʴʷˌ ˁʰʽ ˃ˉˇˊˇˏ˄Σ ʴʽʰ 

ˉʰˊʱʵʶʽʴ˃ʰΣ ˄ʰ ʲˊʶʻˇˏ˄ ˋˍʰ ʰˎˍˇˁʾ˄ʹˍʰ ˁʰʽ ˋ̱ ʰ ˁʽ˄ʹˍʱ ˍʹ˂ʷ˒˖˄ʰ [90].  

ɶ ˂ʶʽˍˇˎˊʴʾʰ ̱ ˇˎ ˃ʰʴ˄ʹˍʽˁˇˏ ʰʽˋʻʹˍʺˊʰ Hall ̡ ʰˋʾʸʶˍʰʽ ˋˍˇ ˇ˃˗˄ˎ˃ˇ ˒ʰʽ˄ˈ˃ʶ˄ˇ, 

ˉˇˎ ʰ˄ʰˁʰ˂ˏ˒ʻʹˁʶ ˍˇ мутф ʰˉˈ ˍˇ˄ Edwin Hall. ɰʱˋʶʽ ʰˎˍˇˏΣ ˈˍʰ˄ ʷ˄ʰ ˊʶˏ˃ʰ 

ʵʽʰˊˊʷʶʽ ˃ʾʰ ˉ˂ʱˁʰ ˁʰʽ ˍʰˎˍˇ˔ˊˈ˄˖ˌ ˋˍˇ ˎ˂ʽˁˈ ʶ˒ʰˊ˃ˈʸʶˍʰʽ ʷ˄ʰ ˃ʰʴ˄ʹˍʽˁˈ ˉʶʵʾˇ 

ˁʱʻʶˍˇ ˋˍʹ ʵʽʶˏʻˎ˄ˋʹ ˍˇˎ ˊʶˏ˃ʰˍˇˌΣ ˍˈˍʶ ʶ˃˒ʰ˄ʾʸʶˍʰʽ ˃ʽʰ ˍʱˋʹΣ ʹ ˇˉˇʾʰ ʶʾ˄ʰʽ 

ˁʱʻʶˍʹ ˍˈˋˇ ˋˍˇ ˊʶˏ˃ʰΣ ˈˋˇ ˁʰʽ ˋˍˇ ˃ʰʴ˄ʹˍʽˁˈ ˉʶʵʾˇ ˁʰʽ ˇ˒ʶʾ˂ʶˍʰʽ ˋˍʹ ʵˏ˄ʰ˃ʹ 
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Lorentz ̄ ˇˎ ʶˉʽʵˊʱ ˋˍʰ ˁʽ˄ˇˏ˃ʶ˄ʰ ˒ˇˊˍʾʰ (ʅ˔ʺ˃ʰ 1.6). ɮˎˍʺ ʹ ̱ ʱˋʹ ˇ˄ˇ˃ʱʸʶˍʰʽ ˍʱˋʹ 

Hall (VH) [91], [92]. 

 

ʅ˔ʺ˃ʰ 1.6: ɮˊ˔ʺ ˂ʶʽˍˇˎˊʴʾʰˌ ʰʽˋʻʹˍʺˊʰ Hall [93]. 

ʂˍʰ˄ ʹ ʵˏ˄ʰ˃ʹ [ƻǊŜntz Ὂ ʁ ˉʽʵˊʱ ˋʶ ʷ˄ʰ ˋ˖˃ʰˍʾʵʽˇ ˃ʶ ˒ˇˊˍʾˇ ή ̄ ˇˎ ˁʽ˄ʶʾˍʰʽ ˃ʶ 

ˍʰ˔ˏˍʹˍʰ ‡Σ ˎˉˈ ˍʹ˄ ʶˉʾʵˊʰˋʹ ʹ˂ʶˁˍˊʽˁˇˏ ˉʶʵʾˇˎ ῴ ˁʰʽ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎ Σ` ˍˈˍʶ 

ʽˋ˔ˏʶʽ ʹ ˋ˔ʷˋʹΥ 

 Ὂ ήὉ ‡ ὄ  (1.7) 

ɮˉˇˎˋʾʰ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎΣ ʹ ˍʰ˔ˏˍʹˍʰ ‡ ˁʰʽ ʹ ˉˎˁ˄ˈˍʹˍʰ ˊʶˏ˃ʰˍˇˌ ὐ ˍ˖˄ 

ˋ˖˃ʰˍʽʵʾ˖˄ ʵʾ˄ˇ˄ˍʰʽ ʰ˄ˍʾˋˍˇʽ˔ʰ ʰˉˈ ˍʽˌ ˋ˔ʷˋʶʽˌΥ 

 ‡ ά Ὁ (1.8) 

 ὐ ήά ὈὉ (1.9) 

ˈˉˇˎΥ 

¶ ά ȡ ́  ˁʽ˄ʹˍʽˁˈˍʹˍʰ ˍ˖˄ ˋ˖˃ʰˍʽʵʾ˖˄ 

¶ Ὀ : ́  ˉˎˁ˄ˈˍʹˍʱ ˍˇˎˌΦ 

ɼʰˍʱ ˍʹ˄ ʶˉʽʲˇ˂ʺ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎΣ ˍʰ ˋ˖˃ʰˍʾʵʽʰ ˋˁʶʵʱʸˇ˄ˍʰʽ ˁʱʻʶˍʰ ˖ˌ ˉˊˇˌ 

ʰˎˍˈΣ ʶ˄˗ ˍˇ ʹ˂ʶˁˍˊʽˁˈ ˉʶʵʾˇ Ὁ  ̄ ˇˎ ʶˉʽʵˊʱ ˋʶ ʰˎˍʱ ʶʾ˄ʰʽΥ 

 Ὁ ‡ ὄ ά Ὁ ὄ  (1.10) 
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ɶ ʴ˖˄ʾʰ ˋˁʷʵʰˋʹˌ ÔÁÎ— ɻʾ˄ʶˍʰʽ ʰˉˈ ˍˇ˄ ˍˏˉˇΥ 

 ÔÁÎ—
ȿῴȿ

ȿῴȿ
 (1.11) 

ɳˉˇ˃ʷ˄˖ˌΣ ʰˉˈ ˍʽˌ ˉʰˊʰˉʱ˄˖ ˋ˔ʷˋʶʽˌ ˉˊˇˁˏˉˍʶʽ ˈˍʽ ˍˇ ʹ˂ʶˁˍˊʽˁˈ ˉʶʵʾˇ Iŀƭƭ Ὁ  

˃ˉˇˊʶʾ ˄ʰ ʶˁ˒ˊʰˋˍʶʾ ˖ˌΥ 

 Ὁ
ρ

ήὈ
ὐ ὄ Ὑ ὐ ὄ  (1.12) 

ˈˉˇˎ Ὑ  ʁ ʾ˄ʰʽ ˇ ˋˎ˄ˍʶ˂ʶˋˍʺˌ IŀƭƭΦ 

ʆʶ˂ʽˁʱΣ ʹ ˍʱˋʹ Iŀƭƭ ὠ  ˋ ʁʷ˄ʰ ˇˊʻˇʴ˗˄ʽˇ ˉʰˊʰ˂˂ʹ˂ʶˉʾˉʶʵˇ ˉ˂ʱˍˇˎˌ ύΣ ʵʾ˄ʶˍʰʽ ʰˉˈ 

ˍˇ˄ ˍˏˉˇΥ 

 ὠ ά ύὉὄ Ὑύὐὄ (1.13) 

ɴˋˍ˖ ˈˍʽ ˍˇ ˇˊʻˇʴ˗˄ʽˇ ˉʰˊʰ˂˂ʹ˂ʶˉʾˉʶʵˇ ʷ˔ʶʽ ˉʱ˔ˇˌ ὨΦ ʆˈˍʶΣ ʹ ˉˎˁ˄ˈˍʹˍʰ ˊʶˏ˃ʰˍˇˌ 

ὐ ̒ ʰ ʶʾ˄ʰʽ ʾˋʹ ˃ʶ: 

 ὐ
Ὅ

ύὨ
 (1.14) 

ʁˉˈˍʶΣ ʰ˄ˍʽˁʰʻʽˋˍ˗˄ˍʰˌ ˋˍʹ˄ ˉʰˊʰˉʱ˄˖ ˋ˔ʷˋʹ, ̄ ˊˇˁˏˉˍʶʽ: 

 ὠ
ὙὍὄ

Ὠ
 (1.15) 

ɶ ʁhˎ ʽˋʻʹˋʾʰ ʶ˄ˈˌ ʰʽˋʻʹˍʺˊʰ Iŀƭƭ ʶ˅ʰˊˍʱˍʰʽ ˁˎˊʾ˖ˌ ʰˉˈ ˍʹ˄ ʶˉʽ˂ˇʴʺ ˎ˂ʽˁ˗˄ ˃ʶ 

ˎ˕ʹ˂ʺ ˁʽ˄ʹˍʽˁˈˍʹˍʰ ˒ˇˊʷ˖˄Φ ɽʰ˃ʲʱ˄ˇ˄ˍʰˌ ˎˉˈ˕ʽ˄ ˁʰʽ ˍʽˌ ʰˉ˗˂ʶʽʶˌ ̔ ˋ˔ˏˇˌ ὖ ˂ ˈʴ˖ 

ˍʹˌ ʰ˄ˍʾˋˍʰˋʹˌ ˍˇˎ ˎ˂ʽˁˇˏΣ ˍʶ˂ʽˁʱ ʹ ˍʱˋʹ ʶ˅ˈʵˇˎ ʶ˄ˈˌ ʰʽˋʻʹˍʺˊʰ Hall ὠ  ɻ ʾ˄ʶˍʰʽ ʰˉˈ 

ˍˇ˄ ˍˏˉˇΥ 

 ὠ
ά ὖ

ὈὨ
ὄ (1.16) 
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ʅˎ˄ʺʻʹ ˎ˂ʽˁʱ ˉˇˎ ˔ˊʹˋʽ˃ˇˉˇʽˇˏ˄ˍʰʽ ˋˍˇˎˌ ʰʽˋʻʹˍʺˊʶˌ Iŀƭƭ ʶʾ˄ʰʽ ˍʰ {ƛΣ Dŀ!ǎΣ 

Lƴ!ǎΣ ˁʰʽ Lƴ{ōΦ ʆˇ ˁʱʻʶ ˎ˂ʽˁˈ ʶ˃˒ʰ˄ʾʸʶʽ ʵʽʰ˒ˇˊʶˍʽˁʱ ˉ˂ʶˇ˄ʶˁˍʺ˃ʰˍʰ ˁʰʽ 

˃ʶʽˇ˄ʶˁˍʺ˃ʰˍʰΣ ˍʰ ˇˉˇʾʰ ˋ˔ʶˍʾʸˇ˄ˍʰʽ ˁˎˊʾ˖ˌ ˃ʶ ˍʹ˄ ʶˎʰʽˋʻʹˋʾʰΣ ˍʹ ʴˊʰ˃˃ʽˁˈˍʹˍʰ 

ˍ˖˄ ˃ʶˍˊʺˋʶ˖˄Σ ˍʰ ˋ˒ʱ˂˃ʰˍʰ ˂ˈʴ˖ ʻʶˊ˃ˇˁˊʰˋʽʰˁ˗˄ ˃ʶˍʰʲˇ˂˗˄ ˁʰʽ ˍʰ ʶˉʾˉʶʵʰ 

ʻˇˊˏʲˇˎΦ ɽˈʴ˖ ˍʹˌ ʶˎˊʶʾʰˌ ʵʽʱʵˇˋʹˌ ˍˇˎ ˉˎˊʽˍʾˇˎ ˋˍʹ˄ ˁʰˍʰˋˁʶˎʺ ˇ˂ˇˁ˂ʹˊ˖˃ʷ˄˖˄ 

ˁˎˁ˂˖˃ʱˍ˖˄Σ ˍˇ ˉˎˊʾˍʽˇ ʶʾ˄ʰʽ ˍˇ ˋˏ˄ʹʻʶˌ ˎ˂ʽˁˈ ˉˇˎ ˔ˊʹˋʽ˃ˇˉˇʽʶʾˍʰʽ ˍʶ˂ʽˁʱ ˁʰʽ ˋˍˇˎˌ 

ʰʽˋʻʹˍʺˊʶˌ IŀƭƭΦ ɮ˄ʰ˂ˈʴ˖ˌ ˍˇˎ ˍˊˈˉˇˎ ˁʰˍʰˋˁʶˎʺˌ ˍˇˎ ʰʽˋʻʹˍʺˊʰΣ ʶʾ˄ʰʽ ʵˎ˄ʰˍʺ ʹ 

˃ʷˍˊʹˋʹ ˋʶ ˉʶˊʽˋˋˈˍʶˊʶˌ ˍʹˌ ˃ʾʰˌ ʵʽʰˋˍʱˋʶʽˌΦ  

ʂ˃˖ˌΣ ˍˎ˔ˈ˄ ʰˋˎ˃˃ʶˍˊʾʰ ˍʹˌ ʵʽʱˍʰ˅ʹˌ ʺ ʰ˄ʰˁˊʽʲʺˌ ˍˇˉˇʻʷˍʹˋʹ ˍ˖˄ 

ʹ˂ʶˁˍˊˇʵʾ˖˄ ʶʽˋˈʵˇˎ ˁʰʽ ʶ˅ˈʵˇˎ, ˇʵʹʴˇˏ˄ ˋˍʹ˄ ʶ˃˒ʱ˄ʽˋʹ ʰˉˈˁ˂ʽˋʹˌ ˋˍʽˌ 

˂ʰ˃ʲʰ˄ˈ˃ʶ˄ʶˌ ˃ʶˍˊʺˋʶʽˌΦ ɱʽʰ ˍʹ˄ ʶ˅ʱ˂ʶʽ˕ʹ ˍʹˌ ʰˉˈˁ˂ʽˋʹˌΣ ʶˉʽ˂ʷʴʶˍʰʽ ʶʾˍʶ ʹ 

ˁʰˍʰˋˁʶˎʺ ˍ˖˄ ʰʽˋʻʹˍʺˊ˖˄ ˃ ʶ ̝́ʺˋʹ ƭŀǎŜǊΣ ʶʾˍʶ ʹ ʶˁ ˍ˖˄ ˎˋˍʷˊ˖˄ ʰ˄ˍʽˋˍʱʻ˃ʽˋʺ ˍʹˌ 

˃ʶ ˔ˊʺˋʹ ʰ˄ˍʽˋˍʱˋʶ˖˄Φ ɮ˄ˍʽˋˍˇʾ˔˖ˌΣ ʴʽʰ ˍʹ˄ ʰ˄ˍʽ˃ʶˍ˗ˉʽˋʹ ˋ˒ʰ˂˃ʱˍ˖˄ ˉˇˎ 

ˋ˔ʶˍʾʸˇ˄ˍʰʽ ˃ʶ ˍʹ ʻʶˊ˃ˇˁˊʰˋʾʰΣ ˋˎ˔˄ʱ ˔ˊʹˋʽ˃ˇˉˇʽˇˏ˄ˍʰʽ ʰʽˋʻʹˍʺˊʶˌ ʻʶˊ˃ˇˁˊʰˋʾʰˌ 

ˉˇˎ ʶ˄ˋ˖˃ʰˍ˗˄ˇ˄ˍʰʽ ˋˍˇ ʾʵʽˇ ˇ˂ˇˁ˂ʹˊ˖˃ʷ˄ˇ ˃ʶ ˍˇ˄ IŀƭƭΣ ˃ʶ ˋˁˇˉˈ ˄ʰ 

ʰ˄ˍʽˋˍʰʻ˃ʾʸˇˎ˄ ˍʽˌ ʰˉˇˁ˂ʾˋʶʽˌ ˉˇˎ ˉˊˇˁʰ˂ˇˏ˄ˍʰʽΦ 

ʁʽ ˍˎˉʽˁˇʾ ʰʽˋʻʹˍʺˊʶˌ Iŀƭƭ ˉˇˎ ˋˎ˄ʰ˄ˍ˗˄ˍʰʽ ˋˍʹ˄ ʰʴˇˊʱ ʷ˔ˇˎ˄ ˉˇ˂ˏ ˔ʰ˃ʹ˂ˈ 

ˁˈˋˍˇˌ ˂ˈʴ˖ ˍʹˌ ˃ʰʸʽˁʺˌ ˍˇˎˌ ˉʰˊʰʴ˖ʴʺˌ ˁʰʽ ˍʹˌ ʶˎˊʶʾʰˌ ʵʽʱʵˇˋʹˌΦ ʁʽ ʰʽˋʻʹˍʺˊʶˌ 

Iŀƭƭ ˔˖ˊʾʸˇ˄ˍʰʽ ˋʶ ˍˊʶʽˌ ˁʰˍʹʴˇˊʾʶˌΣ ʰ˄ʰ˂ˈʴ˖ˌ ˍ˖˄ ˃ʶˍˊʺˋʶ˖˄ ˉˇˎ ʶʾ˄ʰʽ ʽˁʰ˄ˇʾ ˄ʰ 

ˉˊʰʴ˃ʰˍˇˉˇʽʺˋˇˎ˄Φ  

ʅˍʹ˄ ˉˊ˗ˍʹ ˁʰˍʹʴˇˊʾʰ ʰ˄ʺˁˇˎ˄ ˇʽ ʰʽˋʻʹˍʺˊʶˌ ˉˇˎ ˉʰˊʱʴˇˎ˄ ʷ˄ʰ ˋˎʴˁʶˁˊʽ˃ʷ˄ˇ 

ˋʺ˃ʰ ʶ˅ˈʵˇˎ ʶʱ˄ ˍˇ ˃ʰʴ˄ʹˍʽˁˈ ˉʶʵʾˇ ˉˇˎ ʵʷ˔ˇ˄ˍʰʽ ˎˉʶˊʲʰʾ˄ʶʽ ˃ʾʰ ˉˊˇˁʰʻˇˊʽˋ˃ʷ˄ʹ 

ˍʽ˃ʺ όƭŀǘŎƘ Iŀƭƭ ǎŜƴǎƻǊǎύΦ ɳˉˇ˃ʷ˄˖ˌΣ ʰˎˍˇʾ ˇʽ ʰʽˋʻʹˍʺˊʶˌ ˃ˉˇˊˇˏ˄ ˄ʰ 

˔ˊʹˋʽ˃ˇˉˇʽʹʻˇˏ˄ ˃ˈ˄ˇ ʴʽʰ ˍˇ˄ ˉˊˇˋʵʽˇˊʽˋ˃ˈ ˏˉʰˊ˅ʹˌ ʺ ˃ʹ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎ ˁʰʽ 

ˈ˔ʽ ʴʽʰ ˍʹ ˃ʷˍˊʹˋʹ ˍʹˌ ˍʽ˃ʺˌ ˍˇˎΦ ʆʷˍˇʽˇʽ ʰʽˋʻʹˍʺˊʶˌ ʷ˔ˇˎ˄ ʶ˒ʰˊ˃ˇʴʷˌ ˁˎˊʾ˖ˌ ˋʶ 

ˉʶˊʽˉˍ˗ˋʶʽˌ ˃ʷˍˊʹˋʹˌ ʰˊʽʻ˃ˇˏ ˉʶˊʽˋˍˊˇ˒˗˄ ˁʰʽ ˋˎ˄ʶˉ˗ˌ ̱ ʰ˔ˏˍʹˍʰˌ ˉʶˊʽˋˍˊˇ˒ʺˌΦ 

ʅˍʹ˄ ʵʶˏˍʶˊʹ ˁʰʽ ˋˍʹ˄ ˍˊʾˍʹ ˁʰˍʹʴˇˊʾʰ ʰʽˋʻʹˍʺˊ˖˄ Iŀƭƭ ˉʶˊʽ˂ʰ˃ʲʱ˄ˇ˄ˍʰʽ ˇʽ 

ʰʽˋʻʹˍʺˊʶˌ ˉˇˎ ʶʾ˄ʰʽ ʽˁʰ˄ˇʾ ˄ʰ ˉʰˊʱʴˇˎ˄ ˃ʾʰ ˍʱˋʹ ʶ˅ˈʵˇˎ ˉˇˎ ˋ˔ʶˍʾʸʶˍʰʽ ɹ ˊʰ˃˃ʽˁʱ 

˃ʶ ˍˇ ˃ʶˍˊˇˏ˃ʶ˄ˇ ˃ʰʴ˄ʹˍʽˁˈ ˉʶʵʾˇΦ ʁ̔  ʴˊʰ˃˃ʽˁˇʾ ʰʽˋʻʹˍʺˊʶˌ Iŀƭƭ ˔˖ˊʾʸˇ˄ˍʰʽ ̀ ʶ ʵˏˇ 

ˎˉˇˁʰˍʹʴˇˊʾʶˌΥ ˍˇˎˌ ˃ˇ˄ˇˉˇ˂ʽˁˇˏˌ όƭƛƴŜŀǊ ǳƴƛǇƻƭŀǊύ ˁʰʽ ˍˇˎˌ ʵʽˉˇ˂ʽˁˇˏˌ όƭƛƴŜŀǊ 

ōƛǇƻƭŀǊύΦ ʁʽ ˃ˇ˄ˇˉˇ˂ʽˁˇʾ ʰʽˋʻʹˍʺˊʶˌ Iŀƭƭ ˔ˊʹˋʽ˃ˇˉˇʽˇˏ˄ˍʰʽ ˈˍʰ˄ ʰˉʰʽˍʶʾˍʰʽ ˃ˈ˄ˇ ʹ 
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˃ʷˍˊʹˋʹ ˍʹˌ ʰˉˈ˂ˎˍʹˌ ˍʽ˃ʺˌ ˍˇˎ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎΦ ɳʱ˄ ʶʾ˄ʰʽ ʰˉʰˊʰʾˍʹˍʹ ʹ ʴ˄˗ˋʹ 

ˁʰʽ ˍʹˌ ˁh ˍʶˏʻˎ˄ˋʹˌ ʶˉʽʲˇ˂ʺˌ ˍˇˎ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎ ˖ˌ ˉˊˇˌ ˍˇ˄ ʰʽˋʻʹˍʺˊʰΣ ˍˈˍʶ 

˔ˊʹˋʽ˃ˇˉˇʽˇˏ˄ˍʰʽ ˇʽ ʵʽˉˇ˂ʽˁˇʾ ʰʽˋʻʹˍʺˊʶˌ IŀƭƭΦ ʅˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ˍ˖˄ ʵʽˉˇ˂ʽˁ˗˄ 

ʰʽˋʻʹˍʺˊ˖˄ IŀƭƭΣ ʹ ˍʱˋʹ ʶ˅ˈʵˇˎ ʴʽʰ ˃ʹʵʶ˄ʽˁˈ ʶˉʽʲʰ˂˂ˈ˃ʶ˄ˇ ˃ʰʴ˄ʹˍʽˁˈ ˉʶʵʾˇ ʶʾ˄ʰʽ 

ʾˋʹ ˃ʶ ˍˇ ˃ʽˋˈ ˍʹˌ ˍʱˋʹˌ ˍˊˇ˒ˇʵˇˋʾʰˌΦ ʅˎ˄ʶˉ˗ˌΣ ˍʱˋʹ ʶ˅ˈʵˇˎ ˋˍˇ ʵʽʱˋˍʹ˃ʰ πȟ  

ˎˉˇʵʹ˂˗˄ʶʽ ʶˉʽʲˇ˂ʺ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎ ˃ʶ ˁʰˍʶˏʻˎ˄ˋʹ ʰ˄ˍʾʻʶˍʹ ˖ˌ ˉˊˇˌ ˍʹ˄ 

ʶ˃ˉˊˈˋʻʽʰ ˈ˕ʹ ˍˇˎ ʰʽˋʻʹˍʺˊʰΣ ʶ˄˗ ˍʱˋʹ ʶ˅ˈʵˇˎ ˋˍˇ ʵʽʱˋˍʹ˃ʰ ȟὠ  

ˎˉˇʵʹ˂˗˄ʶʽ ʶˉʽʲˇ˂ʺ ˉʶʵʾˇˎ ˃ʶ ˁʰˍʶˏʻˎ˄ˋʹ ̍ ˃ˇʽʰ ˃ʶ ʰˎˍʺ ˍˇˎ ʰʽˋʻʹˍʺˊʰΦ 

1.4 ɾʹ ɼʰˍʰˋˍˊˇ˒ʽˁˈˌ ɴ˂ʶʴ˔ˇˌ ʇ˂ʽˁ˗˄ 

1.4.1 ɳʽˋʰʴ˖ʴʺ 

ʍˌ ζɾʹ ɼʰˍʰˋˍˊˇ˒ʽˁˈˌ ɴ˂ʶʴ˔ˇˌη όNon-Destructive Testing ς NDT) ˇˊʾʸʶˍʰʽ ˍˇ 

ˋˏ˄ˇ˂ˇ ˍ˖˄ ˃ʶʻˈʵ˖˄ ʶ˂ʷʴ˔ˇˎ ˉˇˎ ˃ˉˇˊˇˏ˄ ˄ ʰ ʶ˒ʰˊ˃ˇˋˍˇˏ˄ ˋʶ ʷ˄ʰ ˎ˂ʽˁˈ ˃ʶ ˋˁˇˉˈ 

ˍʹ˄ ʶ˅ʰˁˊʾʲ˖ˋʹ ˍʹˌ ˉˇʽˈˍʹˍʱˌ ˍˇˎ, ˔˖ˊʾˌ ˄ʰ ˉˊˇˁ˂ʹʻˇˏ˄ ˒ʻˇˊʷˌ ˋʶ ʰˎˍˈΦ 

ʃʶˊʽ˂ʰ˃ʲʱ˄ʶˍʰʽΣ ʵʹ˂ʰʵʺΣ ˇ ʶ˄ˍˇˉʽˋ˃ˈˌ ʰˍʶ˂ʶʽ˗˄Σ ʰ˄ˇ˃ˇʽˇʴʶ˄ʶʽ˗˄ ˁʰʽ ˂ˇʽˉ˗˄ 

ˋ˒ʰ˂˃ʱˍ˖˄ ˉˇˎ ʶʾ˄ʰʽ ʵˎ˄ʰˍˈ˄ ˄ʰ ʷ˔ˇˎ˄ ʵʹ˃ʽˇˎˊʴʹʻʶʾ ˋʶ ʰˎˍˈΣ ˁʰʻ˗ˌ ˁʰʽ ʹ ˃ʶ˂ʷˍʹ 

ˍ˖˄ ˔ʰˊʰˁˍʹˊʽˋˍʽˁ˗˄ ˁʰʽ ˍ˖˄ ʽʵʽˇˍʺˍ˖˄ ˍˇˎΦ  

ʁ ˇˉˍʽˁˈˌ ʺ ˁʰʽ ʰˁˇˎˋˍʽˁˈˌ ʷ˂ʶʴ˔ˇˌ ʰˉˈ ˍˇ˄ ʱ˄ʻˊ˖ˉˇ ʶʾ˄ʰʽ ˋˎ˔˄ʱ ʰˊˁʶˍˈˌ ʴʽʰ 

ˍʹ˄ ˍʰ˔ʶʾʰ ʁ ˅ʷˍʰˋʹ ʶ˄ˈˌ ʵˇˁʽ˃ʾˇˎ ˁʰʽ ˍˇ˄ ʶ˄ˍˇˉʽˋ˃ˈ ˋˇʲʰˊ˗˄ ʶ˃˒ʰ˄˗˄ ˋ˒ʰ˂˃ʱˍ˖˄Φ 

ʂ˃˖ˌΣ ˋʶ ˉˇ˂˂ʷˌ ˉʶˊʽˉˍ˗ˋʶʽˌ ʰˎˍ̍ ɻʶ˄ ʶˉʰˊˁʶʾΣ ˁʰʻ˗ˌ ʰˉʰʽˍʶʾˍʰʽ ʵʽʶ˅ˇʵʽˁˈˌ 

ʷ˂ʶʴ˔ˇˌ ˋ˒ʰ˂˃ʱˍ˖˄Σ ʴʽʰ ˍʹ˄ ʰ˄ʾ˔˄ʶˎˋʹ ˍ˖˄ ˇˉˇʾ˖˄ ʶʾ˄ʰʽ ʰˉʰˊʰʾˍʹˍˇ ˄ʰ ˃ʶ˂ʶˍʹʻʶʾ 

ˍˇ ʶ˅ʶˍʰʸˈ˃ʶ˄ˇ ˎ˂ʽˁˈ ˋʶ ʵˇ˃ʽˁˈ ʶˉʾˉʶʵˇΦ ɱʽΩ ʰˎˍˈ˄ ˍˇ ˋˁˇˉˈ, ʷ˔ˇˎ˄ ʰ˄ʰˉˍˎ˔ʻʶʾ 

ˉˇʽˁʾ˂ʶˌ ˃ʷʻˇʵˇʽ ˉˇˎ ʰ˄ ʰʵʶʽˁ˄ˏˇˎ˄ ˍʽˌ ʰˍʷ˂ʶʽʶˌ ˁʰʽ ˍʰ ˔ʰˊʰˁˍʹˊʽˋˍʽˁʱ ˍˇˎ ˎ˂ʽˁˇˏ 

ˉˇˎ ʵʶ˄ ʴʾ˄ˇ˄ˍʰʽ ʰ˄ˍʽ˂ʹˉˍʱ ˋˍˇ˄ ʱ˄ʻˊ˖ˉˇ ˃ʶ ʵʽʰ˒ˇˊʶˍʽˁˈ ˍˊˈˉˇΣ ˔˖ˊʾˌ ˈ˃˖ˌ ˄ʰ 

ˉˊˇˁʰ˂ˇˏ˄ ˒ʻˇˊʷˌ ˋˍˇ ˎˉˈ ʶ˅ʷˍʰˋʹ ˎ˂ʽˁˈ.  

ʆˇ ʲʰˋʽˁˈ ˉ˂ʶˇ˄ʷˁˍʹ˃ʰ ˍˇˎ ɾʹ ɼʰˍʰˋˍˊˇ˒ʽˁˇˏ ɳ˂ʷʴ˔ˇˎ ʶʾ˄ʰʽ ʹ ʰˉˇ˒ˎʴʺ 

ˉˊˈˁ˂ʹˋʹˌ ˃ˇ˄ʾ˃˖˄ ˃ʶˍʰʲˇ˂˗˄ ˋˍˇ ʶ˅ʶˍʰʸˈ˃ʶ˄ˇ ˎ˂ʽˁˈΦ ɳˉˇ˃ʷ˄˖ˌΣ ʶʾ˄ʰʽ ʵˎ˄ʰˍʺ ʹ 

ʶˉʾ ˍˈˉˇˎ ˃ʶ˂ʷˍʹ ˎ˂ʽˁ˗˄Σ ˔˖ˊʾˌΣ ʵʹ˂ʰʵʺΣ ˄ʰ ʶʾ˄ʰʽ ʰˉʰˊʰʾˍʹˍʹ ʹ ˃ʶˍʰˁʾ˄ʹˋʺ ˍˇˎˌ ˋʶ 
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ʶˊʴʰˋˍʹˊʽʰˁˈ ˉʶˊʽʲʱ˂˂ˇ˄Φ ʁʽ ˃ʷʻˇʵˇʽ ˉˇˎ ˔ˊʹˋʽ˃ˇˉˇʽˇˏ˄ˍʰʽ ˋˎ˔˄ˈˍʶˊʰ ʲʰˋʾʸˇ˄ˍʰʽ 

ˋˍˇ˄ ˃ʰʴ˄ʹˍʽˋ˃ˈΣ ˋˍˇ˄ ʹ˂ʶˁˍˊˇ˃ʰʴ˄ʹˍʽˋ˃ˈΣ ˋˍˇˎˌ ˎˉʶˊʺ˔ˇˎˌΣ ˋˍʹ˄ ˇˉˍʽˁʺΣ ˋˍʹ˄ 

ʰˁˇˎˋˍʽˁʺ ˁʰʽ ̀ ˍʹ ˊʰʵʽˇʴˊʰ˒ʾʰΦ ʅˎ˄ʶˉ˗ˌΣ ˇ ɾʹ ɼʰˍʰˋˍˊˇ˒ʽˁˈˌ ɴ˂ʶʴ˔ˇˌ ˋˎ˄ʰ˄ˍʱˍʰʽ 

ˋʶ ʷ˄ʰ ʶˎˊˏ ˒ʱˋ˃ʰ ʶ˒ʰˊ˃ˇʴ˗˄Σ ˉˇˎ ˉʶˊʽ˂ʰ˃ʲʱ˄ʶʽ ˃ʶˍʰ˅ˏ ʱ˂˂˖˄ ˍʽˌ ʲʽˇ˃ʹ˔ʰ˄ʽˁʷˌ 

˃ˇ˄ʱʵʶˌΣ ˍʰ ˉʰˊʰʴˈ˃ʶ˄ʰ ˉˊˇʿˈ˄ˍʰΣ ˍʽˌ ˁˍʹ́ ʽʰˁʷˌ ʶʴˁʰˍʰˋˍʱˋʶʽˌΣ ˍʰ ˃ʶˍʰ˒ˇˊʽˁʱ 

˃ʷˋʰΣ ˍˇˎˌ ʰʴ˖ʴˇˏˌ ʵʽʰ˄ˇ˃ʺˌ ʁ ˄ʷˊʴʶʽʰˌ ˁ ʰ ̱̔ ʰ ˇʵʽˁʱ ʵʾˁˍˎʰΦ 

ɾʽh  ˋʹ˃ʰ˄ˍʽˁʺ ˁʰˍʹʴˇˊʾʰ ɾʹ ɼʰˍʰˋˍˊˇ˒ʽˁˇˏ ɳ˂ʷʴ˔ˇˎ ˉʶˊʽ˂ʰ˃ʲʱ˄ʶʽ ˍʽˌ 

˃ʶʻˈʵˇˎˌ ˉˇˎ ˃ˉˇˊˇˏ˄ ˄ʰ ˔ˊʹˋʽ˃ˇˉˇʽʹʻˇˏ˄ ˋʶ ˒ʶˊˊˇ˃ʰʴ˄ʹˍʽˁʱ ˎ˂ʽˁʱΣ ˈˉ˖ˌ ʶʾ˄ʰʽ 

ˇ ˔ʱ˂ˎʲʰˌΦ ɽˈʴ˖ ˍʹˌ ʶˎˊʶʾʰˌ ˔ˊʺˋʹˌ ˍˇˎ ˋˎʴˁʶˁˊʽ˃ʷ˄ˇˎ ˎ˂ʽˁˇˏΣ ˍʷˍˇʽʶˌ ˃ʷʻˇʵˇʽ 

ˋˎ˄ʰ˄ˍ˗˄ˍʰʽ ˋʶ ʷ˄ʰ ʶˎˊˏ ˒ʱˋ˃ʰ ʶ˒ʰˊ˃ˇʴ˗˄ ˉˇˎ ˉʶˊʽ˂ʰ˃ʲʱ˄ʶʽ ˍʽˌ ˃ʶˍʰ˒ˇˊʷˌ όˉΦ˔Φ 

ˋʽʵʹˊˇʵˊˇ˃ʽˁʷˌ ʴˊʰ˃˃ʷˌΣ ˉ˂ˇʾʰύΣ ˍʹ˄ ʶ˄ʷˊʴʶʽʰ όˉΦ˔Φ ˋ˖˂ʺ˄ʶˌ ˃ʶˍʰ˒ˇˊʱˌ ˁʰˎˋʾ˃˖˄Σ 

˃ʶˍʰˋ˔ʹ˃ʰˍʽˋˍʷˌύ ˁʰʽ ˍʹ ʲʽˇ˃ʹ˔ʰ˄ʾʰ ό˃ʶˍʰ˂˂ʽˁʷˌ ˁʰˍʰˋˁʶˎʷˌΣ ʴˊʰ˃˃ʷˌ ˉʰˊʰʴ˖ʴʺˌύΦ 

ʅʶ ˈ˂ʶˌ ʰˎˍʷˌ ˍʽˌ ˉʶˊʽˉˍ˗ˋʶʽˌΣ ʶʾ˄ʰʽ ʰˉʰˊʰʾˍʹˍˇˌ ˇ ˋˎ˔˄ˈˌ ʷ˂ʶʴ˔ˇˌ ˍʹˌ ˁʰˍʱˋˍʰˋʹˌ 

ˍˇˎ ˔ʱ˂ˎʲʰΣ ˃ʶ ˋˁˇˉˈ ˍʹ˄ ʶˏˊʶˋʹ ʰˍʶ˂ʶʽ˗˄Σ ˍʹ˄ ˉˊˈ˂ʹ˕ʹ ˁʰʽ ʰ˄ˍʽ˃ʶˍ˗ˉʽˋʹ ˍˎ˔ˈ˄ 

ʰˋˍˇ˔ʽ˗˄Σ ˁʰʻ˗ˌ ˁʰʽ ˍʹ˄ ˉˊˈʲ˂ʶ˕ʹ ˍˇˎ ˔ˊˈ˄ˇˎ ʸ˖ʺˌ ˍˇˎ ˎ˂ʽˁˇˏ [94]. 

1.4.2 ɾʷʻˇʵˇʽ ɾʹ ɼʰˍʰˋˍˊˇ˒ʽˁˇˏ ɳ˂ʷʴ˔ˇˎ ˃ʰʴ˄ʹˍʽˁ˗˄ ˎ˂ʽˁ˗˄ 

1.4.2.1 ɳʽˋʰʴ˖ʴʺ 

ɱʽʰ ˍˇ˄ ʷ˂ʶʴ˔ˇ ˍ˖˄ ˃ʰʴ˄ʹˍʽˁ˗˄ ˎ˂ʽˁ˗˄ ˃ˉˇˊˇˏ˄ ˄ʰ ˔ˊʹˋʽ˃ˇˉˇʽʹʻˇˏ˄ ˉˇʽˁʾ˂ʶˌ 

˃ʷʻˇʵˇʽΦ ɶ ʶˉʽ˂ˇʴʺ ˍʹˌ ˁʰˍʱ˂˂ʹ˂ʹˌ ˃ʶʻˈʵˇˎ ʶ˅ʰˊˍʱˍʰʽ ˉˊˇ˒ʰ˄˗ˌ ʰˉˈ ˍˇ ˎ˂ʽˁˈ, 

ˁʰʻ˗ˌ ˁ ʰʽ ʰˉˈ ˍʹ˄ ʶˉʽʻˎ˃ʹˍʺ ʶ˒ʰˊ˃ˇʴʺΦ ʅʶ ˁʱʻʶ ˉʶˊʾˉˍ˖ˋʹΣ ˇ ʷ˂ʶʴ˔ˇˌ ʶ˄ˈˌ ˎ˂ʽˁˇˏ 

ʶʾ˄h̔ ˍˇˉʽˁˈˌΣ ˁʱˍʽ ˉˇˎ ˋʹ˃ʰʾ˄ʶʽ ˈˍʽ ˉˊʷˉʶʽ ˄ʰ ˉˊʰʴ˃ʰˍˇˉˇʽʹʻʶʾ ˋʶ ˉˇ˂˂ʱ 

ʵʽʰ˒ˇˊʶˍʽˁʱ ˋʹ˃ʶʾʰΣ ˗ˋˍʶ ˄ʰ ˂ʹ˒ʻʶʾ ˋʰ˒ʷˌ ˋˎ˃ˉʷˊʰˋ˃ʰ ʴʽʰ ˍʹ˄ ˁʰˍʱˋˍʰˋʹ ˍˇˎ 

ˎ˂ʽˁˇˏΦ ɳˉʾˋʹˌΣ ˂ˈʴ˖ ˍʹˌ ʰ˄ʽˋˇˍˊˇˉʾʰˌ ˍ˖˄ ˎ˂ʽˁ˗˄Σ ʰˉʰʽˍʶʾˍʰʽ ʹ ˉˊʰʴ˃ʰˍˇˉˇʾʹˋʹ 

ʶ˂ ʷʴ˔˖˄ ˋʶ ˉʶˊʽˋˋˈˍʶˊˇˎˌ ʰˉˈ ʷ˄ʰ˄ ˉˊˇˋʰ˄ʰˍˇ˂ʽˋ˃ˇˏˌ ˂ʺ˕ʹˌ ˃ʷˍˊʹˋʹˌΦ  

ʆˇ ʶˉˈ˃ʶ˄ˇ ˁʰʻˇˊʽˋˍʽˁˈ ˋˍˇʽ˔ʶʾˇ ˁʰˍʱ ˍˇ˄ ʷ˂ʶʴ˔ˇ ʶ˄ˈˌ ˎ˂ʽˁˇˏ ʶʾ˄ʰʽ ʹ ʶˉʽ˂ˇʴʺ 

ˍʹˌ ˁʰˍʱ˂˂ʹ˂ʹˌ ˉʰˊʰ˃ʷˍˊˇˎ ˉˇˎ ʻʰ ˃ʶˍˊʹʻʶʾ ˁʰʽ, ˃ʷˋ˖ ʰˎˍʺˌΣ ʻʰ ʰ˅ʽˇ˂ˇʴʹʻʶʾ ʹ 

ˋˎ˄ˇ˂ʽˁʺ ˁʰˍʱˋˍʰˋʹ ˍˇˎ ˎ˂ʽˁˇˏΦ ʆʰ ˍˊʾʰ ʲʰˋʽˁʱ ˃ʶʴʷʻʹ ˉˇˎ ˁʰʻˇˊʾʸˇˎ˄ ˋʶ 

ˋʹ˃ʰ˄ˍʽˁˈ ʲʰʻ˃ˈ ˍʹ˄ ˁʰˍʱˋˍʰˋʹ ˁʰʽ ˍʽˌ ʽʵʽˈˍʹˍʶˌ ʶ˄ˈˌ ˎ˂ʽˁˇˏΣ ʶʾ˄ʰʽ ˍˇ ˃ʰʴ˄ʹˍʽˁˈ 

ˉʶʵʾˇ Ὄ, ́  ˃ʰʴ˄ʹˍʽˁʺ ʶˉʰʴ˖ʴʺ ὄ ˁ ʰʽ ʹ ˃ʰʴ˄ʹˍʽˁʺ ʵʽʰˉʶˊʰˍˈˍʹˍʰ ‘. 
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ɱʽʰ ˍʹ ˃ʷˍˊʹˋʹ ˍ˖˄ ˉʰˊʰˉʱ˄˖ ˃ʶʴʶʻ˗˄Σ ˎˉʱˊ˔ˇˎ˄ ˉˇ˂˂ʷˌ ʵʽʰ˒ˇˊʶˍʽˁʷˌ 

ʵʽʰˍʱ˅ʶʽˌ ˁʰʽ ʰʽˋʻʹˍʺˊʶˌ ˉˇˎ ˃ˉˇˊˇˏ˄ ˄ʰ ˔ˊʹˋʽ˃ˇˉˇʽʹʻˇˏ˄Φ ʆˇ ˋˏ˄ʹʻʶˌ ˋˍˇʽ˔ʶʾˇ 

ˉˇˎ ˔ˊʹˋʽ˃ˇˉˇʽʶʾˍʰʽ ʶʾ˄ʰʽ ˍˇ ˉʹ˄ʾˇΣ ˍˇ ˇˉˇʾˇ ˈˍʰ˄ ʲˊʾˋˁʶˍʰʽ ˋʶ ʶˉʰ˒ʺ ˃ʶ ˍˇ 

ʶ˅ʶˍʰʸˈ˃ʶ˄ˇ ˎ˂ʽˁˈ ʺ ˋʶ ˃ʽˁˊʺ ʰˉˈˋˍʰˋʹ ʰˉˈ h ˎˍˈΣ ʵʾ˄ʶʽ ˍʹ ʵˎ˄ʰˍˈˍʹˍʰ ʵʽʱʵˇˋʹˌ ˍʹˌ 

˃ʰʴ˄ʹˍʽˁʺˌ ˊˇʺˌ ˃ʷˋ˖ ʰˎˍˇˏΦ ɮ˄ˍʽˋˍˊˈ˒˖ˌΣ ʷ˄ʰ ˉʹ˄ʾˇ ˃ˉˇˊʶʾ ˄ʰ ˔ˊʹˋʽ˃ˇˉˇʽʹʻʶʾ ʴʽʰ 

ˍʹ ˂ʺ˕ʹ ˍʹˌ ˃ʰʴ˄ʹˍʽˁʺˌ ˉ˂ʹˊˇ˒ˇˊʾʰˌΣ ʵʹ˂ʰʵʺ ˍˇˎ ˃ʰʴ˄ʹˍʽˁˇˏ ˋʺ˃ʰˍˇˌ ˉˇˎ ʻʰ ʷ˔ʶʽ 

ˍˊˇˉˇˉˇʽʹʻʶʾ ˂ˈʴ˖ ˍ˖˄ ʽʵʽˇˍʺˍ˖˄ ˁʰʽ ˍʹˌ ˁʰˍʱˋˍʰˋʹˌ ˍˇˎ ˎ˂ʽˁˇˏΦ ɴ˄ʰ ˉʹ˄ʾˇ ˃ˉˇˊʶʾ 

˄ʰ ˍˎ˂ʽ˔ʻʶʾ ʰˉʶˎʻʶʾʰˌ ʴˏˊ˖ ʰˉˈ ˍˇ ˎ˂ʽˁˈΣ ˗ˋˍʶ ˄ʰ ʶʾ˄ʰʽ ʽˁʰ˄ˈ ˄ʰ ˂ʱʲʶʽ ˉ˂ʹˊˇ˒ˇˊʾʰ 

ʰˉˈ ˍˇ ˋˏ˄ˇ˂ˈ ˍˇˎΣ ˃ʶ ˍʹ˄ ˉˊˇːˉˈʻʶˋʹ ˄ʰ ˃ˉˇˊʶʾ ˄ʰ ˎˉʶˊ˄ʽˁʺˋʶʽ ˍˇ ʶˉʽʵʶˊ˃ʽˁˈ 

˒ʰʽ˄ˈ˃ʶ˄ˇ [95]ς[98].  

1.4.2.2 ɾʷˍˊʹˋʹ ˃ʰʴ˄ʹˍʽˁʺˌ ʶˉʰʴ˖ʴʺˌ 

ɱʽʰ ˍʹ ˃ʷˍˊʹˋʹ ˍʹˌ ˃ʰʴ˄ʹˍʽˁʺˌ ʶˉʰʴ˖ʴʺˌΣ ˃ˉˇˊˇˏ˄ ˄ʰ ˔ˊʹˋʽ˃ˇˉˇʽʹʻˇˏ˄ 

ʵʽʱ˒ˇˊˇʽ ʰʽˋʻʹˍʺˊʶˌΣ ˇʽ ˇˉˇʾˇʽ ˍˇˉˇʻʶˍˇˏ˄ˍʰʽ ʶˉʱ˄˖ ʺ ˁˇ˄ˍʱ ˋˍʹ˄ ʶˉʽ˒ʱ˄ʶʽʰ ˍˇˎ 

ʶ˅ʶˍʰʸˈ˃ʶ˄ˇˎ ˎ˂ʽˁˇˏ ˁʰʽ ˂ʰ˃ʲʱ˄ˇˎ˄ ʶ˄ˍˇˉʽˋ˃ʷ˄ʶˌ ˃ʶˍˊʺˋʶʽˌΣ ˉˇˎ ˃ˉˇˊˇˏ˄ ˄ʰ 

ˋˎˋ˔ʶˍʽˋˍˇˏ˄ ˃ʶ ˍʹ˄ ˁʰˍʱˋˍʰˋʹ ˍˇˎ ˎ˂ʽˁˇˏ ˋˍʹ ˋˎʴˁʶˁˊʽ˃ʷ˄ʹ ˉʶˊʽˇ˔ʺΦ ʁʽ 

ʰʽˋʻʹˍʺˊʶˌ ˃ʰʴ˄ʹˍˇʰ˄ˍʾˋˍʰˋʹˌ ˁʰʽ Hall ʶʾ˄ʰʽ ˃ʶˊʽˁˇʾ ʰˉˈ ʰˎˍˇˏˌΦ ʂˉ˖ˌ 

ˉˊˇʰ˄ʰ˒ʷˊʻʹˁʶΣ ʹ ʰ˄ʽˋˇˍˊˇˉʾʰ ˍ˖˄ ˎ˂ʽˁ˗˄ ʶˉʽʲʱ˂˂ʶʽ ˍʹ ˂ʺ˕ʹ ˃ʶˍˊʺˋʶ˖˄ ˋʶ 

ˉˇʽˁʾ˂ˇˎˌ ˉˊˇˋʰ˄ʰˍˇ˂ʽˋ˃ˇˏˌΦ ɮˎˍˈ ˃ˉˇˊʶʾ ˄ʰ ʴʾ˄ʶʽ ʶˎˁˇ˂ˈˍʶˊˇ ˃ʷˋ˖ ˍʹˌ ˔ˊʺˋʹˌ 

ʰʽˋʻʹˍʺˊ˖˄ ˉˇˎ ʶˉʽˍˊʷˉˇˎ˄ ˍʹ ˂ʺ˕ʹ ˃ʶˍˊʺˋʶ˖˄ ˋʶ ˉʶˊʽˋˋˈˍʶˊʶˌ ˍʹˌ ˃ʾʰˌ 

ʵʽʰˋˍʱˋʶʽˌΦ ʅʶ ˁʱʻʶ ˉʶˊʾˉˍ˖ˋʹΣ ˋʹ˃ʰ˄ˍʽˁˈ ˊˈ˂ˇ ˉʰʾʸʶʽ ʹ ˋ˖ˋˍʺ ˍˇˉˇʻʷˍʹˋʹ ˁʰʽ ʹ 

ʴ˄˗ˋʹ ˍˇˎ ˉˊˇˋʰ˄ʰˍˇ˂ʽˋ˃ˇˏ ˍˇˎ ʰʽˋʻʹˍʺˊʰ ˖ˌ ˉˊˇˌ ˍˇ ˃ʶˍˊˇˏ˃ʶ˄ˇ ʵˇˁʾ˃ʽˇΦ ʁ 

ˋˎʴˁʶˁˊʽ˃ʷ˄ˇˌ ˉʰˊʱʴˇ˄ˍʰˌ ʰʲʶʲʰʽˈˍʹˍʰˌ ʰˎ˅ʱ˄ʶˍʰʽ ˂ˈʴ˖ ˍ˖˄ ˃ʽˁˊ˗˄ ʵʽʰˋˍʱˋʶ˖˄ 

ˉˇˎ ʷ˔ˇˎ˄ ˉˇ˂˂ˇʾ ʰˉˈ ˍˇˎˌ ˔ˊʹˋʽ˃ˇˉˇʽˇˏ˃ʶ˄ˇˎˌ ʰʽˋʻʹˍʺˊʶˌΦ 

ɶ ˍʱˋʹ ʶ˅ˈʵˇˎ ὠ  ʰˉˈ ʷ˄ʰ ˉʹ˄ʾˇ ˃ʷˍˊʹˋʹˌ ˃ʰʴ˄ʹˍʽˁʺˌ ʶˉʰʴ˖ʴʺˌ ˉˊˇˁˏˉˍʶʽ, 

ˋˏ˃˒˖˄ʰ ˃ʶ ˍˇ˄ ˄ˈ˃ˇ ˍˇˎ Faraday, h ˉˈ ˍʹ˄ ˉʰˊʰˁʱˍ˖ ˋ˔ʷˋʹΥ 

 ὠ ὃϽὔϽ
Ὠὄ

Ὠὸ
 (1.17) 

ˈˉˇˎ: 

¶ :` ́  ˃ʰʴ˄ʹˍʽˁʺ ʶˉʰʴ˖ʴʺ 
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¶ :̈́ ̱ ˇ ʶ˃ʲʰʵˈ˄ ʵʽʰˍˇ˃ʺˌ  

¶ :́ ̌  ʰˊʽʻ˃ˈˌ ˍ˖˄ ˉʶˊʽʶ˂ʾ˅ʶ˖˄ ˍˇˎ ˉʹ˄ʾˇˎΦ  

 ɮˉˈ ˍʹ˄ ˉʰˊʰˉʱ˄˖ ˋ˔ʷˋʹ ˉˊˇˁˏˉˍʶʽ ˈˍʽ ʵʶ˄ ʶʾ˄ʰʽ ʵˎ˄ʰˍʺ ʹ ʱ˃ʶˋʹ ˃ʷˍˊʹˋʹ 

ˍʹˌ ˃ʰʴ˄ʹˍʽˁʺˌ ʶˉʰʴ˖ʴʺˌ ὄΣ ʰ˂˂ʱ ˃ˉˇˊʶʾ ˄ʰ ˎˉˇ˂ˇʴʽˋˍʶʾ ˃ʷˋ˖ ˇ˂ˇˁ˂ʺˊ˖ˋʹˌΥ 

 ὄ
ὠ

ὃϽὔ
Ὠὸ (1.18) 

1.4.2.3 ɾʷˍˊʹˋʹ ˃ʶ ʵʽ˄ˇˊˊʶˏ˃ʰˍʰ 

ʆʰ ʵʽ˄ˇˊˊʶˏ˃ʰˍʰ (eddy currents) ˃ ˉˇˊˇˏ˄Σ ʶˉʾˋʹˌΣ ˄ ʰ ˔ˊʹˋʽ˃ˇˉˇʽʹʻˇˏ˄ ʴʽʰ ˍˇ˄ 

ɾʹ ɼh ˍʰˋˍˊˇ˒ʽˁˈ ɴ˂ ʶʴ˔ˇ ˍ˖˄ ˎ˂ʽˁ˗˄Φ ʅʹ˃ʰ˄ˍʽˁˈ ˉ˂ʶˇ˄ʷˁˍʹ˃ʰ ˍʹˌ ˔ˊʺˋʹˌ ˍ˖˄ 

ʵʽ˄ˇˊˊʶˎ˃ʱˍ˖˄ ʶʾ˄ʰʽ ˈˍʽ ˃ˉˇˊʶʾ ̟̩  ˃ʷʻˇʵˇˌ ˄ʰ ʶ˒ʰˊ˃ˇˋˍʶʾ ˁʰʽ ˋʶ ˎ˂ʽˁʱ ˉˇˎ ʵʶ˄ 

ʶʾ˄ʰʽ ˃ʰʴ˄ʹˍʽˁʱΣ ʰˊˁʶʾ ˄ʰ ʶʾ˄ʰʽ ʹ˂ʶˁˍˊʽˁʱ ʰʴ˗ʴʽ˃ʰΦ ɱʽʰ ˍʹ˄ ʶ˒ʰˊ˃ˇʴʺ ˍʹˌ 

ˋˎʴˁʶˁˊʽ˃ʷ˄ʹˌ ˃ʶʻˈʵˇˎ ʰˉʰʽˍʶʾˍʰʽ ʷ˄ʰ ˉʹ˄ʾˇ ˉˇˎ ʵʽʰˊˊʷʶˍʰʽ ʰˉˈ ʶ˄ʰ˂˂ʰˋˋˈ˃ʶ˄ˇ 

ˊʶˏ˃ʰΣ ʶˉʽʲʱ˂˂ˇ˄ˍʰˌ ˃ʰʴ˄ʹˍʽˁˈ ˉʶʵʾˇ ˉˇˎ ʻʰ ʵʽʰʵˇʻʶʾ ˁʱʻʶˍʰ ˋˍˇ ʶ˅ʶˍʰʸˈ˃ʶ˄ˇ 

ˎ˂ʽˁˈΦ ɳʱ˄ ˍˇˉˇʻʶˍʹʻʶʾ ˁˇ˄ˍʱ ʷ˄ʰ ʰʴ˗ʴʽ˃ˇ ˎ˂ʽˁˈΣ ʻʰ ʰ˄ʰˉˍˎ˔ʻˇˏ˄ ʵʽ˄ˇˊˊʶˏ˃ʰˍʰ ˋʶ 

ˁ˂ʶʽˋˍˇˏˌ ʲˊˈ˔ˇˎˌΦ 

ʆˇ ˃ʰʴ˄ʹˍʽˁˈ ˉʶʵʾˇ ˉˇˎ ˉʰˊʱʴʶˍʰʽ ʰˉˈ ʰˎˍʱ ˃ˉˇˊʶʾ ˄ʰ ˂ʹ˒ʻʶʾ ˃ʷˋ˖ ʶ˄ˈˌ 

ʵʶˏˍʶˊˇˎ ˉʹ˄ʾˇˎ ˁʰʽ ˄ʰ ʰ˄ʰ˂ˎʻʶʾΣ ˗ˋˍʶ ˄ʰ ˉˊˇˁˏ˕ˇˎ˄ ˋˎ˃ˉʶˊʱˋ˃ʰˍʰ ʴʽʰ ˍʰ 

˔ʰˊʰˁˍʹˊʽˋˍʽˁʱ ˍˇˎ ʶ˅ʶˍʰʸˈ˃ʶ˄ˇˎ ˎ˂ʽˁˇˏ ˁʰʽ ˍ˖˄ ʰˍʶ˂ʶʽ˗˄ ˍˇˎΦ ʁ ʷ˂ʶʴ˔ˇˌ ˃ʶ 

ʵʽ˄ˇˊˊʶˏ˃ʰˍʰ ˃ˉˇˊʶʾ ˄ʰ ˔ˊʹˋʽ˃ˇˉˇʽʹʻʶʾ ˁʰʽ ˖ˌ ˃ʷʻˇʵˇˌ ˔ʰˊʰˁˍʹˊʽˋ˃ˇˏ ˎ˂ʽˁ˗˄ ʴʽʰ 

ˍˇ˄ ˉˊˇˋʵʽˇˊʽˋ˃ˈ ˍʹˌ ʹ˂ʶˁˍˊʽˁʺˌ ˍˇˎˌ ʰʴ˖ʴʽ˃ˈˍʹˍʰˌΣ ˍʹˌ ˃ʰʴ˄ʹˍʽˁʺˌ ˍˇˎˌ 

ʵʽʰˉʶˊʰˍˈˍʹˍʰˌΣ ʰ˂˂ ɦˁʰʽ ˍˇˎ ˉʱ˔ˇˎˌ ˍˇˎˌΦ ʁʽ ʰˍʷ˂ʶʽʶˌ ˉˇˎ ʶʾ˄ʰʽ ʵˎ˄ʰˍˈ˄ ˄ʰ 

ʶ˄ˍˇˉʽˋˍˇˏ˄ ˉˊʷˉʶʽ ˄ʰ ʲˊʾˋˁˇ˄ˍʰʽ ˋˍʹ˄ ʶˉʽ˒ʱ˄ʶʽʰ ʺ ˋʶ ˃ʽˁˊˈ ʲʱʻˇˌ ˖ˌ ˉˊˇˌ ˍˇ 

ʶ˅ʶˍʰʸˈ˃ʶ˄ˇ ˎ˂ʽˁΦ̍ ɶ ʰ˄ʾ˔˄ʶˎˋʹ ʴʾ˄ʶˍʰʽ ˔˖ˊʾˌ ˄ʰ ʶʾ˄ʰʽ ʰˉʰˊʰʾˍʹˍʹ ʹ ʱ˃ʶˋʹ ʶˉʰ˒ʺ 

˃ʶ ˍˇ ʵˇˁʾ˃ʽˇΣ ʰ˂˂ʱ ˁʰʽ ˔˖ˊʾˌ ˄ʰ ʰˉʰʽˍʶʾˍʰʽ ʽʵʽʰʾˍʶˊʹ ˉˊˇʶˍˇʽ˃ʰˋʾʰ ˍˇˎΦ ʍˋˍ̍̀ ˇ, 

ʰˉʰʽˍʶʾˍʰʽ ʶ˃ˉʶʽˊʾʰ ʴʽʰ ˍʹ˄ ˁʰˍʰ˄ˈʹˋʹ ˍ˖˄ ʰˉˇˍʶ˂ʶˋ˃ʱˍ˖˄ ˁʰʽ ˍʹ˄ ʰˉˇ˃ˈ˄˖ˋʹ ˍˇˎ 

ˋʺ˃ʰˍˇˌ ʰˉˈ ˍ̌  ˄̄ ʶˊʽʲʰ˂˂ˇ˄ˍʽˁ ̍̒ ˈˊˎʲˇ [99]ς[102]. 
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1.4.2.4 ɾʷ̱ ˊʹˋʹ ˃ʹ˔ʰ˄ʽˁ˗˄ ˍʱˋʶ˖˄ 

ɴ˄ʰˌ ʱ˂˂ˇˌ ˍˊˈˉˇˌ ʶ˂ʷʴ˔ˇˎ ˍˇˎ ˎ˂ʽˁˇˏ ʶʾ˄ʰʽ ˃ʷˋ˖ ˍʹˌ ˃ʷˍˊʹˋʹˌ ˁʰʽ 

ˉʰˊʰˁˇ˂ˇˏʻʹˋʹˌ ˍ˖˄ ˃ʹ˔ʰ˄ʽˁ˗˄ ˍʱˋʶ˖˄ ˉˇˎ ʰˋˁˇˏ˄ˍʰʽ ˋʶ ʰˎˍˈΦ ɶ ˏˉʰˊ˅ʹ 

ˉʰˊʰ˃ʶ˄ˇˎˋ˗˄ ˍʱˋʶ˖˄ ʶˉʹˊʶʱʸʶʽ ˍʹ ʵˇ˃ʺ ˍˇˎ ˎ˂ʽˁˇˏΣ ʶ˄˗ ˋʶ ˋˎ˄ʵˎʰˋ˃ˈ ˃ʶ ˍʹ˄ 

ʶˉʽʲˇ˂ʺ ʶ˅˖ˍʶˊʽˁ˗˄ ˍʱˋʶ˖˄Σ ˃ ˉˇˊʶʾ ˄ʰ ˇʵʹʴʺˋʶʽ ʰˁˈ˃ʹ ˁʰʽ ˋˍʹ ʻˊʰˏˋʹ ˍˇˎΦ ɱʽʰ ˍʹ˄ 

ʰ˄ˍʽ˃ʶˍ˗ˉʽˋʺ ˍˇˎˌ ˃ˉˇˊˇˏ˄ ˄ʰ ˔ˊʹˋʽ˃ˇˉˇʽʹʻˇˏ˄ ˃ʹ˔ʰ˄ʽˁʷˌ ˃ʷʻˇʵˇʽΣ ʺ ˁʰʽ ˍʶ˔˄ʽˁʷˌ 

ˍˇˉʽˁʺˌ ʻʷˊ˃ʰ˄ˋʹˌ [103], [104]. 

ɱʽʰ ˍʹ˄ ʶˏˊʶˋʹ ˍ˖˄ ˉʰˊʰ˃ʶ˄ˇˎˋ˗˄ ˍʱˋʶ˖˄ ˋˍˇˎˌ ˔ʱ˂ˎʲʶˌΣ ˔ˊʹˋʽ˃ˇˉˇʽˇˏ˄ˍʰʽ 

ʵˏˇ ˃ʷʻˇʵˇʽ ʰ˄ʰ˒ˇˊʱˌΥ ʹ ˉʶˊʾʻ˂ʰˋʹ ʰˁˍʾ˄˖˄ ʋ όX-Ray Diffraction ς XRD) [105] ˁ ʰʽ ʹ 

ˉʶˊʾʻ˂ʰˋʹ ˄ʶˍˊˇ˄ʾ˖˄ όNeutron Diffraction ς ND) [106]Φ ɮˎˍʷˌ ˇʽ ˃ʷʻˇʵˇʽ ʶʾ˄ʰʽ 

ʶˊʴʰˋˍʹˊʽʰˁʷˌ ˁʰʽ ˉˊˇːˉˇʻʷˍˇˎ˄ ˍʹ˄ ˁʰˍʰ˄ʱ˂˖ˋʹ ˔ˊˈ˄ˇˎ ʴʽʰ ˍʹ˄ ˁʰˍʱ˂˂ʹ˂ʹ 

ˉˊˇʶˍˇʽ˃ʰˋʾʰ ˍˇˎ ʵˇˁʽ˃ʾˇˎ ˁ ʰʽ ˍʹ ʵʽʶ˅ʰʴ˖ʴʺ ˍ˖˄ ˃ʶˍˊʺˋʶ˖˄Φ  

ɯ˂˂ʶˌ ˃ʷʻˇʵˇʽ ˃ˉˇˊˇˏ˄ ˄ʰ ˔ˊʹˋʽ˃ˇˉˇʽʹʻˇˏ˄ ˋʶ ʲʽˇ˃ʹ˔ʰ˄ʽˁʱ ˉʶˊʽʲʱ˂˂ˇ˄ˍʰΣ ʴʽʰ 

ˍ̌ ˄ ʶˉʾ ˍˈˉˇˎ ʷ˂ʶʴ˔ˇ ˍ˖˄ ʶˉʽʲʰ˂˂ˈ˃ʶ˄˖˄ ˍʱˋʶ˖˄Φ ʁ ʰʽˋʻʹˍʺˊʰˌ ˉʽʶʸˇʰ˄ˍʾˋˍʰˋʹˌ 

(strain gauge) ʰˉˇˍʶ˂ʶʾ ˃ʾʰ ˋˎ˄ʺʻʹ ʶˉʽ˂ˇʴʺ ʴʽʰ ˍʹ˄ ˉʰˊʰˁˇ˂ˇˏʻʹˋʹ ˃ʹ˔ʰ˄ʽˁ˗˄ 

ˍʱˋʶ˖˄Σ ˃ʷˋ˖ ˍʹˌ ˃ʷˍˊʹˋʹˌ ˍʹˌ ˁʱ˃˕ʹˌ ʺ ˍˇˎ ʶ˒ʶ˂ˁˎˋ˃ˇˏ ˍˇˎ ˎ˂ʽˁˇˏΦ ɶ ʰˊ˔ʺ 

˂ʶʽˍˇˎˊʴʾʰˌ ˍˇˎˌ ʲʰˋʾʸʶˍʰʽ ˋˍʹ˄ ʰ˂˂ʰʴʺ ˍʹˌ ʰ˄ˍʾˋˍʰˋʹˌ ˍˇˎ ʰʽˋʻʹˍʺˊʰΣ ˉˇˎ 

ˇ˒ʶʾ˂ʶˍʰʽ ˋˍ ́˃ʶˍʰʲˇ˂ʺ ˍ˖˄ ʵʽʰˋˍʱˋʶ˖˄ ˍˇˎ ˎ˂ʽˁˇˏ ˍˇΣˎ ˂ˈʴ˖ ˍ˖˄ ʵˎ˄ʱ˃ʶ˖˄ ˉˇˎ 

ʰˋˁˇˏ˄ˍʰʽ ˋʶ ʰˎˍˈ˄Φ ʆˇ ˃ʺˁˇˌ ˍ˖˄ ʰʽˋʻʹˍʺˊ˖˄ strain gauge ̄ ˇʽˁʾ˂˂ʶʽ ʰˉˈ ˃ʶˊʽˁʱ cm 

ʷ˖ˌ ˁʰʽ ˉʶˊʾˉˇˎ нmΦ ɳˉˇ˃ʷ˄˖ˌΣ ˉˊʷˉʶʽ ˄ʰ ʵʽʶ˅ʰ˔ʻʶʾ ˃ʶ˂ʷˍʹ ʺ ˁʰʽ ˉˊˇˋˇ˃ˇʾ˖ˋʹ 

˃ʷˋ˖ ˃ʶʻˈʵ˖˄ ˉʶˉʶˊʰˋ˃ʷ˄˖˄ ˋˍˇʽ˔ʶʾ˖˄ ʴʽʰ ˍʹ˄ ʶˏˊʶˋʹ ˍ˖˄ ʲʷ˂ˍʽˋˍ˖˄ ʻʷˋʶ˖˄ ˁʰʽ 

ˍ̌ ˎ ˉ˂ʺʻˇˎˌ ˍ˖˄ ʰʽˋʻʹˍʺˊ˖˄ ˉˇˎ ˉˊʷˉʶʽ ˄ʰ ˍˇˉˇʻʶˍʹʻˇˏ˄Σ ˗ˋˍʶ ˄ʰ ˂ʹ˒ʻʶʾ ˋʰ˒ʺˌ 

ʶʽˁˈ˄ʰ ˍʹˌ ˁʰˍʱˋˍʰˋʹˌ ˍʹˌ ˎˉˈ ʶ˅ʷˍʰˋʹ ʵˇ˃ʺˌ [107]ς[112].  

ɾʾʰ ʱ˂˂ʹ ˁʰˍʹʴˇˊʾʰ ʰʽˋʻʹˍʺˊ˖˄ ˉˇˎ ˔ˊʹˋʽ˃ˇˉˇʽˇˏ˄ˍʰʽ ʴʽʰ ˍˇ˄ ʷ˂ʶʴ˔ˇ ˍ˖˄ 

˃ʹ˔ʰ˄ʽˁ˗˄ ˍʱˋʶ˖˄Σ ʶʾ˄ʰʽ ˇʽ ʰʽˋʻʹˍʺˊʶˌ ˇˉˍʽˁ˗˄ ʽ˄˗˄ όFiber Bragg Grating ς FBGύΦ ɶ 

ʰˊ˔ʺ ˂ʶʽˍˇˎˊʴʾʰˌ ˍˇˎˌ ʲʰˋʾʸʶˍʰʽ ˋˍʹ ˃ʶˍʱʵˇˋʹ ˇˉˍʽˁˇˏ ˋʺ˃ʰˍˇˌ ʴ˄˖ˋˍˇˏ ˃ʺˁˇˎˌ 

ˁˏ˃ẖ ˇˌ ˃ʷˋ˖ ˍ˖˄ ˇˉˍʽˁ˗˄ ʽ˄˗˄ ˁʰʽ ˋˍʹ ˂ʺ˕ʹ ˁʰʽ ˁʰˍʰʴˊʰ˒ʺ ˍˇˎ ˃ʺˁˇˎˌ ˁˏ˃ʰˍˇˌ 

ˍˇˎ ʰ˄ʰˁ˂˗˃ʶ˄ˇˎ ˋʺ˃ʰˍˇˌΦ ɮ˂˂ʰʴʺ ˍˇˎ ˃ʺˁˇˎˌ ˍʹˌ ˇˉˍʽˁʺˌ ʾ˄ʰˌ ˂ˈʴ˖ ʶ˒ʶ˂ˁˎˋ˃ˇˏΣ 

ˇʵʹʴʶʾ ˋˍʹ˄ ʰ˂˂ʰʴʺ ˍˇˎ ˁʰˍʰʴˊʰ˒ˈ˃ʶ˄ˇˎ ˃ʺˁˇˎˌ ˁˏ˃ʰˍˇˌΦ ʁʽ ˇˉˍʽˁʷˌ ʾ˄ʶˌ 

ˍˇˉˇʻʶˍˇˏ˄ˍʰʽ ˋʶ ˉʶˊʾʲ˂ʹ˃ʰΣ ˗ˋˍʶ ˄ʰ ʰˉˇ˒ʶˎ˔ʻˇˏ˄ ˍˎ˔ˈ˄ ˒ʻˇˊʷˌΦ ʅʶ ˋˎ˄ʵˎʰˋ˃ˈ 

˃ʶ ˍʹ˄ ʰ˄ˇ˔ʺ ˍˇˎˌ ˋʶ ʻʶˊ˃ˇˁˊʰˋʽʰˁʷˌ ˃ʶˍʰʲˇ˂ʷˌ ʺ ʹ˂ʶˁˍˊˇ˃ʰʴ˄ʹˍʽˁʷˌ ˉʰˊʶ˃ʲˇ˂ʷˌΣ 
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ˇʽ ˋˎʴˁʶˁˊʽ˃ʷ˄ˇʽ ʰʽˋʻʹˍʺˊʶˌ ʶʾ˄ʰʽ ʽˁʰ˄ˇʾ ˄ʰ ˃ʶˍˊˇˏ˄ ˎˉˈ ʷ˄ʰ ˃ʶʴʱ˂ˇ ʶˏˊˇˌ 

ˋˎ˄ʻʹˁ˗˄ [113]ς[121]. 

1.4.2.5 ɾʷˍˊʹˋʹ ˃ʰʴ˄ʹˍʽˁʺˌ ʵʽʰˉʶˊʰˍˈˍʹˍʰˌ 

ʁʽ ˃ʹ˔ʰ˄ʽˁʷˌ ˍʱˋʶʽˌ ˃ˉˇˊˇˏ˄ ˄ʰ ˋˎˋ˔ʶˍʽˋˍˇˏ˄ ˃ʶ ˍʽˌ ˃ʶˍʰʲˇ˂ʷˌ ˍʹ̩ ˃ʰʴ˄ʹˍʽˁʺ ̩

ʵʽʰˉʶˊʰˍˈˍʹˍʰˌ ʶ˄ˈˌ ˎ˂ʽˁˇˏΣ ˈˉ˖ˌ ʻʰ ʰ˄ʰ˂ˎʻʶʾ ˋˍʹ ˋˎ˄ʷ˔ʶʽʰΦ ɶ ˃ʰʴ˄ʹˍʽˁʺ 

ʵʽʰˉʶˊʰˍˈˍʹˍʰ ˃ˉˇˊʶʾ ˄ʰ ˉʰˊʷ˔ʶʽ ˉ˂ʹˊˇ˒ˇˊʾʶˌ ʴʽʰ ˍʹ˄ ˁʰˍʱˋˍʰˋʹ ˍˇˎ ˎ˂ʽˁˇˏ ˁʰʽ 

ˍʽˌ ʽʵʽˈˍʹˍʷˌ ˍˇˎΦ ɾʷˋ˖ ʶ˄ˈˌ ˁʰˍʱ˂˂ʹ˂ʰ ʲʰʻ˃ˇ˄ˇ˃ʹ˃ʷ˄ˇˎ ˃ʰʴ˄ʹˍʽˁˇˏ ʰʽˋʻʹˍʺˊʰΣ 

ʶʾ˄ʰʽ ʵˎ˄ʰˍʺ ʹ ʶ˅ʰʴ˖ʴʺ ˍ˖˄ ˉʰˊʰˉʱ˄˖ ˉ˂ʹˊˇ˒ˇˊʽ˗˄ [122]ς[126].  

ɾʽh ˋˎ˄ʺʻʹˌ ʵʽʱˍʰ˅ʹ ˃ʷˍˊʹˋʹˌ ˃ʰʴ˄ʹˍʽˁʺˌ ʵʽʰˉʶˊʰˍˈˍʹˍʰˌ ʰˉˇˍʶ˂ʶʾˍʰʽ ʰˉˈ 

ʷ˄ʰ ˉʹ˄ʾˇ ʵʽʷʴʶˊˋʹˌΣ ˍˇ ˇˉˇʾˇ ˉʶˊʽʶ˂ʾˋˋʶˍʰʽ ʴˏˊ˖ ʰˉˈ ʷ˄ʰ˄ ˉˎˊʺ˄ʰ ʹ˂ʶˁˍˊʽˁˇˏ 

˔ʱ˂ˎʲʰ ˋʶ ˋ˔ʺ˃ʰ ζʃη όyoke). ʅˍˇ˄ ʾʵʽˇ ˉˎˊʺ˄ʰ ʺ ˋˍˇ ʵʶʾʴ˃ʰ ˍˇˉˇʻʶˍʶʾˍʰʽ ˁʰʽ ʷ˄ʰ 

ˉʹ˄ʾˇ ˂ʺ˕ʹˌΦ ʆˇ ˃ʰʴ˄ʹˍʽˁˈ ˁˏˁ˂˖˃ʰ ˇ˂ˇˁ˂ʹˊ˗˄ʶˍʰʽ ˈˍʰ˄ ˍˇ yoke ̱ ˇˉˇʻʶˍʶʾˍʰʽ ˉʱ˄˖ 

ʺ ˉˇ˂ˏ ˁˇ˄ˍʱ ˋˍˇ ˎˉˈ ʶ˅ʷˍʰˋʹ ˎ˂ʽˁˈ, ̍ ˉ˖ˌ ˒ʰʾ˄ʶˍʰʽ ˋˍˇ ʅ˔ʺ˃ʰ 1.7. ɱʽʰ ˍʹ˄ ʶ˂ʱˍˍ˖ˋʹ 

ˍ˖˄ ˉʰˊʰʴˈ˃ʶ˄˖˄ ʵʽ˄ˇˊˊʶˎ˃ʱˍ˖˄Σ ˍˇ yoke ˃ ˉˇˊʶʾ ˄ʰ ʰˉˇˍʶ˂ʶʾˍʰʽ ʰˉˈ ˉˇ˂˂ʱ ˒ˏ˂˂ʰ 

˃ʶ ˃ˇ˄˖ˍʽˁʱ ˋˍˊ˗˃ʰˍʰ ˃ʶˍʰ˅ˏ ʰˎˍ˗˄Φ ʅʶ ˃ʽʰ ˉʰˊʰ˂˂ʰʴʺ ˍˇˎ ˉʰˊʰˉʱ˄˖ ˍˊˈˉˇˎ 

˃ʷˍˊʹˋʹˌΣ ˍʰ ˉʹ˄ʾʰ ˍˎ˂ʾʴˇ˄ˍʰʽ ʰˉʶˎʻʶʾʰˌ ˉʱ˄˖ ˋˍˇ ʶ˅ʶˍʰʸˈ˃ʶ˄ˇ ˎ˂ʽˁˈΦ ɮ˄ ˁʰʽ ʰˎˍˈˌ 

ʶʾ˄ʰʽ ˉʽˇ ʱ˃ʶˋˇˌ ˍˊˈˉˇˌ ˃ʷˍˊʹˋʹˌΣ ʰ˒ˇˏ ʵʶ˄ ˉʶˊʽ˂ʰ˃ʲʱ˄ʶʽ ʱ˂˂ˇ ˎ˂ʽˁˈ ˉʷˊʰ˄ ˍˇˎ 

ʶ˅ʶˍʰʸˈ˃ʶ˄ˇˎΣ ˉʰˊΩ ˈ˂ʰ ʰˎˍʱ ʰˉʰʽˍʶʾ ˍʹ˄ ʁ ˉʷ˃ʲʰˋʹ ˋˍˇ ˎˉˈ ʶ˅ʷˍʰˋʹ ʵˇˁʾ˃ʽˇ ʴʽʰ ˍʹ˄ 

ˍˇˉˇʻʷˍʹˋʹ ˍ˖˄ ˉʹ˄ʾ˖˄Σ ˁʱˍʽ ˉˇˎ ʵʶ˄ ʶʾ˄ʰʽ ˉʱ˄ˍˇˍʶ ʶ˒ʽˁˍˈΦ 

 

ʅ˔ʺ˃ʰ 1.7Υ ɲʽʱˍʰ˅ʹ ˃ʷˍˊʹˋʹˌ ˃ʶ ˔ˊʺˋʹ yoke (ʆˊˇˉˇˉˇʾʹˋʹ h ˉˈ [127]). 

ɶ ʰ˂˂ʰʴʺ ˍʹˌ ˃ʰʴ˄ʹˍʽˁʺˌ ʵʽʰˉʶˊʰˍˈˍʹˍʰˌ ˋˎ˄ʵʷʶˍʰʽ ˃ʶ ˍʽˌ ˃ʹ˔ʰ˄ʽˁʷˌ ˍʱˋʶʽˌ 

˃ʷˋ˖ ˍˇˎ ˒ʰʽ˄ˇ˃ʷ˄ˇˎ Villari, ˋˏ˃˒˖˄ʰ ˃ʶ ˍˇ ˇˉˇʾˇ ʹ ʰ˂˂ʰʴʺ ˍ˖˄ ʵʽʰˋˍʱˋʶ˖˄ ʶ˄ˈˌ 
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ˎ˂ʽˁˇˏ ˉˊˇˁʰ˂ʶʾ ˍʹ˄ ʰ˂˂ʰʴʺ ˍʹˌ ˃ʰʴ˄ʹˍʽˁʺˌ ˍˇˎ ʵʽʰˉʶˊʰˍˈˍʹˍʰˌ ‘ ˁ ʰʽ ˉʶˊʽʴˊʱ˒ʶˍʰʽ 

ʰˉˈ ˍˇ˄ ˉʰˊʰˁʱˍ˖ ˍˏˉˇ [128]: 

 ‘
ὐ

σ‘‗

ρ

„

ὐ

σ‘‗ὣ

ρ

‐
 (1.19) 

ˈˉˇˎΥ 

¶ ὐ: ́  ˃ʰʴ˄ʹˍʽˁʺ ˉˈ˂˖ˋʹ ˁˇˊʶˋ˃ˇˏ 

¶ ‗: ̌  ˋˎ˄ˍʶ˂ʶˋˍʺˌ ˃ʰʴ˄ʹˍˇˋˎˋˍˇ˂ʺˌ 

¶ „: ̱ ˇ ˃ʷˍˊˇ ˍʹˌ ʶˉʽʲʰ˂˂ˈ˃ʶ˄ʹˌ ˍʱˋʹˌ 

¶ ὣ: ̱ ˇ ˃ʷˍˊˇ ʶ˂ʰˋˍʽˁˈˍʹˍʰˌ 

¶ ‐: ́  ʰ˄ʹʴ˃ʷ˄ʹ ˉʰˊʰ˃ˈˊ˒˖ˋʹ ˍˇˎ ˎ˂ʽˁˇˏ. 

ʆʶ˂ʽˁʱΣ ʰˉˈ ˍʹ ˃ʶ˂ʷˍʹ ˍˇˎ ˋʺ˃ʰˍˇˌ ˉˇˎ ˂ʰ˃ʲʱ˄ʶˍʰʽΣ ˃ˉˇˊˇˏ˄ ˄ʰ ˉˊˇˁˏ˕ˇˎ˄ 

ˋˎ˃ˉʶˊʱˋ˃ʰˍʰ ʴʽʰ ˍʰ ˔ʰˊʰˁˍʹˊʽˋˍʽˁʱ ˍˇˎ ˎ˂ʽˁˇˏ ˁʰʽ ʴʽʰ ˍʹ ʵˇ˃ʺ ˍˇˎΣ ʰ˒ˇˏ ˇʽ 

ʰˍʷ˂ʶʽʷˌ ˍˇˎ ʵʹ˃ʽˇˎˊʴˇˏ˄ ˃ʶˍʰʲˇ˂ʷˌ ˋˍʹ ˃ʰʴ˄ʹˍʽˁʺ ˊˇʺΦ 

ɾʶ ʰˎˍʺ˄ ˍʹ ˃ʷʻˇʵˇ ˃ˉˇˊˇˏ˄ ˄ʰ ʰ˄ʽ˔˄ʶˎʻˇˏ˄ ʰˍʷ˂ʶʽʶˌ ˋˍʹ˄ ʶˉʽ˒ʱ˄ʶʽʰ ˍˇˎ 

ˎ˂ʽˁˇˏ ʺ ˁʰʽ ˋʶ ˈˋˇ ʲʱʻˇˌ ʶˉʽˍˊʷˉʶʽ ˍˇ ʶˉʽʵʶˊ˃ʽˁˈ ˒ʰʽ˄ˈ˃ʶ˄ˇΦ ɱʽʰ ˍʹ ʵʽʶ˅ʰʴ˖ʴʺ ˍʹˌ 

˃ʷˍˊʹˋʹˌ ʵʶ˄ ʰˉʰʽˍʶʾˍʰʽ ʽʵʽʰʾˍʶˊʹ ˉˊˇʶˍˇʽ˃ʰˋʾʰ ˍˇˎ ʵˇˁʽ˃ʾˇˎ ˁʰʽ ˃ˉˇˊʶʾ ˄ʰ 

ʶ˒ʰˊ˃ˇˋˍʶʾ ʱ˃ʶˋʰ ˁʰʽ ˃ʶ ˔ʰ˃ʹ˂ˈ ˁˈˋˍˇˌΦ 

1.4.2.6 ɾʷˍˊʹˋʹ ʲˊˈ˔ˇˎ ˎ ˋˍʷˊʹˋʹˌ 

ʁ ʲˊˈ˔ˇˌ ˎˋˍʷˊʹˋʹˌ ʰˉˇˍʶ˂ʶʾ ʷ˄ʰ ʰˉˈ ˍʰ ʲʰˋʽˁˈˍʶˊʰ ˋˍˇʽ˔ʶʾʰ ʴʽʰ ˍʹ ˃ʶ˂ʷˍʹ ˍ˖˄ 

˒ʶˊˊˇ˃ʰʴ˄ʹˍʽˁ˗˄ ˎ˂ʽˁ˗˄Φ ʃʶˊʽʷ˔ʶʽ ʷ˄ʰ ˋˏ˄ˇ˂ˇ ˉ˂ʹˊˇ˒ˇˊʽ˗˄ ˋ˔ʶˍʽˁʱ ˃ʶ ˍʽˌ 

ʽʵʽˈˍʹˍʷˌ ˍˇˎˌ ˁʰʽ ˃ʁ ˍʽˌ ˃ʶˍʰʲˇ˂ʷˌ ˉˇˎ ˍˎ˔ˈ˄ ˉˊˇˁˏˉˍˇˎ˄ ˋʶ ʰˎˍʱ [129]Φ ɶ 

ʶˎʰʽˋʻʹˋʾʰ ʶ˄ˈˌ ˎ˂ʽˁˇˏ ˋˍʽˌ ˃ʶˍʰʲˇ˂ʷˌ ˍˇˎ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎΣ ˍˇ ˉʶʵʾˇ ˉˇˎ 

ʰˉʰʽˍʶʾˍʰʽ ʴʽʰ ˄ʰ ˒ʻʱˋʶʽ ˋʶ ˁˇˊʶˋ˃ˈΣ ʹ ˃ʰʴ˄ʺˍʽˋʹ ˉˇˎ ˉʰˊʰ˃ʷ˄ʶʽ ˋˍˇ ˎ˂ʽˁˈ ʰˉˇˎˋʾʰ 

ʶˉʽʲˇ˂ʺˌ ˉʶʵʾˇˎΣ ˍˇ ˃ʰʴ˄ʹˍʽˁˈ ˉʶʵʾˇ ˉˇˎ ʰˉʰʽˍʶʾˍʰʽ ʴʽʰ ˄ʰ ʰˉˇ˃ʰʴ˄ʹˍʽˋˍʶʾ ˍˇ ˎ˂ʽˁˈ 

ˁʰʽ ʹ ʶ˄ʷˊʴʶʽʰ ˉˇˎ ʵʰˉʰ˄ʱˍʰʽ ˋʶ ˁʱʻʶ ˁˏˁ˂ˇ ˍˇˎ ʲˊˈ˔ˇˎΣ ʶʾ˄ʰʽ ˃ʶˊʽˁʱ ʰˉˈ ˍʰ 

ˋˍˇʽ˔ʶʾʰ ˉˇˎ ˉˊˇˁˏˉˍˇˎ˄ ʰˉˈ ˍʹ ˃ʶ˂ʷˍʹ ˍˇˎ ʲˊˈ˔ˇˎ ˎˋˍʷˊʹˋʹˌ ʶ˄ˈˌ ˎ˂ʽˁˇˏΦ 



1.4 ɾʹ ɼʰˍʰˋˍˊˇ˒ʽˁˈˌ ɴ˂ʶʴ˔ˇˌ ʇ˂ʽˁ˗˄ 

 

48 

ɱʽʰ ˍʹ˄ ˁʰˍʰʴˊʰ˒ʺ ˍˇˎ ʲˊˈ˔ˇˎ ˎˋˍʷˊʹˋʹˌΣ ˃ˉˇˊʶʾ ˄ʰ ˔ˊʹˋʽ˃ˇˉˇʽʹʻʶʾ ˃ʾʰ 

ʵʽʱˍʰ˅ʹ ˃ʶ ʷ˄ʰ yokeΣ ˍˇ ˇˉˇʾˇ ˉʶˊʽ˂ʰ˃ʲʱ˄ʶʽ ˉʹ˄ʾʰ ʵʽʷʴʶˊˋʹˌ ˁʰʽ ˂ʺ˕ʹˌ ˍˇˎ ˋʺ˃ʰˍˇˌΦ 

ɶ ʶˉʽ˂ˇʴʺ ˍʹˌ ˁʰˍʱ˂˂ʹ˂ʹˌ ˋˎ˔˄ˈˍʹˍʰˌ ʵʽʷʴʶˊˋʹˌ ʶʾ˄ʰʽ ˋʹ˃ʰ˄ˍʽˁʺΣ ʴʽʰ ˍʹ˄ ˁʰˍʰʴˊʰ˒ʺ 

ˍˇˎ ˋˎ˄ˈ˂ˇˎ ˍˇˎ ʲˊˈ˔ˇˎΣ ʰ˂˂ʱ ˁʰʽ ʴʽʰ ˍʹ˄ ʰ˄ˍʽ˃ʶˍ˗ˉʽˋʹ ˍ˖˄ ʵʽ˄ˇˊˊʶˎ˃ʱˍ˖˄ ˉˇˎ 

ʵʹ˃ʽˇˎˊʴˇˏ˄ˍʰʽΦ ɱʽΩ ʰˎˍˈ ˍˇ ˂ˈʴˇΣ ˇʽ ˋˎ˔˄ˈˍʹˍʶˌ ʵʽʷʴʶˊˋʹˌ ˉˇˎ ˔ˊʹˋʽ˃ˇˉˇʽˇˏ˄ˍʰʽ 

ʶʾ˄ʰʽ ˔ʰ˃ʹ˂ʷˌΣ ˋˎ˄ʺʻ˖ˌ ˋˍˇ ʶˏˊˇˌ мллmɶz ʷ˖ˌ млHz. ɱʽʰ ˍʹ˄ ʶ˃˒ʱ˄ʽˋʹ ˁʰʽ 

ʰˉˇˍˏˉ˖ˋʹ ˍˇˎ ʲˊˈ˔ˇˎ ˎˋˍʷˊʹˋʹˌΣ ʰˉʰʽˍʶʾˍʰʽ ʹ ˍʰˎˍˈ˔ˊˇ˄ʹ ˁʰˍʰʴˊʰ˒ʺ ˍ˖˄ ˍʽ˃˗˄ 

ˍ˖˄ ʵˏˇ ˃ʶʴʶʻ˗˄ ˉˇˎ ˍˇ˄ ˔ʰˊʰˁˍʹˊʾʸˇˎ˄Σ ʵʹ˂ʰʵʺ ˍˇˎ ʶˉʽʲʰ˂˂ˈ˃ʶ˄ˇˎ ˉʶʵʾˇˎ ῷ ˁʰʽ 

ˍʹˌ ˃ʰʴ˄ʹˍʽˁʺˌ ʶˉʰʴ˖ʴʺˌ .` ʅˎ˄ʶˉ˗ˌ, ʁ ʾ˄ʰʽ ʰˉʰˊʰʾˍʹˍʹ ʹ ˔ˊʺˋʹ ˇ˂ˇˁ˂ʹˊ˖ˍʺ ʴʽʰ ˍʹ˄ 

ʶ˅ʰʴ˖ʴʺ ˍ˖˄ ˍʽ˃˗˄ ̱ ʹˌ ˃ʰʴ˄ʹˍʽˁʺˌ ʶˉʰʴ˖ʴʺˌ ʰˉˈ ˍʽˌ ˃ʶˍˊʺˋʶʽˌ ˉˇˎ ˉˊˇˁˏˉˍˇˎ˄ ʰˉˈ 

ˍˇ ˉʹ˄ʾˇ ˂ʺ˕ʹˌΦ 

1.4.2.7 ɾʷˍˊʹˋʹ ʻˇˊˏʲˇˎ Barkhausen 

ɾʾʰ, ʶˉʾˋʹˌ ˋˎ˔˄ʱ ˔ˊʹˋʽ˃ˇˉˇʽˇˏ˃ʶ˄ʹ ˃ʷʻˇʵˇˌ, ʶʾ˄ʰʽ ʹ ˁʰˍʰʴˊʰ˒ʺ ˍˇˎ 

ɾʰʴ˄ʹˍʽˁˇˏ ɸˇˊˏʲˇˎ Barkhausen [130]ς[132]Φ ɶ ˋˎʴˁʶˁˊʽ˃ʷ˄ʹ ˃ʷʻˇʵˇˌ ʶʾ˄ʰʽ ˃ʹ 

ˁʰˍʰˋˍˊˇ˒ʽˁʺ ˁʰʽ ʲʰˋʾʸʶˍʰʽ ˋˍʹ ˂ʺ˕ʹ ˍˇˎ ˋʺ˃ʰˍˇˌ ˉˇˎ ˉʰˊʱʴʶˍʰʽ ˁʰˍʱ ˍʹ 

˃ʰʴ˄ʺˍʽˋʹ ˍˇˎ ˎˉˈ ʶ˅ʷˍʰˋʹ ˎ˂ʽˁˇˏΦ ɶ ˃ʶˍʰˁʾ˄ʹˋʹ ˍ˖˄ ˃ʰʴ˄ʹˍʽˁ˗˄ ˍˇʽ˔˖˃ʱˍ˖˄ ˉˇˎ 

ˉˊʰʴ˃ʰˍˇˉˇʽʶʾˍʰʽ ˁʰˍʱ ˍʹ ˃ʰʴ˄ʺˍʽˋ́ ʶ˄ˈˌ ˒ʶˊˊˇ˃ʰʴ˄ʹˍʽˁˇˏ ˎ˂ʽˁˇˏ ʶʾ˄ʰʽ ʰˉˈˍˇ˃ʹ 

ˁʰʽ ʰˋˎ˄ʶ˔ʺˌ ˁʰʽ ˈˍʰ˄ ˁʰˍʰʴˊʱ˒ʶˍʰʽ ˃ʷˋ˖ ʶ˄ˈˌ ˉʹ˄ʾˇˎ ˂ʺ˕ʹˌΣ ˃ˇʽʱʸʶʽ ˃ʶ ʻˈˊˎʲˇΦ 

ʁʽ ʰˍʷ˂ʶʽʶˌ ˁʰʽ ˇʽ ˉʰˊʰ˃ˇˊ˒˗ˋʶʽˌ ˉˇˎ ʶˉʹˊʶʱʸˇˎ˄ ˍˇ ˎ˂ʽˁˈ ʶˉʽʵˊˇˏ˄ ˋˍˇ 

˂ʰ˃ʲʰ˄ˈ˃ʶ˄ˇ ˋʺ˃ʰΦ ɴ˔ˇ˄ˍʰˌ ʲʰʻ˃ˇ˄ˇ˃ʺˋʶʽ ˁʰˍʰ˂˂ʺ˂˖ˌ ˍˇ˄ ʰʽˋʻʹˍʺˊʰ Barkhausen, 

ʶʾ˄ʰʽ ʵˎ˄ʰˍʺ ʹ ʰ˄ʱ˂ˎˋʹ ˍˇˎ ˋʺ˃ʰˍˇˌ ˁʰʽ ʹ ʵʽʶ˅ʰʴ˖ʴʺ ˋˎ˃ˉʶˊʰˋ˃ʱˍ˖˄ ʴʽʰ ˍʹ˄ 

ˁʰˍʱˋˍʰˋʹ ˍˇˎ ˎ˂ʽˁˇˏΦ ʅʶ ʰˎˍˈ ˍˇ ʶʾʵˇˌ ˃ʷˍˊʹˋʹˌ ˂ʰ˃ʲʱ˄ʶˍʰʽ ʹ ʶ˄ʶˊʴˈˌ ˍʽ˃ʺ ˍˇˎ 

ˁʰˍʰʴˊʰ˒ˈ˃ʶ˄ˇˎ ˋʺ˃ʰˍˇˌΣ ˁʰʻ˗ˌ ˁʰʽ ˇ ʰˊʽʻ˃ˈˌ ˍ˖˄ ˂ʶʴˈ˃ʶ˄˖˄ άh ˂˃ʱˍ˖˄ 

BarkhausenέΣ ʵʹ˂ʰʵʺ ˍ˖˄ ˍʽ˃˗˄ ˋʺ˃ʰˍˇˌ ˉˇˎ ˅ʶˉʶˊ˄ˇˏ˄ ʷ˄ʰ ˇˊʽˋ˃ʷ˄ˇ ˁʰˍ˗˒˂ʽ ˁʰʽ 

ˎˉˇʵʹ˂˗˄ˇˎ˄ ˍʹ˄ ʰˉˈˍˇ˃ʹ ˁʰʽ ʰˋˎ˄ʶ˔ʺ ˃ʶˍʰˁʾ˄ʹˋʹ ˍ˖˄ ˃ʰʴ˄ʹˍʽˁ˗˄ ˍˇʽ˔˖˃ʱˍ˖˄ 

ˍˇˎ ˒ʶˊˊˇ˃ʰʴ˄ʹˍʽˁˇˏ ˎ˂ʽˁˇˏ [133]ς[135]. 

ɾʶʽˇ˄ʶˁˍʺ˃ʰˍʰ ˍʹˌ ˃ʶʻˈʵˇˎ ʰˉˇˍʶ˂ˇˏ˄ ʹ ʰ˄ʱʴˁʹ ʴʽʰ ˉˇ˂ˏ ˁʰ˂ʺ ʶˉʰ˒ʺ ˃ʶˍʰ˅ˏ 

ˍˇˎ ʰʽˋʻʹˍʺˊʰ ˁʰʽ ˍˇˎ ʵˇˁʽ˃ʾˇˎΣ ʹ ˔ʰ˃ʹ˂ʺ ˋˎ˔˄ˈˍʹˍʰ ʵʽʷʴʶˊˋʹˌ ˉˇˎ ˋˎ˄ʶˉʱʴʶˍʰʽ 

ˁʰʽ ˔ʰ˃ʹ˂ˈ ˊˎʻ˃ˈ ˂ʺ˕ʹˌ ˃ʶˍˊʺˋʶ˖˄ ˁʰʽ ʹ ˏˉʰˊ˅ʹ ˉʰˊʶ˃ʲˇ˂˗˄ ˋˍˇ ˔ʰ˃ʹ˂ʺˌ ˍʱˋʹˌ 

˂ʰ˃ʲʰ˄ˈ˃ʶ˄ˇ ˋʺ˃ʰΦ 
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1.4.3 ɶ˂ ʶˁˍˊˇ˄ʽˁʱ ˁˎˁ˂˗˃ʰˍʰ ˃ʶˍˊʺˋʶ˖˄ 

ɾʶˍʱ ˍʹ˄ ʶˉʽ˂ˇʴʺ ˍʹˌ ˃ʶʻˈʵˇˎ ˁʰʽ ˍʹˌ ʰ˄ʱˉˍˎ˅ʹˌ ˍʹˌ ˁʰˍʱ˂˂ʹ˂ʹˌ ˍˇˉˇ˂ˇʴʾʰˌ 

ʴʽʰ ˍʹ˄ ʰ˄ʾ˔˄ʶˎˋʹ ˍʹˌ ʶˉʽʻˎ˃ʹˍʺˌ ˉˇˋˈˍʹˍʰˌΣ ˍˇ ʶˉˈ˃ʶ˄ˇ ˋʹ˃ʰ˄ˍʽˁˈ ʲʺ˃ʰ ʶʾ˄ʰʽ ʹ 

ˋ˔ʶʵʾʰˋʹ ˁʰʽ ʹ ʰ˄ʱˉˍˎ˅ʹ ˍ˖˄ ˁʰˍʱ˂˂ʹ˂˖˄ ʹ˂ʶˁˍˊˇ˄ʽˁ˗˄ ˁˎˁ˂˖˃ʱˍ˖˄ ˉˇˎ ʻʰ ʶʾ˄ʰʽ 

ˋʶ ʻʷˋʹ ˄ʰ ˍˊˇ˒ˇʵˇˍʺˋˇˎ˄ ˍˇˎˌ ʰʽˋʻʹˍʺˊʶˌΣ ˄ʰ ˂ʱʲˇˎ˄ ˍˇ ˋʺ˃ʰ ʶ˅ˈʵˇˎ ˁʰʽ ˄ʰ ˍˇ 

ˉˊˇˋʰˊ˃ˈˋˇˎ˄ ˋʶ ˃ʾʰ ˃ˇˊ˒ʺ ˉˇˎ ʻʰ ʶˉʽˍˊʷˉʶʽ ˍʹ˄ ʶ˅ʰʴ˖ʴʺ ˍ˖˄ ʶˉʽʻˎ˃ʹˍ˗˄ 

ˋˎ˃ˉʶˊʰˋ˃ʱˍ˖˄ ˋ˔ʶˍʽˁʱ ˃ʶ ˍʹ˄ ˁʰˍʱˋˍʰˋʹ ˍˇˎ ʶ˅ʶˍʰʸˈ˃ʶ˄ˇˎ ˎ˂ʽˁˇˏΦ  

ʅˍˇ ˉ˂ʰʾˋʽˇ ˃ʽʰˌ ʶˊʴʰˋˍʹˊʽʰˁʺˌ ʵʽʱˍʰ˅ʹˌΣ ˋˎ˄ʺʻ˖ˌ ˉˊˇˍʽ˃ʱˍʰʽ ˄ʰ ʻˎˋʽʰˋˍʶʾ ʹ 

˒ˇˊʹˍˈˍʹˍ ɦˍʹˌ ˁʰʽ ˍˇ ˔ʰ˃ʹ˂ˈ ˍʹˌ ˁˈˋˍˇˌΣ ˗ˋˍʶ ˄ʰ ʶʾ˄ʰʽ ʵˎ˄ʰˍʺ ʹ ʰˏ˅ʹˋʹ ˍʹˌ 

ʰˁˊʾʲʶʽʰˌ ˍ˖˄ ˃ʶˍˊʺˋʶ˖˄Φ ʅʶ ʰˎˍˈ ˍˇ ˉ˂ʰʾˋʽˇΣ ˔ˊʹˋʽ˃ˇˉˇʽˇˏ˄ˍʰʽ ʶˊʴʰˋˍʹˊʽʰˁʱ 

ˈˊʴʰ˄ʰ ʴʽʰ ˍʹ˄ ˉʰˊʰʴ˖ʴʺ ˍˇˎ ʰˉʰʽˍˇˏ˃ʶ˄ˇˎ ˋʺ˃ʰˍˇˌ ʵʽʷʴʶˊˋʹˌ ˁʰʽ ʴʽʰ ˍʹ ˂ʺ˕́ ˍʹˌ 

ˉ˂ʹˊˇ˒ˇˊʾʰˌΦ 

ʆˇ h˄ˍʾʻʶˍˇ ̀ ˎ˃ʲʰʾ˄ʶʽ ˋˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ˍʹˌ ʰ˄ʱˉˍˎ˅ʹˌ ˃ʽʰˌ ˒ˇˊʹˍʺˌ ʵʽʱˍʰ˅ʹˌΦ ɶ 

ʰˁˊʾʲʶʽʰ ˍ˖˄ ˃ʶˍˊʺˋʶ˖˄ ˃ʶʽ˗˄ʶˍʰʽΣ ʰ˂˂ʱ ʶʾ˄ʰʽ ʵˎ˄ʰˍʺ ʹ ˃ʶʾ˖ˋʹ ˍˇˎ ˃ʶʴʷʻˇˎˌ ˁʰʽ 

ˍˇˎ ˁˈˋˍˇˎˌ ˍʹˌΦ ʁ ˉʰˊʱʴˇ˄ˍʰˌ ˍʹˌ ʶ˄ʶˊʴʶʽʰˁʺˌ ˁʰˍʰ˄ʱ˂˖ˋʹˌ ˉˊʷˉʶʽ, ʶˉʾˋʹˌΣ ˄ʰ 

˂ʹ˒ʻʶʾ ˎˉˈ˕ʽ˄ ˋʶ ˉˇ˂˂ʷˌ ˉʶˊʽˉˍ˗ˋʶʽˌ ˉˇˎ ʵʶ˄ ʶʾ˄ʰʽ ʵˎ˄ʰˍʺ ʹ ˍˊˇ˒ˇʵˇˋʾʰ ˍʹˌ 

ʵʽʱˍʰ˅ʹˌ ʰˉˈ ʷ˄ʰ ˋˍʰʻʶˊˈ ʵʾˁˍˎˇ ˉʰˊˇ˔ʺˌ ʶ˄ʷˊʴʶʽʰˌΦ 

ʂˋˇ˄ ʰ˒ˇˊʱ ˍˇ ˂ʰ˃ʲʰ˄ˈ˃ʶ˄ˇ ˋʺ˃ʰΣ ˋʶ ˉˇ˂˂ʷˌ ˉʶˊʽˉˍ˗ˋʶʽˌ ʰˉʰʽˍʶʾˍʰʽ ʹ 

ʶ˄ʾˋ˔ˎˋʺ ˍˇˎΦ ɶ ʰ˄ʷˉʰ˒ʹ ˃ʰʴ˄ʹˍʽˁʺ ˃ʷˍˊʹˋʹ ˉˊˇˋ˒ʷˊʶʽ ˍˇ ˉ˂ʶˇ˄ʷˁˍʹ˃ʰ ˍʹˌ 

ʰˉˇ˒ˎʴʺˌ ˍʹˌ ˒ʻˇˊʱˌ ˍˇˎ ʰʽˋʻʹˍʺˊʰ ˁʰʽ ˍˇˎ ʵˇˁʽ˃ʾˇˎΣ ˈ˃˖ˌ ʹ ˏˉʰˊ˅ʹ ʵʽʱˁʶ˄ˇˎ 

(lift -offύ ˃ʶʽ˗˄ʶʽ ˋʹ˃ʰ˄ˍʽˁʱ ˍˇ ˉ˂ʱˍˇˌ ˍˇˎ ˂ʰ˃ʲʰ˄ˈ˃ʶ˄ˇˎ ˋʺ˃ʰˍˇˌΦ ʆʶ˂ʽˁʱΣ ˍˇ ˉ˂ʱˍˇˌ 

ˍˇˎ ˋʺ˃ʰˍˇˌ ˃ˉˇˊʶʾ ˄ʰ ʶʾ˄ʰʽ ˍʹˌ ˍʱ˅ʹˌ ˍ˖˄ ˃VΣ ˁʰʻʽˋˍ˗˄ˍʰˌ ʵˏˋˁˇ˂ʹ ˍʹ ˃ʶˍΩ ʷˉʶʽˍʰ 

ʶˉʶ˅ʶˊʴʰˋʾʰ ˍˇˎΦ ɲʽʱ˒ˇˊ  hʶʾʵʹ ʶ˄ʽˋ˔ˎˍ˗˄ ( .̄ .̝ lock-in amplifiers, instrumentational 

amplifiers .ˁ˂.̄) ˃ˉˇˊˇˏ˄ ˄ h˔ˊʹˋʽ˃ˇˉˇʽʹʻˇˏ˄ ʴʽʰ ˍʹ˄ ʶ˄ʾˋ˔ˎˋʹ ˍˇˎ ˋʺ˃ʰˍˇˌΣ 

ʶ˅ʰ˂ʶʾ˒ˇ˄ˍʰˌ ˈˋˇ ʶʾ˄ʰʽ ʵˎ˄ʰˍˈ˄ ˍˇ˄ ʻˈˊˎʲˇ ʰˉˈ ʰˎˍˈΦ ɶ ˉʶˊʰʽˍʷˊ˖ ʶ˅ʱ˂ʶʽ˕ʹ ˍˇˎ 

ʻˇˊˏʲˇˎ ˃ˉˇˊʶʾ ˄ʰ ʶˉʽˍʶˎ˔ʻʶʾ ˃ʷˋ˖ ˍʹˌ ˔ˊʺˋʹˌ ʹ˂ʶˁˍˊˇ˄ʽˁ˗˄ ˒ʾ˂ˍˊ˖˄ ˁʰˍʱ˂˂ʹ˂ʹˌ 

ˍʱ˅ʹˌ ˁʰʽ ˍˇˉˇ˂ˇʴʾʰˌΦ ʆˇ ʶˏˊˇˌ ˋˎ˔˄ˇˍʺˍ˖˄ ˉˇˎ ʻʰ ʰˉˇˁˈˉˍʶˍʰʽ ʰˉˈ ˍˇ ˒ʾ˂ˍˊˇ 

ʵʽʰ˒ʷˊʶʽ ʰ˄ʰ˂ˈʴ˖ˌ ˍˇˎ ʶʾʵˇˎˌ ˍʹˌ ˃ʷˍˊʹˋʹˌ ˁʰʽ ˍʹˌ ʶ˒ʰˊ˃ˇʴʺˌ ˁʰʽ ˃ˉˇˊʶʾ ˄ʰ 

ˁʰʻˇˊʽˋˍʶʾ ˃ʷˋ˖ ʲʽʲ˂ʽˇʴˊʰ˒ʽˁʺˌ ʷˊʶˎ˄ʰˌ ˁʰʽ ˉʶʽˊʰ˃ʰˍʽˁ˗˄ ˃ʶˍˊʺˋʶ˖˄Φ ɽˈʴ˖ ˍʹˌ 

˒ˏ ˋʹˌ ˍ˖˄ ˃ʶˍˊʺˋʶ˖˄Σ ˋʶ ˈ˂ʶˌ ˍʽˌ ˉʰˊʰˉʱ˄˖ ˉʶˊʽˉˍ˗ˋʶʽˌΣ ˍʰ ʹ˂ʶˁˍˊˇ˄ʽˁʱ ˉˇˎ ʻʰ 
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˔ˊʹˋʽ˃ˇˉˇʽʹʻˇˏ˄ ʻʰ ˉˊʷˉʶʽ ˄ʰ ˔ʰˊʰˁˍʹˊʾʸˇ˄ˍʰʽ ʰˉˈ ʴˊʺʴˇˊʹ ʰˉˈˁˊʽˋʹΣ ˔ʰ˃ʹ˂ʱ 

ʶˉʾˉʶʵʰ ʻˇˊˏʲˇˎ ˁʰʽ ˔ʰ˃ʹ˂ʱ ʶˉʾˉʶʵʰ ʶˉʹˊʶʰˋ˃ˇˏ ʰˉˈ ˍʽˌ ʻʶˊ˃ˇˁˊʰˋʽʰˁʷˌ 

˃ʶˍʰʲˇ˂ʷˌΦ 

ʆʷ˂ˇˌΣ ʹ ˕ʹ˒ʽˇˉˇʾʹˋʹ ʴʽʰ ˍʹ˄ ˉʶˊʰʽˍʷˊ˖ ʶˉʶ˅ʶˊʴʰˋʾʰ ˍʹˌ ˂ʰ˃ʲʰ˄ˈ˃ʶ˄ʹˌ 

ˉ˂ʹˊˇ˒ˇˊʾʰˌ ʵʽʰ˒ʷˊʶʽ ʰ˄ʰ˂ˈʴ˖ˌ ˍˇˎ ˍˏˉˇˎ ˃ʷˍˊʹˋʹˌΦ ʅʶ ˃ʶˊʽˁʷˌ ˉʶˊʽˉˍ˗ˋʶʽˌ 

˃ˉˇˊʶʾ ˄ʰ ʰˉʰʽˍʶʾˍʰʽ ʹ ˂ʺ˕ʹ ˍˇˎ ˋˎ˄ˈ˂ˇˎ ˍʹˌ ˉ˂ʹˊˇ˒ˇˊʾʰˌΣ ʶ˄˗ ˋʶ ʱ˂˂ʶˌ ʹ 

ˁʰˍʰʴˊʰ˒ʺ ˃ˈ˄ˇ ˍʹˌ ˍʽ˃ʺˌ ˍʱˋʹˌ ʰˉˈ ˁˇˊˎ˒ʺ ˋʶ ˁˇˊˎ˒ʺΦ ʁ ˊˎʻ˃ˈˌ ˁʰʽ ʹ ʰ˄ʱ˂ˎˋʹ 

ˍʹˌ ʵʶʽʴ˃ʰˍˇ˂ʹ˕ʾʰˌ ʶʾ˄ʰʽ ˇʽ ʵˏˇ ˋʹ˃ʰ˄ˍʽˁˈˍʶˊʶˌ ˉʰˊʱ˃ʶˍˊˇʽ ˋʶ ʰˎˍˈ ˍˇ ˋˍʱʵʽˇΦ ʁ 

ˊˎʻ˃ˈˌ ʵʶʽʴ˃ʰˍˇ˂ʹ˕ʾʰˌ ˋˎ˄ʵʷʶˍʰʽ ˃ʶ ˍˇ ʶʾʵˇˌ ˍʹˌ ˃ʷˍˊʹˋʹˌΦ ɱʽʰ ˉʰˊʱʵʶʽʴ˃ʰΣ ˇʽ 

˃ʶˍˊʺˋʶʽˌ ʶ˂ʷʴ˔ˇˎ ˍʹˌ ʵˇ˃ʺˌ ʶ˄ˈˌ ˎ˂ʽˁˇˏ ˉˊʰʴ˃ʰˍˇˉˇʽˇˏ˄ˍʰʽ ˋʶ ˔ʰ˃ʹ˂ʺ ˋˎ˔˄ˈˍʹˍʰΣ 

˗ˋˍʶ ˄ʰ ʶʾ˄ʰʽ ˃ʶʴʰ˂ˏˍʶˊˇ ˍˇ ʲʱʻˇˌ ʵʽʶʾˋʵˎˋʹˌΣ ʶ˄˗ ˇʽ ˃ʁˍˊʺˋʶʽˌ ʶˉʽ˒ʰ˄ʶʽʰˁʺˌ 

˃ʰʴ˄ʹˍʽˁʺˌ ʵʽʰˉʶˊʰˍˈˍʹˍʰˌ ˃ˉˇˊˇˏ˄ ˄ʰ ˉˊʰʴ˃ʰˍˇˉˇʽˇˏ˄ˍʰʽ ˋʶ ˉˇ˂ˏ ˉʽˇ ˎ˕ʹ˂ʷˌ 

ˋˎ˔˄ˈˍʹˍʶˌΦ ʂˍʰ˄ ʶʾ˄ʰʽ ʰˉʰˊʰʾˍʹˍʹ ʹ ˃ʶʾ˖ˋʹ ˍʹˌ ʶ˄ʶˊʴʶʽʰˁʺˌ ˁʰˍʰ˄ʱ˂˖ˋʹˌ ˍʹˌ 

ʵʽʱˍʰ˅ʹˌΣ ʶˉʽʲʱ˂˂ʶˍʰʽ ʹ ˃ʶʾ˖ˋʹ ˍˇˎ ˊˎʻ˃ˇˏ ʵʶʽʴ˃ʰˍˇ˂ʹ˕ʾʰˌ ʺ ˁʰʽ ˃ʶˍʱʵˇˋʹˌ ˍ˖˄ 

ʵʶʵˇ˃ʷ˄˖˄Φ ʅ˔ʶˍʽˁʱ ˃ʶ ˍʹ˄ ʰ˄ʱ˂ˎˋʹ ˍʹˌ ʵʶʽʴ˃ʰˍˇ˂ʹ˕ʾʰˌΣ ˍˇ ˁˈˋˍˇˌ ˁʰʽ ˍˇ ˃ʷʴʶʻˇˌ 

ˍʹˌ ʵʽʱˍʰ˅ʹˌ ʰˉˇˍʶ˂ˇˏ˄ ˁʰʻˇˊʽˋˍʽˁˇˏˌ ˉʰˊʱʴˇ˄ˍʶˌΦ ʅʶ ˁʱʻʶ ˉʶˊʾˉˍ˖ˋʹΣ ˉˊʷˉʶʽ ˄ʰ 

ʶˉʽ˂ʶʴʶʾ ˇ ʲʷ˂ˍʽˋˍˇˌ ˋˎ˄ʵˎʰˋ˃ˈˌ ˍ˖˄ ˉʰˊʰˉʱ˄˖ ˋˍˇʽ˔ʶʾ˖˄ ˋʶ ˋ˔ʷˋʹ ˃ʶ ˍʹ˄ 

ʶˉʽʻˎ˃ʹˍʺ ʰˁˊʾʲʶʽʰ ˍ˖˄ ˃ʶˍˊʺˋʶ˖˄ ˍʹˌ ʵʽʱˍʰ˅ʹˌΦ 
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͂ϠϲϣϧϨϡϚɯϗϜϲϧϔϡϚϥɯ 

ϗϜϔϝϤЮϕϬϦϚϥɯϟϔϖϠϚϧϢϟЌϧϤϬϠ 

2.1 ɳʽˋʰʴ˖ʴʺ 

ˈʴ˖ ˍʹˌ ʶˎˊʶʾʰˌ ˔ˊʺˋʹˌ ˍ˖˄ ˃ʰʴ˄ʹˍʽˁ˗˄ ʰʽˋʻʹˍʺˊ˖˄Σ ʷ˄ʰ ʰˉʰˊʰʾˍʹˍˇ 

ˋˍʱʵʽˇ ˃ʶˍʱ ˍʹ˄ ʰ˄ʱˉˍˎ˅ʺ ˍˇˎˌ ʰˉˇˍʶ˂ʶʾ ʹ ʵʽʰˁˊʾʲ˖ˋʺ ˍˇˎˌΣ ʵʹ˂ʰʵʺ ʹ 

ˋˎˋ˔ʷˍʽˋʹ ˍˇˎ ˋʺ˃ʰˍˇˌ ʶ˅ˈʵˇˎ ˉˇˎ ˉʰˊʱʴˇˎ˄ ˃ʶ ʷ˄ʰ ʴ˄˖ˋˍˈ ˃ʷʴʶʻˇˌΦ 

ʍˌ ʵʽʰʵʽˁʰˋʾʰΣ ʹ ʵʽʰˁˊʾʲ˖ˋʹ ˃ˉˇˊʶʾ ˄ʰ ʶˁˍʶ˂ʶʾˍʰʽ ˋ ʁʵʽʰ˒ˇˊʶˍʽˁʺ ˔ˊˇ˄ʽˁʺ ʲʱˋʹ, 

ʰ˄ʱ˂ˇʴʰ ˃ʶ ˍˇ ʶʾʵˇˌ ˍˇˎ ʰʽˋʻʹˍʺˊʰΣ ˍʹ˄ ʰˉʰʽˍˇˏ˃ʶ˄ʹ ʰˁˊʾʲʶʽʰ ˁʰʽ ˍʽˌ ˋˎ˄ʻʺˁʶˌ 

˂ʶʽˍˇˎˊʴʾʰˌ ˍˇˎΦ ɼˏ ˊʽˇ ˃ʶʽˇ˄ʷˁˍʹ˃ʰ ˍ˖˄ ˎˉʰˊ˔ˇˎˋ˗˄ ʵʽʰˍʱ˅ʶ˖˄ ʵʽʰˁˊʾʲ˖ˋʹˌ 

ʰˉˇˍʶ˂ʶʾ ˍˇ ɹʁ ʴˇ˄ˈˌ ˈˍʽ ʲʰˋʾʸˇ˄ˍʰʽ ˋʶ ˁʱˉˇʽˇ ʱ˂˂ˇ ˃ʰʴ˄ʹˍˈ˃ʶˍˊˇΣ ˎ˕ʹ˂ˈˍʶˊʹˌ 

ʶˎʰʽˋʻʹˋʾʰˌΣ ʴʽʰ ˍʹ ˃ʷˍˊʹˋʹ ˁʰʽ ʰ˄ˍʽˋˍʱʻ˃ʽˋʹ ˍˇˎ ʶˉʽʲʰ˂˂ˈ˃ʶ˄ˇˎ ˃ʰʴ˄ʹˍʽˁˇˏ 

ˉʶʵʾˇˎΦ ʆˇ ˋˏ˄ʹʻʶˌ ˃ʰʴ˄ʹˍˈ˃ʶˍˊˇ ˉˇˎ ˔ˊʹˋʽ˃ˇˉˇʽʶʾˍʰʽ ˁʰʽ ˃ˉˇˊʶʾ ˄ʰ ʰ˄ʽ˔˄ʶˏˋʶʽ 

˃ʶ̱ʰʲˇ˂ʷˌ ˍˇˎ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎ ˃ʶ ˎ˕ʹ˂ʺ ʶˎʰʽˋʻʹˋʾʰ ʶʾ˄ʰʽ ˇ ʰʽˋʻʹˍʺˊʰˌ SQUID. 

ʂ˃˖ˌΣ ʹ ʰˊ˔ʺ ˂ʶʽˍˇˎˊʴʾʰˌ ˍˇˎ ˉˊˇːˉˇʻʷˍʶʽ ˍʹ ˔ˊʺˋʹ ʶ˄ˈˌ ˋˎˋˍʺ˃ʰˍˇˌ ˕ˏ˅ʹˌΣ ʶ˄˗ ʹ 

ˎ˕ʹ˂ʺ ʶˎʰʽˋʻʹˋʾʰ ʰˉʰʽˍʶʾ ˍʹ˄ ʰ˄ʱˉˍˎ˅ʹ ʶ˄ˈˌ ˋˎˋˍʺ˃ʰˍˇˌ ʶˉʰˊˁˇˏˌ ˃ʰʴ˄ʹˍʽˁʺˌ 

ʻ˖ˊʱˁʽˋʹˌΣ ˗ˋˍʶ ˍʰ ˎˉʱˊ˔ˇ˄ˍʰ ˃ʰʴ˄ʹˍʽˁʱ ˉʶʵʾʰ ˄ʰ ˃ʹ˄ ʶˉʹˊʶʱʸˇˎ˄ ˍʽˌ ˃ʶˍˊʺˋʶʽˌ. 

ɳˁˍˈˌ ʰˉˈ ˍʰ ˉʰˊʰˉʱ˄˖Σ ˇʽ ˃ʽˁˊʷˌ ʵʽʰˋˍʱˋʶʽˌ ˍˇˎ ʰʽˋʻʹˍʺˊʰ SQUID ʶˉʽʵˊˇˏ˄ 

ʰˊ˄ʹˍʽˁʱ ˋʶ ˃ʾʰ ˍʷˍˇʽʰ ʶ˒ʰˊ˃ˇʴʺΣ ˁʰʻ˗ˌ ʰˎ˅ʱ˄ˇˎ˄ ˍʹ˄ ʰʲʶʲʰʽˈˍʹˍʰ ˍʹˌ ʻʷˋʹˌ ˁʰʽ 

ɽ 
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ˍʹˌ ʶˎʻˎʴˊʱ˃˃ʽˋʹˌ ˍˇˎ ʰʽˋʻʹˍʺˊʰ ˃ʶ ˍˇ˄ ˎˉˈ ʶ˅ʷˍʰˋʹ ˉˊˇˋʰ˄ʰˍˇ˂ʽˋ˃ˈ ˃ʷˍˊʹˋʹˌ 

[4], [45], [46]. 

ɱʽʰ ˍʹ˄ ʰ˄ˍʽ˃ʶˍ˗ˉʽˋʹ ˍ˖˄ ˉʰˊʰˉʱ˄˖Σ ˉˊˇˍʶʾ˄ʶˍʰʽ ʹ ˔ˊʺˋʹ ˃ʽʰˌ ʵʽʱˍʰ˅ʹˌΣ ʹ 

ˇˉˇʾʰ ʲʰˋʾʸʶˍʰʽ ˋˍʹ ˃ʷˍˊʹˋʹ ˃ʽʰˌ ʻʶ˃ʶ˂ʽ˗ʵˇˎˌ ˉˇˋˈˍʹˍʰˌΣ ˈˉ˖ˌ ʶʾ˄ʰʽ ˇ ˔ˊˈ˄ˇˌ. ʆ̌  

ˁˏˊʽˇ ˉ˂ʶˇ˄ʷˁˍʹ˃ʰ ˉˇˎ ˉˊˇˁˏˉˍʶʽ ʰˉˈ ˃ʾʰ ˍʷˍˇʽʰ ʵʽʱˍʰ˅ʹ ʶʾ˄ʰʽ ˉ˖ˌ ˃ˉˇˊʶʾ ˄ʰ 

˔ˊʹˋʽ˃ˇˉˇʽʹʻʶʾ ʰˁˈ˃ʹ ˁʰʽ ˖ˌ ̄́˖ˍʶˏˇ˄ ˉˊˈˍˎˉˇ ʴʽʰ ˍʹ ʵʽʰˁˊʾʲ˖ˋʹ ˍ˖˄ 

˃ʰʴ˄ʹˍˇ˃ʷˍˊ˖˄Σ ˃ʷˋ˖ ˁʰˍʱ˂˂ʹ˂˖˄ ʲʶ˂ˍʽ˗ˋʶ˖˄ ˖ˌ ˉˊˇˌ ˍʰ ʹ˂ʶˁˍˊˇ˄ʽˁʱ ˉʰˊʰʴ˖ʴʺˌ 

ˁʰʽ ˃ʷˍˊʹˋʹˌ ˍˇˎ ˋʺ˃ʰˍˇˌ. 

2.2 ɮˊ˔̋ ˂ʶʽˍˇˎˊʴʾʰˌ 

ʂˉ˖ˌ ʰ˄ʰ˒ʷˊʻʹˁʶ ˁʰʽ ˉˊˇʹʴˇˎ˃ʷ˄˖ˌΣ ˍʰ ˃ʰʴ˄ʹˍˈ˃ʶˍˊʰ SQUID ˉˊˇˋ˒ʷˊˇˎ˄ 

ˎ˕ʹ˂ʺ ʶˎʰʽˋʻʹˋʾʰΣ ˈ˃˖ˌ ʵʶ˄ ʶʾ˄ʰʽ ʶˏˁˇ˂ʹ ʹ ˔ˊʺˋʹ ˍˇˎˌΣ ˁʰʻ˗ˌ ʰˉʰʽˍˇˏ˄ ʶʽʵʽˁʷˌ 

ˋˎ˄ʻʺˁʶˌ ˕ˏ˅ʹˌΣ ʶ˄˗ ̱ ˇ ˃ʽˁˊˈ ˍˇˎˌ ˃ʷʴʶʻˇˌ ʰˎ˅ʱ˄ʶʽ ˍʹ˄ ʰʲʶʲʰʽˈˍʹˍʰ ˋˍʽˌ ˃ʶˍˊʺˋʶʽˌΣ 

ʶʽʵʽˁʱ ˋˍʹ ˋˎʴˁʶˁˊʽ˃ʷ˄ʹ ʶ˒ʰˊ˃ˇʴʺ ʵʽʰˁˊʾʲ˖ˋʹˌΣ ˋˍʹ˄ ˇˉˇʾʰ ʰˉʰʽˍʶʾˍʰʽ ʹ ˈˋˇ ˍˇ 

ʵˎ˄ʰˍˈ˄ ˁʰ˂ˏˍʶˊʹ ʶˎʻˎʴˊʱ˃˃ʽˋʹ ˍˇˎ ˃ʰʴ˄ʹˍˇ˃ʷˍˊˇˎ ˖ˌ ˉˊˇ ̩ˍˇ ʶ˒ʰˊ˃ˇʸˈ˃ʶ˄ˇ 

˃ʰʴ˄ʹˍʽˁˈ ˉʶʵʾˇΦ 

ɮˉˈ ˍʹ˄ ʱ˂˂ʹ ˉ˂ʶˎˊʱΣ ʰʽˋʻʹˍʺˊʶˌ ʵʽʰ˒ˇˊʶˍʽˁ˗˄ ˍˏˉ˖˄Σ ˈˉ˖ˌ ʶʾ˄ʰʽ ˇʽ 

ʰʽˋʻʹˍʺˊʶˌ FluxgateΣ ˇʽ ʰʽˋʻʹˍʺˊʶˌ ʰ˄ʽˋˇˍˊˇˉʽˁʺˌ ˃ʰʴ˄ʹˍˇʰ˄ˍʾˋˍʰˋʹˌ όAMR) ˁ ʰʽ ˇʽ 

ʰʽˋʻʹˍʺˊʶˌ ʴʽʴʰ˄ˍʽʰʾʰˌ ˃ʰʴ˄ʹˍˇʶ˃ˉʷʵʹˋʹˌ όGMI), ˃ˉˇˊˇˏ˄ ˄ʰ ˁʰˍʰˋˁʶˎʰˋˍ̌ ˏ˄ 

ʷ̝ ˇ˄ˍʰˌ ˍʽˌ ʶˉʽʻˎ˃ʹˍʷˌ ʵʽʰˋˍʱˋʶʽˌ ˁʰʽ ˄ʰ ʰˉˇˁˍʺˋˇˎ˄ ˍʰ ʰˉʰʽˍˇˏ˃ʶ˄ʰ 

˔ʰˊʰˁˍʹˊʽˋˍʽˁʱ ʰˁˊʾʲʶʽʰˌ ˁʰʽ ˃ʶʾ˖ˋʹˌ ˍʹˌ ʰʲʶʲʰʽˈˍʹˍʰˌΦ ʅʶ ʰˎˍˈ ˋˎ˃ʲʱ˂˂ʶʽ ˁʰʽ ʹ 

ʶˉʽ˂ˇʴʺ ˍˇˎ ˎ˂ʽˁˇˏ ˉˇˎ ʻʰ ˔ˊʹˋʽ˃ˇˉˇʽʹʻʶʾ ˖ˌ ˉˎˊʺ˄ʰˌ ˍ˖˄ ʰ˄ʰˉˍˎ˔ʻʷ˄ˍ˖˄ 

˃ʰʴ˄ʹˍˇ˃ʷˍˊ˖˄Φ ɱʽʰ ˍʽˌ ʰˉʰʽˍʺˋʶʽˌ ˍʹˌ ˋˎʴˁʶˁˊʽ˃ʷ˄ʹˌ ʵʽʱˍʰ˅ʹˌ ʵʽʰˁˊʾʲ˖ˋʹˌΣ 

ʽʵʰ˄ʽˁʷˌ ʶˉʽ˂ˇʴʷ ̩ˎ˂ʽˁ˗˄ ˍˇˎ ˉˎˊʺ˄ʰ ʶʾ˄ʰʽ ˍʰ ʱ˃ˇˊ˒ʰ ˃ʰ˂ʰˁʱ ˃ʰʴ˄ʹˍʽˁʱ ˎ˂ʽˁʱ ˃ʶ 

ˍʹ ˃ˇˊ˒ʺ ˋˏˊ˃ʰˍˇˌ ʺ ˍʰʽ˄ʾʰˌΣ ˈˉ˖ˌ ʶʾ˄ʰʽ ˍʰ FeSiB, CoSiB ˁ ʰʽ CoFeSiB. 

ʅˎ˄ʶˉ˗ˌΣ ˍˇ ˉˊ˗ˍˇ ʲʺ˃ʰ ʴʽʰ ˍʹ ˋ˔ʶʵʾʰˋʹ ˍʹˌ ʵʽʱˍʰ˅ʹˌ ʶʾ˄ʰʽ ʹ ʶˉʽ˂ˇʴʺ ˁʰʽ 

ʰ˄ʱˉˍˎ˅ʹ ˃ʽʰˌ ˁʰˍʱ˂˂ʹ˂ʹˌ ˍˇˉˇ˂ˇʴʾʰˌΣ ˉˇˎ ʻʰ ʰ˄ʽ˔˄ʶˏʶʽ ˍˇ ˎˉʱˊ˔ˇ˄ ˃ʰʴ˄ʹˍʽˁˈ 

ˉʶʵʾˇ ˋˍˇ ʶˋ˖ˍʶˊʽˁˈ ˍʹˌ ʵʽʱˍʰ˅ʹˌ, ˋˎˋ˔ʶˍʾʸˇ˄ˍʱˌ ˍˇ ˃ʶ ˍʹ ʻʶ˃ʶ˂ʽ˗ʵʹ ˉˇˋˈˍʹˍʰ ˍˇˎ 

˔ˊˈ˄ˇˎ ˁ ʰʽ ʻʰ ʲʰˋʾʸʶˍʰʽ ˋˍʹ ˔ˊʺˋʹ ˍ˖˄ ʲʰˋʽˁ˗˄ ˃ʰʴ˄ʹˍʽˁ˗˄ ˒ʰʽ˄ˇ˃ʷ˄˖˄. 
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ɶ ˍˇˉˇ˂ˇʴʾʰ ˉˇˎ ʰ˄ʰˉˍˏ˔ʻʹˁʶ ˁʰʽ ˉˊˇˍʶʾ˄ʶˍʰʽ ˖ˌ ˋˏˋˍʹ˃ʰ ʰ˄ʾ˔˄ʶˎˋʹˌ ˍˇˎ 

˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎ ˋˍˇ ʶˋ˖ˍʶˊʽˁˈ ˍʹˌ ʵʽʱˍʰ˅ʹˌΣ ʲʰˋʾʸʶˍʰʽ ˋˍʰ ˃ʰʴ˄ʹˍʽˁʱ ˒ʰʽ˄ˈ˃ʶ˄ʰ 

ˉˇˎ ˎ˒ʾˋˍʰ˄ˍʰʽ ˋˍʰ ˒ʶˊˊˇ˃ʰʴ˄ʹˍʽˁʱ ˎ˂ʽˁʱ ˁ ʰʽ ˋˎʴˁʶˁˊʽ˃ʷ˄ʰ ˋˍʹ˄ ʰˊ˔ʺ ˂ʶʽˍˇˎˊʴʾʰˌ 

ˉˏ˂ʹˌ-ˊˇʺˌ όfluxgate). ʃʽˇ ˋˎʴˁʶˁˊʽ˃ʷ˄ʰΣ ʷ˄ʰ ˃ʰʴ˄ʹˍʽˁˈ ˎ˂ʽˁˈ ˒ʻɦ˄ʁʽ ˋˍˇ˄ 

˃ʰʴ˄ʹˍʽˁˈ ˁˇˊʶˋ˃ˈ ˈˍʰ˄ ʶˉʽʲʱ˂˂ʶˍʰʽ ˋʶ ʰˎˍˈ ˃ʰʴ˄ʹˍʽˁˈ ˉʶʵʾˇΣ ˃ʶ ˍʽ˃ʺ ˃ʶʴʰ˂ˏˍʶˊʹ 

ʰˉˈ ʰˎˍʺ ˍˇˎ ˉʶʵʾˇˎ ˁˇˊʶˋ˃ˇˏ ʴʽʰ ˍˇ ˋˎʴˁʶˁˊʽ˃ʷ˄ˇ ˎ˂ʽˁˈΦ  

ʅˎ˄ʶˉ˗ˌΣ ʶʱ˄ ˔ˊʹˋʽ˃ˇˉˇʽʹʻʶʾ ˃ʽʰ ˍˇˉˇ˂ˇʴʾʰ ʶ˄ˈˌ ˉˊ˖ˍʶˏˇ˄ˍˇˌ ˉʹ˄ʾˇˎ 

όʵʽʷʴʶˊˋʹˌύ ʴʽʰ ˍʹ˄ ʶˉʽʲˇ˂ʺ ʶ˄ʰ˂˂ʰˋˋˈ˃ʶ˄ˇˎ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎ ˋʶ ʷ˄ʰ ˍʷˍˇʽˇ 

ˎ˂ʽˁˈΣ ˁʰʻ˗ˌ ˁʰʽ ʶ˄ˈˌ ʵʶˎˍʶˊʶˏˇ˄ˍˇˌ ˉʹ˄ʾˇˎ ό˂ʺ˕ʹˌύΣ ʻʰ ˉʰˊʰˍʹˊʹʻʶʾ ˈˍʽ ˍʰ 

˃ʷʴʽˋˍʰ ˁʰʽ ʶ˂ʱ˔ʽˋˍʰ ˍˇˎ ˂ʰ˃ʲʰ˄ˈ˃ʶ˄ˇˎ ˋʺ˃ʰˍˇˌ ʽˋʰˉʷ˔ˇˎ˄ ˔ˊˇ˄ʽˁʱΦ ɮˎˍˈ ʶ˅ʹʴʶʾˍʰʽ 

ʰˉˈ ˍˇ ʴʶʴˇ˄ˈˌ ˈˍʽ ˍˇ ˎ˂ʽˁˈ ˒ʻʱ˄ʶʽ ˋʶ ˁˇˊʶˋ˃ˈ ˋʶ ʾˋˇˎˌ ˔ˊˈ˄ˇˎˌΣ ˁʰˍʱ ˍʹ ̒ ʶˍʽˁʺ ˁ ʰʽ 

ˁʰˍʱ ˍʹ˄ h ˊ˄ʹˍʽˁʺ ʹ˃ʽˉʶˊʾˇʵˇ ˍˇˎ ʶ˄ʰ˂˂ʰˋˋˈ˃ʶ˄ˇˎ ˋʺ˃ʰˍˇˌ ʵʽʷʴʶˊˋʹˌΦ 

ʆʰ ˉʰˊʰˉʱ˄˖ ʻʰ ʽˋ˔ˏˇˎ˄ ˋˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ˉˇˎ ˍˇ ˃ʰʴ˄ʹˍʽˁˈ ˎ˂ʽˁˈ ʵʷ˔ʶˍʰʽ ˍʹ˄ 

ʶˉʾʵˊʰˋʹ ˃ˈ˄ˇ ˍˇˎ ʶ˄ʰ˂˂ʰˋˋˈ˃ʶ˄ˇˎ ˋʺ˃ʰˍˇˌ ʵʽʷʴʶˊˋʹˌΦ ɮ˄ˍʽʻʷˍ˖ˌΣ ˁʰˍʱ ˍʹ˄ 

ʶˉʽʲˇ˂ʺ ʶ˄ˈˌ ˋˎ˄ʶ˔ˇˏˌ ʶ˅˖ˍʶˊʽˁˇˏ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎΣ ˍˇ ˎ˂ʽˁˈ ʻʰ ʶ˃˒ʰ˄ʾʸʶʽ 

ʵʽʰ˒ˇˊʶˍʽˁʺ ˋˎ˃ˉʶˊʽ˒ˇˊʱ ˁʰˍʱ ˍʹ ʻʶˍʽˁʺ ˁʰʽ ʰˊ˄ʹˍʽˁʺ ʹ˃ʽˉʶˊʾˇʵ ̌ˍˇˎ ˋʺ˃ʰˍˇˌ 

ʵʽʷʴʶˊˋʹˌΣ ʵʽˈˍʽ ˍˇ ʶˉʽʲʰ˂˂ˈ˃ʶ˄ˇ ˃ʰʴ˄ʹˍʽˁˈ ˉʶʵʾˇ ʻʰ ʶˉʽʲˊʰʵˏ˄ʶʽ ʺ ʻʰ ʶˉʽˍʰ˔ˏ˄ʶʽ 

ˍˇ˄ ˁˇˊʶˋ˃ˈ ˍˇΦˎ ʅʰ˄ ʰˉˇˍʷ˂ʶˋ˃ʰΣ ʹ ˔ˊˇ˄ʽˁʺ ʵʽʰ˒ˇˊʱ ˃ʶˍʰ˅ˏ ˍ˖˄ ɻ̔ ʰʵˇ˔ʽˁ˗˄ 

˃ʶʴʾˋˍ˖˄ ˁʰʽ ˍ˖˄ ʶ˂ʰ˔ʾˋˍ˖˄ ˍˇˎ ˋʺ˃ʰˍˇˌ ʻʰ ʷ˔ʶʽ ˉ˂ʷˇ˄ ˃ʶˍʰʲ˂ʹʻʶʾΣ ʰ˒ˇˏ ˍˇ 

˃ʰʴ˄ʹˍʽˁˈ ˎ˂ʽˁˈ ˒ʻʱ˄ʶʽ ˍʰ˔ˏˍʶˊʰ ʺ ʰˊʴˈˍʶˊʰ ˋˍˇ ˋʹ˃ʶʾˇ ˍˇˎ ˁˇˊʶˋ˃ˇˏΦ ʅˎ˄ʶˉ˗ˌΣ ʹ 

ˏˉʰˊ˅ʹ ʺ ˃ʹ ʶ˄ˈˌ ʶ˅˖ˍʶˊʽˁ˗ˌ ʶˉʽʲʰ˂˂ˈ˃ʶ˄ˇˎ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎ ʰ˄ʱʴʶˍʰʽ ˋˍʹ 

˃ʷˍˊʹˋʹ ˍʹˌ ˔ˊˇ˄ʽˁʺˌ ʵʽʰ˒ˇˊʱˌ ˃ʶˍʰ˅ˏ ˍ˖˄ ˁˇˊˎ˒˗˄ ˍˇˎ ˋʺ˃ʰˍˇˌ ˉˇˎ ˂ʰ˃ʲʱ˄ʶˍʰʽ 

ʰˉˈ ˍˇ ˉʹ˄ʾˇ ˂ʺ˕ʹˌ ˍʹˌ ˔ˊʹˋʽ˃ˇˉˇʽˇˏ˃ʶ˄ʹˌ ˍˇˉˇ˂ˇʴʾʰˌ. 

ʅˍʰ ʶˉˈ˃ʶ˄ʰ ˋ˔ʺ˃ʰˍʰ ʶ˃˒ʰ˄ʾʸʶˍʰʽ ʶ˄ʵʶʽˁˍʽˁʱ ˍˇ ˂ʹ˒ʻʷ˄ ˋʺ˃ʰ ˉˇˎ ˉˊˇˁˏˉˍʶʽ 

˔ˊʹˋʽ˃ˇˉˇʽ˗˄ˍʰˌ ʷ˄ʰ ˋˏˊ˃ʰ CoFeSiBΣ ˁʰˍʱ ˍʹ˄ ʰˉˇˎˋʾʰ ʶ˅˖ˍʶˊʽˁˇˏ ˃ʰʴ˄ʹˍʽˁˇˏ 

ˉʶʵʾˇˎ όʅ˔ʺ˃ʰ 2.1ύ ˁʰʽ ˁʰˍʱ ˍʹ˄ ʶˉʽʲˇ˂ʺ ʶ˅˖ˍʶˊʽˁˇˏ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎ όʅ˔̋˃h 2.2). 
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ʅ˔ʺ˃ʰ 2.1Υ ʅʺ˃ʰ ˉʹ˄ʾˇˎ ˂ʺ˕ʹˌ ɹ ʽʰ ˃ʹʵʶ˄ʽˁˈ ʶ˅˖ˍʶˊʽˁˈ ˃ʰʴ˄ʹˍʽˁˈ ˉʶʵʾˇΦ 

 

ʅ˔̋˃h 2.2Υ ʅʺ˃ʰ ˉʹ˄ʾˇˎ ˂ʺ˕ʹˌ ɹ ʽʰ ʶ˅˖ˍʶˊʽˁ˗ˌ ʶˉʽʲʰ˂˂ˈ˃ʶ˄ˇ ˃ʰʴ˄ʹˍʽˁˈ ˉʶʵʾˇΦ 

ʅʶ ʰˎˍʱ ˍʰ ˋ˔ʺ˃ʰˍʰΣ ʴʾ˄ʶˍʰʽ ʶ˃˒ʰ˄ʺˌ ʹ ˃ʶˍʰʲˇ˂ʺ ˍˇˎ ˋʺ˃ʰˍˇˌ ˉˇˎ ˂ʰ˃ʲʱ˄ʶˍʰʽ 

ʰˉˈ ˍˇ ˉʹ˄ʾˇ ˂ʺ˕ʹˌ ˁʰˍʱ ˍʹ˄ ʶˉʽʲˇ˂ʺ ʶ˄ˈˌ ʶ˅˖ˍʶˊʽˁˇˏ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎΦ ʅˍʹ˄ 

ˉˊ˗ˍʹ ˉʶˊʾˉˍ˖ˋʹΣ ˍʰ ˃ʷʴʽˋˍʰ ˁʰʽ ˍʰ ʶ˂ʱ˔ʽˋˍʰ ˍˇˎ ˋʺ˃ʰˍˇˌ ʽˋʰˉʷ˔ˇˎ˄ ˖ˌ ˉˊˇˌ ˍˇ˄ 

ˇˊʽʸˈ˄ˍʽˇ ʱ˅ˇ˄ʰ ˍˇˎ ˔ˊˈ˄ˇˎΦ ɮ˄ˍʽʻʷˍ˖ˌΣ ˋˍʹ ʵʶˏˍʶˊʹ ˉʶˊʾˉˍ˖ˋʹ, ˍ hʵʽʰʵˇ˔ʽˁ ɦ

˃ʷʴʽˋˍʰ ˁʰʽ ʶ˂ʱ˔ʽˋˍʰ ˉʰˏˇˎ˄ ˄ʰ ʽˋʰˉʷ˔ˇˎ˄Φ ɶ ʶˏˊʶˋʹ ˍʹˌ ʰˁˊʽʲˇˏˌ ʻʷˋʹˌ ʰˎˍ˗˄ ˍ˖˄ 

ˁˇˊˎ˒˗˄ ˁʰʽ ʹ ˃ʷˍˊʹˋʹ ˍʹˌ ˃ʶˍʰ˅ˏ ˍˇˎˌ ˔ˊˇ˄ʽˁʺˌ ʵʽʰ˒ˇˊʱˌΣ ˇʵʹʴʶʾ ˋˍʹ˄ ʶˏˊʶˋʹ ˍˇˎ 

ʶˉʽʲʰ˂˂ˈ˃ʶ˄ˇˎ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎΣ ˈˉ˖ˌ ʻʰ ʰ˄ʰ˂ˎʻʶʾ ˉʰˊʰˁʱˍ˖Φ ʅˎ˄ʶˉ˗ˌΣ ˇ 

ʶˁ˃́ɻ ʶ˄ʽˋ˃ˈˌ ʰˎˍʺˌ ˍʹˌ ʵʽʰ˒ˇˊʱˌΣ ˃ʷˋ˖ ˍʹˌ ʶˉʽʲˇ˂ʺˌ ʶ˄ˈˌ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎ 

ʰ˄ˍʽˋˍʱʻ˃ʽˋʹˌΣ ˇʵʹʴʶʾ ˁʰʽ ˋˍʹ˄ ʶ˅ʱ˂ʶʽ˕ʹ ˍˇˎ ʶ˅˖ˍʶˊʽˁˇˏ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎ.  
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2.3 ɮ˄ʱˉˍˎ˅ʹ ̱ ˇˉˇ˂ˇʴʾʰˌ ˉˊ˖ˍʶˏˇ˄ˍˇˌ-ʵʶˎˍʶˊʶˏˇ˄ˍˇˌ 

ˉʹ˄ʾˇˎ 

ɱʽʰ ˍʹ ʵʽʶ˅ʰʴ˖ʴʺ ˃ʶˍˊʺˋʶ˖˄Σ ʰ˄ʰˉˍˏ˔ʻʹˁʶ ˁʰʽ ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʶ ˃ʾʰ ˍˇˉˇ˂ˇʴʾʰΣ 

ʰˉˇˍʶ˂ˇˏ˃ʶ˄ʹ ʰˉˈ ʷ˄ʰ ˉʹ˄ʾˇ ʵʽʷʴʶˊˋʹˌ όн ˋˍˊ˗ˋʶ˖˄ ˍ˖˄ ррл ˉʶˊʽʶ˂ʾ˅ʶ˖˄Σ 

ˋˏˊ˃ʰˍˇˌ ˔ʰ˂ˁˇˏ qлΦмƳƳύ ˁʰʽ ʰˉˈ ʷ˄ʰ ˉʹ˄ʾˇ ˂ʺ˕ʹˌ ˃ʶ ˍʰ ʾʵʽʰ ˔ʰˊʰˁˍʹˊʽˋˍʽˁʱΦ ʍˌ 

ˉˎˊʺ˄ʰˌΣ ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʶ ʱ˃ˇˊ˒ˇ ˋˏˊ˃ʰ CoFeSiBΣ ʵʽʰ˃ʷˍˊˇˎ млм˃m.  

 

ʅ˔ʺ˃ʰ 2.3: ɶ ˍˇˉˇ˂ˇʴʾʰ ˉʹ˄ʾ˖  ˄̱ ʹˌ ʵʽʱˍʰ˅ʹˌ ʵʽʰˁˊʾʲ˖ˋʹˌ. 

ɱʽʰ ˍʹ ʵˇˁʽ˃ʺ ˍʹˌ ˂ʶʽˍˇˎˊʴʾʰˌ ˍʹˌ ˋˎʴˁʶˁˊʽ˃ʷ˄ʹˌ ˍˇˉˇ˂ˇʴʾʰˌΣ ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʶ 

˃ʽʰ ʴʶ˄˄ʺˍˊʽʰ ˋˎ˔˄ˇˍʺˍ˖˄ ʴʽʰ ˍʹ˄ ˉʰˊʰʴ˖ʴʺ ˍˇˎ ˋʺ˃ʰˍˇˌ ʵʽʷʴʶˊˋʹˌ ˁʰʽ ʷ˄ʰˌ 

ˉʰ˂˃ˇʴˊʱ˒ˇˌ ʴʽʰ ˍʹ˄ ʰˉʶʽˁˈ˄ʽˋʹ ˍˇˎ ˂ʰ˃ʲʰ˄ˈ˃ʶ˄ˇˎ ˋʺ˃ʰˍˇˌ. ɱʽʰ ˍʹ˄ ˉˊˇˋˇ˃ˇʾ˖ˋʹ 

ˍʹˌ ʶˉʽʲˇ˂ʺˌ ʶ˄ˈˌ ˋˎ˄ʶ˔ˇˏˌ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎΣ ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʶ ʹ ˂ʶʽˍˇˎˊʴʾʰ DC 

Offset ˍʹˌ ʴʶ˄˄ʺˍˊʽʰˌ ˋˎ˔˄ˇˍʺˍ˖˄Φ ʅˎ˄ʶˉ˗ˌΣ ˉˊˇˋˍʷʻʹˁʶ ˃ʾʰ ˋˎ˄ʶ˔ʺˌ ʻʶˍʽˁʺ ʺ 

ʰˊ˄ʹˍʽˁʺ ˋˎ˄ʽˋˍ˗ˋʰ ˋˍˇ ʶ˄ʰ˂˂ʰˋˋˈ˃ʶ˄ˇ ʹ˃ʽˍˇ˄ˇʶʽʵʷˌ ˋʺ˃ʰ ˉˇˎ ˉʰˊʶʾ˔ʶ ʹ 

ʴʶ˄˄ʺˍˊʽʰ ˋˍˇ ˉʹ˄ʾˇ ʵʽʷʴʶˊˋʹˌ ˍʹˌ ˍˇˉˇ˂ˇʴʾʰˌΦ ɮˉˈ ˍʰ ˉʰˊʰˁʱˍ˖ ˋ˔ʺ˃ʰˍʰ ʴʾ˄ʶˍʰʽ 

ʶˏˁˇ˂ʰ ʰ˄ˍʽ˂ʹˉˍˈ ˈˍʽ ʹ ʶˉʽʲˇ˂ʺ ʰˎˍˇˏ ˍˇˎ ʶ˅˖ˍʶˊʽˁˇˏ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎ ˇʵʹʴʶʾ 

ˋˍʹ ˃ʶˍʰˍˈˉʽˋʹ ̱ ˖˄ ˁˇˊˎ˒˗˄Σ ʵʹ˂ʰʵʺ ˋˍʹ ˔ˊˇ˄ʽˁʺ ʵʽʰ˒ˇˊʱΣ ˃ʶˍʰ˅ˏ ˍ˖˄ ʵʽʰʵˇ˔ʽˁ˗˄ 

˃ʶʴʾˋˍ˖˄ ˁʰʽ ʶ˂ʰ˔ʾˋˍ˖˄ ˍˇˎ ˋʺ˃ʰˍˇˌΦ 
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ʅ˔ʺ˃ʰ 2.4: ɽʰ˃ʲʰ˄ˈ˃ʶ˄ˇ ˋʺ˃ʰ όʵʶ˅ʽʱύΣ ɹ ʽʰ ʹ˃ʽˍˇ˄ˇʶʽʵ ̋ɻ ʽʷʴʶˊˋʹ ˉ˂ʱˍˇˎˌ 5V ˁ ʰʽ 
ˋˎ˔˄ˈˍʹˍʰˌ мkHz όʰˊʽˋˍʶˊʱύ. 

  

ʅ˔ʺ˃ʰ 2.5: ɽʰ˃ʲʰ˄ˈ˃ʶ˄ˇ ˋʺ˃ʰ όʵʶ˅ʽʱύΣ ʴʽʰ ʹ˃ʽˍˇ˄ˇʶʽʵ ̋ɻ ʽʷʴʶˊˋʹ ˉ˂ʱˍˇˎˌ 5V ˃ ʶ DC 
ˋˎ˄ʽˋˍ˗ˋʰ +1V, ̀ ˎ˔˄ˈˍʹˍʰˌ мkHz όʰˊʽˋˍʶˊʱύΦ 

  

ʅ˔ʺ˃ʰ 2.6: ɽʰ˃ʲʰ˄ˈ˃ʶ˄ˇ ˋʺ˃ʰ όʵʶ˅ʽʱύΣ ʴʽʰ ʹ˃ʽˍˇ˄ˇʶʽʵ ̋ɻ ʽʷʴʶˊˋʹ ˉ˂ʱˍˇˎˌ 5V ˃ ʶ DC 
ˋˎ˄ʽˋˍ˗ˋʰ -1V, ̀ ˎ˔˄ˈˍʹˍʰˌ мkHz όʰˊʽˋˍʶˊʱύΦ 

2.4 ɸʶ˖ˊʹˍʽˁˇʾ ˎˉˇ˂ˇʴʽˋ˃ˇʾ 

2.4.1 ʅ˔ʷˋʹ ˔ˊˇ˄ʽˁʺˌ ʵʽʰ˒ˇˊʱˌ ʴʽʰ ʹ˃ʽˍˇ˄ˇʶʽʵʷˌ ̄ ʶʵʾˇ 

ʅˍˇ ʅ˔ʺ˃ʰ 2.7 ˉʰˊˇˎˋʽʱʸʶˍʰʽ ʶ˄ʵʶʽˁˍʽˁˈ ˋʺ˃ʰ ʵʽʷʴʶˊˋʹˌ, ˉ˂ʱˍˇˎˌ ὠ ρὠ ˁʰʽ 

ˋˎ˔˄ˈˍʹˍʰˌ Ὢ ρὯὌᾀΣ ˁʰʻ˗ˌ ˁʰʽ ˍˇ ʰ˄ˍʾˋˍˇʽ˔ˇ ˋʺ˃ʰ ˉˇˎ ˂ʰ˃ʲʱ˄ʶˍʰʽ ˃ʷˋ˖ ˍʹˌ 

ʰ˄ʰˉˍˎ˔ʻʶʾˋʰˌ ˍˇˉˇ˂ˇʴʾʰˌΦ 
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ʅ˔ʺ˃ʰ 2.7Υ ʅʺ˃ʰ ʵʽʷʴʶˊˋʹˌ ˁʰʽ ˂ʹ˒ʻʷ˄ ˋʺ˃ʰΦ 

ɮˉʶʽˁˇ˄ʾʸˇ˄ˍʰʽ ˇʽ ʰˁˈ˂ˇˎʻʶˌ ˍʽ˃ʷˌΥ 

¶ ὸΥ ˔ˊˇ˄ʽˁˈ ˋʹ˃ʶʾˇ ʶ˂ʰ˔ʾˋˍˇˎ 

¶ ὸΥ ˔ˊˇ˄ʽˁˈ ˋʹ˃ʶʾˇ ˃ʶʴʾˋˍˇˎ 

¶ ὸΥ ˔ˊˇ˄ʽˁˈ ˋʹ˃ʶʾˇ ʶˉˈ˃ʶ˄ˇˎ ʶ˂ʰ˔ʾˋˍˇˎ 

¶ Ὄ ὸΥ ˉʶʵʾˇ ʵʽʷʴʶˊˋʹˌ 

¶ ὌΥ ˋˎ˄ʶˁˍʽˁˈ ˉʶʵʾˇ ˎ ˂ʽˁˇˏ 

¶ Ὄ : ɦ ʴ˄˖ˋˍˇ ʶˉʽʲʰ˂˂ˈ˃ʶ˄ˇ ˉʶʵʾˇ. 

ɱ̔h  ˍʽˌ ˍˊʶʽˌ ˔ˊˇ˄ʽˁʷˌ ˋˍʽʴ˃ʷˌ, ̔ ˋ˔ˏˇˎ˄ ˇʽ ˉʰˊʰˁʱˍ˖ ˋ˔ʷˋʶʽˌΥ 

 ὸȡ Ὄ ὸ Ὄ Ὄ ᵼὌ ϽÓÉÎ‫ὸ Ὄ Ὄ  (2.1) 

 ὸȡ Ὄ ὸ Ὄ Ὄ ᵼὌ ϽÓÉÎ‫ ὸ
Ὕ

ς
Ὄ Ὄ  (2.2) 

όʰ˒ˇˏ ˂ˈʴ˖ ˋˎ˃˃ʶˍˊʾʰˌ ʽˋ˔ˏʶʽ ὸ ὸ  ) 

 ὸȡ ὸ Ὕ Ὄ ϽÓÉÎ‫ὸ   (2.3) 

(ʰ˒ˇˏ ʷ˔ʶʽ ˋˎ˃ˉ˂ʹˊ˖ʻʶʾ ˃ʾʰ ˉʶˊʾˇʵˇˌ ˍˇˎ ˋʺ˃ʰˍˇˌ). 

ҌI
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πI
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I
9
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ʅˎ˄ʶˉ˗ˌΣ ˃ʶ ʰˉ˂ʺ ʶˉʾ˂ˎˋʹ ˍ˖˄ ˉʰˊʰˉʱ˄˖ ˋ˔ʷˋʶ˖˄ ˖ˌ ˉˊˇˌ ὸ, ὸ ˁʰʽ ὸ 

ʰ˄ˍʾˋˍˇʽ˔ʰΣ ˉˊˇˁˏˉˍʶʽ: 

 
ὸ

ÓÉÎ
Ὄ Ὄ
Ὄ

‫
 

(2.4) 

 
ὸ

ÓÉÎ
Ὄ Ὄ
Ὄ

‫

 

ς
 

(2.5) 

 
ὸ

ÓÉÎ
Ὄ Ὄ
Ὄ

‫
  

(2.6) 

ʆʶ˂ʽˁʱΣ ʹ ˔ˊˇ˄ʽˁʺ ʵʽʰ˒ˇˊʱ ῳὸ ˎ ˉˇ˂ˇʴʾʸʶˍʰʽ ˖ˌ ʶ˅ʺˌΥ 

ῳὸ ὸ ὸ ὸ ὸ ςὸ ὸ ὸᵾ 

ᵾ ῳὸ ς
ÓÉÎ

Ὄ Ὄ
Ὄ

‫

 

ς

ÓÉÎ
Ὄ Ὄ
Ὄ

‫

ÓÉÎ
Ὄ Ὄ
Ὄ

‫
  ᵾ 

ᵾ ῳὸ ς
ÓÉÎ

Ὄ Ὄ
Ὄ

‫
 
ÓÉÎ

Ὄ Ὄ
Ὄ

‫

ÓÉÎ
Ὄ Ὄ
Ὄ

‫
 ᵾ 

ᵾ ῳὸ ς
ÓÉÎ

Ὄ Ὄ
Ὄ

‫
ς
ÓÉÎ

Ὄ Ὄ
Ὄ

‫
ᵾ 

 ᵾ ῳὸ
ς

‫
ÓÉÎ

Ὄ Ὄ

Ὄ
ÓÉÎ

Ὄ Ὄ

Ὄ
 (2.7) 

ɳˉˇ˃ʷ˄˖ˌΣ ˔ˊʹˋʽ˃ˇˉˇʽ˗˄ˍʰˌ ˍʹ˄ ˉʰˊʰˉʱ˄˖ ˋ˔ʷˋʹΣ ʶʾ˄ʰʽ ʵˎ˄ʰˍˈˌ ˇ ˎˉˇ˂ˇʴʽˋ˃ˈˌ 

ˍˇˎ ʁ̄ʽʲʰ˂˂ˈ˃ʶ˄ˇˎ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎ, ˃ʷˋ˖ ˍʹˌ ˔ˊˇ˄ʽˁʺˌ ʵʽʰ˒ˇˊʱˌ ˍ˖˄ 

ʵʽʰʵˇ˔ʽˁ˗˄ ˃ʶʴʾˋˍ˖˄ ˁʰʽ ʶ˂ʰ˔ʾˋˍ˖˄ ˍˇˎ ˂ ʰ˃ʲʰ˄ˈ˃ʶ˄ˇˎ ˋʺ˃ʰˍˇˌΦ 

ʆʰ ˃ʶʴʷʻʹ ˉˊˇˌ ˃ʷˍˊʹˋʹΣ ˉʰˊˇˎˋʽʱʸˇ˄ˍʰʽ ˋˍʰ ˉʰˊʰˁʱˍ˖ ˋ˔ʺ˃ʰˍʰΥ 
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ʅ˔ʺ˃ʰ 2.8Υ ɾʷˍˊʹˋʹ ʰˉˇˎˋʾʰ ʶ˅˖ˍʶˊʽˁ˗ˌ ʶˉʽʲʰ˂˂ˈ˃ʶ˄ˇˎ ˉʶʵʾˇˎ όɲt = 0). 

 

ʅ˔ʺ˃ʰ 2.9Υ ɾʷˍˊʹˋʹ ˉʰˊˇˎˋʾʰ ʶ˅˖ˍʶˊʽˁ˗ˌ ʶˉʽʲʰ˂˂ˈ˃ʶ˄ˇˎ ˉʶʵʾˇˎ όɲt > 0). 

2.4.2 ʅ˔ʷˋʹ ˔ˊˇ˄ʽˁʺˌ ʵʽʰ˒ˇˊʱˌ ʴʽʰ ˍˊʽʴ˖˄ʽˁˈ ˉʶʵʾˇ 

ɶ ˋ˔ʷˋʹ ˉˇˎ ˎˉˇ˂ˇʴʾˋˍʹˁʶ ʴʽʰ ˍˇ ʹ˃ʽˍˇ˄ˇʶʽʵʷˌ ˋʺ˃ʰ ʵʽʷʴʶˊˋʹˌ ˃ˉˇˊʶʾ ˄ʰ ˂ˎʻʶʾ 

˃ˈ˄ˇ ˉˊˇˋʶʴʴʽˋˍʽˁʱΣ ˖ˌ ˉˊˇˌ ˍˇ ʱʴ˄˖ˋˍˇ ʶˉʽʲʰ˂˂ˈ˃ʶ˄ˇ ˃ʰʴ˄ʹˍʽˁˈ ˉʶʵʾˇ Ὄ , ˂ˈʴ˖ 

ˍʹˌ ˏˉʰˊ˅ʹˌ ˍʹˌ ʰ˄ˍʾˋˍˇʽ˔ʹˌ ˃ʶˍʰʲ˂ʹˍʺˌ ̀ ˍˇ ˍˈ˅ˇ ʹ˃ʽˍˈ˄ˇˎ [136].  

ɱʽʰ ˄ʰ ʰˉˇ˒ʶˎ˔ʻʶʾ ʹ ˉˊˇˋʶʴʴʽˋˍʽˁʺ ʶˉʾ˂ˎˋʹ ˁʰʽ ˄ʰ ʰˎ˅ʹʻʶʾ ʹ ʰˁˊʾʲʶʽʰ ˍ˖˄ 

˃ʶˍˊʺˋʶ˖˄ ˍʹˌ ʵʽʱˍʰ˅ʹˌ ʵʽʰˁˊʾʲ˖ˋʹˌΣ ˃ˉˇˊʶʾ ˄ʰ ˔ˊʹˋʽ˃ˇˉˇʽʹʻʶʾ ˍˊʽʴ˖˄ʽˁˈ ˋʺ˃ʰ 

ʵʽʷʴʶˊˋʹˌΦ ɴ˄ʰΣ ʰˁˈ˃ʹΣ ˉ˂ʶˇ˄ʷˁˍʹ˃ʰ ˍˇˎ ˍˊʽʴ˖˄ʽˁˇˏ ˋʺ˃ʰˍˇˌ ʵʽʷʴʶˊˋʹˌ ʰˉˇˍʶ˂ʶʾ ʹ 

ʴʶ˄ʽˁˈˍʶˊʹ ʴˊʰ˃˃ʽˁʺ ˋˎ˃ˉʶˊʽ˒ˇˊʱ ˍˇˎ ˁʰˍʱ ʾˋʰ ˔ˊˇ˄ʽˁʱ ʵʽʰˋˍʺ˃ʰˍʰΣ ˁʱˍʽ ˉˇˎ ʷ˔ʶʽ 

ǧt 

t1,2 

T/2 

T/2 

t1,2 
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˖ˌ ʰˉˇˍʷ˂ʶˋ˃ʰ ˍʹ˄ ˉʰˊʰʴ˖ʴʺ ˁˇˊˎ˒˗˄ ˃ʶ ˃ʽˁˊˈˍʶˊʹˌ ʵʽʱˊˁʶʽʰˌ ˁʰʽ ˋˎ˄ʶˉ˗ˌ ˍʹ 

˃ʶʾ˖ˋʹ ˍʹˌ ʰʲʶʲʰʽˈˍʹˍʰˌ ˍ˖˄ ˃ʶˍˊʺˋʶ˖˄Φ 

ʅˍˇ ʅ˔ʺ˃ʰ 2.10 ˉʰˊˇˎˋʽʱʸʶˍʰʽ ˍˇ ˍˊʽʴ˖˄ʽˁˈ ˋʺ˃ʰ ʵʽʷʴʶˊˋʹˌΣ ˁʰʻ˗ˌ ˁʰʽ ˍˇ 

ʰ˄ˍʾˋˍˇʽ˔ˇ ˋʺ˃ʰ ˂ʺ˕ʹˌ ˍʹˌ ˔ˊʹˋʽ˃ˇˉˇʽʹʻʶʾˋʰˌ ˍˇˉˇ˂ˇʴʾʰˌΣ ʴʽʰ ˉ˂ʱˍˇˌ ὠ χȢυὠ ˁ ʰʽ 

ˋˎ˔˄ˈˍʹˍʰ Ὢ ρὯὌᾀ. 

 

ʅ˔ʺ˃ʰ 2.10Υ ʅʺ˃ʰ ʵʽʷʴʶˊˋʹˌ ˁʰʽ ˂ʹ˒ʻʷ˄ ˋʺ˃ʰ ʰˉˈ ˍʹ˄ ʰ˄ʰˉˍˎ˔ʻʶʾˋʰ ˍˇˉˇ˂ˇʴʾʰ 
ˉˊ˖ˍʶˏˇ˄ˍˇˌ-ʵʶˎˍʶˊʶˏˇ˄ˍˇˌ ˉʹ˄ʾˇˎ. 

ɮˉʶʽˁˇ˄ʾʸˇ˄ˍʰʽ ˇʽ ʰˁˈ˂ˇˎʻʶˌ ˍʽ˃ʷˌΥ 

¶ ὸΥ ˔ˊˇ˄ʽˁˈ ˋʹ˃ʶʾˇ ʶ˂ʰ˔ʾˋˍˇˎ 

¶ ὸ: ̝ ˊˇ˄ʽˁˈ ˋʹ˃ʶʾˇ ˃ʶʴʾˋˍˇˎ 

¶ ὸΥ ˔ˊˇ˄ʽˁˈ ˋʹ˃ʶʾˇ ʶˉˈ˃ʶ˄ˇˎ ʁ ˂ʰ˔ʾˋˍˇˎ 

¶ Ὄ ὸΥ ˉʶʵʾˇ ʵʽʷʴʶˊˋʹˌ 

¶ ὌΥ ˋˎ˄ʶˁˍʽˁˈ ˉʶʵʾˇ ˎ ˂ʽˁˇˏ 

¶ ὌΥ ʱʴ˄˖ˋˍˇ ʶˉʽʲʰ˂˂ˈ˃ʶ˄ˇ ˉʶʵʾˇ. 

ɱʽʰ ˍʽˌ ˍˊʶʽˌ ˔ˊˇ˄ʽˁʷˌ ˋˍʽʴ˃ʷˌ ʽˋ˔ˏˇˎ˄ ˇʽ ˉʰˊʰˁʱˍ˖ ˋ˔ʷˋʶʽˌΥ 

 ὸȡ Ὄ ὸ Ὄ Ὄ ᵼὥϽὸ Ὄ Ὄ  (2.8) 

ˈˉˇˎ ‌ ʁ ʾ˄ʰʽ ˇ ˋˎ˄ˍʶ˂ʶˋˍʺˌ ˁ˂ʾˋʹˌ ˍˇˎ ˍˊʽʴ˖˄ʽˁˇˏ ˋʺ˃ʰˍˇˌΦ 

HE(t) 

+HC 

-HC 
HX (=0) 

t

ǘ
м
 

ǘ
н
 

ǘ
о
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 ὸȡ Ὄ ὸ Ὄ Ὄ ᵼ ὥϽὸ
Ὕ

ς
Ὄ Ὄ  (2.9) 

όʰ˒ˇˏ ˂ˈʴ˖ ˋˎ˃˃ʶˍˊʾʰˌ ʽˋ˔ˏʶʽ ὸ ὸ  ) 

 ὸȡ ὸ Ὕ (2.10) 

(ʰ˒ˇˏ ʷ˔ʶʽ ˋˎ˃ˉ˂ʹˊ˖ʻʶʾ ˃ʾʰ ˉʶˊʾˇʵˇˌ ˍˇˎ ˋʺ˃ʰˍˇˌ). 

ʅˍʹ ˋˎ˄ʷ˔ʶʽʰΣ ʶˉʽ˂ˏˇ˄ˍʰʽ ̌  ̔̄ ʰˊʰˉʱ˄˖ ˋ˔ʷˋʶʽˌ ˖ˌ ˉˊˇˌ ὸ, ὸ ˁ ʰʽ ὸ h ˄ˍʾˋˍˇʽ˔ʰ: 

 ὸ
Ὄ Ὄ

ὥ
 (2.11) 

 ὸ
Ὄ Ὄ ὥ

Ὕ
ς

ὥ
 

(2.12) 

 ὸ
Ὄ Ὄ

ὥ
  (2.13) 

ʆʶ˂ʽˁʱΣ ʹ ˔ˊˇ˄ʽˁʺ ʵʽʰ˒ˇˊʱ ῳὸ ˎ ˉˇ˂ˇʴʾʸʶˍʰʽ ˖ˌ ʶ˅ʺˌΥ 

ῳὸ ὸ ὸ ὸ ὸ ςὸ ὸ ὸᵾ 

ᵾ ῳὸ ς
Ὄ Ὄ ὥ

Ὕ
ς

ὥ

Ὄ Ὄ

ὥ

Ὄ Ὄ

ὥ
  ᵾ 

ᵾ ῳὸ
ςὌ

ὥ

ςὌ

ὥ
Ὕ
Ὄ

ὥ

Ὄ

ὥ

Ὄ

ὥ

Ὄ

ὥ
Ὕᵾ 

ᵾ ῳὸ
τὌ

ὥ
ᵾ  

 ᵾ Ὄ
ὥϽῳὸ

τ
 (2.14) 

ɱʽʰ ˄ʰ ˎˉˇ˂ˇʴʽˋˍʶʾ ˇ ˋˎ˄ˍʶ˂ʶˋˍʺˌ ˁ˂ʾˋʹˌ ‌Σ ˃ˉˇˊʶʾ ˄ʰ ˔ˊʹˋʽ˃ˇˉˇʽʹʻʶʾ ˃ʽʰ 

ˉʶˊʾˇʵˇˌ ˍˇˎ ˍˊʽʴ˖˄ʽˁˇˏ ˋʺ˃ʰˍˇˌΣ ˈˉ˖ˌ ˒ʰʾ˄ʶˍʰʽ ˉʰˊʰˁʱˍ˖Υ  
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ʅ˔ʺ˃ʰ 2.11: ʇˉˇ˂ˇʴʽˋ˃ˈˌ ˁ˂ʾˋʹˌ ʰˉˈ ˍˇ ˍˊʽʴ˖˄ʽˁˈ ˋʺ˃ʰ ʵʽʷʴʶˊˋʹˌΦ 

ʂˉ˖ˌ ʶʾ˄ʰʽ ʶ˃˒ʰ˄ʷˌ ˋʶ hˎˍˈ ˍˇ ˋ˔ʺ˃ʰΣ ʹ ˁ˂ʾˋʹ ‌Σ ˃ʶˍʰ˅ˏ ˍ˖˄ ˋʹ˃ʶʾ˖˄ ΅ὼȟώ  

ˁʰʽ `ὼȟώ , ˃ ˉˇˊʶʾ ˄ʰ ˎˉˇ˂ˇʴʽˋˍʶʾ ˖ˌ: 

ὥ
ώ ώ

ὼ ὼ
 

ὥ
ὠ π

Ὕ
τ
Ὕ
ς

 

 ‌
τὠ

Ὕ
 (2.15) 

ʆʁ ˂ʽˁʱ, h ˉˈ ˍʽˌ ʅ˔ʷˋʶʽˌ 2.14 & 2.15 ̄ ˊˇˁˏˉˍʶʽ: 

Ὄ
ὥϽῳὸ

τ
 

Ὄ

τῷ
Ὕ Ͻῳὸ

τ
 

Ὄ
ῷ Ͻῳὸ

 
 

 Ὄ ὪϽῷ Ͻῳὸ (2.16) 

ˈˉˇˎ Ὢ ʁ ʾ˄ʰʽ ʹ ˋˎ˔˄ˈˍʹˍʰ ˍˇˎ ˋʺ˃ʰˍˇˌ ʵʽʷʴʶˊˋʹˌ ˁʰʽ Ὄ ́ ˃ʷʴʽˋˍʹ ˍʽ˃ʺ ˍˇˎ ˋʺ˃ʰˍˇˌ 

ʵʽʷʴʶˊˋʹˌΦ 

ɳʾ˄ʰʽ ˉˊˇ˒ʰ˄ʷˌ ˈˍʽ ʹ ˉʰˊʰˉʱ˄˖ ʶ˅ʾˋ˖ˋʹ ʰˉˇˍʶ˂ʶʾ ˃ʽʰ ˉˇ˂ˏ ˉʽˇ ʰˉ˂ʺ ˋ˔ʷˋʹΦ 

ʂ˂ʰ ˍʰ ˃ʶʴʷʻʹ ˉˇˎ ˔ˊʹˋʽ˃ˇˉˇʽˇˏ˄ˍʰʽ ʶʾ˄ʰʽ ʴ˄˖ˋˍʱΣ ˃ʶ ʰˉˇˍʷ˂ʶˋ˃ʰ ˄ʰ ʶʾ˄ʰʽ ɻ ˎ˄ʰˍˈˌ 
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ˇ ʰˁˊʽʲʷˋˍʶˊˇˌ ˎˉˇ˂ˇʴʽˋ˃ˈˌ ˍˇˎ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎ, ˃ʷˋ˖ ˍʹˌ ˃ʷˍˊʹˋʹˌ ˍʹˌ 

˔ˊˇ˄ʽˁʺˌ ʵʽʰ˒ˇˊʱˌ ˃ʶˍʰ˅ˏ ˍ˖˄ ˃ʶʴʾˋˍ˖˄ ˁʰʽ ʶ˂ʰ˔ʾˋˍ˖˄Σ ˔˖ˊʾˌ ˄ʰ ʰˉʰʽˍˇˏ˄ˍʰʽ 

ˉʶˊʰʽˍʷˊ˖ ʰˉ˂ˇˉˇʽʺˋʶʽˌ ʺ ˉʰˊʰʵˇ˔ʷˌΦ 

ʁʽ ˉʰˊʰˉʱ˄˖ ˎˉˇ˂ˇʴʽˋ˃ˇʾ ʰˉˇʵʶʽˁ˄ˏˇˎ˄ ˍʹ ˋ˔ʷˋʹ ˃ʶˍʰ˅ˏ ˔ˊˇ˄ʽˁʺˌ ʵʽʰ˒ˇˊʱˌ 

ˁˇˊˎ˒˗˄ ˁʰʽ ʶˉʽʲʰ˂˂ˈ˃ʶ˄ˇˎ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎΦ ʃʰˊΩ ˈ˂ʰ ʰˎˍʱΣ ʴʽʰ ˍʹ ˔ˊʺˋʹ ˍʹˌ 

ʵʽʱˍʰ˅ʹˌ ʵʽʰˁˊʾʲ˖ˋʹˌ ʵʶ˄ ʶʾ˄ʰʽ ʰˉʰˊʰʾˍʹˍˇˌ ˎˉˇ˂ˇʴʽˋ˃ˈˌ ˍˇˎ ʶˉʽʲʰ˂˂ˈ˃ʶ˄ˇˎ 

˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎΣ ˉʰˊʱ ˃ˈ˄ˇ ˇ ˃ʹʵʶ˄ʽˋ˃ˈˌ ˍʹˌ ˔ˊˇ˄ʽˁʺˌ ʵʽʰ˒ˇˊʱˌ ῳὸΣ ˃ʷˋ˖ ˍʹˌ 

ʶˉʽʲˇ˂ʺˌ ʶ˄ˈˌ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎ ʰ˄ˍʽˋˍʱʻ˃ʽˋʹˌΦ 

2.5 ɼʰˍʰˋˁʶˎʺ ˋ˖˂ʹ˄ˇʶʽʵˇˏˌ 

ɶ ɻʽʰˁˊʾʲ˖ˋʹ ʶ˄ˈˌ ˃ʰʴ˄ʹˍˇ˃ʷˍˊˇˎ ˉˊˇːˉˇʻʷˍʶʽ ˍʹ˄ ʶˉʽʲˇ˂ʺ ʴ˄˖ˋˍˇˏ ˁʰʽ 

ʶ˂ʶʴ˔ˈ˃ʶ˄ˇˎ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎΦ ʂˉ˖ˌ ʷ˔ʶʽ ʺʵʹ ʰ˄ʰ˒ʶˊʻʶʾΣ ˍʰ ʵˏˇ ˃ʷˋʰ 

ʵʹ˃ʽˇˎˊʴʾʰˌ ʶ˂ʶʴ˔ˈ˃ʶ˄ˇˎ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎ ʶʾ˄ʰʽ ˍˇ ˋ˖˂ʹ˄ˇʶʽʵʷˌ ˁʰʽ ˍʰ ʸʶˏʴʹ 

ˉʹ˄ʾ˖˄ Helmholtz. ɼˏˊʽˇ ˔ʰˊʰˁˍʹˊʽˋˍʽˁˈ ˍ˖˄ ˉʹ˄ʾ˖˄ Helmholtz ʶʾ˄ʰʽ ˈˍʽ ˍˇ 

˃ʰʴ˄ʹˍʽˁˈ ˉʶʵʾˇ ˉˇˎ ʵʹ˃ʽˇˎˊʴʶʾˍʰʽ ˋˍˇ ˁʷ˄ˍˊˇ ˁʱʻʶ ʸʶˏʴˇˎˌ ˉʹ˄ʾ˖˄ ʶʾ˄ʰʽ ˇ˃ˇʴʶ˄ʷˌΦ 

ɾʶ ˍʹ˄ ˁʰˍʰˋˁʶˎʺ ˍˊʽ˗˄ ʸʶˎʴ˗˄ ˉʹ˄ʾ˖˄ Helmholtz, ˍʰ ˇˉˇʾʰ ʶʾ˄ʰʽ ʰ˄ʱ ʵˏˇ ˁʱʻʶˍʰ 

˃ʶˍʰ˅ˏ ˍˇˎˌΣ ʶˉʽˍˎʴ˔ʱ˄ʶˍʰʽ ˇ ʷ˂ʶʴ˔ˇˌ ˁʰʽ ʹ ʶ˅ʱ˂ʶʽ˕ʹ ˍˇˎ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎ ˁʰʽ ˋˍʽˌ 

ˍˊʶʽˌ ɻ ʽʰˋˍʱˋʶʽˌΦ  

ɱʽʰ ˍʹ˄ ˉʰˊʰʴ˖ʴʺ ʴ˄˖ˋˍˇˏ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎ ˋʶ ʷ˄ʰ˄ ʱ˅ˇ˄ʰΣ ˍˇ ˇˉˇʾˇ ʻʰ 

ʶ˄ʶˊʴʶʾ ˋˍˇ ˎˉˈ ʶ˅ʷˍʰˋʹ ˃ʰʴ˄ʹˍˈ˃ʶˍˊˇ, h ˊˁʶʾ ʹ ˔ˊʺˋʹ ʶ˄ˈˌ ˋ˖˂ʹ˄ˇʶʽʵˇˏˌΣ ˍˇ ˇˉˇʾˇ 

ˁʰʽ ˁʰˍʰˋˁʶˎʱˋˍʹˁ.ʁ ʁ ˔˗ˊˇˌ ˉˇˎ ˉʶˊʽˁ˂ʶʾʶˍʰʽ ʰˉˈ ˍˇ ˋ˖˂ʹ˄ˇʶʽʵʷˌ ˂ʶʽˍˇˎˊʴʶʾ ˖ˌ 

˔˗ˊˇˌ ʵʽʰˁˊʾʲ˖ˋʹˌ ˍˇˎ ˃ʰʴ˄ʹˍˇ˃ʷˍˊˇˎΣ ˈˉˇˎ ˍˇ ˃ʰʴ˄ʹˍʽˁˈ ˉʶʵʾˇ ˃ˉˇˊʶʾ ˄ʰ 

ʶ˂ʶʴ˔ʻʶʾ ˃ʶ ʰˁˊʾʲʶʽʰ, ˃ʷˋ˖ ˍʹˌ ˉʰˊˇ˔ʺˌ ˋˎ˄ʶ˔ˇˏˌ ˊʶˏ˃ʰˍˇˌ ˋʶ ʰˎˍˈ. ʆˇ 

ˋ˖˂ʹ˄ˇʶʽʵʷˌ ʶ˃˒ʰ˄ʾʸʶʽ ʷ˄ʰ ̝ ˊʺˋʽ˃ˇ ˉ˂ʶˇ˄ʷˁˍʹ˃ʰ ˋʶ ˋ˔ʷˋʹ ˃ ʶ ˍʰ ˉʹ˄ʾʰ Helmholtz: ́  

ˁʰˍʱ˂˂ʹ˂ʹ ˋ˔ʶʵʾʰˋʺ ˍˇˎΣ ˋʶ ˋˎ˄ʵˎʰˋ˃ˈ ˃ʶ ˍˇ ˃ʶʴʱ˂ˇ ˍˇˎ ˃ʺˁˇˌΣ ʶˉʽˍˊʷˉˇˎ˄ ˍʹ˄ 

ʰˁˊʽʲʺ ˍˇˉˇʻʷˍʹˋʹ ˍˇˎ ˎˉˈ ʵʽʰˁˊʾʲ˖ˋʹ ˃ʰʴ˄ʹˍˇ˃ʷˍˊˇˎ ˋˍˇ ʶˋ˖ˍʶˊʽˁˈ ˍˇˎΦ 

ʆˇ ˋ˖˂ʹ˄ˇʶʽʵʷˌ ˉˇˎ ˁʰˍʰˋˁʶˎʱˋˍʹˁʶ ʰˉˇˍʶ˂ʶʾˍʰʽ ʰˉˈ ʵˏˇ ˋ̱ˊ˗ˋʶʽˌ ˋˏˊ˃ʰˍˇˌ 

˔ʰ˂ˁˇˏ qмmm, нфл ˉʶˊʽʶ˂ʾ˅ʶ˖˄ ʹ ˁʰʻʶ˃ʾʰ. ʆˇ ˉʹ˄ʾˇ ˍˎ˂ʾ˔ʻʹˁʶ ʴˏˊ˖ ʰˉˈ ˋ˖˂ʺ˄ʰ 

ˉˇ˂ˎʲʽ˄ˎ˂ˇ˔˂˖ˊʽʵʾˇˎ όPVC). ʆˇ ˋˎ˄ˇ˂ʽˁˈ ˃ʺˁˇˌ ˍˇˎ ˋ˖˂ʹ˄ˇʶʽʵˇˏˌ ʶʾ˄ʰʽ олcm ˁ ʰʽ ʹ 
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ʰˁˍʾ˄ʰ ˍˇˎ ʶʾ˄ʰʽ рcmΦ ʂ˂ʰ ˍʰ ˎ˂ʽˁʱ ˉˇˎ ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʰ˄ ʴʽʰ ˍʹ˄ ˁʰˍʰˋˁʶˎʺ ˍˇˎ 

ʶʾ˄ʰʽ ˃ʹ ˃ʶˍʰ˂˂ʽˁʱΣ ˗ˋˍʶ ˄ʰ ʰˉˇ˒ʶˎ˔ʻʶʾ ʹ h˄ ʶˉʽʻˏ˃ʹˍʹ ˃ʰʴ˄ʺˍʽˋʹ ˁʰʽ  ́ʰ˂˂ˇʾ˖ˋʹ 

ˍˇˎ ʵʹ˃ʽˇˎˊʴʹʻʷ˄ˍˇˌ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎ. ʅˍˇ ʶˋ˖ˍʶˊʽˁˈ ˍˇˎ ˋ˖˂ʹ˄ˇʶʽʵˇˏˌ 

ˍˇˉˇʻʶˍʺʻʹˁʶ ˋˎˊˈ˃ʶ˄ʹ ʲʱˋʹ ˋˍʶˊʷ˖ˋʹˌ ˍ˖˄ ˎˉˈ ʶ˅ʷˍʰˋʹ ˃ʰʴ˄ʹˍˇ˃ʷˍˊ˖˄Σ 

ˁʰˍʰˋˁʶˎʰˋ˃ʷ˄ʹ ʰˉˈ ˅ˏ˂ˇΦ ʅʶ ʽˋʰˉʷ˔ˇˎˋʶˌ ʻʷˋʶʽˌ ʰˉˈ ˍˇ ˃ʷˋˇ ˍʹˌ ʲʱˋʹˌ 

ʰ˄ˇʾ˔ʻʹˁʰ˄ ˇˉʷˌ ˁʰʽ ˍˇˉˇʻʶˍʺʻʹˁʰ˄ ʲˊʰ˔ʾˇ˄ʶˌ ˋˍʺˊʽ˅ʹˌ ˍ˖˄ ˃ʰʴ˄ʹˍˇ˃ʷˍˊ˖˄Σ 

ˁʰˍʰˋˁʶˎʰˋ˃ʷ˄ˇ ̔h ˉˈ ˉ˂ʰˋˍʽˁˈΦ ʆʷ˂ˇˌΣ ʴʽʰ ˍˇ˄ ̝ ʶʽˊˇˁʾ˄ʹˍˇ ̫ ˂ʶʴ˔ˇ ˍʹˌ ˁʰˍʶˏʻˎ˄ˋʹˌ 

ˍˇˎ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎΣ ˍˇˉˇʻʶˍʺʻʹˁʶ ʷ˄ʰˌ ˃ʹ˔ʰ˄ʽˁˈˌ ʵʽʰˁˈˉˍʹˌ ˍˏˉˇˎ DPDT 

(Double-Pole, Double-Throw)Σ ˗ˋˍʶ ˄ʰ ʶʾ˄ʰʽ ʵˎ˄ʰˍʺ ʹ ʰ˂˂ʰʴʺ ˍʹ̩ ˉˇ˂ʽˁˈˍʹˍʰ ̩ˍʹˌ 

ˍʱˋʹˌ ̱ ˊˇ˒ˇʵˇˋʾʰˌΣ ˇʵʹʴ˗˄ˍʰˌ ̫ ˍˋʽ ̀ ˍʹ˄ ʰ˄ˍʽˋˍˊˇ˒ʺ ˍˇˎ ˉʰˊʰʴˈ˃ʶ˄ˇˎ ˃ʰʴ˄ʹˍʽˁˇˏ 

ˉʶʵʾˇˎΦ ɶ ˋ˔ʶʵʾʰˋʹ ˍˇˎ ˋ˖˂ʹ˄ˇʶʽʵˇˏˌ ˒ ʰʾ˄ʶˍʰʽ ˋˍʰ ˉʰˊʰˁʱˍ˖ ˋ˔ʺ˃ʰˍʰΥ 

 

ʅ˔ʺ˃ʰ 2.12: ʅ˔ʷʵʽˇ ʁ ˋ˖ˍʶˊʽˁˇˏ ˁʰʽ ʶ˅˖ˍʶˊʽˁˇˏ ˃ʷˊˇˎˌ ˍˇˎ ˋ˖˂ʹ˄ˇʶʽʵˇˏˌΦ 

 

ʅ˔ʺ˃ʰ 2.13: ɲʽʰˋˍʱˋʶʽˌ ˋ˖˂ʹ˄ˇʶʽʵˇˏˌΦ 



2.5 ɼʰˍʰˋˁʶˎʺ ̀ ˖˂ʹ˄ˇʶʽʵˇˏˌ 

 

65 

 

ʅ˔ʺ˃ʰ 2.14: ɳˋ˖ˍʶˊʽˁʺ ˁʰˍʰˋˁʶˎʺ ˍˇˉˇʻʷˍʹˋʹˌ ˃ʰʴ˄ʹˍˇ˃ʷˍˊˇˎΦ 

 

ʅ˔ʺ˃ʰ 2.15: ʅˎˊˈ˃ʶ˄ˇ ˍ˃ʺ˃ʰ ˁʰˍʰˋˁʶˎʺ ̩̱ ˇˉˇʻʷˍʹˋʹˌ ˃ʰʴ˄ʹˍˇ˃ʷˍˊˇˎΦ 

 

ʅ˔ʺ˃ʰ 2.16: ʃ˂ʱʴʽʰ ˈ˕ʹ ˋˎˊˈ˃ʶ˄ˇˎ ˍ˃ʺ˃ʰˍˇˌ. 
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ʅ˔ʺ˃ʰ 2.17: ʅˎ˄ˇ˂ʽˁʺ ʶʽˁˈ˄ʰ ʵʽʱˍʰ˅ʹˌΦ 

ɶ ˍʶ˂ʽˁʺ ʵʽʱˍʰ˅ʹ ˉˇˎ ˁʰˍʰˋˁʶˎʱˋˍʹˁʶ, ̄ ʰˊˇˎˋʽʱʸʶˍʰʽ ˋˍʰ ˉʰˊʰˁʱˍ˖ ˋ˔ʺ˃ʰˍʰΥ 

 

ʅ˔ʺ˃ʰ 2.18: ʆʶ˂ʽˁʺ ʰ˄ʰˉˍˎ˔ʻʶʾˋʰ ʵʽʱˍʰ˅ʹ ̀ ˖˂ʹ˄ˇʶʽʵˇˏˌ. 

 

ʅ˔ʺ˃ʰ 2.19: ʅˎˊˈ˃ʶ˄ʹ ʲʱˋʹ ˋˍʺˊʽ˅ʹˌ ˍˇˎ ˃ʰʴ˄ʹˍˇ˃ʷˍˊˇˎΦ 
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2.6 ɾʶˍˊʺˋʶʽˌ ˃ ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎ 

ɱʽʰ ˍʹ˄ ʶˉʽʲʶʲʰʾ˖ˋʹ ˍʹˌ ˇˊʻʺˌ ˂ʶʽˍˇˎˊʴʾʰˌ ˍˇˎ ˁʰˍʰˋˁʶˎʰˋ˃ʷ˄ˇˎ 

ˋ˖˂ʹ˄ˇʶʽʵˇˏˌΣ ˁʰʻ˗ˌ ˁʰʽ ˍ˖˄ ʻʶ˖ˊʹˍʽˁ˗˄ ˋ˔ʷˋʶ˖˄ ˎˉˇ˂ˇʴʽˋ˃ˇˏ ˍˇˎ ˃ʰʴ˄ʹˍʽˁˇˏ 

ˉʶʵʾˇˎ ˉˇˎ ʶˉʽʲʱ˂˂ʶˍʰʽ ˋˍˇ ˁʷ˄ˍˊˇ ˍˇˎ, ˍˇˉˇʻʶˍʺʻʹˁʶ ˋ̱ ˇ ʶˋ˖ˍʶˊʽˁ ̍ˍˇˎ ʹ 

ˍˇˉˇ˂ˇʴʾʰ ˉˊ˖ˍʶˏˇ˄ˍˇˌ-ʵʶˎˍʶˊʶˏˇ˄ˍˇˌ ˉʹ˄ʾˇˎ ˉˇˎ ʷ˔ʶʽ ˁʰˍʰˋˁʶˎʰˋˍʶʾ.  

ʆˊˇ˒ˇʵˇˍ˗˄ˍʰˌ ˍˇ ˉʹ˄ʾˇ ʵʽʷʴʶˊˋʹˌ ˃ʶ ʹ˃ʽˍˇ˄ˇʶʽʵʷˌ ˋʺ˃ʰ ˉ˂ʱˍˇˎˌ ὠ ςȢυὠ ˁ ʰʽ 

ˋˎ˔˄ˈˍʹˍʰˌ Ὢ ρὯὌᾀ, ʁ ˂ʺ˒ʻʹˋʰ˄ ˃ʶˍˊʺˋʶʽˌ ˔ˊˇ˄ʽˁʺˌ ʵʽʰ˒ˇˊʱˌ ˍ˖˄ ˁˇˊˎ˒˗˄Σ ʴʽʰ 

ʵʽʰ˒ˇˊʶˍʽˁʷˌ ˍʽ˃ʷˌ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎΦ ʅˍˇ ʅ˔ʺ˃ʰ 2.20 ̄ ʰˊˇˎˋʽʱʸʶˍʰʽ ˍˇ ʵʽʱʴˊʰ˃˃ʰ 

ˉˇˎ ˉˊˇʷˁˎ˕ʶ ʰˉˈ ˍʹ ˂ʺ˕ʹ ˍ˖˄ ˔ˊˇ˄ʽˁ˗˄ ʵʽʰ˒ˇˊ˗˄Σ ˋˎ˄ʰˊˍʺˋʶʽ ˍˇˎ 

ʶˉʽʲʰ˂˂ˈ˃ʶ˄ˇˎ ʰˉˈ ˍˇ ˋ˖˂ʹ˄ˇʶʽʵʷˌ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎΦ 

 

ʅ˔ʺ˃ʰ 2.20: ɲʽʱʴˊʰ˃˃ʰ ̝ ˊˇ˄ʽˁʺˌ ʵʽʰ˒ˇˊʱˌ ɲt ̀ ˎ˄ʰˊˍʺˋʶʽ ˍˇˎ ʶˉʽʲʰ˂˂ˈ˃ʶ˄ˇˎ ˃ʰʴ˄ʹˍʽˁˇˏ 
ˉʶʵʾˇˎΦ 

ʁʽ ˉʰˊʶ˔ˈ˃ʶ˄ʶˌ ˍʽ˃ʷˌ ʷ˄ˍʰˋʹˌ ˊʶˏ˃ʰˍˇˌ ˋˍˇ ˋ˖˂ʹ˄ˇʶʽʵʷ̩  ʰ˄ʺ˔ʻʹˋʰ˄ ˋʶ ˍʽ˃ʷˌ 

˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎΣ ˋˏ˃˒˖˄ʰ ˃ʶ ˍʹ ʻʶ˖ˊʹˍʽˁʺ ˋ˔ʷˋʹ ʷ˄ˍʰˋʹˌ ˊʶˏ˃ʰˍˇˌ ˁʰʽ 

˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎ όʅ˔ʷˋʹ 1.3)Φ ɮ˄ˍʽˋˍˇʾ˔˖ˌΣ ˋˍˇ˄ ˁʱʻʶˍˇ ʱ˅ˇ˄ʰ ˍˇˉˇʻʶˍʺʻʹˁʰ˄ ˇʽ 

ˍʽ˃ʷˌ ˍˇˎ ῳὸΣ ʵʹ˂ʰʵʺ ˍʹˌ ˉˊˇʰ˄ʰ˒ʶˊʻʶʾˋʰˌ ˔ˊˇ˄ʽˁʺˌ ʵʽʰ˒ˇˊʱˌ ˃ʶˍʰ˅ˏ ˍ˖˄ 

ʵʽʰʵˇ˔ʽˁ˗˄ ˃ʶʴʾˋˍ˖˄ ˁʰʽ ʶ˂ʰ˔ʾˋˍ˖˄ ˍˇˎ ˂ʹ˒ʻʷ˄ˍˇˌ ˋʺ˃ʰˍˇˌΦ ɮˉˈ ˍˇ ʵʽʱʴˊʰ˃˃ʰ ˉˇˎ 

y = 0.7146x - 8.8404
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ˉˊˇˁˏˉˍʶʽΣ ʶʾ˄ʰʽ ʶ˃˒ʰ˄ʺˌ ʹ ɹ́ ʰ˃˃ʽˁˈˍʹˍʰ ˍʹˌ ˋ˔ʷˋʹˌ ˍ˖˄ ʵˏˇ ˃ʶˍʰʲ˂ʹˍ˗˄Σ ˁʰʻ˗ˌ 

ˁʰʽ ʹ ˇˊʻʺ ˂ʶʽˍˇˎˊʴʾʰ ˍˈˋˇ ˍˇˎ ˋ˖˂ʹ˄ˇʶʽʵˇˏˌΣ ˈˋˇ ˁʰʽ ˍʹˌ ʰ˄ʰˉˍˎ˔ʻʶʾˋʰˌ 

ˍˇˉˇ˂ˇʴʾʰˌ ˉˊ˖ˍʶˏˇ˄ˍˇˌ-ʵʶˎˍʶˊʶˏˇ˄ˍˇˌ ˉʹ˄ʾˇˎ. 

2.7 ɶ˂ʶˁˍˊˇ˄ʽˁˈ ˁˏˁ˂˖˃ʰ ʰ˄ʾ˔˄ʶˎˋʹˌ ˁˇˊˎ˒˗˄ 

2.7.1 ɳʽˋʰʴ˖ʴʺ 

ɳˉˈ˃ʶ˄ˇ ʲʺ˃ʰ ʰˉˇˍʷ˂ʶˋʶ ʹ ʰˎˍˈ˃ʰˍʹ h ˄ʾ˔˄ʶˎˋʹ ˁʰʽ ˃ʷˍˊʹˋʹ ˍʹˌ 

ˉˊˇʰ˄ʰ˒ʶˊʻʶʾˋʰˌ ˔ˊˇ˄ʽˁʺˌ ʵʽʰ˒ˇˊʱˌ ῳὸΣ ˃ʷˋ˖ ˍʹˌ ˋ˔ʶʵʾʰˋʹˌ ˁʰʽ ʰ˄ʱˉˍˎ˅ʹˌ 

ˁʰˍʱ˂˂ʹ˂˖˄ ʹ˂ʶˁˍˊˇ˄ʽˁ˗˄ ˁˎˁ˂˖˃ʱˍ˖˄, ˋʶ ˋˎ˄ʵˎʰˋ˃ˈ ˃ʶ ˍʹ˄ ʰ˄ʱˉˍˎ˅ʹ 

ˁʰˍʱ˂˂ʹ˂˖  ˄h ˂ʴˇˊʾʻ˃˖ .˄ 

2.7.2 ʅ˔ʶʵʾʰˋʹ ʹ˂ʶˁˍˊˇ˄ʽˁˇˏ ˁˎˁ˂˗˃ʰˍˇˌ ˃ʷˍˊʹˋʹˌ 

ɶ ˂ʶʽˍˇˎˊʴʾʰ ˍˇˎ ʹ˂ʶˁˍˊˇ˄ʽˁˇˏ ˁˎˁ˂˗˃ʰˍˇˌ ̄ ˇˎ ˉʰˊˇˎˋʽʱʸʶˍʰʽ ˋˍˇ ʅ˔ʺ˃ʰ 2.21, 

ˈˉ˖ˌ ˋ˔ʶʵʽʱˋˍʹˁʶ ˃ʷˋ˖ ˍˇˎ ˂ˇʴʽˋ˃ʽˁˇˏ Designsoft TINA, ʲʰˋʾʸʶˍʰʽ ˋˍʹ ˔ˊʺˋʹ ʶ˄ˈˌ 

ˋˎʴˁˊʽˍʺ ˍˏˉˇˎ Schmitt trigger, ˇ ˇˉˇʾˇˌ ʵʹ˃ʽˇˎˊʴʶʾ ʻʶˍʽˁˇˏˌ ˁʰʽ ʰˊ˄ʹˍʽˁˇˏˌ 

ˉʰ˂˃ˇˏˌΣ ʹ ʵʽʱˊˁʶʽʰ ˍ˖˄ ˇˉˇʾ˖˄ ʰ˄ˍʽˋˍˇʽ˔ʶʾ ˋˍʹ ˔ˊˇ˄ʽˁʺ ʵʽʰ˒ˇˊʱ ˍ˖˄ ʵʽʰʵˇ˔ʽˁ˗˄ 

˃ʶʴʾˋˍ˖˄ ˁʰʽ ʶ˂ʰ˔ʾˋˍ˖˄ ˍˇˎ ˂ʰ˃ʲʰ˄ˈ˃ʶ˄ˇˎ ˋʺ˃ʰˍˇˌ [137]ς[140]Φ ɾʶ ʰˎˍˈ˄ ˍˇ˄ 

ˍˊˈˉˇΣ ʶʾ˄ʰʽ ʶ˒ʽˁˍʺ ʹ ʰˉʶˎʻʶʾʰˌ ˃ʷˍˊʹˋʹ ˍʹˌ ˔ˊˇ˄ʽˁʺˌ ʵʽʰ˒ˇˊʱˌΣ ˃ʷˋ˖ ˃ʽʰˌ ʰˉ˂ʺˌ 

˃ʷˍˊʹˋʹˌ ʵʽʱˊˁʶʽʰˌ ˉʰ˂˃ˇˏΣ ˁʱˍʽ ˉˇˎ ʶˉʽˍˎʴ˔ʱ˄ʶˍʰʽ ʶˏˁˇ˂ʰ ˃ʶ ˍʹ ˔ˊʺˋʹ ʶ˄ˈˌ 

˃ʽˁˊˇʶ˂ʶʴˁˍʺ. 

ʆˇ ́˂ ʶˁˍˊˇ˄ʽˁˈ ˁˏˁ˂˖˃ʰ ˉˇˎ ˋ˔ʶʵʽʱˋˍʹˁʶ ʲʰˋʾˋˍʹˁʶ ˋˍˇ˄ ˍʶ˂ʶˋˍʽˁˈ ʶ˄ʽˋ˔ˎˍʺ 

TL081 ˍʹˌ Texas Instruments, ˇ ˇˉˇʾˇˌ ʷ˔ʶʽ ˔ʰ˃ʹ˂ ̋ʶ˄ʶˊʴʶʽʰˁʺ ˁʰˍʰ˄ʱ˂˖ˋʹΣ ʶ˄˗ 

ˉʰˊˇˎˋʽʱʸʶʽ ˁʰʽ ˎ˕ʹ˂ˈ ˃ʷʴʽˋˍˇ ˊˎʻ˃ˈ ˃ʶˍʰʲˇ˂ʺˌ όslew rate) [141]. ɳˉˇ˃ʷ˄˖ˌ, ˇ 

TL081 ʰˉˇˍʶ˂ʶʾ ˃ʾʰ ˁʰ˂ʺ ʶˉʽ˂ˇʴʺ ˔ʰ˃ʹ˂ˇˏ ˁˈˋˍˇˎˌΣ ˁʰʻ˗ˌ ʶˉʽˍˎʴ˔ʱ˄ʶʽ ʴˊʺʴˇˊʹ 

ʰˉˈˁˊʽˋʹ ˋˍʽˌ ˃ʶˍʰʲˇ˂ʷˌ ˍˇˎ ˂ʹ˒ʻʷ˄ˍˇˌ ˋʺ˃ʰˍˇˌΣ ʵʹ˃ʽˇˎˊʴ˗˄ˍʰˌ ˍˇˎˌ ʰ˄ˍʾˋˍˇʽ˔ˇˎˌ 

ˉʰ˂˃ˇˏˌ ˃ʶ ˃ʶʴʰ˂ˏˍʶˊʹ ʰˁˊʾʲʶʽʰΦ  
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ʅ˔ʺ˃ʰ 2.21: ʆˇ ˁˏˁ˂˖˃ʰ ̄ ˊˇˌ ˎ˂ˇˉˇʾʹˋʹ. 

ʅˍˇ ˉˊ˗ˍˇ ˋˍʱʵʽˇ ˉˊʰʴ˃ʰˍˇˉˇʽʶʾˍʰʽ ʶ˄ʾˋ˔ˎˋʹ ˍˇˎ ˋʺ˃ʰˍˇˌΣ ʶ˄˗ ˋˍˇ ʵʶˏˍʶˊˇ 

˔ˊʹˋʽ˃ˇˉˇʽʶʾˍʰʽ ˇ ˍʶ˂ʶˋˍʽˁˈˌ ʶ˄ʽˋ˔ˎˍʺˌ ˖ˌ ˋˎʴˁˊʽˍʺˌ ˍˏˉˇˎ Schmitt trigger. ʁʽ ˍʽ˃ʷˌ 

ˍ˖˄ ʰ˄ˍʽˋˍʱˋʶ˖˄ Ὑ ˁʰʽ Ὑ ˍˇˎ ʹ˂ʶˁˍˊˇ˄ʽˁˇˏ ˁˎˁ˂˗˃ʰˍˇˌ ˁʰʻˇˊʾʸˇˎ˄ ˍʹ˄ ˍʽ˃ʺ 

ˁʰˍ˖˒˂ʾˇˎ ˍˇˎ ˋʺ˃ʰˍˇˌΣ ˉ̌ ˎ ʻʰ ʰ˄ˍʽˋˍˇʽ˔ʶʾ ˋˍʹ˄ ʶˏˊʶˋʹ ˍʹˌ ˁˇˊˎ˒ʺˌΦ ʆˇ 

ˋˎʴˁʶˁˊʽ˃ʷ˄ˇ ˁʰˍ˗˒˂ʽ ὠ  ˎ ˉˇ˂ˇʴʾʸʶˍʰʽ ˉˇˋˇˋˍʽʰʾʰ ʰˉˈ ˍˇ˄ ˉʰˊʰˁʱˍ˖ ˍˏˉˇΥ  

 ὠ Ϸ
Ὑ

Ὑ Ὑ
ϽρππϷ (2.17) 

ɳˉˇ˃ʷ˄˖ˌΣ ʴʽʰ Ὑ ςτὯ  ˁʰʽ Ὑ ρὯ Σ ˉˊˇˁˏˉˍʶʽ ὠ Ϸ ωφϷ. ʆˇ 

ˋˎʴˁʶˁˊʽ˃ʷ˄ˇ ˉˇˋˇˋˍˈ ˁˊʾ˄ʶˍʰʽ ʶˉʰˊˁʷˌΣ ˗ˋˍʶ ˄ʰ ʶ˄ˍˇˉʾʸˇ˄ˍʰʽ ˇʽ ˁˇˊˎ˒ʷˌ ˔˖ˊʾˌ 

ˋ˒ʱ˂˃ʰˍʰΦ ʆʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˍʹˌ ˉˊˇˋˇ˃ˇʾ˖ˋʹˌ ˍˇˎ ˋˎʴˁʶˁˊʽ˃ʷ˄ˇˎ ʹ˂ʶˁˍˊˇ˄ʽˁˇˏ 

ˁˎˁ˂˗˃ʰˍˇˌ ˉʰˊˇˎˋʽʱʸˇ˄ˍʰʽ ˋˍˇ ʅ˔ʺ˃ʰ 2.22. 

 

ʅ˔ʺ˃ʰ 2.22: ʅʺ˃ʰ ʶʽˋˈʵˇˎ όˁʾˍˊʽ˄ˇ ˔ˊ˗˃ʰύΣ ʶ˄ʽˋ˔ˎ˃ʷ˄ˇ ˋʺ˃ʰ όˁˈˁˁʽ˄ˇ ˔ˊ˗˃ʰύ ˁʰʽ ˋʺ˃ʰ 
ʶ˅ˈʵˇˎ όˉˊʱˋʽ˄ˇ ˔ˊ˗˃ʰύ. 
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2.7.3 ʅ˔ʶʵʾʰˋʹ ˉ˂ʰˁʷˍʰˌ ́ ˂ʶˁˍˊˇ˄ʽˁˇˏ ˁˎˁ˂˗˃ʰˍˇˌ ˃ʷˍˊʹˋʹˌ 

ɱʽʰ ˍʹ ˋ˔ʶʵʾʰˋʹ ˍʹˌ ˉ˂ʰˁʷˍʰˌ ˍˇˎ ʹ˂ʶˁˍˊˇ˄ʽˁˇˏ ˁˎˁ˂˗˃ʰˍˇˌ ˃ʷˍˊʹˋʹˌΣ 

˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʶ ˍˇ ˂ˇʴʽˋ˃ʽˁˈ Autodesk Eagle. ʆˇ ˋˎʴˁʶˁˊʽ˃ʷ˄ˇ ˂ˇʴʽˋ˃ʽˁˈ 

ˉˊˇˋ˒ʷˊʶʽ ˍʹ ʵˎ˄ʰˍˈˍʹˍʰ ˁʰˍʰˋˁʶˎʺˌ ˍˇˎ ˂ʶʴˈ˃ʶ˄ʹˌ ˃ʱˋˁʰˌΣ ʵʹ˂ʰʵʺ ˍˇˎ ˋ˔ʶʵʾˇˎ 

ˉˇˎ ʻʰ ˔ˊʹˋʽ˃ˇˉˇʽʹʻʶʾ ʴʽʰ ˍʹ˄ ˁʰˍʰˋˁʶˎʺ ˍʹˌ ˉ˂ʰˁʷˍʰˌ ˃ʶ ˍˇ ʶˉʽʻˎ˃ʹˍˈ 

ʹ˂ʶˁˍˊˇ˄ʽˁˈ ˁˏˁ˂˖˃ʰΦ ʃʰˊʷ˔ˇ˄ˍʰˌ ʲʽʲ˂ʽˇʻʺˁʶˌ ʹ˂ʶˁˍˊˇ˄ʽˁ˗˄ ʶ˅ʰˊˍʹ˃ʱˍ˖˄Σ ʶʾ˄ʰʽ 

ʵˎ˄ʰˍ ̋  ́ʶˏˁˇ˂ ́ˋ˔ʶʵʾʰˋʹ ˍʹˌ ʶˉʽʻˎ˃ʹˍʺˌ ˉ˂ʰˁʷˍʰˌ ʹ˂ʶˁˍˊˇ˄ʽˁˇˏ ˁˎˁ˂˗˃ʰˍˇˌΣ ˃ʶ 

ʰˁˊʽʲʶʾˌ ʵʽʰˋˍʱˋʶʽˌΦ 

ɮ́ ˔ʽˁʱ, ˋ˔ʶʵʽʱʸʶˍʰʽ ˍˇ ˁˏˁ˂˖˃ʰΣ ˈˉ˖ˌ ʶʾ˔ʶ ʺʵʹ ɻ́ ˃ʽˇˎˊʴʹʻʶʾ ʴʽh ˍʹ˄ 

ˉˊˇˋˇ˃ˇʾ˖ˋʹΦ ʆˇ ˋˎʴˁʶˁˊʽ˃ʷ˄ˇ ˋ˔ʷʵʽˇ ˉʰˊˇˎˋʽʱʸʶˍʰʽ ˋˍˇ ʅ˔ʺ˃ʰ 2.23. 

 

ʅ˔ʺ˃ʰ 2.23Υ ʅ˔ʶʵʾʰˋʹ ˍˇˎ ʹ˂ʶˁˍˊˇ˄ʽˁˇˏ ˁˎˁ˂˗˃ʰˍˇˌ ˋˍˇ ˂ˇʴʽˋ˃ʽˁˈ Eagle. 

ʅˍˇ ʹ˂ʶˁˍˊˇ˄ʽˁˈ ˁˏˁ˂˖˃ʰ ˉˊˇˋˍʷʻʹˁʰ˄ ˉˎˁ˄˖ˍʷˌ ʶ˅ˇ˃ʱ˂ˎ˄ˋʹˌ ˔˖ˊʹˍʽˁˈˍʹˍʰˌ 

100nF ˁˇ˄ˍʱ ˋˍˇˎˌ ʰˁˊˇʵʷˁˍʶˌ ˍˊˇ˒ˇʵˇˋʾʰˌ ˍ̟ ˄ ˍʶ˂ʶˋˍʽˁ˗˄ ʶ˄ʽˋ˔ˎˍ˗˄Φ ɱʽʰ ˍʹ˄ 

ʶʾˋˇʵˇ ˁʰʽ ʷ˅ˇʵˇ ˍˇˎ ˋʺ˃ʰˍˇˌ ʶˉʶ˂ʷʴʹˋʰ˄ ˎˉˇʵˇ˔ʷˌ ˍˏˉˇˎ BNCΣ ˗ˋˍʶ ʹ ˋˏ˄ʵʶˋʹ ˃ʶ 

ˍʽˌ ˎˉˈ˂ˇʽˉʶˌ ʶˊʴʰˋˍʹˊʽʰˁʷˌ ˋˎˋˁʶˎʷˌ ˄ʰ ʴʾ˄ʶˍʰʽ ˃ʶ ˔ˊʺˋʹ ˇ˃ˇʰ˅ˇ˄ʽˁˇˏ ˁʰ˂˖ʵʾˇˎΦ 
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ʆʷ˂ˇˌΣ ʴʽʰ ˍʹ˄ DC ̱ ˊˇ˒ˇʵˇˋʾʰ ˍˇˎ ˁˎˁ˂˗˃ʰˍˇ,̩ ̝ ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʰ˄ ˎˉˇʵˇ˔ʷˌ 2.1mm, 

ˇʽ ˇˉˇʾʶˌ ˋˎ˄ʰ˄ˍ˗˄ˍʰʽ ʶˎˊʷ˖ˌ ˋˍʰ ˍˊˇ˒ˇʵˇˍʽˁʱΦ 

ɰʱˋʶʽ ˍʹ ̩̄ ʰˊʰˉʱ˄˖ ˋ˔ʶʵʾʰˋʹˌ, ɻ ʹ˃ʽˇˎˊʴʺʻʹˁʶ ʹ ˍˇˉˇ˂ˇʴʾʰ ˍʹ̩ ̄ ˂ʰˁʷˍʰΣ̩ ˋˍʹ˄ 

ˇˉˇʾʰ ˍˇˉˇʻʶˍʺʻʹˁʰ˄ ˁʰˍʰ˂˂ʺ˂˖ˌ ˈ˂ʰ ˍʰ ˉʰˊʰˉʱ˄˖ ʶ˅ʰˊˍʺ˃ʰˍʰΦ 

 

ʅ˔ʺ˃ʰ 2.24Υ ʅ˔ʶʵʾʰˋʹ ˉ˂ʰˁʷˍʰˌ ˍˇˎ ʹ˂ʶˁˍˊˇ˄ʽˁˇˏ ˁˎˁ˂˗˃ʰˍˇˌΦ 

ɱʽʰ ˄ʰ ʶʾ˄ʰʽ ʶˎˁˇ˂ˈˍʶˊʹ ʹ ˁʰˍʰˋˁʶˎʺ ˍʹˌ ˉ˂ʰˁʷˍʰˌ ˋˍˇ˄ ʶˊʴʰˋˍʺˊʽˇ ˔˗ˊˇ, 

ʶˉʶ˂ʷʴʹ ʹ ˔ˊʺˋʹ ʹ˂ʶˁˍˊˇ˄ʽˁ˗˄ ʶ˅ʰˊˍʹ˃ʱˍ˖˄ ˍˏˉˇˎ through-holeΣ ʰ˄ˍʾ ˍ˖˄ SMDs 

(Surface-Mount Devices)Φ ɳˉʾˋʹˌΣ ˇʽ ʰʴ˗ʴʽ˃ˇʽ ʵˊˈ˃ˇʽ ˋ˔ʶʵʽʱˋˍʹˁʰ˄ ˋ˔ʹ˃ʰˍʾʸˇ˄ˍʰˌ 

ʴ˖˄ʾʶ ̩120̌ , ʷˍˋʽ ˗ˋˍʶ ˄ʰ ʶˉʽˍˎʴ˔ʱ˄ʶˍʰʽ ʹ ʵʽʷ˂ʶˎˋʹ ˍ˖˄ ˋʹ˃ʱˍ˖˄ ˃ʶ ˍʽˌ ʶ˂ʱ˔ʽˋˍʶˌ 

ʵˎ˄ʰˍʷ ̩h ˉ˗˂ʶʽʶˌ ˂ˈʴ˖ ˋˁʶʵʱˋʶ˖˄. ʆˇ ˉ˂ʱˍˇˌ, ̱ ˈˋˇ ˍ˖˄ ʰʴ˗ʴʽ˃˖˄ ʵˊˈ˃˖˄Σ ˈˋˇ ˁʰʽ 

ˍ˖˄ ˍˇʽ˔˖˃ʱˍ˖˄ ˍˇˎˌ όisolation), ʺˍʰ˄ ʶˉʰˊˁʷˌΣ ˗ˋˍʶ ˄ʰ ˃ʶʽ˖ʻˇˏ˄ ˇʽ ˉʽʻʰ˄ˈˍʹˍʶˌ 

ˋ˒ʰ˂˃ʱˍ˖˄ ˁʰˍʱ ˍʰ ˋˍʱʵʽʰ ˍʹˌ ˁʰˍʰˋˁʶˎʺ ̩ˁʰʽ ʰˉˇ˔ʱ˂ˁ˖ˋʹ ̩ˍʹˌ ˉ˂ʰˁʷˍʰˌ ˉˇˎ 

ʰˁˇ˂ˇˎʻˇˏ˄.  

ɶ ˉ˂ʰˁʷˍʰ ˉˇˎ ˁʰˍʰˋˁʶˎʱˋˍʹˁʶ ʶʾ˄ʰʽ ˃ʾʰˌ ˈ˕ʹˌΦ ʅˎ˄ʶˉ˗ˌΣ ˂ˈʴ˖ ˍʹˌ 

ˍˇˉˇʻʷˍʹˋʹˌ ˍ˖˄ ʶ˅ʰˊˍʹ˃ʱˍ˖˄ ˋˍʹ˄ ʰ˄ˍʾʻʶˍʹ ˈ˕ʹ ʰˉˈ ʰˎˍʺ ˋˍʹ˄ ˇˉˇʾʰ 

ʵʹ˃ʽˇˎˊʴʺʻʹˁʰ˄ ˇʽ ʰʴ˗ʴʽ˃ˇʽ ʵˊˈ˃ˇʽΣ ˍʰ ˋˍˇʽ˔ʶʾʰ ˍˇˎ ˁˎˁ˂˗˃ʰˍˇˌ ˉˇˎ ˉˊʷˉʶʽ ˄ʰ 

ʷ˔ˇˎ˄ ˋˎʴˁʶˁˊʽ˃ʷ˄ʹ ˒ˇˊʱ ˍˇˉˇʻʷˍʹˋʹˌ όˇ˂ˇˁ˂ʹˊ˖˃ʷ˄ʰΣ ˎˉˇʵˇ˔ʷˌ ʶʽˋˈʵˇˎκʶ˅ˈʵˇˎΣ 

ˁʶʾ˃ʶ˄ʰύΣ ʶ˃˒ʰ˄ʾʸˇ˄ˍʰʽ ˋˍˇ ˋ˔ʷʵʽˇ ʰ˄ˍʽˁʰˍˇˉˍˊʽˋ˃ʷ˄ʰΦ ɶ ʵʽʰʵʽˁʰˋʾʰ ˁʰˍʰˋˁʶˎʺˌ ˍʹˌ 

ˉ˂ʰˁʷˍʰˌ ʻʰ ˉʰˊˇˎˋʽʰˋˍʶʾ ˉʽˇ ʰ˄ʰ˂ˎˍʽˁʱ ˋˍʹ˄ ʶˉˈ˃ʶ˄ʹ ˉʰˊʱʴˊʰ˒ˇΦ 
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2.7.4 ɼʰˍʰˋˁʶˎʺ ˉ˂ʰˁʷˍʰˌ ʹ˂ʶˁˍˊˇ˄ʽˁˇˏ ˁˎˁ˂˗˃ʰˍˇˌ ˃ʷˍˊʹˋʹˌ 

2.7.4.1 ɳʽˋhɹ ˖ʴʺ ς ɳˁˍˏˉ˖ˋʹ ˃ʱˋˁʰˌ 

ɱʽʰ ˍʹ˄ ˁʰˍʰˋˁʶˎʺ ˍʹˌ ˉ˂ʰˁʷˍʰˌ ˍˎˉ˖˃ʷ˄ˇˎ ˁˎˁ˂˗˃ʰˍˇˌ όPrinted Circuit Board 

ς PCB) ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʶ ʹ ˃ʷʻˇʵˇˌ ˍʹˌ ˒˖ˍˇ˂ʽʻˇʴˊʰ˒ʾʰˌΣ ˋˏ˃˒˖˄ʰ ˃ʶ ˍʹ˄ ˇˉˇʾʰ 

˃ʽʰ ˒˖ˍˇʶˎʰʾˋʻʹˍʹ ˉ˂ʰˁʷˍʰ ʶˁˍʾʻʶˍʰʽ ˋʶ ˎˉʶˊʽ˗ʵʹ ʰˁˍʽ˄ˇʲˇ˂ʾʰΣ ʷ˔ˇ˄ˍʰˌ 

ˍˇˉˇʻʶˍʹ˃ʷ˄ʹ ˋˍʹ˄ ʶˉʽ˒ʱ˄ʶʽʱ ˍʹˌ ˁʰˍʱ˂˂ʹ˂ʹ ζ˃ʱˋˁʰηΣ ʹ ˇˉˇʾʰ ˁʰʻˇˊʾʸʶʽ ˍʰ 

ˍ˃ʺ˃ʰˍʰ ˍʹˌ ˉ˂ʰˁʷˍʰˌ ˉˇˎ ʻʰ ʶˁˍʶʻˇˏ˄ ʺ ˈ˔ʽ ˋˍʹ˄ ˎˉʶˊʽ˗ʵʹ ʰˁˍʽ˄ˇʲˇ˂ʾʰΦ  

ɶ ˉ˂ʰˁʷˍʰ ˉˇˎ ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʶ ʺˍʰ˄ ˃ʽʰ ˒˖ˍˇʶˎʰʾˋʻʹˍʹ ˉ˂ʰˁʷˍʰ ˃ˇ˄ʺˌ 

ˈ˕ʶ˖ˌΣ ˉˇˎ ˉʶˊʽ˂ʰ˃ʲʱ˄ʶʽ ʷ˄ʰ ˒˖ˍˇʶˎʰʾˋʻʹˍˇ ˋˍˊ˗˃ʰΣ ʷ˄ʰ ˋˍˊ˗˃ʰ ˔ʰ˂ˁˇˏ ˁʰʽ ˃ʽʰ 

ˉˇ˂ˎ˃ʶˊʽˁʺ ʲʱˋʹ όFR-4). ɶ ˋˎ˄ʺʻʹˌ ʵˇ˃ʺ ˃ʽʰˌ ˍʷˍˇʽʰˌ ˉ˂ʰˁʷˍʰˌ ʶ˃˒ʰ˄ʾʸʶˍʰʽ ˋˍˇ 

ʅ˔ʺ˃ʰ 2.25: 

 

ʅ˔ʺ˃ʰ 2.25Υ ʆˎˉʽˁʺ ʵˇ˃ʺ ˒˖ˍˇʶˎʰʾˋʻʹˍʹˌ ˉ˂ʰˁʷˍʰˌΦ 

ɱʽʰ ˍʹ ʵʹ˃ʽˇˎˊʴʾʰ ˍʹˌ ˃ʱˋˁʰˌ, ̝ ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʶ ˍˇ ˋ˔ʷʵʽˇ ˍˇˎ ˁˎˁ˂˗˃ʰˍˇˌ ˉˇˎ 

ʵʹ˃ʽˇˎˊʴʺʻʹˁʶ ˋˍˇ ˂ˇʴʽˋ˃ʽˁˈ Eagle ʴʽΩ ʰˎˍˈ˄ ˍˇ˄ ˋˁˇˉˈΦ ʆˇ ˋ˔ʷʵʽˇ ʶˁˍˎˉ˗˄ʶˍʰʽ ˋʶ 

˒ˏ˂˂ˇ ʵʽʰ˒ʱ˄ʶʽʰˌΦ ɾʶ ʰˎˍˈ˄ ˍˇ˄ ˍˊˈˉˇΣ ˇʽ ˂ʶˎˁʷˌ ˉʶˊʽˇ˔ʷˌ ˍˇˎ ˋ˔ʶʵʾˇˎ ʻʰ 

ʰ˄ˍʽˋˍˇʽ˔ˇˏ˄ ˋˍʽˌ ʵʽʰ˒ʰ˄ʶʾˌ ˉʶˊʽˇ˔ʷˌ ˍʹˌ ˃ʱˋˁʰˌΣ ʶ˄˗ ˇʽ ʷʴ˔ˊ˖˃ʶˌ ˉʶˊʽˇ˔ʷˌ ˍˇˎ 

ˋ˔ʶʵʾˇˎ ˋˍʽˌ ʰʵʽʰ˒ʰ˄ʶʾˌΣ ˇʽ ˇˉˇʾʶˌ ʻʰ ˁh ˂ˏˉˍˇˎ˄ ˍʽˌ ˉʶˊʽˇ˔ʷˌ ˍʹˌ ˉ˂ʰˁʷˍʰˌ ˉˇˎ 

ʰˉʰʽˍʶʾˍʰʽ ˄ʰ ˉʰˊʰ˃ʶʾ˄ˇˎ˄ ʰʴ˗ʴʽ˃ʶˌ. ʅʰ˄ ʰˉˇˍʷ˂ʶˋ˃ʰΣ ˍʽˌ ˉˊˇˋˍʰˍʶˏˇˎ˄ ʰˉˈ ˍʹ˄ 

ʷˁʻʶˋʹ ˋˍʹ˄ ˎˉʶˊʽ˗ʵʹ ʰˁˍʽ˄ˇʲˇ˂ʾʰΣ ʹ ˇˉˇʾʰ ˇʵʹʴʶʾ ˋˍʹ˄ ʰˉˇ˃ʱˁˊˎ˄ˋʹ ˍˇˎ 

˒˖ˍˇʶˎʰʾˋʻʹˍˇˎ ˋˍˊ˗˃ʰˍˇˌ ˍʹˌ ˉ˂ʰˁʷˍʰˌ, ʰˉˇˍˊʷˉˇ˄ˍʰˌ ˍʹ ˃ʁ Ω̱ ̫ˉʶʽˍʰ 

ʰˉˇ˔ʱ˂ˁ˖ˋʹ ˍ˖˄ ˋˎʴˁʶˁˊʽ˃ʷ˄˖˄ ˉʶˊʽˇ˔˗˄Φ ɮ˄ˍʽʻʷˍ˖ˌΣ ˇʽ ʵʽʰ˒ʰ˄ʶʾˌ ˉʶˊʽˇ˔ʷˌ ˍʹˌ 

˃ʱˋˁʰˌ ʻʰ ʶˉʽˍˊʷ˕ˇˎ˄ ˍʹ˄ ʷˁʻʶˋʹ ˍˇˎ ˒˖ˍˇʶˎʰʾˋʻʹˍˇˎ ˋˍˊ˗˃ʰˍˇˌ ˍʹˌ ˉ˂ʰˁʷˍʰˌ 
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ˋˍʹ˄ ˎˉʶˊʽ˗ʵʹ ʰˁˍʽ˄ˇʲˇ˂ʾʰΣ ʶˉʽˍˊʷˉˇ˄ˍʰˌ ˃ ʶ ʰˎˍˈ˄ ˍˇ˄ ˍˊˈˉˇ ˍʹ˄ ʰ˒ʰʾˊʶˋʺ ˍˇˎ ˁʰʽ 

ˋˎ˄ʶˉ˗ˌΣ ˍʹ˄ ʰˉˇ˔ʱ˂ˁ˖ˋʹ ˁʰʽ ˍʹ ʵʹ˃ʽˇˎˊʴʾʰ ˍ˖˄ ˃ʹ ʰʴ˗ʴʽ˃˖  ˄̄ ʶˊʽˇ˔˗  ˄̱ ʹˌΦ  

ʆʶ˂ʽˁʱΣ ʰ˒ˇˏ ˉˊ˗ˍʰ ʰ˒ʰʽˊʷʻʹˁʰ˄ ʰˉˈ ˍˇ ˋˎʴˁʶˁˊʽ˃ʷ˄ˇ ˋ˔ʷʵʽˇ ˍʰ ˉʶˊʽˍˍʱ 

ˋˍˊ˗˃ʰˍʰ (layersύΣ ˍʰ ˇˉˇʾʰ ʲˇʹʻˇˏ˄ ˋˍˇ ˋˍʱʵʽˇ ˍʹˌ ˋ˔ʶʵʾʰˋʹˌ ˍʹˌ ˉ˂ʰˁʷˍʰˌΣ ʰ˂˂ʱ 

ʵʶ˄ ˉˊʷˉʶʽ ˄ʰ ˉʶˊʽ˂ʰ˃ʲʱ˄ˇ˄ˍʰʽ ˋˍʹ ˃ʱˋˁʰ όˉʶˊʽʴˊʱ˃˃ʰˍʰΣ ˇ˄ˇ˃ʰˋʾʶˌ ˁʰʽ ˍʽ˃ʷˌ 

ʶ˅ʰˊˍʹ˃ʱˍ˖˄ύΣ ˍˇ ˋ˔ʷʵʽˇ ˍʹˌ ˃ʱˋˁʰˌ ʶˁˍˎˉ˗ʻʹˁʶ ʰ˄ˍʽˁʰˍˇˉˍˊʽˋ˃ʷ˄ˇΦ ʂˉ˖ˌ 

ʰ˄ʰ˒ʷˊʻʹˁʶ ˁʰʽ ˉˊˇʹʴˇˎ˃ʷ˄˖ˌΣ ˇ ʰ˄ˍʽˁʰˍˇˉˍˊʽˋ˃ˈˌ ˍˇˎ ˋ˔ʶʵʾˇˎ ˍʹˌ ˃ʱˋˁʰˌ 

ʵʽʶˎˁˇ˂ˏ˄ʶʽ ˍʹ ˃ʶˍʷˉʶʽˍʰ ʵʽʰʵʽˁʰˋʾʰ ˍʹˌ ˋˎʴˁˈ˂˂ʹˋʹˌ ˁʰʽ ˍˇˉˇʻʷˍʹˋʹˌ ˍ˖˄ 

ʶ˅ʰˊˍʹ˃ʱˍ˖˄ ˋʶ ʰˎˍʺ˄Σ ˋˎʴˁʶˁˊʽ˃ʷ˄ʰ ʴʽʰ ˍʽˌ ˉʶˊʽˉˍ˗ˋʶʽˌ ˍ˖˄ ʶ˅ʰˊˍʹ˃ʱˍ˖˄ ˉˇˎ 

ˉˊʷˉʶʽ ˄ʰ ˍˇˉˇʻʶˍʹʻˇˏ˄ ˃ʶ ˋˎʴˁʶˁˊʽ˃ʷ˄ʹ ˉˇ˂ʽˁˈˍʹˍʰ. 

 

ʅ˔ʺ˃ʰ 2.26Υ ʆʶ˂ʽˁʺ ˃ʱˋˁʰ ˉˊˇˌ ʶˁˍˏˉ˖ˋʹΦ 

2.7.4.2 ɳ˃˒ʱ˄ʽˋʹ ̄ ˂ʰˁʷˍʰˌ ́ ˂ʶˁˍˊˇ˄ʽˁˇˏ ˁˎˁ˂˗˃ʰˍˇˌ ˃ʷˍˊʹˋʹˌ 

ɶ ʶˁˍˎˉ˖˃ʷ˄ʹ ˃ʱˋˁʰΣ ʰ˒ˇˏ ʶ˂ʷʴ˔ʻʹˁʶ ʴʽʰ ˍˎ˔ˈ˄ ʰˍʷ˂ʶʽʶˌ ˉˇˎ ˉˊˇˁˏˉˍˇˎ˄ ˁʰˍʱ 

ˍʹ˄ ʶˁˍˏˉ˖ˋʹ όʶʾˍʶ ˋʶ ʶˁˍˎˉ˖ˍʺ ʷʴ˔ˎˋʹˌ ˃ʶ˂ʱ˄ʹˌΣ ʶʾˍʶ ˋʶ ʶˁˍˎˉ˖ˍʺ laser), 

ˍˇˉˇʻʶˍʺʻʹˁʶ ˋˍʹ ˒˖ˍˇʶˎʰʾˋʻʹˍʹ ˉ˂ʰˁʷˍʰΦ ɱʽʰ ˍʹ˄ ʷˁʻʶˋʹ ˍʹˌ ˉ˂ʰˁʷˍʰˌ ˋ ʁ

ˎˉʶˊʽ˗ʵʹ ʰˁˍʽ˄ˇʲˇ˂ʾʰ ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʶ ʶʽʵʽˁʺ ˋˎˋˁʶˎʺ ʷˁʻʶˋʹˌ ʴʽΩ ʰˎˍˈ˄ ˍˇ˄ 

ˋˁˇˉˈ όUV Exposure Unit)Φ ɶ ʷˁʻʶˋʹ ˉˊʰʴ˃ʰˍˇˉˇʽʺʻʹˁʶ ˋʶ ˋˁˇˍʶʽ˄ˈ ˔˗ˊˇΣ ˁʱˍʽ ˉˇˎ 

ʰˉʰʽˍʶʾˍʰʽ ʴʽʰ ˍʹ˄ ʰˉˇ˒ˎʴʺ ˍʹˌ ʰ˄ʶˉʽʻˏ˃ʹˍʹˌ ʷˁʻʶˋʹˌ ˋʶ ˎˉʶˊʽ˗ʵʹ ʰˁˍʽ˄ˇʲˇ˂ʾʰ 

ˍ˖˄ ʵʽʰ˒ˈˊ˖˄ ˍ˃ʹ˃ʱˍ˖˄ ˍʹˌ ˉ˂ʰˁʷˍʰˌΦ ɶ ʷˁʻʶˋʹ ʵʽʺˊˁʹˋʶ п ˂ʶˉˍʱΣ ˔ˊˈ˄ˇˌ ˉˇˎ 

ˉˊˇʷˁˎ˕ʶ ˃ʶ ʶ˃ˉʶʽˊʽˁˈ ˍˊˈˉˇ ̍ ˍʽ ʶˉʰˊˁʶʾ ʴʽʰ ˍʹ˄ ˉ˂ʺˊʹ ʷˁʻʶˋʹ ˍʹˌ ˉ˂ʰˁʷˍʰˌ.  
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ɮ˃ʷˋ˖ˌ ˃ʶˍʱΣ ʹ ˉ˂ʰˁʷˍʰ ˍˇˉˇʻʶˍʺʻʹˁʶ ˋʶ ʵʽʱ˂ˎ˃ʰ ˁʰˎˋˍʽˁʺˌ ˋˈʵʰˌ όNaOH), ̱ ˇ 

ˇˉˇʾˇ ʰˉˇˍʶ˂ʶʾ ʷ˄ʰ ˋˏ˄ʹʻʶˌ ˔ʹ˃ʽˁˈ (developer) ˉˇˎ ˔ˊʹˋʽ˃ˇˉˇʽʶʾˍʰʽ ʴʽʰ ˍʹ˄ 

ʶ˃˒ʱ˄ʽˋʹΣ ʶˉʽˍʰ˔ˏ˄ˇ˄ˍʰˌ ˍʹ ʵʽʰʵʽˁʰˋʾʰ ʶ˃˒ʱ˄ʽˋʹˌ ˍˇˎ ˋ˔ʶʵʾˇˎ ˋˍʹ˄ ˉ˂ʰˁʷˍʰΦ ɾʶˍʱ 

ʰˉˈ ˂ʾʴʰ ˂ʶˉˍʱΣ ˍˇ ˋ˔ʷʵʽˇ ʶ˃˒ʰ˄ʾʸʶˍʰʽ ˉ˂ʺˊ˖ˌ ˋˍˇ ʱ˄˖ ˋˍˊ˗˃ʰ ˍʹˌ ̄ ˂ʰˁʷˍʰΣ̩ ˇˉˈˍʶ 

˃ˉˇˊʶʾ ʰˎˍʺ ˄ʰ ʰˉˇ˃ʰˁˊˎ˄ʻʶʾ ʰˉˈ ˍˇ ʵʽʱ˂ˎ˃ʰΦ 

ʆˇ ʶˉˈ˃ʶ˄ˇ ˋˍʱʵʽˇ ˉʶˊʽ˂ʰ˃ʲʱ˄ʶʽ ˍʹ˄ ʰˉˇ˔ʱ˂ˁ˖ˋʹΣ ʵʹ˂ʰʵʺ ˍʹ˄ ʰ˒ʰʾˊʶˋʹ ˍˇˎ 

ˋˍˊ˗˃ʰˍˇˌ ˔ʰ˂ˁˇˏ ʰˉˈ ˍʰ ˋʹ˃ʶʾʰ ˍʹˌ ˉ˂ʰˁʷˍʰˌ ˉˇˎ ʶˁˍʷʻʹˁʰ˄ ˉˊˇʹʴˇˎ˃ʷ˄˖ˌ ˋˍʹ˄ 

ˎˉʶˊʽ˗ʵʹ ʰˁˍʽ˄ˇʲˇ˂ʾʰΦ ɱʽʰ ˍʹ˄ ˉˊʰʴ˃ʰˍˇˉˇʾʹˋʹ ˍʹˌ ʰˉˇ˔ʱ˂ˁ˖ˋʹˌ ˔ˊʹˋʽ˃ˇˉˇʽʶʾˍʰʽ 

ʵʽʱ˂ˎ˃ʰ ˍˊʽ˔˂˖ˊʽˇˏ˔ˇˎ ˋʽʵʺˊˇˎ όFeCl3), ˋˍˇ ˇˉˇʾˇ ˍˇˉˇʻʶˍʶʾˍʰʽ ʹ ˉ˂ʰˁʷˍʰΦ ɶ 

ʵʽʱˊˁʶʽʰ ˍʹˌ ʰˉˇ˔ʱ˂ˁ˖ˋʹˌ ʶ˅ʰˊˍʱˍʰʽ ʰˉˈ ʰˊˁʶˍˇˏˌ ˉʰˊʱʴˇ˄ˍʶˌΣ ˈˉ˖ˌ ʶʾ˄ʰʽ ʹ 

ʻʶˊ˃ˇˁˊʰˋʾʰ ˍˇˎ ˉʶˊʽʲʱ˂˂ˇ˄ˍˇˌΣ ʹ ʶ˅ʰˋʻʷ˄ʹˋʹ ˍˇˎ ʵʽʰ˂ˏ˃ʰˍˇˌ ˁʰʽ ʹ 

ˉˇ˂ˎˉ˂ˇˁˈˍʹˍʰ ˍˇˎ ˋ˔ʶʵʾˇˎ ˍˇˎ ˁˎˁ˂˗˃ʰˍˇˌ ˁʰʽ ˃ˉˇˊʶʾ ˄ʰ ˁˎ˃ʰ˄ʻʶʾ ʰˉˈ 20 ˂ʶˉˍʱ 

ʷ˖ˌ ˁʰʽ м-н ˗ˊʶˌΦ ɱʽʰ ˍʹ˄ ʶˉʽˍʱ˔ˎ˄ˋʹ ˍʹˌ ʵʽʰʵʽˁʰˋʾʰˌ, ˃ ˉˇˊˇˏ˄ ˄ʰ ˔ˊʹˋʽ˃ˇˉˇʽʹʻˇˏ˄ 

ʶʽʵʽˁʷˌ ˋˎˋˁʶˎʷˌ ʰˉˇ˔ʱ˂ˁ˖ˋʹˌΣ ˇʽ ˇˉˇʾʶˌ ʻʶˊ˃ʰʾ˄ˇˎ˄ ˍˇ ʵʽʱ˂ˎ˃ʰΣ ʶ˄˗ ˍʰˎˍˈ˔ˊˇ˄ʰ 

ˍˇ ʰ˄ʰʵʶˏˇˎ˄ ˃ʶ ˔ˊʺˋʹ ˎˉʶˊʺ˔˖˄Σ ˗ˋˍʶ ˄ʰ ʶˉʽˍʰ˔ˏ˄ˇˎ˄ ˍʹ˄ ʰˉˇ˃ʱˁˊˎ˄ˋʹ ˍˇˎ 

ˉʶˊʽˍˍˇˏ ˔ʰ˂ˁˇˏ ʰˉˈ ˍʹ˄ ˉ˂ʰˁʷˍʰΦ ɾʽʰ ˉʽˇ ʰˉ˂ʺ ʰ˂˂ʱ ʰˉˇˍʶ˂ʶˋ˃ʰˍʽˁʺ ˃ʷʻˇʵˇˌ ˉˇˎ 

˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʶΣ ˉʶˊʽ˂ʰ˃ʲʱ˄ʶʽ ˍʹ ˔ˊʺˋʹ ʰ˄ˍ˂ʾʰˌ ˉʰˊˇ˔ʺˌ ˇ˅ˎʴˈ˄ˇˎ. ɶ ˉʰˊˇ˔ʺ 

ˇ˅ˎʴˈ˄ˇˎ ʶˉʽˍʰ˔ˏ˄ʶʽ ˍʹ˄ ʰˉˇ˔ʱ˂ˁ˖ˋʹΣ ʶ˄˗ ˍʰˎˍˈ˔ˊˇ˄ʰ ˍˇ ˎʴˊˈ ʰ˄ʰʵʶˏʶˍʰʽΣ 

ʰˉˇ˃ʰˁˊˏ˄ˇ˄ˍʰˌ ˉʽˇ ʴˊʺʴˇˊʰ ˍˇ˄ ˔ʰ˂ˁˈΦ  

ʆʶ˂ʽˁʱΣ ʰ˒ˇˏ ʰ˒ʰʽˊʶʻʶʾ ˉ˂ʺˊ˖ˌ ˇ ˔ʰ˂ˁˈˌ ʰˉˈ ˍʰ ʰ˄ʶˉʽʻˏ˃ʹˍʰ ˋʹ˃ʶʾʰΣ ʹ 

ˉ˂ʰˁʷˍʰ ˁʰʻʰˊʾʸʶˍʰʽ ˃ʶ ʰˁʶˍˈ˄ʹΦ ʅˍʹ ˋˎ˄ʷ˔ʶʽʰΣ ˉˊʰʴ˃ʰˍˇˉˇʽʶʾˍʰʽ ˇˉˍʽˁˈˌ ʷ˂ʶʴ˔ˇˌ 

ˁʰʽ ʷˉʶʽˍʰ ʶ˂ʷʴ˔ʶˍʰʽ ʹ ʰʴ˖ʴʽ˃ˈˍʹˍʰ ˃ʶ ˔ˊʺˋʹ ˉˇ˂ˎ˃ʷˍˊˇˎΣ ˗ˋˍʶ ˄ʰ ʵʽˇˊʻ˖ʻˇˏ˄ ˁʰʽ 

˄ʰ ʰˉˇ˒ʶˎ˔ʻˇˏ˄ ˍˎ˔ˈ˄ ʲˊʰ˔ˎˁˎˁ˂˗˃ʰˍʰΦ ʆʰ ˉʰˊʰˉʱ˄˖ ˋˍʱʵʽʰ ˍʹˌ ʵʽʰʵʽˁʰˋʾʰˌ 

ˉʰˊˇˎˋʽʱʸˇ˄ˍʰʽ ˋˍʰ ʶˉˈ˃ʶ˄ʰ ̀ ˔ʺ˃ʰˍʰΥ 
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ʅ˔ʺ˃ʰ 2.27: ʅˍʱʵʽˇ ʷˁʻʶˋʹ ̩̀ ʶ ˎˉʶˊʽ˗ʵʹ ʰˁˍʽ˄ˇʲˇ˂ʾʰΦ 

 

ʅ˔ʺ˃ʰ 2.28: ʅˍʱʵʽˇ ʶ˃˒ʱ˄ʽˋʹ ̩όʰˉˇ˃ʱˁˊˎ˄ˋʹ ˒˖ˍˇʶˎʰʾˋʻʹˍˇˎ ˋˍˊ˗˃ʰˍˇˌύ. 

 

ʅ˔ʺ˃ʰ 2.29Υ ʅˍʱʵʽˇ ʰˉˇ˔ʱ˂ˁ˖ˋʹˌ όʰˉˇ˃ʱˁˊˎ˄ˋʹ ˋˍˊ˗˃ʰˍˇˌ ˔ʰ˂ˁˇˏύ. 

 

ʅ˔ʺ˃ʰ 2.30Υ ʅˍʱʵʽˇ ˁʰʻʰˊʽˋ˃ˇˏ όʰˉˇ˃ʱˁˊˎ˄ˋʹ ˒˖ˍˇʶˎʰʾˋʻʹˍˇˎ ˋˍˊ˗˃ʰˍˇˌύ. 
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ʆˇ ˍʶ˂ʶˎˍʰʾˇ ˋˍʱʵʽˇ ˉʶˊʽ˂ʰ˃ʲʱ˄ʶʽ ˍʹ ʵʽʱ˄ˇʽ˅ʹ ˍ˖˄ ˇˉ˗˄ ˁʰʽ ˍʹ˄ ˍˇˉˇʻʷˍʹˋʹ ˍ˖˄ 

ʵʽʰ˒ˈˊ˖˄ through-hole ʶ˅ʰˊˍʹ˃ʱˍ˖˄ ˋˍʹ˄ ˉ˂ʰˁʷˍʰΦ ʁʽ ʵʽʱ˃ʶˍˊˇʽ ˍ˖˄ ˇˉ˗˄ ˉˊˇˌ 

ʵʽʱ˄ˇʽ˅ʹ ˁˎ˃ʰʾ˄ˇ˄ˍʰʽ ʰˉˈ лΦу ʷ˖ˌ мΦл mm. ɱʽʰ ˍʹ ʵʽʱ˄ˇʽ˅ʹ, ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʶ ʶʽʵʽˁʺ 

ˋˎˋˁʶˎʺ ʵʽʱ˄ˇʽ˅ʹˌ ˇˉ˗˄ ˋʶ PCBΣ ʹ ˇˉˇʾʰ ˂ʶʽˍˇˎˊʴʶʾ ˉ˄ʶˎ˃ʰˍʽˁʱ (˃ʶ ˔ˊʺˋʹ 

ˉʶˉʽʶˋ˃ʷ˄ˇˎ ʰʷˊʰ) ˁʰʽ ˉʶˊʽ˂ʰ˃ʲʱ˄ʶʽ ˋˍʶˊʶˇˋˁˈˉʽˇ ʴʽʰ ˍʹ˄ ˁʰ˂ˏˍʶˊʹ ʵˎ˄ʰˍʺ 

ʰˁˊʾʲʶʽʰ ˁʰˍʱ ˍʹ˄ ˍˇˉˇʻʷˍʹˋʹ ˍʹˌ ˉ˂ʰˁʷˍʰˌ ˁʰʽ ˍʹ˄ ʵʽʱ˄ˇʽ˅ʹ ˍ˖˄ ˇˉ˗˄Φ ʆʷ˂ˇˌΣ 

ˉˊʰʴ˃ʰˍˇˉˇʽʺʻʹˁʶ ʹ ˁˈ˂˂ʹˋʹ ˍ˖˄ ʶ˅ʰˊˍʹ˃ʱˍ˖˄ ˁʰʽ ˇ ˍʶ˂ʽˁˈˌ ʷ˂ʶʴ˔ˇˌ ˍʹˌ ˉ˂ʰˁʷˍʰˌ 

ʴʽʰ ˉʽʻʰ˄ʱ ʲˊʰ˔ˎˁˎˁ˂˗˃ʰˍʰΦ 

ɶ ˋˎ˄ˇ˂ʽˁʺ ʵʽʰʵʽˁʰˋʾʰ ˉˇˎ ʰˁˇ˂ˇˎʻʺʻʹˁʶ ˉʰˊˇˎˋʽʱʸʶˍʰʽ ˋˎ˄ˇˉˍʽˁʱ ˋˍˇ 

ˉʰˊʰˁʱˍ˖ ʵʽʱʴˊʰ˃˃ʰΥ  

 

ʅ˔ʺ˃ʰ 2.31Υ ɲʽʱʴˊʰ˃˃ʰ ʵʽʰʵʽˁʰˋʾʰˌ ˁʰˍʰˋˁʶˎʺˌ ˉ˂ʰˁʷˍʰˌΦ 

ʁˉˍʽˁˈˌ ϧ ʹ˂ʶˁˍˊʽˁˈˌ ʷ˂ʶʴ˔ˇˌ

ʆˇˉˇʻʷˍʹˋʹ ʶ˅ʰˊˍʹ˃ʱˍ˖˄

ɼʰʻʰˊʽˋ˃ˈˌ

ɮˉˇ˔ʱ˂ˁ˖ˋʹ

ɳ˃˒ʱ˄ʽˋʹ

ɴˁʻʶˋʹ ˋʶ ˎˉʶˊʽ˗ʵʹ ʰˁˍʽ˄ˇʲˇ˂ʾʰ

ɳˁˍˏˉ˖ˋʹ ˋʶ ʵʽʰ˒ʱ˄ʶʽʰ

ʅ˔ʶʵʾʰˋʹ ˍˇˎ ˁˎˁ˂˗˃ʰˍˇˌ



2.7 ɶ˂ʶˁˍˊˇ˄ʽˁˈ ˁˏˁ˂˖˃ʰ ʰ˄ʾ˔˄ʶˎˋʹˌ ˁˇˊˎ˒˗˄ 

 

77 

ɶ ˍʶ˂ʽˁʺ ˉ˂ʰˁʷˍʰ ʶ˃˒ʰ˄ʾʸʶˍʰʽ ˉʰˊʰˁʱˍ˖Υ 

 

ʅ˔ʺ˃ʰ 2.32Υ ɮΩ ˈ˕ʹ ˍʶ˂ʽˁʺ ˉ˂ʰˁʷˍʰˌΦ 

 

ʅ˔ʺ˃ʰ 2.33: ɰΩ ˈ˕ʹ ˍʶ˂ʽˁʺˌ ̄ ˂ʰˁʷˍʰˌΦ 

2.7.5 ɮ˄ʱˉˍˎ˅ʹ ʰ˂ʴˇˊʾʻ˃ˇˎ 

ɾʶ ˋˁˇˉˈ ˍʹ ˃ʷˍˊʹˋʹ ˍˇˎ ˉ˂ʱˍˇˎˌ ˍ˖˄ ˉʰ˂˃˗˄Σ ʰ˄ʰˉˍˏ˔ʻʹˁʶ ˁʰˍʱ˂˂ʹ˂ˇˌ 

ʰ˂ʴˈˊʽʻ˃ˇˌΣ ʴˊʰ˃˃ʷ˄ˇˌ ˋˍʹ ʴ˂˗ˋˋʰ ˉˊˇʴˊʰ˃˃ʰˍʽˋ˃ˇˏ C++, ˇ ˇˉˇʾˇˌ ˃ʶˍˊʱ ˍʹ 

˔ˊˇ˄ʽˁʺ ʵʽʰ˒ˇˊʱ ˃ʶˍʰ˅ˏ ˍ˖˄ ˃ʶʴʾˋˍ˖˄ ˁʰʽ ʶ˂ʰ˔ʾˋˍ˖˄ ˍˇˎ ˋʺ˃ʰˍˇˌ. ɳˉʾˋʹˌΣ ˃ˉˇˊʶʾ 

˄ʰ ˃ʁ ˍʰˍˊʷˉʶʽ ˍʹ ˔ˊˇ˄ʽˁʺ ʵʽʰ˒ˇˊʱ ˋʶ ˍʽ˃ʷˌ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎΣ ʲʱˋʶʽ ˍ˖˄ ˋ˔ʷˋʶ˖˄ 

ˉˇˎ ˎˉˇ˂ˇʴʾˋˍʹˁʰ˄ ˉʰˊʰˉʱ˄˖ ʴʽʰ ˍˊʽʴ˖˄ʽˁˈ ˋʺ˃ʰ ʵʽʷʴʶˊˋʹˌΦ ʁ ˋˎʴˁʶˁˊʽ˃ʷ˄ˇˌ 

ˁ˗ʵʽˁʰˌ ˔ˊʹˋʽ˃ˇˉˇʽʶʾ ˖ˌ ʵʶʵˇ˃ʷ˄ʰ ˍʹ ˋˎ˔˄ˈˍʹˍʰ ʵʽʷʴʶˊˋʹˌ ˁʰʽ ˍˇ ˉ˂ʱˍˇˌ ˍˇˎ 
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ˋʺ˃ʰˍˇˌ ʵʽʷʴʶˊˋʹˌ ˁʰʽ ˂ʰ˃ʲʱ˄ʶʽ ˖ˌ ʶʾˋˇʵˇ ˍˇˎˌ ˉʰ˂˃ˇˏˌ ˉˇˎ ʵʹ˃ʽˇˎˊʴˇˏ˄ˍʰʽ ʰˉˈ 

ˍ̌  ʹ˂ʶˁˍˊˇ˄ʽˁˈ ˁˏˁ˂˖˃ʰ. ɴˍˋʽ, ˃ʶˍˊʱʶʽ ˍʹ ʵʽʱˊˁʶʽʰ ˍ˖˄ ˉʰ˂˃˗˄ ˁʰʽ ˎˉˇ˂ˇʴʾʸʶʽ ˍʹ˄ 

ˍʽ˃ʺ ˍˇˎ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎΦ ʁ ˋˎʴˁʶˁˊʽ˃ʷ˄ˇˌ ˁ˗ʵʽˁʰˌ ˉʰˊʰˍʾʻʶˍʰʽ ˋˍˇ ʃʰˊʱˊˍʹ˃ʰ 

όɳ˄ˈˍʹˍʰ сΦмύ. 

2.7.6 ɲʽʶ˅ʰʴ˖ʴʺ ˃ʶˍˊʺˋʶ˖˄ 

ʃʰˊʰˁʱˍ˖ ˉʰˊˇˎˋʽʱʸˇ˄ˍʰʽ ˇʽ ˉʶʽˊʰ˃ʰˍʽˁʷˌ ˃ʶˍˊʺˋʶʽˌ ˉˇˎ ʵʽʶ˅ʺ˔ʻʹˋʰ˄Σ 

˔ˊʹˋʽ˃ˇˉˇʽ˗˄ˍʰˌ ˍˇ ʹ˂ʶˁˍˊˇ˄ʽˁˈ ˁˏˁ˂˖˃ʰ ˉˇˎ ʰ˄ʰˉˍˏ˔ʻʹˁʶΦ ɶ ˋˎ˄ˇ˂ʽˁʺ 

ˉʶʽˊʰ˃ʰˍʽˁʺ ʵʽʱˍʰ˅ʹ ˉʶˊʽ˂ʰ˃ʲʱ˄ʶʽΥ 

¶ ɾʾʰ ʴʶ˄˄ʺˍˊʽʰ ˋˎ˔˄ˇˍʺˍ˖˄Σ ˗ˋˍʶ ˄ʰ ˉʰˊʰ˔ʻʶʾ ˍˇ ˋʺ˃ʰ ʵʽʷʴʶˊˋʹˌ ˍˇˎ 

ˉˊ˖ˍʶˏˇ˄ˍˇˌ ˉʹ˄ʾˇˎ.  

¶ ɶ ̱ˇˉˇ˂ˇʴʾʰ ˉˊ˖ˍʶˏˇ˄ˍˇ-̩ʵʶˎˍʶˊʶˏˇ˄ˍˇˌ ˉʹ˄ʾˇˎ ˉˇˎ ʰ˄ʰˉˍˏ˔ʻʹˁʶ. 

¶ ʆˇ ʹ˂ʶˁˍˊˇ˄ʽˁˈ ˁˏˁ˂˖˃ʰ ʶ˄ʾˋ˔ˎˋʹˌ ˁʰʽ ʰ˄ʾ˔˄ʶˎˋʹˌ ˍ˖˄ ˁˇˊˎ˒˗˄ ˍˇˎ 

ˋʺ˃ʰˍˇˌ ˉˇˎ ˉˊˇʷˊ˔ʶˍʰʽ ʰˉˈ ˍˇ ̄ ʹ˄ʾˇ ˂ ʺ˕ʹˌ. 

¶ ʆˇ ˋ˖˂ʹ˄ˇʶʽʵʷˌ, ɹ ʽʰ ˍʹ ʵʹ˃ʽˇˎˊʴʾʰ ʶ˄ˈˌ ʶ˂ʶʴ˔ˈ˃ʶ˄ˇˎ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎΦ 

¶ ɴ˄ʰ ˍˊˇ˒ˇʵˇˍʽˁˈ, ɹ ʽʰ ˍʹ˄ ˍˊˇ˒ˇʵˇˋʾʰ ˍˇˎ ʹ˂ʶˁˍˊˇ˄ʽˁˇˏ ˁˎˁ˂˗˃ʰˍˇˌ  

¶ ɴ˄ʰ ˍˊˇ˒ˇʵˇˍʽˁˈ ʰˁˊʽʲʶʾʰˌΣ ʴʽʰ ˍʹ˄ ˍˊˇ˒ˇʵˇˋʾʰ ˍˇˎ ˋ˖˂ʹ˄ˇʶʽʵˇˏˌΦ 

¶ ɴ˄ʰ˄ ˉʰ˂˃ˇʴˊʱ˒ˇΣ ˗ˋˍʶ ˄ʰ ʶˉʽʲʶʲʰʽ˖ʻʶʾ ˁʰʽ ˄ʰ ˁʰˍʰʴˊʰ˒ʶʾ ʹ ˇˊʻʺ 

˂ʶʽˍˇˎˊʴʾʰ ˍʹˌ ʵʽʱˍʰ˅ʹˌΦ 

¶ ɾʾʰ ˉ˂ʰˁʷˍʰ ˃ʽˁˊˇʶ˂ʶʴˁˍʺ ˃ʶ ˍˇ˄ ʰ˄ʰˉˍˎ˔ʻʷ˄ˍʰ ˁ˗ʵʽˁʰ, ʴʽh ˍʹ˄ ʰˁˊʽʲʺ 

˃ʷˍˊʹˋʹ ˍˇˎ ʶˉʽʲʰ˂˂ˈ˃ʶ˄ˇˎ ˉʶʵʾˇˎΦ 

¶ ɴ˄ʰ˄ ʹ˂ʶˁˍˊˇ˄ʽˁˈ ˎˉˇ˂ˇʴʽˋˍʺ, ʴʽʰ ˍʹ˄ ʰˉʶʽˁˈ˄ʽˋʹ ˁʰʽ ˁʰˍʰʴˊʰ˒ʺ ˍ˖˄ 

ʰˉˇˍʶ˂ʶˋ˃ʱˍ˖˄Φ 
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ʂ˂ʰ ˍʰ ˉʰˊʰˉʱ˄˖ ˋˍˇʽ˔ʶʾʰΣ ʶ˃˒ʰ˄ʾʸˇ˄ˍʰʽ ˋˍˇ ʶˉˈ˃ʶ˄ˇ ʵʽʱʴˊʰ˃˃ʰΥ 

 

ʅ˔ʺ˃ʰ 2.34Υ ɲʽʱʴˊʰ˃˃ʰ ʵʽʰʵʽˁʰˋʾʰˌ ˃ʷˍˊʹˋʹˌΦ 

ɳˉʾˋʹˌΣ ˋˍˇ ʅ˔ʺ˃ʰ 2.35 ʁ ˃˒ʰ˄ʾʸˇ˄ˍʰʽ ˍʰ ʶˉʽ˃ʷˊˇˎˌ ˋˍˇʽ˔ʶʾʰ ˍʹˌ ʵʽʱˍʰ˅ʹˌΥ 

 

ʅ˔ʺ˃ʰ 2.35: ʋˊʺˋʹ ˍʹˌ ˍˇˉˇ˂ˇʴʾʰˌ ˉˊ˖ˍʶˏˇ˄ˍˇˌ-ʵʶˎˍʶˊʶˏˇ˄ˍˇˌ ˉʹ˄ʾˇˎ  
& ̱ ˇˎ ʹ˂ʶˁˍˊˇ˄ʽˁˇˏ ˁˎˁ˂˗˃ʰˍˇˌ ˁ ʰʽ ʶ˃˒ʱ˄ʽˋʹ ˍ˖˄ ̀ ʹ˃ʱˍ˖˄ ˋˍˇ˄ ˉʰ˂˃ˇʴˊʱ˒ˇ. 

ɮˊ˔ʽˁʱΣ ˔ˊʹˋʽ˃ˇˉˇʽʶʾˍʰʽ ˃ʽʰ ʴʶ˄˄ʺˍˊʽʰ ˋˎ˔˄ˇˍʺˍ˖˄ ʴʽʰ ˍʹ˄ ˉʰˊʰʴ˖ʴʺ ˍˇˎ 

ˋʺ˃ʰˍˇˌ ʵʽʷʴʶˊˋʹˌΦ ʆˇ ˋʺ˃ʰ ʵʽʷʴʶˊˋʹˌ ˉˇˎ ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʶ ʺˍʰ˄ ˍˊʽʴ˖˄ʽˁˈΣ ˃ʶ 

ɱʶ˄˄ʺˍˊʽʰ 
ˋˎ˔˄ˇˍʺˍ˖˄

ʃʹ˄ʾˇ 
ʵʽʷʴʶˊˋʹˌ

ɾʰʴ˄ʹˍʽˁˈˌ 
ˉˎˊʺ˄ʰˌ

ʃʹ˄ʾˇ ˂ʺ˕ʹˌ
ʃ˂ʰˁʷˍʰ 
˃ʷˍˊʹˋʹˌ

ʅˏˋˍʹ˃ʰ 
ˁʰˍʰʴˊʰ˒ʺˌ
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ˉ˂ʱˍˇˌ ὠ υὠ ˁʰʽ ˋˎ˔˄ˈˍʹˍʰ Ὢ ρὯὌᾀ. ʆˇ ˋˎʴˁʶˁˊʽ˃ʷ˄ˇ ˋʺ˃ʰ ˇʵʹʴʺʻʹˁʶ ˋˍˇ 

ˉʹ˄ʾˇ ʵʽʷʴʶˊˋʹˌ ˍʹˌ ʰ˄ʰˉˍˎ˔ʻʶʾˋʰˌ ˍˇˉˇ˂ˇʴʾʰ.̩ ɶ ˃ʰʴ˄ʹˍʽˁʺ ˊˇʺ ˉˇˎ 

ʵʹ˃ʽˇˎˊʴʶʾˍʰʽ, ʵʽʰʵʾʵʶˍʰʽ ˃ʷˋʰ ʰˉˈ ˍˇ˄ ˃ʰʴ˄ʹˍʽˁˈ ˉˎˊʺ˄ʰ ˉˇˎ ˍˇ˄ ʰˉˇˍʶ˂ʶʾ ˃ʽʰ 

ˍʰʽ˄ʾʰ ʱ˃ˇˊ˒ˇˎ ˎ˂ʽˁˇˏ όCoFeSiB). ʆʶ˂ʽˁʱΣ ʹ ˃ʰʴ˄ʹˍʽˁʺ ˊˇʺ ˂ʰ˃ʲʱ˄ʶˍʰʽ ʰˉˈ ˍˇ ˉʹ˄ʾˇ 

˂ʺ˕ʹˌΣ ˃ʶ ʰˉˇˍʷ˂ʶˋ˃ʰ ˄ʰ ˃ʶˍʰˍˊʰˉʶʾ ʶˁ ˄ʷˇˎ ˋʶ ʹ˂ʶˁˍˊʽˁˈ ˋʺ˃ʰΦ  

ʂˉ˖ˌ ʷ˔ʶʽ ʰ˄ʰ˒ʶˊʻʶʾ ˁʰʽ ˋʶ ˉˊˇʹʴˇˏ˃ʶ˄ʹ ʶ˄ˈˍʹˍʰΣ ʴʽʰ ˁʱˉˇʽʰ ˍʽ˃ʺ ˍˇˎ ˉʶʵʾˇˎ 

ʵʽʷʴʶˊˋʹˌΣ ˇ ˃ʰʴ˄ʹˍʽˁˈˌ ˉˎˊʺ˄ʰˌ ˇʵʹʴʶʾˍʰʽ ˋʶ ˁˇˊʶˋ˃ˈΦ ʆʰ ˃ʷʴʽˋˍʰ ˁʰʽ ʶ˂ʱ˔ʽˋˍʰ ˍˇˎ 

˂ʰ˃ʲʰ˄ˈ˃ʶ˄ˇˎ ˋʺ˃ʰˍˇˌ ˋ˔ʶˍʾʸˇ˄ˍʰʽ ˃ʶ ˍʹ˄ ʷ˄ʰˊ˅ʹ ˁʰʽ ˍʹ ˂ʺ˅ʹ ˍʹˌ ˁʰˍʱˋˍʰˋʹˌ 

ˁˇˊʶˋ˃ˇˏ ˍˇˎ ˃ʰʴ˄ʹˍʽˁˇˏ ˉˎˊʺ˄ʰΣ ˃ʶ ʰˉˇˍʷ˂ʶˋ˃ʰ ˄ʰ ʶʾ˄ʰʽ ˔ˊʺˋʽ˃ʹ ʹ ˃ʷˍˊʹˋʹ ˍʹˌ 

˃ʶˍʰ˅ˏ ˍˇˎˌ ˔ˊˇ˄ʽˁʺˌ ʵʽʰ˒ˇˊʱˌΦ ʅˎ˄ʶˉ˗ˌΣ ˋˁˇˉˈˌ ˍˇˎ ʹ˂ʶˁˍˊˇ˄ʽˁˇˏ ˁˎˁ˂˗˃ʰˍˇˌ 

ˉˇˎ ˁʰˍʰˋˁʶˎʱˋˍʹˁʶ ʶʾ˄ʰʽ ʹ ˃ʷˍˊʹˋʹ ˍʹˌ ˔ˊˇ˄ʽˁʺˌ ʵʽʰ˒ˇˊʱˌ ῳὸ ˃ʶˍʰ˅ˏ ˍ˖˄ 

ʵʽʰʵˇ˔ʽˁ˗˄ ˃ʶʴʾˋˍ˖˄ ˁʰʽ ʶ˂ʰ˔ʾˋˍ˖˄ ˍˇˎ ˋʺ˃ʰˍˇˌ ʶ˅ˈʵˇˎΦ ʇˉʶ˄ʻˎ˃ʾʸʶˍʰʽ ˈˍʽ ˍˇ 

ˋˎʴˁʶˁˊʽ˃ʷ˄ˇ ˁˏˁ˂˖˃ʰ ˃ʷˍˊʹˋʹˌ ʰ˄ʽ˔˄ʶˏʶʽ ˍʰ ˋʹ˃ʶʾʰ ˉˇˎ ʲˊʾˋˁˇ˄ˍʰʽ ˍʰ ˃ʷʴʽˋˍʰ ˁʰʽ 

ˍʰ ʶ˂ʱ˔ʽˋˍʰΣ ʵʹ˃ʽˇˎˊʴ˗˄ˍʰˌ ʷ˄ʰ ˉʰ˂˃ʽˁˈ ˋʺ˃ʰΣ ˍˇˎ ˇˉˇʾˇˎ ˇʽ ʻʶˍʽˁˇʾ ˁʰʽ ʰˊ˄ʹˍʽˁˇʾ 

ˉʰ˂˃ˇʾ ʰ˄ˍʽˋˍˇʽ˔ˇˏ˄ ˋʶ ʰˎˍʱΦ ɯˊΣh ʹ ˃ʷˍˊʹˋʹ ˍˇˎ ῳὸ ˃ˉˇˊʶʾ ˉ˂ʷˇ˄ ˄ʰ ʰ˄ʰ˔ʻʶʾ ˋʶ 

˃ʷˍˊʹˋʹ ˍʹˌ ʵʽʱˊˁʶʽʰˌ ˍ˖˄ ˉʰ˂˃˗˄Σ ˁʱˍʽ ˉˇˎ ʵʽʶˎˁˇ˂ˏ˄ʶʽ ˋʹ˃ʰ˄ˍʽˁʱ ˍʹ˄ 

˕ʹ˒ʽˇˉˇʾʹˋʹΣ ˁʰˍʰʴˊʰ˒ʺ ˁʰʽ ʰ˄ʱ˂ˎˋʹ ˍˇˎ ˋʺ˃ʰˍˇˌΦ 

ʃʰˊʰˁʱˍ˖ ˉʰˊˇˎˋʽʱʸˇ˄ˍʰʽ ˍʰ ˋʺ˃ʰˍʰ ˉˇˎ ʶ˂ʺ˒ʻʹˋʰ˄ ʴʽʰ ʵʽʰ˒ˇˊʶˍʽˁʷˌ ˍʽ˃ʷˌ 

ʶˉʽʲʰ˂˂ˈ˃ʶ˄ˇˎ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎΣ ˃ʷˋ˖ ˍʹˌ ˍˊˇ˒ˇʵˇˋʾʰˌ ˍˇˎ ˋ˖˂ʹ˄ˇʶʽʵˇˏˌ ˃ʶ 

ˋˎɹˁʁˁˊʽ˃ʷ˄ʶˌ ˍʽ˃ʷˌ ˍʱˋʹ.̩ ɳʾ˄ʰʽ ʶ˃˒ʰ˄ʷˌ ˈˍʽ ˍˇ ʹ˂ʶˁˍˊˇ˄ʽˁˈ ˁˏˁ˂˖˃ʰ ˂ʶʽˍˇˎˊʴʶʾ 

ʰˉˇʵˇˍʽˁʱΣ ʶ˄ʽˋ˔ˏˇ˄ˍʰˌ ˍˇ ˋʺ˃ʰ ʶʽˋˈʵˇˎ ˁʰʽ ˃ʶˍʰˍˊʷˉˇ˄ˍʱˌ ˍˇ ˋʶ ˉʰ˂˃ʽˁˈΣ ˗ˋˍʶ ˄ʰ 

ʶʾ˄ʰʽ ʶˎˁˇ˂ˈˍʶˊʹ ʹ ˃ʷˍˊʹˋʺ ˍˇˎΦ 

 

ʅ˔ʺ˃ʰ 2.36Υ ɽʹ˒ʻʷ˄ ̀ ʺ˃ʰ ˁʰˍʱ ˍʹ˄ ʶˉʽʲˇ˂ʺ ʶ˅˖ˍʶˊʽˁˇˏ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎ 
(VAC = 5V, f = 1kHz, VDC = -80mV). 
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ʅ˔ʺ˃ʰ 2.37Υ ɽʹ˒ʻʷ˄ ˋʺ˃ʰ ʴʽʰ ˃ʹʵʶ˄ʽˁˈ ʶ˅˖ˍʶˊʽˁˈ ˃ʰʴ˄ʹˍʽˁˈ ˉʶʵʾˇ 
(VAC = 5V, f = 1kHz, VDC = 0V). 

 

ʅ˔ʺ˃ʰ 2.38Υ ɽʹ˒ʻʷ˄ ˋʺ˃ʰ ˁʰˍʱ ˍʹ˄ ʶˉʽʲˇ˂ʺ ʶ˅˖ˍʶˊʽˁˇˏ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎ 
(VAC = 5V, f = 1kHz, VDC = +80mV). 

 

ʅ˔ʺ˃ʰ 2.39Υ ɾʶʴʷʻˎ˄ˋʹ ˉʶˊʽˇ˔ʺˌΣ ˋˍʹ˄ ˇˉˇʾʰ ˒ʰʾ˄ʶˍʰʽ ʹ ʵʹ˃ʽˇˎˊʴʾʰ ˍˇˎ ˉʰ˂˃ˇˏ ʲʱ̀ʶ̔ ˍˇˎ 
ʶ˂ʰ˔ʾˋˍˇˎ ˁʰʽ ˍˇˎ ˃ʶʴʾˋˍˇˎ ˍˇˎ ˋʺ˃ʰˍˇˌΦ 

ɮˉˈ ˍʽˌ ˉʰˊʰˉʱ˄˖ ˃ʶˍˊʺˋʶʽˌ ˉˊˇˁˏˉˍʶʽ ˍˇ ˋˎ˃ˉʷˊʰˋ˃ʰ ˈˍʽ ˍˇ ʹ˂ʶˁˍˊˇ˄ʽˁˈ 

ˁˏˁ˂˖˃ʰ ˂ʶʽˍˇˎˊʴʶʾ ˃ʶ ˍˇ˄ ʶˉʽʻˎ˃ʹˍˈ ˍˊˈˉˇΦ ʁ ʶ˄ˍˇˉʽˋ˃ˈˌ ˍ˖˄ ˁˇˊˎ˒˗˄ ˍˇˎ 

ˋʺ˃ʰˍˇˌ ʶʽˋˈʵˇˎΣ ʵʹ˂ʰʵʺ ˍ˖˄ ˃ʶʴʾˋˍ˖˄ ˁʰʽ ʶ˂ʰ˔ʾˋˍ˖˄ ˍˇˎ ˋʺ˃ʰˍˇˌ ˉ̌  ˎ̄ ˊˇʷˊ˔ʶˍʰʽ 
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ʰˉˈ ˍˇ ˉʹ˄ʾˇ ˂ʺ˕ʹˌ ʴʾ˄ʶˍʰʽ ˃ʶ ʶˉʽˍˎ˔ʾʰ ˁʰʽ ˃ʶ hˁ ˊʾʲʶʽʰΦ ɳˉʾˋʹˌΣ ˇʽ ˉʰˊʰʴˈ˃ʶ˄ˇʽ 

ˉʰ˂˃ˇʾ ʷ˔ˇˎ˄ ˃ʽˁˊˈ ˔ˊˈ˄ˇ ʰ˄ˈʵˇˎ ˁʰʽ ʰ˄ˍʽˋˍˇʽ˔ˇˏ˄ ˋˍʹ ʵʽʱˊˁʶʽʰ ˃ʶˍʰ˅ˏ ˍˇˎ 

ʶ˂ʰ˔ʾˋˍˇˎ ˁʰʽ ˍˇˎ ʵʽʰʵˇ˔ʽˁˇˏ ˃ʶʴʾˋˍˇˎΦ ʅˎ˄ʶˉ˗ˌΣ ˁʰʻʾˋˍʰˍʰʽ ʶˏˁˇ˂ʹ ʹ ˃ʶˍʷˉʶʽˍʰ 

˃ʷˍˊʹˋʹ ˍʹˌ ʵʽɦ́ˁʶʽʰˌ ˍˇˎ ˉʰ˂˃ˇˏ ˃ʷˋ˖ ˁʰˍʱ˂˂ʹ˂ˇˎ ˁ˗ʵʽˁʰΣ ˁʰʻ˗ˌ ˁʰʽ ʹ 

ʵʽʶ˅ʰʴ˖ʴʺ ˋˎ˃ˉʶˊʰˋ˃ʱˍ˖˄ ʴʽʰ ˍˇ ʶˉʽʲʰ˂˂ˈ˃ʶ˄ˇ ˃ʰʴ˄ʹˍʽˁˈ ˉʶʵʾˇΣ ʲʱˋʶʽ ˍ˖˄ 

ˋ˔ʷˋʶ˖˄ ˉˇˎ ʷ˔ˇˎ˄ ʰ˄ʰˉˍˎ˔ʻʶʾ ˉˊˇʹʴˇˎ˃ʷ˄˖ˌΦ 

ʅ̱ ˇ ʶˉˈ˃ʶ˄ˇ ʵʽʱʴˊʰ˃˃ʰ ˉʰˊˇˎˋʽʱʸˇ˄ˍʰʽ ˇʽ ˍʽ˃ʷˌ ˃ʰʴ˄ʹˍʽˁʺˌ ʶˉʰʴ˖ʴʺˌ ˉˇˎ 

ˎˉˇ˂ˇʴʾˋˍʹˁʰ˄ ˃ʷˋ̟ ˍʹˌ ʵʽʱˍʰ˅ʹˌΣ ˁʰʻ˗ˌ ˁʰʽ ˇʽ ˃ʶˍˊʺˋʶʽˌ ˉˇˎ ˉˊˇʷˁˎ˕ʰ˄ ʰˉˈ ˍʹ 

˔ˊʺˋʹ ʶ˄ˈˌ ʶ˃ˉˇˊʽˁˇˏ ˃ ʰʴ˄ʹˍʽˁˇˏ ʰʽˋʻʹˍʺˊʰ (Bosch BNO055)Σ ˁʰˍʱ ˍʹ˄ ˍˊˇ˒ˇʵˇˋʾʰ 

ˍˇˎ ˋ˖˂ʹ˄ˇʶʽʵˇˏˌ ˃ʶ ˋˎʴˁʶˁˊʽ˃ʷ˄ʶˌ ˍʽ˃ʷˌ ʷ˄ˍʰˋʹˌ ˊʶˏ˃ʰˍˇˌ. ʃʰˊʰˍʹˊʶʾˍʰʽ ˈˍʽ 

ˎˉʱˊ˔ʶʽ ̱ ʰˏˍʽˋʹ ˋʶ ˃ʶʴʱ˂ˇ ʲʰʻ˃ˈ ˃ ʶˍʰ˅ˏ ˍ˖˄ ˍʽ˃˗˄ ˍʹˌ ʰ˄ʰˉˍˎ˔ʻʶʾˋʰˌ ˍˇˉˇ˂ˇʴʾʰˌ 

ˉˊ˖ˍʶˏˇ˄ˍˇˌ-ʵʶˎˍʶˊʶˏˇ˄ˍˇˌ ˉʹ˄ʾˇˎ ˁʰʽ ˍˇˎ ʶ˃ˉˇˊʽˁˇˏ ʰʽˋʻʹˍʺˊʰ, ʴʽʰ ˍʽˌ 

ʶˉʽʲʰ˂˂ˈ˃ʶ˄ʶˌ ˍʽ˃ʷˌ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎΦ 

 

 

ʅ˔ʺ˃ʰ 2.40Υ ʅˎʴˁˊʽˍʽˁˈ ʵʽʱʴˊʰ˃˃ʰ ʶ˃ˉˇˊʽˁˇˏ ˃ʰʴ˄ʹˍˇ˃ʷˍˊˇˎ ˁʰʽ ʰ˄ʰˉˍˎ˔ʻʶʾˋʰˌ 
ˍˇˉˇ˂ˇʴʾʰˌ ˉˊ˖ˍʶˏˇ˄ˍˇˌ-ʵʶˎˍʶˊʶˏˇ˄ˍˇˌ ˉʹ˄ʾˇˎ. 

y = 2.277x + 20.785
wч Ґ лΦфффп

y = 2.1316x + 68.005
wч Ґ лΦффт
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2.8 ɮ˄ʱˉˍˎ˅ʹ ˉˊˇˋʰˊ˃ˇˋˍʽˁʺˌ ʵʽʱˍʰ˅ʹˌ ˃ʷˍˊʹˋʹˌ 

ɶ ̄ʰˊʰˉʱ˄˖ ʵʽʱˍʰ˅ʹ ˉˇˎ ʲʰˋʾˋˍʹˁʶ ˋˍˇ˄ ˋˎʴˁˊʽˍʺ ˍˏˉˇˎ Schmitt trigger, 

˂ʶʽˍˇˎˊʴʶʾ ʰˉˇˍʶ˂ʶˋ˃ʰˍʽˁʱ ˋˍˇ˄ ʶ˄ˍˇˉʽˋ˃ˈ ̱ ˖˄ ˃ʶʴʾˋˍ˖˄ ˁʰʽ ʶ˂ʰ˔ʾˋˍ˖˄ ˍˇˎ ˋʺ˃ʰˍˇˌ 

ʶ˅ˈʵˇˎ ˍʹˌ ʰ˄ʰˉˍˎ˔ʻʶʾˋʰˌ ˍˇˉˇ˂ˇʴʾʰˌ ˉˊ˖ˍʶˏˇ˄ˍˇˌ-ʵʶˎˍʶˊʶˏˇ˄ˍˇˌ ˉʹ˄ʾˇˎ [142]. 

ʃʰˊΩ ˈ˂ʰ ʰˎˍʱΣ ʹ ˂ʶʽˍˇˎˊʴʾʰ ˍʹ ̩ˉˊˇːˉˇʻʷˍʶʽ ˍˇ˄ ˇˊʽˋ˃ˈ ˍˇˎ ʰ˄˗ˍʰˍˇˎ ˁʰʽ ˍˇˎ 

ˁʰˍ˗ˍʰˍˇˎ ˁʰˍ˖˒˂ʾˇˎ ˍʱˋʹˌ ˉˇˎ ʻʰ ˔ˊʹˋʽ˃ˇˉˇʽʹʻʶʾ ʰˉˈ ˍˇ˄ ˋˎʴˁˊʽˍʺ ʴʽʰ ˍʹ˄ 

ʰ˄ʾ˔˄ʶˎˋʹ ˍ˖˄ ˃ʶʴʾˋˍ˖˄ ˁʰʽ ʶ˂ʰ˔ʾˋˍ˖˄ ˍˇˎ ˋʺ˃ʰˍˇˌ. ʅˎ˄ʶˉ˗ˌΣ ʰˉʰʽˍʶʾˍʰʽ ʹ ʶˁ ˍ˖˄ 

ˉˊˇˍʷˊ˖˄ ʴ˄˗ˋʹ ˍʹ ̩ʰ˄ʰ˃ʶ˄ˈ˃ʶ˄́ ˌ ˍʱˋʹˌ ˍˇˎ ˋʺ˃ʰˍˇˌ ʶ˅ˈʵˇˎ ˁʰʽ ʹ ˋ˔ʶʵʾʰˋʹ ˍˇˎ 

ʹ˂ʶˁˍˊˇ˄ʽˁˇˏ ˁˎˁ˂˗˃ʰˍˇˌ ʲʱˋʶʽ ̱ ˖˄ ʰˁˊˇˍʱˍ˖˄ ˍʽ˃˗˄ ʰˎˍʺˌΦ ɼʱˍʽ ˍʷˍˇʽˇ, ̄ ʶˊʽˇˊʾʸʶʽ 

ˍʽˌ ʵˎ˄ʰˍˈˍʹˍʶˌ ˔ˊʺˋʹˌ ˍˇˎ ʾʵʽˇˎ ʹ˂ʶˁˍˊˇ˄ʽˁˇˏ ˁˎˁ˂˗˃ʰˍˇˌ ʴʽʰ ʵʽʰ˒ˇˊʶˍʽˁˇˏˌ 

ʰʽˋʻʹˍʺˊʶˌΣ ʺ ˁʰʽ ʴʽʰ ʵʽʰ˒ˇˊʶˍʽˁʱ ˋʺ˃ʰˍʰ ʵʽʷʴʶˊˋʹˌΦ ɮˁˈ˃ʹ ˁʰʽ ʴʽʰ ˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ 

˃ʷˍˊʹˋʹˌ ˋʶ ʰʽˋʻʹˍʺˊʶˌ ʾʵʽˇˎ ˍˏˉˇˎΣ ˍʰ ˔ʰˊʰˁˍʹˊʽˋˍʽˁʱ ˁʰʽ ˇʽ ʽʵʽˈˍʹˍʶˌ ˍˇˎ 

˃ʰʴ˄ʹˍʽˁˇˏ ˉˎˊʺ˄ʰ ˃ˉˇˊʶʾ ˄ʰ ʵʽʰ˒ʷˊˇˎ˄ ʰˊˁʶˍʱ ˋʶ ˁʱʻʶ ˍ˃ʺ˃ʰ ˎ˂ʽˁˇˏΣ ˃ʶ 

ʰˉˇˍʷ˂ʶˋ˃ʰ ˄ʰ ʰˎ˅ʱ˄ʶˍʰʽ ʹ ʰʲʶʲʰʽˈˍʹˍʰ ˍ˖˄ ˃ʶˍˊʺˋʶ˖˄Φ ɴˍˋʽΣ ʶʱ˄ ˇʽ ˍʱˋʶʽ̩ 

ˁʰˍ˖˒˂ʾˇˎ ˉˇˎ ʷ˔ˇˎ˄ ʶˉʽ˂ʶʴʶʾ ʵʶ˄ ʁʾ˄ʰʽ ˁʰˍʱ˂˂ʹ˂ʶˌΣ ˍˇ ˋʺ˃ʰ ʶ˅ˈʵˇˎ ʵʶ˄ ʻʰ ʶʾ˄ʰʽ 

ˋ˖ˋˍˈΣ ˁʰʻ˗ˌ ʹ ʵʹ˃ʽˇˎˊʴʾʰ ˍˇˎ ʻʰ ʲʰˋʾʸʶˍʰʽ ˋʶ ˂ʰ˄ʻʰˋ˃ʷ˄ʶˌ ˍʽ˃ʷˌ ˇˊʾ˖˄Φ 

ɳˉˇ˃ʷ˄˖ˌ, ˇʽ ˉʰ˂˃ˇʾ ˍˇˎ ˋʺ˃ʰˍˇˌ ʶ˅ˈʵˇˎ ˃ˉˇˊʶʾ ˄ʰ ʰ˄ˍʽˋˍˇʽ˔ˇˏ˄ ˋʶ ˍʽ˃ʷˌ 

˃ʽˁˊˈˍʶˊʶˌ ˍ˖˄ ˉˊʰʴ˃ʰˍʽˁ˗˄ ˃ʶʴʾˋˍ˖˄ ˁʰʽ ʶ˂ʰ˔ʾˋˍ˖˄ ʺ ˁʰʽ ˄ʰ ˃ʹ˄ ˉʰˊʱʴ̱̌˄ ʰʽ ˉˇˍʷΣ 

ʶʱ˄ ˍʰ ˃ʷʴʽˋˍʰ ˁʰʽ ʶ˂ʱ˔ʽˋˍʰ ˍˇˎ ˋʺ˃ʰˍˇˌ ʶʽˋˈʵˇˎ ˅ʶˉʶˊ˄ˇˏ˄ ˍʽˌ ˍʽ˃ʷˌ ˁʰˍ˖˒˂ʾˇˎΦ 

ɽˈʴ˖ ˍ˖˄ ˉʰˊʰˉʱ˄˖ ˁʰʽ ˃ʶ ˋˁˇˉˈ ˍʹ ʲʶ˂ˍʾ˖ˋʹ ˍʹˌ ʵʽʱˍʰ˅ʹˌΣ ˋ˔ʶʵʽʱˋˍʹˁʶ ˁʰʽ 

ˎ˂ˇˉˇʽʺʻʹˁʶ ʷ˄ʰ ˄ʷˇ ʹ˂ʶˁˍˊˇ˄ʽˁˈ ˁˏˁ˂˖˃ʰΣ ˍˇ ˇˉˇʾˇ ʲʰˋʾʸʶˍʰʽ ʶˉʾˋʹˌ ˋˍˇ˄ 

ˋˎʴˁˊʽˍʺ ˍˏˉˇˎ Schmitt trigger, ʰ˂˂ʱ ˉˊˇˋ˒ʷˊʶʽ ˍʹ ʵˎ˄ʰˍˈˍʹˍʰ ʰˎˍˈ˃ʰˍʹˌ 

ˉˊˇˋʰˊ˃ˇʴʺˌ ˍ˖˄ ˁʰˍ˖˒˂ʾ˖˄ ˍʱˋʹˌ ˍˇˎ ˋʺ˃ʰˍˇˌΦ ʅˎ˄ʶˉ˗ˌΣ ʹ ˍʶ˂ʽˁʺ ʷ˅ˇʵˇˌ ˍˇˎ 

ˋʺ˃ʰˍˇˌ ˉʰˊʰ˃ʷ˄ʶʽ ʷ˄ʰˌ ˉʰ˂˃ˈˌ ˃ʶˍʰʲʰ˂˂ˈ˃ʶ˄ʹˌ ʵʽʱˊˁʶʽʰˌ, ́  ˇˉˇʾʰ ʰ˄ˍʽˋˍˇʽ˔ʶʾ ˋˍʹ 

˔ˊˇ˄ʽˁʺ ˃ʶˍʰˍˈˉʽˋʹ ˃ʶˍʰ˅ˏ ˍ˖˄ ˃ʶʴʾˋˍ˖˄ ˁʰʽ ʶ˂ʰ˔ʾˋˍ˖˄ ˍˇˎ ˋʺ˃ʰˍˇˌ ʶʽˋˈʵˇˎΦ  

ʆˇ ́˂ʶˁˍˊˇ˄ʽˁˈ ˁˏˁ˂˖˃ʰ ˉˇˎ ˁʰˍʰˋˁʶˎʱˋˍʹˁʶΣ ˉʰˊˇˎˋʽʱʸʶˍʰʽ ˋˍˇ ʅ˔ʺ˃ʰ 2.41: 
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ʅ˔ʺ˃ʰ 2.41: ʅ˔ʶʵʾʰˋʹ ́ ˂ʶˁˍˊˇ˄ʽˁˇˏ ˁˎˁ˂˗˃ʰˍˇˌ ˉˊˇˋʰˊ˃ˇˋˍʽˁˇˏ ˋˎʴˁˊʽˍʺ  
ˍˏˉˇˎ Schmitt trigger. 
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ʆˇ ʹ˂ʶˁˍˊˇ˄ʽˁˈ ˁˏˁ˂˖˃ʰ ˉʶˊʽ˂ʰ˃ʲʱ˄ʶʽ ʵˏˇ ʰ˄ʽ˔˄ʶˎˍʷˌ ˁˇˊˎ˒ʺˌ όpeak 

detectors), ̌ ʽ ˇˉˇʾˇʽ ʰˉˇˍʶ˂ˇˏ˄ˍʰʽ ʰˉˈ ʷ˄ʰ˄ ˋˎʴˁˊʽˍʺΣ ʷ˄ʰ˄ ʰ˄ʰ˂ˇʴʽˁˈ ʵʽʰˁˈˉˍʹ ˁʰʽ 

ʷ˄ʰ˄ ˉˎˁ˄˖ˍʺΦ ʁ ˋˎʴˁˊʽˍʺˌ ˇʵʹʴʶʾ ˍˇ ˋʺ˃ʰ ˋˍˇ˄ ʻʶˍʽˁˈ ʺ ʰˊ˄ʹˍʽˁˈ ˁˇˊʶˋ˃ˈΣ ˃ʶ 

ʰˉ̌ˍʷ˂ʶˋ˃ʰ ˄ ʰ ʵˊʰ ˉˊʰˁˍʽˁʱ ˖ˌ ʷ˄ʰˌ ˕ʹ˒ʽˇˉˇʽʹˍʺˌ ˍˇˎ ʰ˄ʰ˂ˇʴʽˁˇˏ ˋʺ˃ʰˍˇˌΦ ʂˍʰ˄ 

ʹ ˍʱˋʹ ˍˇˎ ˋʺ˃ʰˍˇˌ ʶʽˋˈʵˇˎ ˎˉʶˊʲʶʾ ʷ˄ʰ ˁʰˍ˗˒˂ʽΣ ˈˉ˖ˌ ʰˎˍˈ ˇˊʾʸʶˍʰʽ ʰˉˈ ˍˇ˄ 

ˉˎˁ˄˖ˍʺΣ ˋʶ ˋˎ˄ʵˎʰˋ˃ˈ ˃ʶ ˍʽˌ ʰ˄ˍʽˋˍʱˋʶʽˌ Ὑ, Ὑ  ˁ ʰʽ Ὑ, ̱ ˈˍʶ ʹ ʷ˅ˇʵˇˌ ˍˇˎ ˋˎʴˁˊʽˍʺ 

ˇʵʹʴʶʾ ˋˍʹ˄ ʶ˄ʶˊʴˇˉˇʾʹˋʹ ˍˇˎ ʰ˄ʰ˂ˇʴʽˁˇˏ ʵʽʰˁˈˉˍʹ. ɴˍˋʽ, ʵʹ˃ʽˇˎˊʴʶʾˍʰʽ ʷ˄ʰ ˋʺ˃ʰ 

˃ʶ ̱̔ ˃ʺ ˍʱˋʹˌ ˉˇˎ ʰ˄ˍʽˋˍˇʽ˔ʶʾ ˋˍʹ˄ ˍʱˋʹ ˍˇˎ ˋʺ˃ʰˍˇˌ ʶʽˋˈʵˇˎΣ ʹ ˇˉˇʾʰ ʵʽʰˍʹˊʶʾˍʰʽ 

ˋˍʰʻʶˊʺ ˃ʷˋ˖ ˍˇˎ ˉˎˁ˄˖ˍʺ. ɶ ˉʰˊʰˉʱ˄˖ ʵʽʰʵʽˁʰˋʾʰ ʰˁˇ˂ˇˎʻʶʾˍʰʽ ˍˈˋˇ ʰˉˈ ˍˇ˄ 

ʰ˄ʽ˔˄ʶˎˍʺ ˃ʶʴʾˋˍ˖˄Σ ˈˋˇ ˁʰʽ ʰˉˈ ˍˇ˄ ʰ˄ʽ˔˄ʶˎˍʺ ʶ˂ʰ˔ʾˋˍ˖˄Φ ʆʶ˂ʽˁʱΣ ˃ʷˋ˖ ˍ˖˄ 

ʰ˄ˍʽˋˍʱˋʶ˖˄Σ ˇʽ ˉˎˁ˄˖ˍʷˌ ʰˉˇ˒ˇˊˍʾʸˇ˄ˍʰʽΦ  

ɶ ʵʽʰ˒ˇˊʱ ˍ˖˄ ˍʱˋʶ˖˄ ˃ ʶˍʰ˅ˏ ˍ˖˄ ʵˏˇ ˇˊʾ˖˄Σ ˃ˉˇˊʶʾ ˄ʰ ˎˉˇ˂ˇʴʽˋˍʶʾ ˃ʷˋ˖ ˍ˖˄ 

ʵʽʰʽˊʶˍ˗˄ ˍʱˋʹˌ ˉˇˎ ˋ˔ʹ˃ʰˍʾʸˇ˄ˍʰʽΦ ɴˍˋʽΣ ʴʽʰ ˍˇ ʱ˄˖ ˈˊʽˇ ὠ  ˁ ʰʽ ʴʽʰ ˍˇ ˁʱˍ˖ ˈˊʽˇ ὠ, 

ˉˊˇˁˏˉˍʶ ̔h ˄ˍʽˋˍˇʾ˔˖ˌΥ 

 ὠ
Ὑ Ὑ

Ὑ Ὑ Ὑ
ὠ  (2.18) 

ˁʰʽ 

 ὠ
Ὑ

Ὑ Ὑ Ὑ
ὠ  (2.19) 

ɸʷˍˇ˄ˍʰˌ Ὑ Ὑ: 

 ὠ ὠ
Ὑ

ςὙ Ὑ
ὠ  (2.20) 

ʅˎ˄ʶˉ˗ˌΣ ʴʽʰ Ὑ Ὑ υφËɱ ˁʰʽ Ὑ ςɥɱΣ ˉˊˇˁˏˉˍʶʽ ˈˍʽ ʹ ˉˇˋˇˋˍʽʰʾʰ 

ʵʽʰ˒ˇˊʱ ˃ʶˍʰ˅ˏ ˍ˖˄ ʵˏˇ ˇˊʾ˖˄ ό˃ʶʴʾˋˍˇˎ ˁʰʽ ʶ˂ʰ˔ʾˋˍˇˎύ ʻʰ ʶʾ˄ʰʽ ʾˋʹ ˃ʶ ф4.6%. 

ɳˉʾˋʹˌΣ ˒ʰʾ˄ʶˍʰʽ ˈˍʽ ˍˇ ʱ˄˖ ˁʰʽ ˁʱˍ˖ ˈˊʽˇ ʶ˅ʰˊˍ˗˄ˍʰʽ ʰˉˈ ˍʹ˄ ˍʱˋʹ ʶʽˋˈʵˇˎΣ ˁʱˍʽ 

ˉˇˎ ʺˍʰ˄ ˁʰʽ ˍˇ ʸʹˍˇˏ˃ʶ˄ˇ ˋˍʹ ˋ˔ʶʵʾʰˋʹ ˍˇˎ ˋˎʴˁʶˁˊʽ˃ʷ˄ˇˎ ʹ˂ʁˁˍˊˇ˄ʽˁˇˏ 

ˁˎˁ˂˗˃ʰˍˇˌΦ 
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ʆˇ ʶˉˈ˃ʶ˄ˇ ˋˍʱʵʽˇ ˍˇˎ ˁˎˁ˂˗˃ʰˍˇˌ ʰˉˇˍʶ˂ʶʾˍʰʽ ʰˉˈ ʵˏˇ ʰˉˇ˃ˇ˄˖ˍʷˌ όbuffers). 

ʃˊˇ˒ʰ˄ʺˌ ˋˁˇˉˈˌ ˍˇˎˌ ʶʾ˄ʰʽ ˄ʰ ʶ˅ʰ˂ʶʾ˕ˇˎ˄ ˍˎ˔ˈ˄ ˉʰˊʶ˃ʲˇ˂ʷˌ ˃ʶˍʰ˅ˏ ˍˇˎ 

ˉˊˇʹʴˇˏ˃ʶ˄ˇˎ ˁʰʽ ˍˇˎ ʶˉˈ˃ʶ˄ˇˎ ˋˍʰʵʾˇˎΣ ˁˎˊʾ˖ˌ ˁʰˍʱ ˍʽˌ ˋˍʽʴ˃ʷˌ ʶ˄ʰ˂˂ʰʴʺˌ ˍˇ  ˎ

ˍʶ˂ʽˁˇˏ ʰ˄ʰ˂̌ʴʽˁˇˏ ʵʽʰˁˈˉˍ ́̄ ˇˎ ʰˁˇ˂ˇˎʻʶʾ.  

ʆˇ ˍʶ˂ʽˁˈ ˋˍʱʵʽˇ ˉʶˊʽ˂ʰ˃ʲʱ˄ʶʽ ˇˎˋʽʰˋˍʽˁʱ ʷ˄ʰ˄ ˋˎʴˁˊʽˍʺ ˍˏˉˇˎ Schmitt trigger, 

ˇ ˇˉˇʾˇˌ ˋˎʴˁˊʾ˄ʶʽ ˍʰ ˋʺ˃ʰˍʰ ˍʹˌ ʰ˄ʰˋˍˊʷ˒ˇˎˋʰˌ ˁʰʽ ˃ʹ-ʰ˄ʰˋˍˊʷ˒ˇˎˋʰˌ ʶʽˋˈʵˇˎ 

ˍˇˎ ˁʰʽ ˉʰˊʱʴʶʽ ˍʹ˄ ʰ˄ʱ˂ˇʴʹ ʷ˅ˇʵˇΦ ʅʰ˄ ʰˉˇˍʷ˂ʶˋ˃ʰΣ ˍˇ ˋʺ˃ʰ ˉˇˎ ˉʰˊʱʴʶˍh̔  ʰˉˈ 

ˍˇ ˋˎʴˁʶˁˊʽ˃ʷ˄ˇ ˁˏˁ˂˖˃ʰ ʰˉˇˍʶ˂ʶʾˍʰʽ ʰˉˈ ˉʰ˂˃ˇˏˌΣ ʹ ʵʽʱˊˁʶʽʰ ˍ˖˄ ˇˉˇʾ˖˄ 

ʰ˄ˍʽˋˍˇʽ˔ʶʾ ˋˍʹ ˔ˊˇ˄ʽˁʺ ʵʽʰ˒ˇˊʱ ˃ʶˍʰ˅ˏ ˍ˖˄ ˃ʶʴʾˋˍ˖˄ ˁʰʽ ʶ˂ʰ˔ʾˋˍ˖˄ ˍˇˎ ˋʺ˃ʰˍˇˌ 

ʶʽˋˈʵˇˎΦ ɾʶ ʰˎˍˈ˄ ˍˇ˄ ˍˊˈˉˇΣ ʹ ˃ʷˍˊʹˋʹ ʰˎˍʺˌ ˍʹˌ ˔ˊˇ˄ʽˁʺˌ ʵʽʰ˒ˇˊʱˌ ʰ˄ʱʴʶˍʰʽ ˋˍʹ 

˃ʷˍˊʹˋʹ ˍˇˎ ˉ˂ʱˍˇˎˌ ̱̟ ˄ ʵʽʰʵˇ˔ʽˁ˗˄ ˉʰ˂˃˗˄Σ ˔˖ˊʾˌ ˄ʰ ʰˉʰʽˍʶʾˍʰʽ ʹ ʶˁ ˍ˖˄ 

ˉˊˇˍʷˊ˖˄ ʴ˄˗ˋʹ ˍʹˌ ˃ʷʴʽˋˍʹˌ ˁʰʽ ʶ˂ʱ˔ʽˋˍʹˌ ˉʽʻʰ˄ʺˌ ˍʱˋʹˌ ˍˇˎ ˋʺ˃ʰˍˇˌ ʶʽˋˈʵˇˎ ˁ ʰʽ 

ˋˎ˄ʶˉ˗ˌ, ́  h ˄ʱ ˉʶˊʾˉˍ˖ˋʹ ˊˏʻ˃ʽˋʹ ˁʰʽ ˍˊˇˉˇˉˇʾʹˋʹ ˍ˖˄ ˍʱˋʶ˖˄ ˍˊˇ˒ˇʵˇˋʾʰˌΦ 

ʆˇ ʹ˂ʶˁˍˊˇ˄ʽˁˈ ˁˏˁ˂˖˃ʰ ˋ˔ʶʵʽʱˋˍʹˁʶ ʷˍˋʽ ˗ˋˍʶ ˄ʰ ˉˊˇˋ˒ʷˊʶʽ ˍʹ ʵˎ˄ʰˍˈˍʹˍʰ 

ʵˏˇ ʵʽʰ˒ˇˊʶˍʽˁ˗˄ ˋʹ˃ʱˍ˖˄ ʶ˅ˈʵˇˎΦ ʆˇ ˉˊ˗ˍˇΣ ˃ʶ ˋˍʰʻʶˊʺ ˍʱˋʹ рV ˁʰʽ ˃ʶˍʰʲ˂ʹˍʺ 

ʵʽʱˊˁʶʽʰ ˉʰ˂˃˗˄Σ ʵʽʶˎˁˇ˂ˏ˄ʶʽ ˍʹ˄ ˉʶˊʰʽˍʷˊ˖ ʶˉʶ˅ʶˊʴʰˋʾʰ ˁʰʽ ˃ʷˍˊʹˋʹ ˍˇˎ ˍʶ˂ʽˁˇˏ 

ˋʺ˃ʰˍˇˌ ʰˉˈ ʷ˄ʰ˄ ˃ʽˁˊˇʶ˂ʶʴˁˍʺΦ ʆˇ ʵʶˏˍʶˊˇ ˋʺ˃ʰ ʶ˅ˈʵˇˎ ʷ˔ʶʽ ˃ʶˍʰʲ˂ʹˍˈ ˉ˂ʱˍˇˌΣ 

ʾˋˇ ˃ʶ ʰˎˍˈ ˍˇˎ ˋʺ˃ʰˍˇˌ ˂ʺ˕ʹˌ ˍʹˌ ʰ˄ʰˉˍˎ˔ʻʶʾˋʰˌ ˍˇˉˇ˂ˇʴʾʰˌ ˉˊ˖ˍʶˏˇ˄ˍˇˌ-

ʵʶˎˍʶˊʶˏˇ˄ˍˇˌ ˉʹ˄ʾˇˎΦ ʅʰ˄ ʰˉˇˍʷ˂ʶˋ˃ʰΣ ʶʾ˄ʰʽ ʵˎ˄ʰˍʺ ʹ ʰ˅ʽˇˉˇʾʹˋʹ ˁʰʽ ˍʹˌ 

ˉ˂́ˊˇ˒ˇˊʾʰˌ ˍʹˌ ˍʱˋʹˌ ˍˇˎ ʰˊ˔ʽˁˇˏ ˋʺ˃ʰˍˇˌΣ ˈˍʰ˄ ʰˎˍˈ ʰˉʰʽˍʶʾˍʰʽΦ  

ʆʶ˂ʽˁʱΣ ˃ʶ ˍʹ ˋˎʴˁʶˁˊʽ˃ʷ˄ʹ ˎ˂ˇˉˇʾʹˋʹ ʶʾ˄ʰʽ ʵˎ˄ʰˍʺ ʹ ʰˎˍˈ˃ʰˍʹ ˉˊˇˋʰˊ˃ˇʴʺ 

ˍ˖˄ ˍʱˋʶ˖˄ ˁʰˍ˖˒˂ʾˇˎ ˉˇˎ ʶʽˋʱʴˇ˄ˍʰʽ ˋˍˇ˄ ˋˎʴˁˊʽˍʺ, ˃ʶ ʰˉˇˍʷ˂ʶˋ˃ʰ ˄ʰ 

ˉˊˇˋ˒ʷˊʶˍʰʽ ʹ ʵˎ˄ʰˍˈˍʹˍʰ ˔ˊʺˋʹˌ ˍˇˎ ʹ˂ʶˁˍˊˇ˄ʽˁˇˏ ˁˎˁ˂˗˃ʰˍˇˌ ˋʶ ˃ʶʴʰ˂ˏˍʶˊˇ 

ʶˏˊˇˌ ˃ʰʴ˄ʹˍˇ˃ʷˍˊ˖˄Σ ˔˖ˊʾˌ ˄ʰ ʰˉʰʽˍʶʾˍʰʽ ʹ ʶˁ ˍ˖˄ ˉˊˇˍʷˊ˖˄ ʴ˄˗ˋʹ ˍ˖˄ 

˔ʰˊʰˁˍʹˊʽˋˍʽˁ˗˄ ˍˇˎ ˋʺ˃ʰˍˇˌ ʶ˅ˈʵˇˎ ˍˇˎˌΦ 

2.8.1 ʃˊˇˋˇ˃ˇʾ˖ˋʹ ˂ ʶʽˍˇˎˊʴʾʰˌ ́ ˂ʶˁˍˊˇ˄ʽˁˇˏ ˁˎˁ˂˗˃ʰˍˇˌ 

ɱʽʰ ˍʹ˄ ʶˉʽʲʶʲʰʾ˖ˋʹ ˍʹˌ ˇˊʻʺˌ ˂ʶʽˍˇˎˊʴʾʰˌ ˍˇˎ ʹ˂ʶˁˍˊˇ˄ʽˁˇˏ ˁˎˁ˂˗˃ʰˍˇˌΣ 

ʶˉʶ˂ʷʴʹ ʹ ʵʽʶ˅ʰʴ˖ʴʺ ˉˊˇˋˇ˃ˇʾ˖ˋʹˌ. ɱʽʰ ʶ˅ˇʽˁˇ˄ˈ˃ʹˋʹ ˔˗ˊˇˎ, ʶˉʶ˂ʷʴʹˋʰ˄ 
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ˇ˂ˇˁ˂ʹˊ˖˃ʷ˄ʰ ˉˇˎ ˉʶˊʽ˂ʰ˃ʲʱ˄ˇˎ˄ ˉˇ˂˂ʰˉ˂ˇˏˌ ˋˎʴˁˊʽˍʷˌ ˁʰʽ ʰ˄ʰ˂ˇʴʽˁˇˏˌ 

ʵʽʰˁˈˉˍʶˌΣ ʰ˄ˍʽˋˍˇʾ˔˖ˌΦ  

ɱʽʰ ˍ ̌ˋˍʱʵʽˇ ˍ˖˄ ˋˎʴˁˊʽˍ˗˄ ˍʱˋʹˌ ʶˉʶ˂ʷʴʹˋʰ˄ ˇʽ ˋˎʴˁˊʽˍʷˌ TLC3702 ̱ ʹˌ Texas 

Instruments. ʁʽ ˋˎʴˁʶˁˊʽ˃ʷ˄ˇʽ ˋˎʴˁˊʽˍʷˌ ʲʰˋʾʸˇ˄ˍʰʽ ˋˍʹ˄ ˍʶ˔˄ˇ˂ˇʴʾʰ High-speed 

CMOS (HCMOS) ˁ ʰʽ ˃ˉˇˊˇˏ˄ ˄ʰ ˉˊˇˋ˒ʷˊˇˎ˄ ˎ˕ʹ˂ʺ ˍʰ˔ˏˍʹˍʰ h ˉ̍ˁˊ̔̀ ʹˌΣ ˃ʶ ˔ʰ˃ʹ˂ʺ 

ˁʰˍʰ˄ʱ˂˖ˋʹ [143].  

ɱʽʰ ˍˇ ˋˍʱʵʽˇ ˍ˖˄ ʰ˄ʰ˂ˇʴʽˁ˗˄ ʵʽʰˁˇˉˍ˗˄Σ ʶˉʶ˂ʷʴʹ ˇ CD74HC405о ˍʹˌ Texas 

Instruments. ʆˇ ˋˎʴˁʶˁˊʽ˃ʷ˄ˇ ˇ˂ˇˁ˂ʹˊ˖˃ʷ˄ˇ ʰˉˇˍʶ˂ʶʾ ʷ˄ʰ˄ ˉˇ˂ˎˉ˂ʷˁˍʹ у 

ʰ˄ʰ˂ˇʴʽˁ˗˄ ˁʰ˄ʰ˂ʽ˗˄Σ ˇ ˇˉˇʾˇˌ ˋˎ˄ʵˎʱʸʶʽ ˔ʰ˃ʹ˂ʺ ˁʰˍʰ˄ʱ˂˖ˋʹΣ ˎ˕ʹ˂ʺ ˍʰ˔ˏˍʹˍʰ 

ʶ˄ʰ˂˂ʰʴ˗˄ ˁʰʽ ˔ʰ˃ʹ˂ʱ ʶˉʾˉʶʵʰ ʻˇˊˏʲˇˎ [144].  

ʆʷ˂ˇˌΣ ʴʽʰ ˍˇ ˋˍʱʵʽˇ ˍ˖˄ ʰˉˇ˃ˇ˄˖ˍ˗˄Σ ʶˉʶ˂ʷʴʹ ˇ ˍʶ˂ʶˋˍʽˁˈˌ ʶ˄ʽˋ˔ˎˍʺˌ TLC2272 

ˍʹˌ Texas Instruments, ˇ ˇˉˇʾˇˌ ˔ʰˊʰˁˍʹˊʾʸʶˍʰʽ ʰˉˈ ˔ʰ˃ʹ˂ʱ ʶˉʾˉʶʵʰ ʻˇˊˏʲˇˎ ˁʰʽ 

ˎ˕ʹ˂ʺ ʶ˃ˉʷʵʹˋʹ ʶʽˋˈʵˇˎΣ ˁʰʻʽˋˍ˗˄ˍʰˌ ˍˇ˄ ʽʵʰ˄ʽˁˈ ʴʽʰ ˍʹ ˋˎʴˁʶˁˊʽ˃ʷ˄ʹ ʶ˒ʰˊ˃ˇʴʺ 

[145]. 

2.8.2 ɮˉˇˍʶ˂ʷˋ˃ʰˍʰ ˉˊˇˋˇ˃ˇʾ˖ˋʹˌ 

ʅˍʰ ˉʰˊʰˁʱˍ˖ ˋ˔ʺ˃ʰˍʰ ˉʰˊˇˎˋʽʱʸˇ˄ˍʰʽ ˍʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˍ˖˄ ˉˊˇˋˇ˃ˇʽ˗ˋʶ˖˄ 

ˉˇˎ ʵʽʶ˅ʺ˔ʻʹˋʰ˄Σ ʴʽʰ ˋʺ˃ʰ ʶʽˋˈʵˇˎ ʵʽʰ˒ˈˊ˖˄ ˁˎ˃ʰˍˇ˃ˇˊ˒˗˄Σ ˉ˂ʱˍˇˎˌ ὠ ςὠ ˁ ʰʽ 

ˋˎ˔˄ˈˍʹˍʰˌ Ὢ ςὯὌᾀ.  

 

ʅ˔ʺ˃ʰ 2.42: ɮˉˇˍʷ˂ʶˋ˃ʰ ˉˊˇˋˇ˃ˇʾ˖ˋʹˌ ʴʽʰ ʹ˃ʽˍˇ˄ˇʶʽʵʷˌ ˋʺ˃ʰ ʶʽˋˈʵˇˎΦ 
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ʅ˔ʺ˃ʰ 2.43: ɮˉˇˍʷ˂ʶˋ˃ʰ ˉˊˇˋˇ˃ˇʾ˖ˋʹˌ ʴʽʰ ˍˊʽʴ˖˄ʽˁˈ ˋʺ˃ʰ ʶʽˋˈʵˇˎΦ 

 

ʅ˔ʺ˃ʰ 2.44Υ ɮˉˇˍʷ˂ʶˋ˃ʰ ˉˊˇˋˇ˃ˇʾ˖ˋʹˌ ʴʽʰ h̀ ˏ˃˃ʶˍˊˇ ̱ ˊʽʴ˖˄ʽˁˈ ˋʺ˃ʰ ʶʽˋˈʵˇˎΦ 

ɳʾ˄ʰʽ ʶ˃˒ʰ˄ʷˌ ̍ ˍʽ ˍˇ ˁˏˁ˂˖˃ʰ ˋˎ˃ˉʶˊʽ˒ʷˊʶˍʰʽ ˃ʶ ˍˇ˄ ʰ˄ʰ˃ʶ˄ˈ˃ʶ˄ˇ ˍˊˈˉˇΦ ʅˍʹ˄ 

ˉʶˊʾˉˍ˖ˋʹ ˍˇˎ ʹ˃ʽˍˇ˄ˇʶʽʵˇˏˌ ˋʺ˃ʰˍˇˌΣ ˇʽ ʰ˄ʽ˔˄ʶˎˍʷˌ ˁˇˊˎ˒ʺˌ ʶ˄ˍˇˉʾʸˇˎ˄ ˃ʶ 

ʰˁˊʾʲʶʽʰ ˍʰ ˃ʷʴʽˋˍʰ ˁʰʽ ˍʰ ʶ˂ʱ˔ʽˋˍʰ ˍˇˎ ˋʺ˃ʰˍˇˌΦ ʆˇ ʾʵʽˇ ˋˎ˃ʲʰʾ˄ʶʽ ˁʰʽ ˋˍʹ˄ 

ˉʶˊʾˉˍ˖ˋʹ ˍˇˎ ˍˊʽʴ˖˄ʽˁˇˏ ˋʺ˃ʰˍˇˌΣ ʴʽʰ ˍˇ ˇˉˇʾˇ ˉʰˊʱʴˇ˄ˍʰʽΣ ʶˉʾˋʹˌΣ ˉʰ˂˃ˇʾ ˃ʶ 

ʵʽʱˊˁʶʽʰ h ˄ˍʾˋˍˇʽ˔ ̱́ ʹˌ ˔ˊˇ˄ʽˁʺˌ ʵʽʰ˒ˇˊʱˌ ˃ʶˍʰ˅ˏ ˍ˖˄ ˃ʶʴʾˋˍ˖˄ ˁʰʽ ˍ˖˄ ʶ˂ʰ˔ʾˋˍ˖˄Φ 

ʆ̌  ʹ˂ʶˁˍˊˇ˄ʽˁˈ ˁˏˁ˂˖˃ʰ ˋˎ˃ˉʶˊʽ˒ʷˊʶˍʰʽ ˃ʶ ʰˁˊʾʲʶʽʰ ʰˁˈ˃ʹ ˁʰʽ ˋˍʹ˄ ʰˁˊʰʾʰ 

ˉʶˊʾˉˍ˖ˋʹ ˍˇˎ ˃ʹ ˋˎ˃˃ʶˍˊʽˁˇˏ ˍˊʽʴ˖˄ʽˁˇˏ ˋʺ˃ʰˍˇˌ ˃ʶ ʰˋˎ˃˃ʶˍˊʾʰ ˍʱ˅ʶ˖ˌ фф҈Φ ʅʶ 

ʰˎˍ̋˄  ˍʹ˄ ˉʶˊʾˉˍ˖ˋʹΣ ˉʰˊʱʴˇ˄ˍʰʽ ʶˉʾˋʹˌ ˇʽ ʰ˄ʰ˃ʶ˄ˈ˃ʶ˄ˇʽ ˉʰ˂˃ˇʾΣ ˉʰˊʱ ˍʹ˄ 

ʰˉˈˍˇ˃ʹ ˃ʶˍʰʲˇ˂ʺ ˍˇˎ ˋʺ˃ʰˍˇˌ ˃ʶˍʰ˅ˏ ˍ˖˄ ʵˏˇ ʰˁˊʰʾ˖˄ ˍʽ˃˗˄ ˍˇˎΦ 
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2.9 ʃ˂ʰˁʷˍʰ ́ ˂ʶˁˍˊˇ˄ʽˁˇˏ ˁˎˁ˂˗˃ʰˍˇˌ  

2.9.1 ɼʰˍʰˋˁʶˎʺ ˍʹˌ ˉ˂ʰˁʷˍʰˌ ˍˇˎ ʹ˂ʶˁˍˊˇ˄ʽˁˇˏ ˁˎˁ˂˗˃ʰˍˇˌ 

ɶ ˁʰˍʰˋˁʶˎʺ ˍʹˌ ˉ˂ʰˁʷˍʰˌ ˍˇˎ ˄ʷˇˎ ʹ˂ʶˁˍˊˇ˄ʽˁˇˏ ˁˎˁ˂˗˃ʰˍˇˌ ˉˇˎ ʲʰˋʾʸʶˍʰʽ 

ˋˍˇ˄ ˋˎʴˁˊʽˍʺ Schmitt trigger ˉˊʰʴ˃ʰˍˇˉˇʽʺʻʹˁʶ ʲʱˋʶʽ ˍʹˌ ʾʵʽʰ ̩ʵʽʰʵʽˁʰˋʾʰ ̩ˉˇˎ 

ʶʾ˔ʶ ʵʽʶ˅ʰ˔ʻʶʾ ˁʰʽ ʴʽʰ ˍʹ˄ ˁʰˍʰˋˁʶˎʺ ˍʹˌ ˉ˂ʰˁʷˍʰˌ ˍˇˎ ˉˊˇʹʴˇˏ˃ʶ˄ˇˎ ʹ˂ʶˁˍˊˇ˄ʽˁˇˏ 

ˁˎˁ˂˗˃ʰˍˇˌΦ 

ɶ ˉ˂ʰˁʷˍʰ ˍˇˎ ʹ˂ʶˁˍˊˇ˄ʽˁˇˏ ˁˎˁ˂˗˃ʰˍˇˌ ˋ˔ʶʵʽʱˋˍʹˁʶ ˃ʶ ˍʹ ʲˇʺʻʶʽʰ ˍˇˎ 

˂ˇʴʽˋ˃ʽˁˇˏ Autodesk Eagle. ʍˌ ˎˉˇʵˇ˔ʷˌ ˍˊˇ˒ˇʵˇˋʾʰˌ ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʰ˄ ˎˉˇʵˇ˔ʷˌ 

ˍ˖˄ нΦмmmΦ ɱʽʰ ˍʹ˄ ʶʾˋˇʵˇ ˁʰʽ ʷ˅ˇʵˇ ˍˇˎ ˋʺ˃ʰˍˇˌ ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʰ˄ ˎˉˇʵˇ˔ʷˌ 

ˍˏˉˇˎ BNCΣ ʴʽʰ ˋˏ˄ʵʶˋʹ ˃ʶ ˍʰ ˎˉˈ˂ˇʽˉʰ ˃ʷˊʹ ˍʹˌ ʵʽʱˍʰ˅ʹˌ ˃ ʁ˔ˊʺˋʹ ˇ˃ˇʰ˅ˇ˄ʽˁ˗˄ 

ˁʰ˂˖ʵʾ˖˄. 

ɽˈʴ˖ ˍʹˌ ˉˇ˂ˎˉ˂ˇˁˈˍʹˍʰˌ ˍˇˎ ʹ˂ʶˁˍˊˇ˄ʽˁˇˏ ˁˎˁ˂˗˃ʰˍˇˌΣ ʵʶ˄ ʺˍʰ˄ ʵˎ˄ʰˍʺ ʹ 

ˍˇˉˇʻʷˍʹˋʹ ˈ˂˖˄ ˍ˖˄ ʶ˅ʰˊˍʹ˃ʱˍ˖˄ ˋʶ ˃ʾʰΣ ˃ˈ˄ˇΣ ˈ˕ʹ ˍʹˌ ˒˖ˍˇʶˎʰʾˋʻʹˍʹˌ 

ˉ˂ʰˁʷˍʰˌΦ ʅˎ˄ʶˉ˗ˌΣ ˋ˔ʶʵʽʱˋˍʹˁʶ ˃ʾʰ ˉ˂ʰˁʷˍʰ ʵˏˇ ˈ˕ʶ˖˄. ʁʽ ʵˏˇ ˈ˕ʶʽˌ ˍʹˌ 

ˉ˂ʰˁʷˍʰˌΣ ˉʰˊˇˎˋʽʱʸˇ˄ˍʰʽ ˋˍʰ ˉʰˊʰˁʱˍ˖ ˋ˔ʺ˃ʰˍʰΥ  

 

ʅ˔ʺ˃ʰ 2.45Υ ɮΩ ˈ˕ʹ ̄ ˂ʰˁʷˍʰˌ ʹ˂ʶˁˍˊˇ˄ʽˁˇˏ ˁˎˁ˂˗˃ʰˍˇˌΦ 



2.9 ʃ˂ʰˁʷˍʰ ʹ˂ʶˁˍˊˇ˄ʽˁˇˏ ˁˎˁ˂˗˃ʰˍˇˌ 

 

90 

 

ʅ˔ʺ˃ʰ 2.46: ɰΩ ˈ˕ʹ ̄ ˂ʰˁʷˍʰˌ ́ ˂ʶˁˍˊˇ˄ʽˁˇˏ ˁˎˁ˂˗˃ʰˍˇˌ. 

ʅˍˇ ʅ˔ʺ˃ʰ 2.47 ̄ ʰˊˇˎˋʽʱʸʶˍʰʽ ʹ ˋˎ˄ˇ˂ʽˁʺ ʶʽˁˈ˄ʰ ˍʹˌ ˉ˂ʰˁʷˍʰˌΣ ˈˉˇˎ ˒ʰʾ˄ˇ˄ˍʰʽ 

ˇʽ ʶ˄ʰ˂˂ʰʴʷˌ ˍ˖˄ ʰʴ˗ʴʽ˃˖˄ ʵˊˈ˃˖˄ ˃ʶˍʰ˅ˏ ˍ˖˄ ʵˏˇ ˈ˕ʶ˖˄Φ 

 

ʅ˔ʺ˃ʰ 2.47: ʅˎ˄ˇ˂ʽˁʺ ʶʽˁˈ˄ʰ ˉ˂ʰˁʷˍʰˌ ́ ˂ʶˁˍˊˇ˄ʽˁˇˏ ˁˎˁ˂˗˃ʰˍˇˌΦ 

ʆˇ ʵʽʱʴˊʰ˃˃ʰ ˍˇˎ ˁˎˁ˂˗˃ʰˍˇˌ, ̍ ˉ˖ˌ ˋ˔ʶʵʽʱˋˍʹˁʶ ˋˍˇ ˂ˇʴʽˋ˃ʽˁˈ Eagle, ˒ ʰʾ˄ʶˍʰʽ 

ˋˍˇ ʅ˔ʺ˃ʰ 2.48. 



2.9 ʃ˂ʰˁʷˍʰ ʹ˂ʶˁˍˊˇ˄ʽˁˇˏ ˁˎˁ˂˗˃ʰˍˇˌ 
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ʅ˔ʺ˃ʰ 2.48: ɲʽʱʴˊʰ˃˃ʰ ʹ˂ʶˁˍˊˇ˄ʽˁˇˏ ˁˎˁ˂˗˃ʰˍˇˌΦ 



2.9 ʃ˂ʰˁʷˍʰ ʹ˂ʶˁˍˊˇ˄ʽˁˇˏ ˁˎˁ˂˗˃ʰˍˇˌ 

 

92 

ʅˍʹ ˋˎ˄ʷ˔ʶʽʰΣ ʰˁˇ˂ˇˏʻʹˋʶ ʹ ɻ ʽʰʵʽˁʰˋʾʰ ˁʰˍʰˋˁʶˎʺˌ ˍʹˌ ̄ ˂ʰˁʷˍʰˌΣ ˋˏ˃˒˖˄ʰ ˃ʶ 

ˍʹ˄ ˍʶ˔˄ʽˁʺ ˉˇˎ ʶʾ˔ʶ ˉʶˊʽʴˊʰ˒ʶʾ ˋʶ ˉˊˇʹʴˇˏ˃ʶ˄ʹ ˉʰˊʱʴˊʰ˒ˇ. ʁʽ ˈ˕ʶʽˌ ˍʹˌ ˍʶ˂ʽˁʺˌ 

ˉ˂ʰˁʷˍʰˌ ˉʰˊˇˎˋʽʱʸˇ˄ˍʰʽ ̀ ˍʰ ˉʰˊʰˁʱˍ˖ ˋ˔ʺ˃ʰˍʰ: 

 

ʅ˔ʺ˃ʰ 2.49: ɮΩ ̍ ˕ʹ ˉ˂ʰˁʷˍʰˌΦ 

 

ʅ˔ʺ˃h  2.50: ɰΩ ̍ ˕ʹ ˉ˂ʰˁʷˍʰˌΦ 

2.9.2 ɲˇˁʽ˃ʺ ̱ ˇˎ ˄ʷˇˎ ʹ˂ʶˁˍˊˇ˄ʽˁˇˏ ˁˎˁ˂˗˃ʰˍˇˌ 

ɱʽʰ ˍʹ ʵˇˁʽ˃ʺ ˍʹˌ ˄ʷʰˌ ˉ˂ʰˁʷˍʰˌ, ʰˊ˔ʽˁʱ ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʶ ʹ ʴʶ˄˄ʺˍˊʽʰ 

ˋˎ˔˄ˇˍʺˍ˖˄Σ ˗ˋˍʶ ˄ʰ ˉʰˊʰ˔ʻˇˏ˄ ˋʺ˃ʰˍʰ ˉˇˎ ʶʽˋʺ˂ʻʰ˄ ʰˉʶˎʻʶʾʰˌ ˋˍʹ˄ ʶʾˋˇʵˇ ˍʹˌ 



2.9 ʃ˂ʰˁʷˍʰ ʹ˂ʶˁˍˊˇ˄ʽˁˇˏ ˁˎˁ˂˗˃ʰˍˇˌ 
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ˉ˂ʰˁʷˍʰˌΦ ʃʰˊʰˁʱˍ˖ ˉʰˊˇˎˋʽʱʸˇ˄ˍʰʽ ˍʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˍ˖˄ ʵˇˁʽ˃˗˄ ʴʽʰ ˍˊʽʴ˖˄ʽˁʱ 

ˋʺ˃ʰˍʰ ʶʽˋˈʵˇˎΣ ʵʽʰ˒ˇˊʶˍʽˁʺˌ ˋˎ˃˃ʶˍˊʾʰˌΦ 

 

ʅ˔ʺ˃ʰ 2.51: ʃh ˂˃ʽˁˈ ˋʺ˃ʰ ʶ˅ˈʵˇ ˎɹ ʽʰ ˍˊʽʴ˖˄ʽˁˈ ˋʺ˃ʰ ˃ʶ ̀ˎ˃˃ʶˍˊʾʰ 5%. 

 

ʅ˔ʺ˃ʰ 2.52: ʃh ˂˃ʽˁˈ ˋʺ˃ʰ ʶ˅ˈʵˇ ˎɹ ʽʰ ˍˊʽʴ˖˄ʽˁˈ ˋʺ˃ʰ ˃ʶ ˋˎ˃˃ʶˍˊʾʰ мл%. 

 

ʅ˔ʺ˃ʰ 2.53: ʃh ˂˃ʽˁˈ ˋʺ˃ʰ ʶ˅ˈʵˇ ˎɹ ʽʰ ˍˊʽʴ˖˄ʽˁˈ ˋʺ˃ʰ ˃ʶ ˋˎ˃˃ʶˍˊʾʰ 50%. 



2.9 ʃ˂ʰˁʷˍʰ ʹ˂ʶˁˍˊˇ˄ʽˁˇˏ ˁˎˁ˂˗˃ʰˍˇˌ 

 

94 

 

ʅ˔ʺ˃ʰ 2.54: ʃh ˂˃ʽˁˈ ˋʺ˃ʰ ʶ˅ˈʵˇ ˎɹ ʽʰ ˍˊʽʴ˖˄ʽˁˈ ˋʺ˃ʰ ˃ʶ ˋˎ˃˃ʶˍˊʾʰ фл%. 

 

ʅ˔ʺ˃ʰ 2.55: ʃh ˂˃ʽˁˈ ˋʺ˃ʰ ʶ˅ˈʵˇ ˎɹ ʽʰ ˍˊʽʴ˖˄ʽˁˈ ˋʺ˃ʰ ˃ʶ ˋˎ˃˃ʶˍˊʾʰ ф5%. 

ɳʾ˄ʰʽ ʶ˃˒ʰ˄ʷˌ ˈˍʽ ˍˇ ʹ˂ʶˁˍˊˇ˄ʽˁˈ ˁˏˁ˂˖˃ʰ ˂ʶʽˍˇˎˊʴʶʾ ˃ʶ ˍˇ˄ ʰ˄ʰ˃ʶ˄ˈ˃ʶ˄ˇ 

ˍˊˈˉˇΣ ˁʰʻ˗ˌ ˉˊˇˁˏˉˍˇˎ˄ ˍʰ ʾʵʽʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˃ʶ ʰˎˍʱ ˍ˖˄ ˉˊˇˋˇ˃ˇʽ˗ˋʶ˖˄Φ ɶ 

ʷ˄ʰˊ˅ʹ ˍˇˎ ˁʱʻʶ ˉʰ˂˃ˇˏ ˋˎ˃ˉʾˉˍʶʽ ˃ʶ ˍʹ˄ ʶ˃˒ʱ˄ʽˋʹ ˍˇˎ ˃ʶʴʾˋˍˇˎ ˍˇˎ ˋʺ˃ʰˍˇˌ 

ʶʽˋˈʵˇˎΣ ʶ˄˗ ʹ ˂ʺ˅ʹ ˍˇˎ ˉʰ˂˃ˇˏ ˋˎ˃ˉʾˉˍʶʽ ˃ʶ ˍʹ˄ ʶ˃˒ʱ˄ʽˋʹ ˍˇˎ ʶ˂ʰ˔ʾˋˍˇˎΦ ʆˇ ʾʵʽˇ 

ˋˎ˃ʲʰʾ˄ʶʽ ʰˁˈ˃ʹ ˁʰʽ ˋˍʽˌ ʰˁˊʰʾʶˌ ˉʶˊʽˉˍ˗ˋʶʽˌΣ ˁʰˍʱ ˍʽˌ ˇˉˇʾʶˌ ˍˇ ˋʺ˃ʰ ʶʽˋˈʵˇˎ 

ʶʾ˄ʰʽ ʰˋˏ˃˃ʶˍˊˇΣ ˃ʶ ʰˉˇˍʷ˂ʶˋ˃ʰ ˍʰ ˃ʷʴʽˋˍʰ ˁʰʽ ʶ˂ʱ˔ʽˋˍʱ ˍˇˎ ˄ʰ ʷ˔ˇˎ˄ ˉˇ˂ˏ ˃ʽˁˊʺ 

˔ˊˇ˄ʽˁʺ ʵʽʰ˒ˇˊʱΦ 

ʆʰ ˉʰˊʰˉʱ˄˖ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˉˊˇʷˁˎ˕ʰ˄ ˔ˊʹˋʽ˃ˇˉˇʽ˗˄ˍʰˌ ˍʹ˄ ʷ˅ˇʵˇ ˍʹˌ 

ˉ˂ʰˁʷˍʰˌ ˉˇˎ ʵʹ˃ʽˇˎˊʴʶʾ ˋʺ˃ʰ ˉ˂ʱˍˇˎˌ рVΣ ʰ˄ʶ˅ʰˊˍʺˍ˖ˌ ˍˇˎ ˉ˂ʱˍˇˎˌ ˍˇˎ ˋʺ˃ʰˍˇˌ 

ʶʽˋ̍ɻ ˇˎΦ ʂ˃˖ˌΣ ˈˉ˖ˌ ʶʾ˔ʶ ˉˊˇʰ˄ʰ˒ʶˊʻʶʾΣ ˋʶ ˃ʶˊʽˁʷˌ ˉʶˊʽˉˍ˗ˋʶʽˌ ʶʾ˄ʰʽ ˔ˊʺˋʽ˃ʹ ˁʰʽ 

ʹ ˉ˂ʹˊˇ˒ˇˊʾʰ ˍˇˎ ˉ˂ʱˍˇˎˌ ˍˇˎ ˋʺ˃ʰˍˇˌΣ ˋʶ ˋˎ˄ʵˎʰˋ˃ˈ ˃ʶ ˍʹ ˔ˊˇ˄ʽˁʺ ʵʽʰ˒ˇˊʱ 

˃ʶʴʾˋˍ˖˄ ˁʰʽ ʶ˂ʰ˔ʾˋˍ˖˄Φ ʅʶ ʰˎˍʺ˄ ˍʹ˄ ˉʶˊʾˉˍ˖ˋʹΣ ˃ˉˇˊʶʾ ˄ʰ ˔ˊʹˋʽ˃ˇˉˇʽʹʻʶʾ ʹ 



2.9 ʃ˂ʰˁʷˍʰ ʹ˂ʶˁˍˊˇ˄ʽˁˇˏ ˁˎˁ˂˗˃ʰˍˇˌ 
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ʵʶˏˍʶˊʹ ʷ˅ˇʵˇˌ ˍʹˌ ˉ˂ʰˁʷˍʰˌΣ ˍˇ ˋʺ˃ʰ ˍʹˌ ˇˉˇʾʰˌ ʵʽʰˍʹˊʶʾ ˍˇ ʰˊ˔ʽˁˈ ˉ˂ʱˍˇˌ 

ʶʽˋˈʵˇˎΣ ˉʰˊʱʴˇ˄ˍʰˌ ˉʰ˂˃ˇˏˌ ˃ʶˍʰʲ˂ʹˍˇˏ ˉ˂ʱˍˇˎˌ ˁʰʽ ʵʽʱˊˁʶʽʰˌΦ 

ʅˍʹ ˋˎ˄ʷ˔ʶʽʰ, ˉʰˊˇˎˋʽʱʸˇ˄ˍʰʽ ˍʰ ˋʺ˃ʰˍʰ ˉˇˎ ʶ˂ʺ˒ʻʹˋʰ˄ ˈˍʰ˄ 

˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʶ ʹ ˍˇˉˇ˂ˇʴʾʰ ˉˊ˖ˍʶˏˇ˄ˍˇˌ-ʵʶˎˍʶˊʶˏˇ˄ˍˇˌ ˉʹ˄ʾˇˎ ˉˇˎ 

ʰ˄ʰˉˍˏ˔ʻʹˁʶ ˋˍˇ ʶˊʴʰˋˍʺˊʽˇΣ ˗ˋˍʶ ˄ʰ ˉˊʰʴ˃ʰˍˇˉˇʽʹʻˇˏ˄ ʵˇˁʽ˃ʷˌ ɹ ʽʰ ʹ˃ʽˍˇ˄ˇʶʽʵʷˌ 

ˋʺ˃ʰ ʵʽʷʴʶˊˋʹˌ ˉ˂ʱˍˇˎˌ ὠ υὠ ˁ ʰʽ ˋˎ˔˄ˈˍʹˍʰˌ Ὢ ρὯὌᾀ. 

 

ʅ˔ʺ˃ʰ 2.56: ʅʺ˃ʰˍʰ ˉʹ˄ʾˇˎ ˂ʺ˕ʹˌ όˉˊʱˋʽ˄ˇύ ˁʰʽ ̄ ˂ʰˁʷˍʰˌ όˁʾˍˊʽ˄ˇύ, ˁ ʰˍʱ ˍʹ˄ ʶˉʽʲˇ˂ʺ 
˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎ ̌ ˃ˈˊˊˇˉˇˎ ˃ʶ ̱́˄ ʰ˄ʰˉˍˎ˔ʻʶʾˋʰ ˍˇˉˇ˂ˇʴʾʰ. 

 

ʅ˔ʺ˃ʰ 2.57: ʅʺ˃ʰˍʰ ˉʹ˄ʾˇˎ ˂ʺ˕ʹˌ όˉˊʱˋʽ˄ˇύ ˁʰʽ ̄ ˂ʰˁʷˍʰˌ όˁʾˍˊʽ˄ˇύ, ˁ ʰˍʱ ˍʹ˄ ʶˉʽʲˇ˂ʺ 
˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎ h ˄ˍʾˊˊˇˉˇˎ ˃ ʶ ˍʹ˄ h ˄h ˉˍˎ˔ʻʶʾˋʰ ˍˇˉˇ˂ˇʴʾʰ. 

ʁ˃ˇʾ˖ˌΣ ˍʰ ˋʺ˃ʰˍʰ ˉˇˎ ˉˊˇˁˏˉˍˇˎ˄ ʴʽʰ ˍˊʽʴ˖˄ʽˁˈ ˋʺ˃ʰ ʵʽʷʴʶˊˋʹˌ ˉ˂ʱˍˇˎˌ ὠ

υὠ ˁ ʰʽ ˋˎ˔˄ˈˍʹˍʰˌ Ὢ ρὯὌᾀΣ ˉʰˊˇˎˋʽʱʸˇ˄ˍʰʽ ˋˍʰ ˉʰˊʰˁʱˍ˖ ˋ˔ʺ˃ʰˍʰΥ 



2.9 ʃ˂ʰˁʷˍʰ ʹ˂ʶˁˍˊˇ˄ʽˁˇˏ ˁˎˁ˂˗˃ʰˍˇˌ 
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ʅ˔ʺ˃ʰ 2.58: ʅʺ˃ʰˍʰ ˉʹ˄ʾˇˎ ˂ʺ˕ʹˌ όˉˊʱˋʽ˄ˇύ ˁʰ ̔̄ ˂ʰˁʷˍʰˌ όˁʾˍˊʽ˄ˇύΣ ʰˉˇˎˋʾʰ 
ʶˉʽʲʰ˂˂ˈ˃ʶ˄ˇˎ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎΦ 

 

ʅ˔ʺ˃ʰ 2.59: ʅʺ˃ʰˍʰ ˉʹ˄ʾˇˎ ˂ʺ˕ʹˌ όˉˊʱˋʽ˄ˇύ ˁʰʽ ̄ ˂ʰˁʷˍʰˌ όˁʾˍˊʽ˄ˇύ, ˁ ʰˍʱ ˍʹ˄ ʶˉʽʲˇ˂ʺ 
˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎ ̌ ˃ˈˊˊˇˉˇˎ ˃ʶ ˍʹ˄ ʰ˄ʰˉˍˎ˔ʻʶʾˋʰ ˍˇˉˇ˂ˇʴʾʰ. 

 

ʅ˔ʺ˃ʰ 2.60: ʅʺ˃ʰˍʰ ˉʹ˄ʾˇˎ ˂ʺ˕ʹˌ όˉˊʱˋʽ˄ˇύ ˁʰʽ ̄ ˂ʰˁʷˍʰˌ όˁʾˍˊʽ˄ˇύ, ˁ ʰˍʱ ˍʹ˄ ʶˉʽʲˇ˂ʺ 
˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎ h ˄ˍʾˊˊˇˉˇˎ ˃ʶ ˍʹ˄ ʰ˄ʰˉˍˎ˔ʻʶʾˋʰ ˍˇˉˇ˂ˇʴʾʰ. 



2.10 ʅˏˋˍʹ˃ʰ ʰˎˍˇ˃ʱˍˇˎ ʶ˂ʷʴ˔ˇˎ ˁ˂ʶʽˋˍˇˏ ʲˊˈ˔ˇˎ 
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ɶ ˁˏˊʽʰ ʵʽʰ˒ˇˊʱ ̱ ˖˄ ˉʰˊʰˉʱ˄˖ ˋʹ˃ʱˍ˖˄ ʴʽʰ ˍʹ˄ ˍˊʽʴ˖˄ʽˁʺ ʵʽʷʴʶˊˋʹ, ̀ ʶ ˋ˔ʷˋʹ 

˃ʶ ʰˎˍʱ ˉˇˎ ˉˊˇˁˏˉˍˇˎ˄ ʴʽʰ ˍʹ˄ ʹ˃ʽˍˇ˄ˇʶʽʵʺ ʵʽʷʴʶˊˋʹΣ ʷʴˁʶʽˍʰʽ ˋˍʹ˄ ʶ˃˒ʱ˄ʽˋʹ ˍ˖˄ 

ʰˉˈˍˇ˃˖˄ ʰˋˎ˄ʶ˔ʶʽ˗˄ ˋˍʰ ˋʹ˃ʶʾʰ ˉˇˎ ʰ˄ˍʽˋˍˇʽ˔ˇˏ˄ ˋˍʰ ˃ʷʴʽˋˍʰ ˁʰʽ ʶ˂ʱ˔ʽˋˍʰ ˍˇˎ 

ˍˊʽʴ˖˄ʽˁˇˏ ˋʺ˃ʰˍˇˌΦ ʃʰˊΩ ˈ˂ʰ ʰˎˍʱΣ ʹ ʷ˅ˇʵˇˌ ˍʹˌ ˉ˂ʰˁʷˍʰˌ ˍˇˎ ˁˎˁ˂˗˃ʰˍˇˌ 

˃ʷˍˊʹˋʹˌ ʶʾ˄ʰʽ ʹ ʰ˄ʰ˃ʶ˄ˈ˃ʶ˄ʹΣ ˁʰʻ˗ˌ ˇ ˋˎʴˁˊʽˍʺˌ ʵʶ˄ ʶˉʹˊʶʱʸʶˍʰʽ ʰˉˈ ˍʽˌ 

ʰˋˎ˄ʷ˔ʶʽʶˌΦ ɳ˂ʱˍˍ˖ˋʹ ʺ ˁʰʽ ʶ˅ʱ˂ʶʽ˕ʹ ʰˎˍ˗˄ ˍ˖˄ ʰˋˎ˄ʶ˔ʶʽ˗˄ ˃ˉˇˊʶʾ ˄ʰ ʶˉʷ˂ʻʶʽ 

˃ʷˋ˖ ˍʹˌ ˃ʶʾ˖ˋʹˌ ˍˇˎ ˉ˂ʱˍˇˎˌ ˍˇˎ ˋʺ˃ʰˍˇˌ ʵʽʷʴʶˊˋʹˌ ʺ ˁʰʽ ˃ʷˋ˖ ˍʹˌ ʰ˄ˈˉˍʹˋʹˌ 

ˍˇˎ ˃ ʰʴ˄ʹˍʽˁˇˏ ˎ˂ʽˁˇˏ.  

2.10  ʅˏˋˍʹ˃ʰ ʰˎˍˇ˃ʱˍˇˎ ʶ˂ʷʴ˔ˇˎ ˁ˂ʶʽˋˍˇˏ ʲˊˈ˔ˇˎ 

2.10.1  ɳʽˋʰʴ˖ʴʺ 

ɳˉˈ˃ʶ˄ˇ ʲʺ˃ʰ ʴʽʰ ˍʹ˄ ʰ˄ʱˉˍˎ˅ʹ ˍʹˌ ʵʽʱˍʰ˅ʹˌ ʵʽʰˁˊʾʲ˖ˋʹˌ ˃ʰʴ˄ʹˍˇ˃ʷˍˊ˖˄ 

ʰˉˇˍʷ˂ʶˋʶ ʹ ʵʹ˃ʽˇˎˊʴʾʰ ʶ˄ˈˌ ˔˗ˊˇˎ ʵʽʶ˅ʰʴ˖ʴʺˌ ˃ʶˍˊʺˋʶ˖˄Σ ˋˍˇ˄ ˇˉˇʾˇ ʻʰ ˃ˉˇˊʶʾ 

˄ʰ ʶ˂ʷʴ˔ʶˍʰʽ ˁʰʽ ˄ʰ ˇˊʾʸʶˍʰʽ ʹ ʁ̄ ʽʲˇ˂ʺ ˃ʰɹ˄ʹˍʽˁˇ  ˏˉʶʵʾˇΦˎ ʁ ʲʷ˂ˍʽˋˍˇˌ ˍˊˈˉˇˌ ʴʽʰ 

ˍʹ˄ ˉʰˊʰʴ˖ʴʺ ʰˎˍ˗˄ ˍ˖˄ ˉʶʵʾ˖˄ ʶʾ˄ʰʽ ʹ ˔ˊʺˋʹ ʶ˄ˈˌ ˋˎˋˍʺ˃ʰˍˇˌ ʰˎˍˇ˃ʱˍˇˎ ʶ˂ʷʴ˔ˇˎ 

ˁ˂ʶʽˋˍˇˏ ʲˊˈ˔ˇˎΣ ˍˇ ˇˉˇʾˇ ˂ʰ˃ʲʱ˄ʶʽ ˖ˌ ʶʾˋˇʵˇ ˍʽˌ ˃ʶˍˊʺˋʶʽˌ ˍʹˌ ʰ˄ʰˉˍˎ˔ʻʶʾˋʰˌ 

ˍˇˉˇ˂ˇʴʾʰˌ ˁʰʽ ˉˊˇˋʰˊ˃ˈʸʶʽ ˁʰˍʰ˂˂ʺ˂˖ˌ ˍʹ˄ ˍˊˇ˒ˇʵˇˋʾʰ ˉˇˎ ˉʰˊʷ˔ʶˍʰʽ ˋˍˇ 

ʶˁʱˋˍˇˍʶ ˋˏˋˍʹ˃ʰ ʰ˄ˍʽˋˍʱʻ˃ʽˋʹˌΣ ˈˉ˖ˌ ʶʾ˄ʰʽ ˍˇ ˋ˖˂ʹ˄ˇʶʽʵʷˌ ˉˇˎ ʷ˔ʶʽ ʰ˄ʰˉˍˎ˔ʻʶʾ. 

ɾʶ ʰˎˍˈ˄ ˍˇ˄ ˍˊˈˉˇΣ ʶʾ˄ʰʽ ʵˎ˄ʰˍʺ ʹ ˉʰˊˇ˔ʺ ˍˊˇ˒ˇʵˇˋʾʰˌ ˃ʶ ʶ˂ʶʴ˔ˈ˃ʶ˄ˇ ˍˊˈˉˇ ˋˍˇ 

ˋ˖˂ʹ˄ˇʶʽʵʷ̩ Σ ʵʹ˃ʽˇˎˊʴ˗˄ˍʰˌ ˍˇ ˃ʰʴ˄ʹˍʽˁˈ ˉʶʵʾˇ ʰ˄ˍʽˋˍʱʻ˃ʽˋʹˌ ˃ʶ ˍʰ ʶˉʽʻˎ˃ʹˍʱ 

˔ʰˊʰˁˍʹˊʽˋˍʽˁʱΦ 

ʆˇ ˋˏˋˍʹ˃ʰ ʰˎˍˇ˃ʱˍˇˎ ʶ˂ʷʴ˔ˇˎ ˉˇˎ ʰ˄ʰˉˍˏ˔ʻʹˁʶ ˔ˊʹˋʽ˃ˇˉˇʽʶʾ ˖ˌ ʶʾˋˇʵˇ ˍʽˌ 

ˍʽ˃ʷˌ ˔ˊˇ˄ʽˁʺˌ ʵʽʰ˒ˇˊʱˌ ῳὸ ˍ˖˄ ˉʰ˂˃˗˄ ˉˇˎ ˉˊˇˁˏˉˍˇˎ˄ ʰˉˈ ˍˇ ʹ˂ʶˁˍˊˇ˄ʽˁˈ 

ˁˏˁ˂˖˃ʰ ˉˇˎ ʷ˔ʶʽ ˁʰˍʰˋˁʶˎʰˋˍʶʾΦ ʇˉʶ˄ʻˎ˃ʾʸʶˍʰʽ ˉ˖ˌ ʲʱˋʶʽ ˍʹˌ ʰˊ˔ʺˌ ˂ʶʽˍˇˎˊʴʾʰˌ, 

ˈˍʰ˄ ʹ ˔ˊˇ˄ʽˁʺ ʵʽʰ˒ˇˊʱ ˃ʶˍʰ˅ˏ ˍ̟˄ ʵʽʰʵˇ˔ʽˁ˗˄ ˃ʶʴʾˋˍ˖˄ ˁʰʽ ʶ˂ʰ˔ʾˋˍ˖˄ ˍˇˎ ˋʺ˃ʰˍˇˌ 

ˍˇˎ ˉʹ˄ʾˇˎ ˂ʺ˕ʹˌ ˍʹˌ ʰ˄ʰˉˍˎ˔ʻʶʾˋʰˌ ˍˇˉˇ˂ˇʴʾʰ ˉˊ˖ˍʶˏˇ˄ˍˇˌ-ʵʶˎˍʶˊʶˏˇ˄ˍˇˌ ʶʾ˄ʰʽ 

˃ʹʵʶ˄ʽˁʺΣ ʵʶ˄ ˎ˒ʾˋˍʰˍʰʽ ʶˉʽʲˇ˂ʺ ʶ˅˖ˍʶˊʽˁˇˏ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎΦ ʅˎ˄ʶˉ˗ˌΣ ˋˁˇˉˈˌ 

ˍˇˎ ˋˎˋˍʺ˃ʰˍˇˌ ˁ˂ʶʽˋˍˇˏ ʲˊˈ˔ˇˎ ʶʾ˄ʰʽ ˄ʰ ˃ʹʵʶ˄ʽˋˍʶʾ ʹ ˋˎʴˁʶˁˊʽ˃ʷ˄ʹ ˔ˊˇ˄ʽˁʺ 



2.10 ʅˏˋˍʹ˃ʰ ʰˎˍˇ˃ʱˍˇˎ ʶ˂ʷʴ˔ˇˎ ˁ˂ʶʽˋˍˇˏ ʲˊˈ˔ˇˎ 

 

98 

ʵʽʰ˒ˇˊʱΣ ˃ʷˋ˖ ˍʹˌ ʶ˂ʶʴ˔ˈ˃ʶ˄ʹˌ ˍˊˇ˒ˇʵˇˋʾʰˌ ˍˇˎ ˋˎˋˍʺ˃ʰˍˇˌ ʰ˄ˍʽˋˍʱʻ˃ʽˋʹˌΣ ˗ˋˍʶ 

˄ʰ ʵʹ˃ʽˇˎˊʴʹʻʶʾ ʷ˄ʰˌ ˔˗ˊˇˌ ˃ʶ ˃ʹʵʶ˄ʽˁʺ ʶˉʾʵˊʰˋʹ ʶ˅˖ˍʶˊʽˁˇˏ ˃ ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎΦ 

ʆˇ ˋˎʴˁʶˁˊʽ˃ʷ˄ˇ ˔ʰˊʰˁˍʹˊʽˋˍʽˁˈ ʰˉˇˍʶ˂ʶʾ ˁʰʽ ˍˇ ˋʹ˃ʰ˄ˍʽˁˈˍʶˊˇ ˉ˂ʶˇ˄ʷˁˍʹ˃ʰ 

ˍʹˌ ˋˎɹˁʶˁˊʽ˃ʷ˄ʹˌ ʵʽʱˍʰ˅ʹˌ ʵʽʰˁˊʾʲ˖ˋʹˌΥ ʁʽ ˃ʶˍˊʺˋʶʽˌ ʵʶ˄ ʲʰˋʾʸˇ˄ˍʰʽ ˋˍʹ ˔ˊʺˋʹ 

˃ʰʴ˄ʹˍˇ˃ʷˍˊ˖˄ ʰ˄ʰ˒ˇˊʱˌ ʴʽʰ ˍʹ ˃ʷˍˊʹˋʹ ˍˇˎ ˎˉʱˊ˔ˇ˄ˍˇˌ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎΦ 

ɮ˄ˍʽʻʷˍ˖ˌΣ ˖ˌ ʲʱˋʹ ʶ˅ʱ˂ʶʽ˕ʹˌ ˍˇˎ ˎˉʱˊ˔ˇ˄ˍˇˌ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎ, ̝ ˊʹˋʽ˃ˇˉˇʽʶʾˍʰʽ 

ˇ ˃ʹʵʶ˄ʽˋ˃ˈˌ ˍʹˌ ˔ˊˇ˄ʽˁʺˌ ʵʽʰ˒ˇˊʱ̩ ˍ˖˄ ˃ʶʴʾˋˍ˖˄ ˁʰʽ ʶ˂ʰ˔ʾˋˍ˖˄ ʶ˄ˈˌ ˋʺ˃ʰˍˇˌ ̄ ˇˎ 

ʶ˅ʰˊˍʱˍʰʽ ʰˉˈ ˍʰ ˒ˎˋʽˁʱ ˔ʰˊʰˁˍʹˊʽˋˍʽˁʱ ʶ˄ˈˌ ˃ʰʴ˄ʹˍʽˁˇˏ ˎ˂ʽˁˇˏΦ ʅˎ˄ʶˉ˗ˌΣ ʹ 

˃ʷˍˊʹˋʹ ʲʰˋʾʸʶˍʰʽ ˋʶ ˃ʾʰ ʻʶ˃ʶ˂ʽ˗ʵʹ ˉˇˋˈˍʹˍʰΣ ʵʹ˂ʰʵʺ ˍˇ˄ ˔ˊˈ˄ˇΣ ˉˊˇˋ˒ʷˊˇ˄ˍʰˌ 

ˍʹ ʵˎ˄ʰˍˈˍʹˍʰ ˄ʰ ˔ˊʹˋʽ˃ˇˉˇʽʹʻʶʾ ˖ˌ ˉˊ˖ˍʶˏˇ˄ ˉˊˈˍˎˉˇ, ˃ʶˍʱ ʰˉˈ ˁʰˍʱ˂˂ʹ˂ʶˌ 

ʲʶ˂ˍʽ˗ˋʶʽˌ ˋˍˇ ˋˏˋˍʹ˃ʰ ʵʽʷʴʶˊˋʹˌ ˁʰʽ ˃ʷˍˊʹˋʹˌ. 

2.10.2  ɮ˄ʱˉˍˎ˅ʹ ʰ˂ʴˇˊʾʻ˃ˇˎ ʰˎˍˇ˃ʱˍˇˎ ʶ˂ʷʴ˔ˇˎ 

ɴ˔ˇ˄ˍʰˌ ˖ˌ ʵʶʵˇ˃ʷ˄ʰ ʶʽˋˈʵˇˎ ˍˇ ˉʰ˂˃ʽˁˈ ˋʺ˃ʰ ˍʹˌ ʰ˄ʰˉˍˎ˔ʻʶʾˋʰˌ ˉ˂ʰˁʷˍʰˌ 

ʰ˄ʾ˔˄ʶˎˋʹˌ ˁˇˊˎ˒˗˄Σ ˋ˔ʶʵʽʱˋˍʹˁʶ ʷ˄ʰˌ ʰ˂ʴˈˊʽʻ˃ˇˌ ˉˇˎ ʻʰ ʶʾ˄ʰʽ ʽˁʰ˄ˈˌ ˄ʰ ˂ʰ˃ʲʱ˄ʶʽ 

ʰˎˍ̍ ˍˇ ˋʺ˃ʰΣ ˄ʰ ˍˇ ʶˉʶ˅ʶˊʴʱʸʶˍʰʽ ˁʰʽ ˄ʰ ˉʰˊʱʴʶʽ ˍʹ˄ ˁʰˍʱ˂˂ʹ˂ʹ ʷ˅ˇʵˇ ʴʽʰ ˍʹ˄ 

ˍˊˇ˒ˇʵˇˋʾʰ ˍˇˎ ˋˎˋˍʺ˃ʰˍˇˌ ʰ˄ˍʽˋˍʱʻ˃ʽˋʹˌΦ ʁ ʰ˂ʴˈˊʽʻ˃ˇˌ ˉˇˎ ʰ˄ʰˉˍˏ˔ʻʹˁʶ ʴʽʰ ˍˇ 

ˉˊˇʰ˄ʰ˒ʶˊʻʷ˄ ˋˏˋˍʹ˃ʰ ʰˎˍˇ˃ʱˍˇˎ ʶ˂ʷʴ˔ˇˎ ʲʰˋʾʸʶˍʰʽ ˋˍˇ˄ ˃ʹ˔ʰ˄ʽˋ˃ˈ ʶ˂ʷʴ˔ˇˎ PID 

(ProportionalςIntegralςDerivative). ʅˎ˄ʶˉ˗ˌΣ ʰˉʰˊʰʾˍʹˍˇ ˋˍˇʽ˔ʶʾˇ ʴʽʰ ˍʹ˄ ˇˊʻʺ 

˂ʶʽˍˇˎˊʴʾʰ ˍˇˎΣ ʶʾ˄ʰʽ ʹ ʶˏˊʶˋʹ ˍ˖˄ ˁʰˍʱ˂˂ʹ˂˖˄ ˍʽ˃˗˄ ˍ˖˄ ˉʰˊʰ˃ʷˍˊ˖˄ Kp, Ki ˁ ʰʽ Kd 

ˉˇˎ ˁʰʻˇˊʾʸˇˎ˄ ˍˇ˄ ˍˊˈˉˇ ˂ʶʽˍˇˎˊʴʾʰˌ ʶ˄ˈˌ ˋˎˋˍʺ˃ʰˍˇˌ PID. ɱʽʰ ˍʹ˄ ʶˎˁˇ˂ˈˍʶˊʹ 

ˊˏʻ˃ʽˋʹ ʰˎˍ˗˄ ˍ˖˄ ˍʽ˃˗˄Σ ʰ˄ʰˉˍˏ˔ʻʹˁʶ ʷ˄ʰ ˍ˃ʺ˃ʰ ˍˇˎ ʰ˂ʴˇˊʾʻ˃ˇˎ ˉˇˎ ʵʾ˄ʶʽ ˍʹ 

ʵˎ˄ʰˍˈˍʹˍʰ ˍʹˌ ˊˏʻ˃ʽˋʺˌ ˍˇˎˌ ˋʶ ̄́ ʰʴ˃ʰˍʽˁˈ ˔ˊˈ˄ˇ ʰˉˈ ˍˇ ˔ˊʺˋˍʹΣ ˃ʷˋ˖ ˍʹˌ 

ˋʶʽˊʽʰˁʺˌ ʶˉʽˁˇʽ˄˖˄ʾʰˌ ˍˇˎ ˃ʽˁˊˇʶ˂ʶʴˁˍʺ ˃ʶ ˍˇ˄ ʹ˂ʶˁˍˊˇ˄ʽˁˈ ˎˉˇ˂ˇʴʽˋˍʺΦ ʊˎˋʽˁʱΣ ʹ 

ˋˎʴˁʶˁˊʽ˃ʷ˄ʹ ˊˏʻ˃ʽˋʹ ˍ˖˄ ˉʰˊʰ˃ʷˍˊ˖˄ ʵʽʰˍʹˊʶʾˍʰʽ ˁʰʽ ˔ˊʶʽʱʸʶˍʰʽ ˄ʰ 

ˉˊʰʴ˃ʰˍˇˉˇʽʹʻʶʾ ˃ˈ˄ˇ ˁʰˍʱ ˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ˉˇˎ ˍˊˇˉˇˉˇʽʹʻʶʾ ˁʱˉˇʽˇ ˋˍˇʽ˔ʶʾˇ ˍʹˌ 

ˋˎ˄ˇ˂ʽˁʺˌ ʵʽʱˍʰ˅ʹˌΦ  

ʆʰ ˎˉˈ˂ˇʽˉʰ ˋˍʱʵʽʰ ˍˇˎ ˁ˗ʵʽˁʰ ˉʶˊʽ˂ʰ˃ʲʱ˄ˇˎ˄ ˍʹ˄ ʰ˄ʱʴ˄˖ˋʹ ˍʹˌ ˍʽ˃ʺˌ 

ʶʽˋˈʵˇˎΣ ʵʹ˂ʰʵʺ ˍʹˌ ˃ʷˍˊʹˋʹˌ ˍʹˌ ʵʽʱˊˁʶʽʰˌ ˍ˖˄ ˉʰ˂˃˗˄ ˉˇˎ ˉˊˇʷˊ˔ˇ˄ˍʰʽ ʰˉˈ ˍʹ˄ 
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ʰ˄ʰˉˍˎ˔ʻʶʾˋʰ ʹ˂ʶˁˍˊˇ˄ʽˁʺ ˉ˂ʰˁʷˍʰ ˃ʷˍˊʹˋʹˌ ˁʰʽ ˍˇ˄ ˎˉˇ˂ˇʴʽˋ˃ˈ ˍʹˌ ˔ˊˇ˄ʽˁʺˌ ˍˇˎˌ 

ʵʽʰ˒ˇˊʱˌΦ  

ɴˉʶʽˍʰΣ ˇˊʾʸʶˍʰʽ ʹ ˉˇ˂ʽˁˈˍʹˍʰ ˍʹˌ ˍˊˇ˒ˇʵˇˋʾʰˌ ˉˇˎ ʻʰ ˉʰˊʰˋ˔ʶʻʶʾΣ ˗ˋˍʶ ˍˇ 

˃ʰʴ˄ʹˍʽˁˈ ˉʶʵʾˇ ˉˇˎ ʻʰ ʵʹ˃ʽˇˎˊʴʹʻʶʾ ʰˉˈ ˍˇ ʾʵʽˇ ˍˇ ˋˏˋˍʹ˃ʰ ʰ˄ˍʽˋˍʱʻ˃ʽˋʹˌ ˄ʰ 

ʶʾ˄ʰʽ ʰ˄ˍʾʻʶˍˇ ˍˇˎ ʶˉʽʲʰ˂˂ˈ˃ʶ˄ˇˎΣ ˃ʶ ˋˁˇ̄̍  ˍʹ˄ ʶ˅ʱ˂ʶʽ˕ʺ ˍˇˎΦ ʆʷ˂ˇˌΣ ʰ˒ˇˏ ʷ˔ʶʽ 

ˇˊʽˋʻʶʾ ʹ ˉˇ˂ʽˁˈˍʹˍʰ ˍʹˌ ˉʰˊʶ˔ˈ˃ʶ˄ʹˌ ˍʱˋʹˌ ˍˊˇ˒ˇʵˇˋʾʰˌΣ ˊˎʻ˃ʾʸʶˍʰʽ ʹ ˍʽ˃ʺ ˍʹˌΦ 

ɮˎˍˈ ʶˉʽˍˎʴ˔ʱ˄ʶˍʰʽ ˃ʷˋ˖ ˍʹˌ ˋˎ˄ʱˊˍʹˋʹˌ ˍˇˎ ˋˎˋˍʺ˃ʰˍˇˌ ʰˎˍˇ˃ʱˍˇˎ ʶ˂ʷʴ˔ˇˎΣ ʹ 

ˇˉˇʾʰ ˂ʰ˃ʲʱ˄ʶʽ ˖ˌ ˍʽ˃ʺ ʶʽˋˈʵˇˎ ˍʹ ˔ˊˇ˄ʽˁʺ ʵʽʰ˒ˇˊʱ ˍ˖˄ ˉʰ˂˃˗˄Σ ˔ˊʹˋʽ˃ˇˉˇʽʶʾ ˍʽˌ 

ˉʰˊʰ˃ʷˍˊˇˎˌ Kp, Ki ˁʰʽ Kd ˁʰʽ ˎˉˇ˂ˇʴʾʸʶʽ ˍʹ˄ ˍʽ˃ʺ ʶ˅ˈʵˇˎΣ ʹ ˇˉˇʾʰ ˉʰˊʷ˔ʶˍʰʽ ˋˍˇ 

ˋˏˋˍʹ˃ʰ ʰ˄ˍʽˋˍʱʻ˃ʽˋʹˌΦ ʁ ˋˎ˄ˇ˂ʽˁˈˌ ˁ˗ʵʽˁʰˌ ˉʰˊʰˍʾʻʶˍʰʽ ˋˍˇ ʃʰˊʱˊˍʹ˃ʰ όɳ˄ˈˍʹˍʰ 

6.2). 

2.10.3  ɴ˂ʶʴ˔ˇˌ ˍˊˇ˒ˇʵˇˋʾʰˌ ˋˎˋˍʺ˃ʰˍˇˌ ʰ˄ˍʽˋˍʱʻ˃ʽˋʹˌ 

ɱʽʰ ˍʹ˄ ʶˁˍʷ˂ʶˋʹ ˍˇˎ ʰ˂ʴˇˊʾʻ˃ˇˎ ˉˇˎ ʰ˄ʰˉˍˏ˔ʻʹˁʶΣ ̝́ʹˋʽ˃ˇˉˇʽʺʻʹˁʶ ʷ˄ʰˌ 

˃ʽˁˊˇʶ˂ʶʴˁˍʺˌ όAtmel ATmega328P)Σ ˇ ˇˉˇʾˇˌ ˂ʰ˃ʲʱ˄ʶʽ ˖ˌ ʶʾˋˇʵˇ ˍˇˎˌ ˉʰ˂˃ˇˏˌ ˉˇˎ 

ˉʰˊʱʴˇ˄̱ʰʽ ʰˉˈ ˍʹ˄ ʰ˄ʰˉˍˎ˔ʻʶʾˋʰ ˉ˂ʰˁʷˍʰ ˁʰʽ ˃ʶˍˊʱ ˍʹ ˔ˊˇ˄ʽˁʺ ʵʽʰ˒ˇˊʱ ῳὸȢ 

ʆʶ˂ʽˁʱΣ ˃ʷˋ˖ ˍˇˎ ʰ˂ʴˇˊʾʻ˃ˇˎΣ ʶ˄ʶˊʴˇˉˇʽʶʾˍʰʽ ˃ʽʰ ʷ˅ˇʵˇˌ ˍˏˉˇˎ PWM (Pulse-Width 

Modulation) ̱ ˇˎ ˃ʽˁˊˇʶ˂ʶʴˁˍʺΦ 

ɶ ˍʽ˃ʺ ʰˎˍʺˌ ˍʹˌ ʶ˅ˈʵˇˎ ʶʽˋʱʴʶˍʰʽ ˋʶ ʷ˄ʰ ʹ˂ʶˁˍˊˇ˄ʽˁˈ ˁˏˁ˂˖˃ʰ ʽˋ˔ˏˇˌ ˍˏˉˇˎ 

ʴʷ˒ˎˊʰˌ όH-bridge L298N) ˉˇˎ ʶʾ˄ʰʽ ʽˁʰ˄ˈ ˄ʰ ʰ˄ˍʽˋˍˊʷ˒ʶʽ ˍʹ˄ ˉˇ˂ʽˁˈˍʹˍʰ ˍʹˌ 

ˉʰˊʰʴˈ˃ʶ˄ʹˌ ˍʱˋʹˌΣ ˈˍʰ˄ ʰˎˍˈ ʶʾ˄ʰʽ ʶˉʽʻˎ˃ʹˍˈ. ʆ ̌ˋˎʴˁʶˁˊʽ˃ʷ˄ˇ ʹ˂ʶˁˍˊˇ˄ʽˁˈ 

ˁˏˁ˂̟ ˃ʰ ˔ˊʹˋʽ˃ˇˉˇʽʶʾ ʵˏˇ ˋʺ˃ʰˍʰ ʶʽˋˈʵˇˎ ʴʽʰ ˍʹ ˂ʶʽˍˇˎˊʴʾʰ ˍˇˎΥ ʷ˄ʰ ˕ʹ˒ʽʰˁˈ 

ˋʺ˃ʰ όHIGH/LOW) ˉˇˎ ˁʰʻˇˊʾʸʶʽ ˍʹ˄ ˉˇ˂ʽˁˈˍʹˍʰ ˍʹˌ ˍʱˋʹˌ ʶ˅ˈʵˇˎ ˁʰʽ ʷ˄ʰ ˋʺ˃ʰ 

ˍˏˉˇˎ PWM ˉˇˎ ˊˎʻ˃ʾʸʶʽ ˍˇ ˉ˂ʱˍˇˌ ˍʹˌΦ ɳˉʾˋʹˌΣ ˉˊˇˋ˒ʷˊʶʽ ˍʹ ʵˎ˄ʰˍˈˍʹˍʰ 

ʰ˄ʶ˅ʱˊˍʹˍˇˎ ʶ˂ʷʴ˔ˇˎ ʵˏˇ ʵʽʰ˒ˇˊʶˍʽˁ˗˄ ˁʰ˄ʰ˂ʽ˗˄ ʶ˅ˈʵˇˎΣ ˁʱˍʽ ˉˇˎ ʶʾ˄ʰʽ ˔ˊʺˋʽ˃ˇ 

ʴʽʰ ˍʹ˄ ˉʰˊˇ˔ʺ ˍˊˇ˒ˇʵˇˋʾʰˌ ˋʶ ʵˏˇ ˋˎˋˍʺ˃ʰˍʰ ʰ˄ˍʽˋˍʱʻ˃ʽˋʹˌΣ ˗ˋˍʶ ˄ʰ ʶ˂ʷʴ˔ʶˍʰʽ 

ˍˇ ˃ʰʴ˄ʹˍʽˁˈ ˉʶʵʾˇ ˋʶ ʵˏˇ ʱ˅ˇ˄ʶˌΦ ɶ ˋˎʴˁʶˁˊʽ˃ʷ˄ʹ ˉ˂ʰˁʷˍʰ ˒ʰʾ˄ʶˍʰʽ ˋˍˇ ʅ˔ʺ˃ʰ 2.61:  
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ʅ˔ʺ˃ʰ 2.61: ɶ˂ʶˁˍˊˇ˄ʽˁʺ ˉ˂ʰˁʷˍʰ ́ ˎʻ˃ʽʸˈ˃ʶ˄ʹˌ ˍˊˇ˒ˇʵˇˋʾʰˌΦ 

ʅˎ˄ʶˉ˗ˌΣ ˉˊˇˋʻʷˍˇ˄ˍʰˌ ˍ ́ˋˎʴˁʶˁˊʽ˃ʷ˄  ́ʹ˂ʶˁˍˊˇ˄ʽˁ ̋ˉ˂ʰˁʷˍʰ ˋˍʹ ʵʽʱˍʰ˅ʹΣ 

ʶʾ˄ʰʽ ʵˎ˄ʰˍˈˌ ˇ ʷ˂ʶʴ˔ˇˌ ˍʹˌ ˍʽ˃ʺˌΣ ʰ˂˂ʱ ˁʰʽ ˍʹˌ ˁʰˍʶˏʻˎ˄ˋʹˌ ˍˇˎ ʶˉʽʲʰ˂˂ˈ˃ʶ˄ˇˎ 

˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎ h ˄ˍʽˋˍʱʻ˃ʽˋʹˌ, ̀ ʶ ˉˊʰʴ˃ʰˍʽˁˈ ˔ˊˈ˄ˇΦ 

2.11  ʋˊʺˋʹ ˍʹˌ ʰ˄ʰˉˍˎ˔ʻʶʾˋʰˌ ʵʽʱˍʰ˅ʹˌ ʵʽʰˁˊʾʲ˖ˋʹˌ 

ʅˎ˄ˇ˂ʽˁʱΣ ʹ ʵʽʰʵʽˁʰˋʾʰ ˉˇˎ ʰˁˇ˂ˇˎʻʶʾˍʰʽ ʴʽʰ ˍʹ ʵʽʰˁˊʾʲ˖ˋʹ ˃ʰʴ˄ʹˍˇ˃ʷˍˊ˖˄ 

ʶʾ˄ʰʽ ʹ ʶ˅ʺˌΥ ɮˊ˔ʽˁʱΣ ˋˍˇ ʶˋ˖ˍʶˊʽˁˈ ˍˇˎ ˋ˖˂ʹ˄ˇʶʽʵˇˏˌ ˍˇˉˇʻʶˍʶʾˍʰʽ ʹ ˍˇˉˇ˂ˇʴʾʰ 

ˉˊ˖ˍʶˏˇ˄ˍˇˌ-ʵʶˎˍʶˊʶˏˇ˄ˍˇˌ ˉʹ˄ʾˇˎ ˉˇˎ ʷ˔ʶʽ ʰ˄ʰˉˍˎ˔ʻʶʾ ʴʽʰ ˍʹ˄ ʰ˄ʾ˔˄ʶˎˋʹ ˍˇˎ 

˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎ ˋˍˇ ˔˗ˊˇ ˃ʷˍˊʹˋʹˌΣ ˃ʶ ˋˁˇˉˈ ˍʹ˄ ʶ˅ʱ˂ʶʽ˕ʺ ˍˇˎ. 

ɶ ʶʾˋˇʵˇˌ ˍʹˌ ʰ˄ʰˉˍˎ˔ʻʶʾˋʰˌ ˍˇˉˇ˂ˇʴʾʰˌΣ ʵʹ˂ʰʵʺ ˍˇ ˉʹ˄ʾˇ ʵʽʷʴʶˊˋʹˌΣ 

ˋˎ˄ʵʷʶˍʰʽ ˃ʶ ˃ʾʰ ʴʶ˄˄ʺˍˊʽʰ ˋˎ˔˄ˇˍʺˍ˖˄Σ ʶ˄˗ ʹ ʷ˅ˇʵˈˌ ˍʹˌ ˋˎ˄ʵʷʶˍʰʽ ˃ʶ ˍˇ 

ʹ˂ʁˁˍˊˇ˄ʽˁˈ ˁˏˁ˂˖˃ʰ ˃ʶˍʰˍˊˇˉʺˌ ˍˇˎ ˋʺ˃ʰˍˇˌ ˋʶ ˋʶʽˊʱ ˉʰ˂˃˗˄ ʰ˄ˍʾˋˍˇʽ˔ʹˌ 

ʵʽʱˊˁʶʽʰˌΦ ʆˎ˔ˈ˄ ʶˉʽʲʰ˂˂ˈ˃ʶ˄ʰ ʶ˅˖ˍʶˊʽˁʱ ˃ʰʴ˄ʹˍʽˁʱ ˉʶʵʾʰ ʻʰ ʴʾ˄ˇˎ˄ ʰ˄ˍʽ˂ʹˉˍʱ 

˂ˈʴ˖ ˍʹˌ ˃ʹ ˃ʹʵʶ˄ʽˁʺˌ ˔ˊˇ˄ʽˁʺˌ ʵʽʰ˒ˇˊʱˌ ˃ʶˍʰ˅ˏ ˍ˖˄ ʵʽʰʵˇ˔ʽˁ˗˄ ˃ʶʴʾˋˍ˖˄ ˁʰʽ 

ʶ˂ʰ˔ʾˋˍ˖˄ ˍˇˎ ˂ʰ˃ʲʰ˄ˈ˃ʶ˄ˇˎ ˋʺ˃ʰˍˇˌΦ  

ʅʶ ʰˎˍʺ ˍʹ˄ ˉʶˊʾˉˍ˖ˋʹΣ ˇ ʰ˂ʴˈˊʽʻ˃ˇˌ ˉˇˎ ʶˁˍʶ˂ʶʾˍʰʽ ˋˍˇ˄ ˋˎ˄ʵʶ˃ʷ˄ˇ 

˃ʽˁˊˇʶ˂ʶʴˁˍʺ ̒ ʰ ˃ʶˍˊʺˋʶʽ ˍʹ ˔ˊˇ˄ʽˁʺ ʵʽʰ˒ˇˊʱ ̱ ˖˄ ˂ʹ˒ʻʷ˄ˍ˖˄ ˉʰ˂˃˗˄ ˁʰʽ ˃ʷˋ˖ ˍˇˎ 

ˋˎˋˍʺ˃ʰˍˇˌ ʰˎˍˇ˃ʱˍˇˎ ʶ˂ʷʴ˔ˇˎ ˁ˂ʶʽˋˍˇˏ ʲˊˈ˔ˇˎΣ ʻʰ ʵʹ˃ʽˇˎˊʴʺˋʶʽ ˍʹ˄ ˁʰˍʱ˂˂ʹ˂ʹ 



2.11 ʋˊʺˋʹ ˍʹˌ ʰ˄ʰˉˍˎ˔ʻʶʾˋʰˌ ʵʽʱˍʰ˅ʹˌ ʵʽʰˁˊʾʲ˖ˋʹˌ 

 

101 

ʷ˅ˇʵˇ ˉˊˇˌ ˍʹ˄ ˉ˂ʰˁʷˍʰ ˍˊˇ˒ˇʵˇˋʾʰˌΣ ˗ˋˍʶ ˄ʰ ʵʹ˃ʽˇˎˊʴʹʻʶʾ ˍˇ ˃ʰʴ˄ʹˍʽˁˈ ˉʶʵʾˇ 

ʰ˄ˍʽˋˍʱʻ˃ʽˋʹˌ ˃ʷˋ˖ ˍˇˎ ˋ˖˂ʹ˄ˇʶʽʵˇˏˌΦ ɶ ˋˎ˄ˇ˂ʽˁʺ ʵʽʰʵʽˁʰˋʾʰ ˉʰˊˇˎˋʽʱʸʶˍʰʽ ˋˍˇ 

ˉʰˊʰˁʱˍ˖ ʵʽʱʴˊʰ˃˃ʰ: 

 

ʅ˔ʺ˃ʰ 2.62Υ ʅˎ˄ˇ˂ʽˁʺ ʵʽʱˍʰ˅ʹ ʴʽʰ ˍʹ˄ ʰ˄ˍʽˋˍʱʻ˃ʽˋʹ ˍˇˎ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎΦ 

ɱʶ˄˄ʺˍˊʽʰ ˋˎ˔˄ˇˍʺˍ˖˄

ɲʹ˃ʽˇˎˊʴʾʰ ˍˇˎ ˋʺ˃ʰˍˇˌ ʵʽʷʴʶˊˋʹˌ ˍʹˌ ˍˇˉˇ˂ˇʴʾʰˌ 
ˉˊ˖ˍʶˏˇ˄ˍˇˌ-ʵʶˎˍʶˊʶˏˇ˄ˍˇˌ ˉʹ˄ʾˇˎ

ʆˇˉˇ˂ˇʴʾʰ ˉˊ˖ˍʶˏˇ˄ˍˇˌ-ʵʶˎˍʶˊʶˏˇ˄ˍˇˌ ˉʹ˄ʾˇˎ

ωɮ˄ʾ˔˄ʶˎˋʹ ˍˇˎ ʶˉʽʲ˂˂ˈ˃ʶ˄ˇˎ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎ

ωʃʰˊʰʴ˖ʴʴʺ ˋʺ˃ʰˍˇˌΣ ʰ˄ʱ˂ˇʴˇˎ ˍˇˎ ʶˉʽʲʰ˂˂ˈ˃ʶ˄ˇˎ 
˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎ

ɶ˂ʶˁˍˊˇ˄ʽˁˈ ˁˏˁ˂˖˃ʰ ˃ʷˍˊʹˋʹˌ

ωɮˎˍˈ˃ʰˍʹ ˉˊˇˋʰˊ˃ˇʴʺ ˍ˖˄ ˃ʶʴʾˋˍ˖˄ ˁʰʽ ʶ˂ʰ˔ʾˋˍ˖˄

ωɾʶˍʰˍˊˇˉʺ ˍˇˎ ˋʺ˃ʰˍˇˌ ˋʶ ˉʰ˂˃ˇˏˌ

ɾʽˁˊˇʶ˂ʶʴˁˍʺˌ

ωɾʷˍˊʹˋʹ ˍʹˌ ˔ˊˇ˄ʽˁʺˌ ʵʽʰ˒ˇˊʱˌ ˍ˖˄ ˉʰ˂˃˗˄

ωʇˉˇ˂ˇʴʽˋ˃ˈˌ ˍˇˎ ˁʰˍʱ˂˂ʹ˂ˇˎ ˋʺ˃ʰˍˇˌ ʴʽʰ ˍˇ˄ ˃ʹʵʶ˄ʽˋ˃ˈ 
ˍʹˌ ʵʽʰ˒ˇˊʱˌ

ʃ˂ʰˁʷˍʰ ˍˊˇ˒ˇʵˇˋʾʰˌ

ωɴ˂ʶʴ˔ˇˌ ˉˇ˂ʽˁˈˍʹˍʰˌ ˁʰʽ ˍʽ˃ʺˌ ˍʹˌ ˍʱˋʹˌ ˍˊˇ˒ˇʵˇˋʾʰˌ ˍˇˎ 
ˋˎˋˍʺ˃ʰˍˇˌ ʰ˄ˍʽˋˍʱʻ˃ʽˋʹˌ

ʅ˖˂ʹ˄ˇʶʽʵʷˌ

ωʃʰˊʰʴ˖ʴʺ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎ ʴ˄˖ˋˍʺˌ ˍʽ˃ʺˌ

ωɮ˄ˍʽˋˍʱʻ˃ʽˋʹ ʶˉʽʲʰ˂˂ˈ˃ʶ˄˖˄ ˉʶʵʾ˖˄
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ʅˍʰ ʶˉˈ˃ʶ˄ h̀ ˔ʺ˃ʰˍʰ ˉʰˊˇˎˋʽʱʸˇ˄ˍʰʽ ʶ˄ʵʶʽˁˍʽˁʷˌ ˃ʶˍˊʺˋʶʽˌ ˁʰˍʱ ˍʹ˄ ʰ˄ʾ˔˄ʶˎˋʹ 

ʶ˅˖ˍʶˊʽˁ˗ ̩ʁ ˉʽʲʰ˂˂ˈ˃ʶ˄˖˄ ˃ʰʴ˄ʹˍʽˁ˗˄ ˉʶʵʾ˖˄ ˋˍʹ ʵʽʱˍʰ˅ʹΦ 

 

ʅ˔ʺ˃ʰ 2.63: ʅʺ˃ʰˍʰ ˉʹ˄ʾˇˎ ˂ʺ˕ʹˌ όˉˊʱˋʽ˄ˇύ ˁʰʽ ́ ˂ʶˁˍˊˇ˄ʽˁˇˏ ˁˎˁ˂˗˃ʰˍˇˌ όˁʾˍˊʽ˄ˇύ, ˁ ʰˍʱ 
ˍʹ˄ ʶˉʽʲˇ˂ʺ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎ ̌ ˃ˈˊˊˇˉˇˎ ˃ʶ ˍʹ˄ ʰ˄ʰˉˍˎ˔ʻʶʾˋʰ ˍˇˉˇ˂ˇʴʾʰ. 

 

ʅ˔ʺ˃ʰ 2.64: ʅʺ˃ʰˍʰ ˉʹ˄ʾˇˎ ˂ʺ˕ʹˌ όˉˊʱˋʽ˄ˇύ ˁʰʽ ́ ˂ʶˁˍˊˇ˄ʽˁˇˏ ˁˎˁ˂˗˃ʰˍˇˌ όˁʾˍˊʽ˄ˇύ, ˁ ʰˍʱ 
ˍʹ˄ ʶˉʽʲˇ˂ʺ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎ h ˄ˍʾˊˊˇˉˇˎ ˃ʶ ˍʹ˄ ʰ˄ʰˉˍˎ˔ʻʶʾˋʰ ˍˇˉˇ˂ˇʴʾʰ. 

ɱʽʰ ˍʹ ʵʽʶ˅ʰʴ˖ʴʺ ˍʹˌ ʵʽʰˁˊʾʲ˖ˋʹˌΣ ʹ ʰ˄ʰˉˍˎ˔ʻʶʾˋʰ ˍˇˉˇ˂ˇʴʾʰ ˉˊ˖ˍʶˏˇ˄ˍˇˌ-

ʵʶˎˍʶˊʶˏˇ˄ˍˇˌ ˉʹ˄ʾˇˎ ʰ˒ʰʽˊʶʾˍʰʽ ʰˉˈ ˍˇ ʶˋ˖ˍʶˊʽˁˈ ˍˇˎ ˋ˖˂ʹ˄ˇʶʽʵˇˏˌΣ ʰ˒ˇˏ ˉˊ˗ˍʰ 

˔ˊʹˋʽ˃ˇˉˇʽʹʻʶʾ ʴʽʰ ˍʹ˄ ʶ˅ʱ˂ʶʽ˕ʹ ˍˇˎ ˎ˒ʽˋˍʱ˃ʶ˄ˇˎ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎΦ ɶ ʰ˒ʰʾˊʶˋʹ 

ˍʹˌ ʰ˄ʰˉˍˎ˔ʻʶʾˋʰˌ ˍˇˉˇ˂ˇʴʾʰˌ ˉˊ˖ˍʶˏˇ˄ˍˇˌ-ʵʶˎˍʶˊʶˏˇ˄ˍˇˌ ˉʹ˄ʾˇˎ ʶʾ˄ʰʽ 

ʰˉʰˊʰʾˍʹˍʹ ʴʽʰ ʵˏˇ ˂ˈʴˇˎˌΥ ʃˊ˗ˍˇ˄Σ ʰˉˇ˒ʶˏʴʶˍʰʽ ˍˎ˔ˈ˄ ʶˉʾʵˊʰˋʺ ˍʹ ̩ ˋˍʽˌ 

˃ʶˍˊʺˋʶʽˌ ˁʰˍʱ ˍʹ ʵʽʰˁˊʾʲ˖ˋʹ ˍˇˎ ˎˉˈ ʶ˅ʷˍʰˋʹ ˃ʰʴ˄ʹˍˇ˃ʷˍˊˇˎ ˁʰʽ ʵʶˏˍʶˊˇ˄Σ 

ʰˉˇʵʶˋ˃ʶˏʶʽ ˍˇ˄ ˔˗ˊˇ ˋˍˇ ˁʷ˄ˍˊˇ ˍˇˎ ˋ˖˂ʹ˄ˇʶʽʵˇˏˌ ʴʽʰ ˍʹ˄ ˍˇˉˇʻʷˍʹˋʹ ˍˇˎ 

˃ʰʴ˄ʹˍˇ˃ʷˍˊˇˎ ˋˍˇ ʾʵʽˇ ʰˁˊʽʲ˗ˌ ˋʹ˃ʶʾˇ. ɲʶʵˇ˃ʷ˄ˇˎ ˈˍʽ ˉˊˈˁʶʽˍʰʽ ʴʽʰ ʶˊʴʰˋˍʹˊʽʰˁʺ 
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ʵʽʱˍʰ˅ʹΣ ˋˍʹ˄ ˇˉˇʾʰ ʵʶ˄ ʶˉʽʵˊˇˏ˄ ʰˋˍʱʻ˃ʹˍˇʽ ˉʰˊʱʴˇ˄ˍʶˌ ˉˇˎ ʻʰ ˇʵʹʴˇˏˋʰ˄ ˋʶ 

ʰˉˈˍˇ˃ʹ ˃ʶˍʰʲˇ˂ʺ ˍˇˎ ʶˉʽʲʰ˂˂ˈ˃ʶ˄ˇˎ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎΣ ˃ˉˇˊʶʾ ˄ʰ ʻʶ˖ˊʹʻʶʾ ˈˍʽ 

ˋˍ̌ ˔ˊˇ˄ʽˁˈ ʵʽʱˋˍʹ˃ʰ ˃ʶˍʰ˅ˏ ˍʹˌ ʰ˒ʰʾˊʶˋʹˌ ˍʹˌ ʰ˄ʰˉˍˎ˔ʻʶʾˋʰˌ ˍˇˉˇ˂ˇʴʾʰˌ 

ˉˊ˖ˍʶˏˇ˄ˍˇˌ-ʵʁ ˎˍʶˊʶˏˇ˄ˍˇˌ ˉʹ˄ʾˇˎ ˁʰʽ ˍʹˌ ʵʽʶ˅ʰʴ˖ʴʺˌ ˍʹˌ ʵʽʰˁˊʾʲ˖ˋʹˌΣ ʵʶ˄ ʷ˔ʶʽ 

ʰ˂˂ʱ˅ʶʽ ˍˇ ʶ˅˖ˍʶˊʽˁ˗ˌ ʶˉʽʲʰ˂˂ˈ˃ʶ˄ˇ ˃ʰʴ˄ʹˍʽˁˈ ˉʶʵʾˇΦ 

ʅˍʹ ˋˎ˄ʷ˔ʶʽʰΣ ˍˇ ˎˉˈ ʵʽʰˁˊʾʲ˖ˋʹ ˃ʰʴ˄ʹˍˈ˃ʶˍˊˇ ˍˇˉˇʻʶˍʶʾˍʰʽ ˋˍˇ ˁʷ˄ˍˊˇ ˍˇˎ 

ˋ˖˂ʹ˄ˇʶʽʵˇˏˌ ˁʰʽ ˉʰˊʷ˔ʶˍʰʽ ˋʶ ʰˎˍˈ ˃ʰʴ˄ʹˍʽˁˈ ˉʶʵʾˇ ʴ˄˖ˋˍʺˌ ˍʽ˃ʺˌ ˃ʁ  ˋˁˇˉˈ ˍʹ˄ 

ʶ˅ʱ˂ʶʽ˕ʹ ˍ˖˄ ʶˉʽʲʰ˂˂ˈ˃ʶ˄˖˄ ˃ʰʴ˄ʹˍʽˁ˗˄ ˉʶʵʾ˖˄Σ ʰ˂˂ʱ ˁʰʽ ˍʹ˄ ʵʽʰˁˊʾʲ˖ˋʺ ˍˇˎ. ʅʰ˄ 

ʰˉˇˍʷ˂ʶˋ˃ʰΣ ˂ʰ˃ʲʱ˄ˇ˄ˍʰˌ ˍʹ˄ ʷ˅ˇʵˈ ˍˇˎ ʴʽʰ ʴ˄˖ˋˍʷˌ ˍʽ˃ʷˌ ˉʶʵʾˇˎΣ ˃ˉˇˊʶʾ ˄ʰ 

ʶ˅ʰ˔ʻʶʾ ʹ ˁʰ˃ˉˏ˂ʹ ʲʰʻ˃ˇ˄ˈ˃ʹˋʺˌ ˍˇˎΦ ʅˍˇ ʅ˔ʺ˃ʰ 2.65 ˉʰˊˇˎˋʽʱʸʶˍʰʽ ʶ˄ʵʶʽˁˍʽˁʺ 

˒˖ˍˇʴˊʰ˒ʾʰ ˍʹˌ ʵʽʱˍʰ˅ʹˌΥ 
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͂ϠϲϣϧϨϡϚ ϟϔϖϠϚϧϜϝўϠɯ

ϔϜϦϛϚϧЕϤϬϠ 

3.1 ɳʽˋʰʴ˖ʴʺ 

ʶˍʱ ˍʹ˄ ˇ˂ˇˁ˂ʺˊ˖ˋʹ ˍʹˌ ʰ˄ʱˉˍˎ˅ʹˌ ˍʹˌ ʵʽʱˍʰ˅ʹ ̩ʵʽʰˁˊʾʲ˖ˋʹˌ 

˃ʰʴ˄ʹˍˇ˃ʷˍˊ˖˄, ʰˁˇ˂ˇˏʻʹˋʶ ʹ ˔ˊʺˋʹ ˍʹˌ ʴʽʰ ˍʹ ʵʽʰˁˊʾʲ˖ˋʹ ˄ʷ˖˄ 

˃ʰʴ˄ʹˍʽˁ˗˄ ʰʽˋʻʹˍʺˊ˖˄ ˉˇˎ ˋ˔ʶʵʽʱˋˍʹˁʰ˄ ˁʰʽ ʰ˄ʰˉˍˏ˔ʻʹˁʰ˄, ˋˍʰ 

ˉ˂ʰʾˋʽʰ ˍʹˌ ˉʰˊˇˏˋʰˌ ɲʽʵʰˁˍˇˊʽˁʺˌ ɲʽʰˍˊʽʲʺˌ.  

ɮˊ˔ʽˁʱ ʰ˄ʰˉˍˏ˔ʻʹˁʰ˄ ʵˏˇ ˍˇˉˇ˂ˇʴʾʶˌ ˃ʰʴ˄ʹˍˇ˃ʷˍˊ˖˄ Fluxgate, ̄ ˇˎ ʶ˃˒ʰ˄ʾʸˇˎ˄ 

ˎ˕ʹ˂ʺ ʶˎʰʽˋʻʹˋʾʰΣ ʷ˔ˇ˄ˍʰˌ ˉˇ˂ˏ ˔ʰ˃ʹ˂ˈ ˁˈˋˍˇˌ ˁʰˍʰˋˁʶˎʺˌΦ ʅˍʹ ˋˎ˄ʷ˔ʶʽʰ 

ˉʰˊˇˎˋʽʱʸˇ˄ˍʰʽ ʵˏˇ ˃ʰʴ˄ʹˍʽˁˇʾ ʰʽˋʻʹˍʺˊʶˌ ˉˇˎ ˃ˉˇˊˇˏ˄ ˄ʰ ˔ˊʹˋʽ˃ˇˉˇʽʹʻˇˏ˄ ʴʽʰ 

ˍˇ˄ ɾʹ ɼʰˍʰˋˍˊˇ˒ʽˁˈ ɴ˂ʶʴ˔ˇ ˒ʶˊˊˇ˃ʰʴ˄ʹˍʽˁ˗˄ ˎ˂ʽˁ˗˄ΣΦ ʁ ˉˊ˗ˍˇˌ ʰˉˇˍʶ˂ʶʾ ˁˎˊʾ˖ˌ 

˃ʽʰ ʶˊʴʰˋˍʹˊʽʰˁʺ ʵʽʱˍʰ˅ʹ ˁʰʽ ˃ˉˇˊʶʾ ˄ʰ ˁʰˍʰʴˊʱ˕ʶʽ ˍˇ ʲˊˈ˔ˇ ˎˋˍʷˊʹˋʹˌ ʶ˄ˈˌ ˎˉˈ 

ʶ˅ʷˍʰˋʹ ˃ʰʴ˄ʹˍʽˁˇˏ ˎ˂ʽˁˇˏΦ ʁ ʵʶˏˍʶˊˇˌ ʰʽˋʻʹˍʺˊʰˌ ʲʰˋʾʸʶˍʰʽ ˋˍˇ ˒ʰʽ˄ˈ˃ʶ˄ˇ Hall 

ˁʰʽ ʶʾ˄ʰʽ ˒ˇˊʹˍˈˌΦ ɾˉˇˊʶʾ ˄ʰ ˉˊˇˋʵʽˇˊʾˋʶʽ ˍʽˌ ʰ˂˂ʰʴʷˌ ˋˍʹ ˃ʰʴ˄ʹˍʽˁʺ 

ʵʽʰˉʶˊʰˍˈˍʹˍʰ ʶ˄ˈˌ ˎ˂ʽˁˇˏ ˁʰʽ ˋˎ˄ʶˉ˗ˌΣ ˄ʰ ʶ˅ʰ˔ʻˇˏ˄ ˋˎ˃ˉʶˊʱˋ˃ʰˍʰ ˋ˔ʶˍʽˁʱ ˃ʶ ˍʹ˄ 

ˁʰˍʱˋˍʰˋʺ ˍˇˎΣ ʰ˂˂ʱ ˁʰʽ ˍʽˌ ˃ʹ˔ʰ˄ʽˁʷˌ ˍʱˋʶʽˌ ˉˇˎ ʰˎˍˈΦ 

ɾ 
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3.2 1  ̱́ ˇˉˇ˂ˇʴʾʰ ˃ʰʴ˄ʹˍˇ˃ʷˍˊˇˎ Fluxgate 

3.2.1 ɮ˄ʱˉˍˎ˅ʹ 1ʹˌ ̱ ˇˉˇ˂ˇʴʾʰˌ ˃ʰʴ˄ʹˍˇ˃ʷˍˊˇˎ Fluxgate 

ʆˇ ˉˊ˗ˍˇ ˃ʰʴ˄ʹˍˈ˃ʶˍˊˇ ʲʰˋʾˋˍʹˁʶ ˋˍʹ˄ ˍˎˉʽˁʺ ˍˇˉˇ˂ˇʴʾʰ ʶ˄ˈˌ ˃ʰʴ˄ʹˍˇ˃ʷˍˊˇˎ 

ˍˏˉˇˎ Fluxgate, ̍ ˉ˖ˌ ˒ʰʾ˄ʶˍʰʽ ˋˍˇ ʅ˔ʺ˃ʰ 3.1. 

 

ʅ˔ʺ˃ʰ 3.1Υ ʅ˔ʷʵʽˇ ˍʹˌ ˍˇˉˇ˂ˇʴʾʰˌ ˉˇˎ ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʶΦ 

ʆˇ ˃ʰʴ˄ʹˍˈ˃ʶˍˊˇ ˉˇˎ ˁʰˍʰˋˁʶˎʱˋˍʹˁʶ ˉʶˊʽ˂ʰ˃ʲʱ˄ʶʽ ʵˏˇ ˉʹ˄ʾʰ όм ˉʹ˄ʾˇ 

ʵʽʷʴʶˊˋʹˌ ˁʰʽ м ˉʹ˄ʾˇ ˂ʺ˕ʹˌύ ˁʰʽ ʰˉˇˍʶ˂ʶʾˍʰʽ ʰˉˈ н ˋˍˊ˗ˋʶʽˌ ˍ˖˄ 60л ˉʶˊʽʶ˂ʾ˅ʶ˖˄ 

ʹ ˁʱʻʶ ˃ʾʰ, ˁ ʰˍʰˋˁʶˎʰˋ˃ʷ˄ʶˌ ʰˉˈ ˋˏˊ˃ʰ ̝ ʰ˂ˁˇˏ qлΦмmmΦ ʆʰ ʵˏˇ ˉʹ˄ʾʰ ˍˎ˂ʾ˔ʻʹˁʰ˄ 

ˋʶ ʴˎʱ˂ʽ˄ˇ ˋ˖˂ʺ˄ʰ ʵʽʰ˃ʷˍˊˇˎ мmm ˁʰʽ ˃ʺˁˇˎˌ тcmΦ ʅˍˇ ʶˋ˖ˍʶˊʽˁˈ ˍˇˎ 

ˍˇˉˇʻʶˍʺʻʹˁʶ ˍʰʽ˄ʾʰ ʱ˃ˇˊ˒ˇˎ ˃ʰʴ˄ʹˍʽˁˇˏ ˎ˂ʽˁˇˏ όCoFeSiB). ɶ ˍʶ˂ʽˁʺ ˁʰˍʰˋˁʶˎʺ 

˒ʰʾ˄ʶˍʰʽ ˋˍ h̄ ʰˊʰˁʱˍ˖ ˋ˔ʺ˃ʰˍ:h 

 

ʅ˔ʺ˃ʰ 3.2: ɯ˄˖ ˈ˕ʹ ˍˇˎ ˃ʰʴ˄ʹˍˇ˃ʷˍˊˇˎ ̱ ˏˉˇˎ Fluxgate. 

ʃʹ˄ʾˇ ˂ʺ˕ʹˌ 

ʃʹ˄ʾ ̌ɻ ʽ̫ɹ ʶˊˋʹˌ 

ɾʰʴ˄ʹˍʽˁˈˌ ˉˎˊʺ˄ʰˌ 
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ʅ˔ʺ˃ʰ 3.3Υ ʃ˂ʱʴʽʰ ˈ˕ʹ ˍˇˎ ˃ʰʴ˄ʹˍˇ˃ʷˍˊˇˎ ˍˏˉˇˎ Fluxgate. 

 

ʅ˔ʺ˃ʰ 3.4: ʆ̌  ʰʽˋʻʹˍʺˊʽˇ ό˃ʶ ˁʾˍˊʽ˄ˇ ˔ˊ˗˃ʰύΦ 

ʂˉ˖ˌ ˁʰʽ ˋˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ˍˇˎ ʰʽˋʻʹˍʹˊʾˇˎ ˍʹˌ ʰ˄ʰˉˍˎ˔ʻʶʾˋʰˌ ʵʽʱˍʰ˅ʹˌ 

ʵʽʰˁˊʾʲ˖ˋʹˌ ̄ ˇˎ ʲʰˋʾʸʶˍʰʽ ˋˍˇ ʾʵʽˇ ˒ʰʽ˄ˈ˃ʶ˄ˇ, ̱  ̌̀ ʺ˃h ʶ˅ˈʵˇˎ ˍˇˎ ˋˎʴˁʶˁˊʽ˃ʷ˄ˇˎ 

˃ʰʴ˄ʹˍˇ˃ʷˍˊˇˎ ˃ˉˇˊʶʾ ˄ʰ ʰ˅ʽˇˉˇʽʹʻʶʾ ˃ʷˋ˖ ˍʹˌ ˃ʷˍˊʹˋʹˌ ˍʹˌ ˔ˊˇ˄ʽˁʺˌ ʵʽʰ˒ˇˊʱˌ 

ˍ˖˄ ʵʽʰʵˇ˔ʽˁ˗˄ ˃ʶʴʾˋˍ˖˄ ˁʰʽ ʶ˂ʰ˔ʾˋˍ˖˄ ˍˇˎΦ ʅˎ˄ʶˉ˗ˌΣ ˃ˉˇˊʶʾ ˄ʰ ˔ˊʹˋʽ˃ˇˉˇʽʹʻʶʾ ˋʶ 

ˋˎ˄ʵˎʰˋ˃ˈ ˃ʶ ˍˇ ʹ˂ʶˁˍˊˇ˄ʽˁˈ ˁˏˁ˂˖˃ʰ ˃ʶˍʰˍˊˇˉʺˌ ˍ˖˄ ˃ʶʴʾˋˍ˖˄ ˁʰʽ ʶ˂ʰ˔ʾˋˍ˖˄ ˋʶ 

ˉʰ˂˃ˇˏˌΣ ˗ˋˍʶ ˄ʰ ˃ʶˍˊʹʻʶʾ ˍˇ ˃ʰʴ˄ʹˍʽˁˈ ˉʶʵʾˇ ˃ʷˋ˖ ˍʹˌ ʰ˄ˍʾˋˍˇʽ˔ʹˌ ˔ˊˇ˄ʽˁʺˌ 

ʵʽʰ˒ˇˊʱˌΣ ʲʱˋʶʽ ˍ˖˄ ʶ˅ʽˋ˗ˋʶ˖˄ ˉˇˎ ʷ˔ˇˎ˄ ʶ˅ʰ˔ʻʶʾ ˋˍ ̌ɼʁ ˒ʱ˂ʰʽ ̌2.  

3.2.2 ɲʽʰˁˊʾʲ˖ˋʹ мʹˌ ̱ ˇˉˇ˂ˇʴʾʰˌ ˃ʰʴ˄ʹˍˇ˃ʷˍˊˇˎ Fluxgate 

ɮˊ˔ʽˁʱΣ ˔ˊʹˋʽ˃ˇˉˇʽ˗˄ˍʰˌ ˍʹ ʵʽʱˍʰ˅ʹ ʵʽʰˁˊʾʲ˖ˋʹˌΣ ˃ʶˍˊʺʻʹˁʶ ˍˇ ˃ʰʴ˄ʹˍʽˁˈ 

ˉʶʵʾˇ ˉˇˎ ˎ˒ʾˋˍʰˍʰʽ ˋˍˇ ˁʷ˄ˍˊˇ ˍˇˎ ˋ˖˂ʹ˄ˇʶʽʵˇˏˌΦ ɮ˒ˇˏ ˎˉˇ˂ˇʴʾˋˍʹˁʶ ˍˇ 

˃ʰʴ˄ʹˍʽˁˈ ˉʶʵʾˇ ʰ˄ˍʽˋˍʱʻ˃ʽˋʹˌ ˉˇˎ ʷˉˊʶˉʶ ˄ʰ ˉʰˊʰ˔ʻʶʾ ʰˉˈ ˍˇ ˋ˖˂ʹ˄ˇʶʽʵʷˌΣ ˍˇ ˎˉˈ 

ʵʽʰˁˊʾʲ˖ˋʹ ˃ʰʴ˄ʹˍˈ˃ʶˍˊˇ ˍˇˉˇʻʶˍʺʻʹˁʶ ˋˍˇ ˁʷ˄ˍˊˇ ˍˇˎ ˋ˖˂ʹ˄ˇʶʽʵˇˏˌ. ɾʷˋ˖ ˍʹˌ 

ʴʶ˄˄ʺˍˊʽʰˌ ˋˎ˔˄ˇˍʺˍ˖˄Σ ˍˇ ˉʹ˄ʾˇ ʵʽʷʴʶˊˋʹˌ ˍˊˇ˒ˇʵˇˍʺʻʹˁʶ ˃ʶ ˍˊʽʴ˖˄ʽˁˈ ˋʺ˃ʰ 

ˍʱˋʹˌ ὠ υὠ ˁ ʰʽ ̀ ˎ˔˄ˈˍʹˍʰˌ Ὢ ρὯὌᾀ. ʅˍʹ ˋˎ˄ʷ˔ʶʽʰΣ ʹ ʷ˅ˇʵˇˌ ˍˇˎ ˉʹ˄ʾˇˎ ˂ʺ˕ʹˌ 

ˍˇˎ ʰʽˋʻʹˍʺˊʰ ˋˎ˄ʵʷʻʹˁʶ ˃ʶ ˍʹ˄ ʹ˂ʶˁˍˊˇ˄ʽˁʺ ˉ˂ʰˁʷˍʰ ˃ʶˍʰˍˊˇˉʺˌ ˍˇˎ ˋʺ˃ʰˍˇˌ ˋʶ 

ˉʰ˂˃ˇˏˌΦ ʆʷ˂ˇˌΣ ˍˇ ˋ˖˂ʹ˄ˇʶʽʵʷˌ ˍˊˇ˒ˇʵˇˍʺʻʹˁʶ ˃ʶ ʴ˄˖ˋˍʷˌ ʶ˄ˍʱˋʶʽˌ ˊʶˏ˃ʰˍˇˌΣ 
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˗ˋˍʶ ˄ʰ ˂ʹ˒ʻˇˏ˄ ˃ʶˍˊʺˋʶʽˌ ˁʰˍʱ ˍʹ˄ ʶˉʽʲˇ˂ʺ ˃ʰʴ˄ʹˍʽˁ˗˄ ˉʶʵʾ˖˄ ˋˎʴˁʶˁˊʽ˃ʷ˄ʹˌ 

ʶ˄ˍʱˋʶ˖ˌΦ  

ʅˍʹ ˋˎ˄ʷ˔ʶʽʰ, ˉʰˊˇˎˋʽʱʸˇ˄ˍʰʽ ˍʰ ʵʽʰʴˊʱ˃˃ʰˍʰ ˉˇˎ ˉˊˇʷˁˎ˕ʰ˄ ˁʰˍʱ ˍʽˌ 

˃ʶˍˊʺˋʶʽˌΦ ʆˇ ʰˁˈ˂̌ ˎʻˇ ʵʽʱʴˊʰ˃˃ʰ ʶˁ˒ˊʱʸʶʽ ˍʹ ˃ʶˍʰʲˇ˂ʺ ˍʹˌ ˔ˊˇ˄ʽˁʺˌ ʵʽʰ˒ˇˊʱˌ 

ˍ˖˄ ʵʽʰʵˇ˔ʽˁ˗˄ ˃ʶʴʾˋˍ˖˄ ˁʰʽ ʶ˂ʰ˔ʾˋˍ˖˄Σ ʵʹ˂ʰʵʺ ˍʹˌ ʵʽʰ˒ˇˊʱˌ ˍʹˌ ʵʽʱˊˁʶʽʰˌ ˍ˖˄ 

ˉʰˊʰʴˈ˃ʶ˄˖˄ ˉʰ˂˃˗˄Σ ˋˎ˄ʰˊˍʺˋʶʽ ˍˇˎ ˊʶˏ˃ʰˍˇˌ ˉˇˎ ˍˊˇ˒ˇʵˇˍʶʾ ˍˇ ˋ˖˂ʹ˄ˇʶʽʵʷˌ. 

 

ʅ˔ʺ˃ʰ 3.5: ʅ˔ʷˋʹ ˔ˊˇ˄ʽˁʺˌ ʵʽʰ˒ˇˊʱˌ ˉʰ˂˃˗˄ ˁ ʰʽ ʷ˄̱ʰˋʹˌ ́ ʶˏ˃ʰˍˇˌ ˍˊˇ˒ˇʵˇˋʾʰˌ 
ˋ˖˂ʹ˄ˇʶʽʵˇˏˌ. 

ʆ̌  ʁ̄ ˈ˃ʶ˄ˇ ʵʽʱʴˊʰ˃˃ʰ ˉʰˊˇˎˋʽʱʸʶʽ ˍʽˌ ʰ˄ˍʾˋˍˇʽ˔ʶˌ ˍʽ˃ʷˌ ˃ʰʴ˄ʹˍʽˁʺˌ ʶˉʰʴ˖ʴʺˌ, 

ˈˉ˖ˌ ˉˊˇˁˏˉˍˇˎ˄ ʰˉˈ ˍʽˌ ʶ˅ʽˋ˗ˋʶʽˌ ˉˇˎ ʷ˔ˇˎ˄ ʰ˄ʰ˂ˎʻʶʾ ˋˍˇ ɼʶ˒ʱ˂ʰʽˇ н ʴʽʰ ˍʽˌ 

˃ʶˍˊʹʻʶʾˋʶˌ ˔ˊˇ˄ʽˁʷˌ ʵʽʰ˒ˇˊʷˌΣ ˋˎ˄ʰˊˍʺˋʶʽ ˍˇˎ ˊʶˏ˃ʰˍˇˌ ˉˇˎ ˍˊˇ˒ˇʵˇˍʶʾ ˍˇ 

ˋ˖˂ʹ˄ˇʶʽʵʷˌΦ 

 

ʅ˔ʺ˃ʰ 3.6: ʅ˔ʷˋʹ ˃ʰʴ˄ʹˍʽˁʺˌ ʶˉʰʴ˖ʴʺˌ ˁ ʰʽ ˔ˊˇ˄ʽˁʺˌ ʵʽʰ˒ˇˊʱˌ ˁ ˇˊˎ˒˗˄. 

y = 0.2183x + 0.0019
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ʅ̱ ˇ ʶˉˈ˃ʶ˄ˇ ʵʽʱʴˊʰ˃˃ʰ ˉʰˊˇˎˋʽʱʸʶˍʰʽ ʹ ʻʶ˖ˊʹˍʽˁʺ ˁʰ˃ˉˏ˂ʹ ˃ʰʴ˄ʹˍʽˁʺˌ 

ʶˉʰʴ˖ʴʺˌ ˍˇˎ ˋ˖˂ʹ˄ˇʶʽʵˇˏˌΣ ˈˉ˖ˌ ˉˊˇˁˏˉˍʶʽ ʰˉˈ ˍʹ ̒ʁ˖ˊʹˍʽˁʺ ʅ˔ʷˋʹ 1.3Σ ˁʰʻ˗ˌ 

ˁʰʽ ʹ ˉʶʽˊʰ˃ʰˍʽˁʺ ˁʰ˃ˉˏ˂ʹΣ ˈˉ˖ˌ ˉˊˇʷˁˎ˕ʶ ʰˉˈ ˍʹ ʵʽʶ˅ʰʴ˖ʴʺ ˍ˖˄ ˃ʶˍˊʺˋʶ˖˄Φ 

 

ʅ˔ʺ˃ʰ 3.7: ʅ˔ʷˋʹ ʻʶ˖ˊʹˍʽˁʺˌ ˁʰʽ ˉʶʽˊʰ˃ʰˍʽˁʺˌ ˁʰ˃ˉˏ˂ʹˌ. 

ɳʾ˄ʰʽ ʶ˃˒ʰ˄ʷˌ ˈˍʽ ˎˉʱˊ˔ʶʽ ˋˏ˃ˉˍ˖ˋʹ ˍ˖˄ ʵˏˇ ˁʰ˃ˉˎ˂˗˄ (ʻʶ˖ˊʹˍʽˁʺˌ ˁʰʽ 

ˉʶʽˊʰ˃ʰˍʽˁʺˌ)Σ ˁʱˍʽ ˉˇˎ ʰˉˇʵʶʽˁ˄ˏʶʽ ˍˈˋˇ ˍʹ˄ ˇˊʻʺ ˂ʶʽˍˇˎˊʴʾʰ ˍʹˌ ʵʽʱˍʰ˅ʹˌ 

ʵʽʰˁˊʾʲ˖ˋʹˌΣ ˈˋˇ ˁʰʽ ˍʹ˄ ˇˊʻʺ ˔ˊʺˋʹ ˍ˖˄ ˎˉˇ˂ˇʴʽˋˍʽˁ˗˄ ˋ˔ʷˋʶ˖˄Φ  

ɶ ˍʶ˂ʽˁʺ ˁʰ˃ˉˏ˂ʹ ʲʰʻ˃ˇ˄ˈ˃ʹˋʹˌ ˍˇˎ ˃ʰʴ˄ʹˍˇ˃ʷˍˊˇˎ ˉʰˊˇˎˋʽʱʸʶˍʰʽ ˋˍˇ ʅ˔ʺ˃ʰ 

3.8: 

 

ʅ˔ʺ˃ʰ 3.8: ʅ˔ʷˋʹ ˔ˊˇ˄ʽˁʺˌ ʵʽʰ˒ˇˊʱˌ ˉʰ˂˃˗˄ ˁʰʽ ˃ʰʴ˄ʹˍʽˁʺˌ ʶˉʰʴ˖ʴʺˌ. 

y = 2.3037x - 2E-17
wч Ґ м

y = 2.1936x + 0.0191
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ʅˎ˄ʶˉ˗ˌΣ ʴ˄˖ˊʾʸˇ˄ˍʰˌ, ʲʱˋʶʽ ˍʹˌ ʵʽʰˁˊʾʲ˖ˋʹˌ, ˍʽˌ ˔ˊˇ˄ʽˁʷˌ ʵʽʰ˒ˇˊʷˌ ˉˇˎ 

ˉˊˇˁˏˉˍˇˎ˄ ʰˉˈ ˍˇ ˋʺ˃ʰ ʶ˅ˈʵˇˎ ˍˇˎ ˃ʰʴ˄ʹˍˇ˃ʷˍˊˇˎΣ ʶʾ˄ʰʽ ʵˎ˄ʰˍˈˌ ˇ 

ˉˊˇˋʵʽˇˊʽˋ˃ˈˌ ˍʹˌ ˃ʰʴ˄ʹˍʽˁʺˌ ʶˉʰʴ˖ʴʺˌ ˉˇˎ ʰ˄ˍʽ˂ʰ˃ʲʱ˄ʶˍʰʽ ˍˇ ˋˎʴˁʶˁˊʽ˃ʷ˄ˇ 

˃ʰʴ˄ʹˍˈ˃ʶˍˊˇΦ 

3.3 2  ̱́ ˇˉˇ˂ˇʴʾʰ ˃ʰʴ˄ʹˍˇ˃ʷˍˊˇˎ Fluxgate 

3.3.1 ɮ˄ʱˉˍˎ˅ʹ 2ʹˌ ̱ ˇˉˇ˂ˇʴʾʰˌ ˃ʰʴ˄ʹˍˇ˃ʷˍˊˇˎ Fluxgate 

ʆˇ ʵʶˏˍʶˊˇ ˃ʰʴ˄ʹˍˈ˃ʶˍˊˇ ʲʰˋʾˋˍʹˁʶ ˋʶ ˃ʾʰ ˉʰˊʰ˂˂ʰʴʺ ˍˇˎ ˍˎˉʽˁˇˏ ʰʽˋʻʹˍʺˊʰ 

FluxgateΦ ɶ ˁ˂ʰˋʽˁʺ ʵʽʱˍʰ˅ʹ ˍˇˎ ʰʽˋʻʹˍʺˊʰ Fluxgate, ˉˇˎ ˉʶˊʽ˂ʰ˃ʲʱ˄ʶʽ ˍˇ ˉʹ˄ʾˇ 

ʵʽʷʴʶˊˋʹˌ ˍˎ˂ʽʴ˃ʷ˄ˇ ˉʱ˄˖ ʰˉˈ ˍˇ ˉʹ˄ʾˇ ˂ʺ˕ʹˌΣ ˉʰˊˇˎˋʽʱʸʶʽ ʷ˄ʰ ˃ʶʽˇ˄ʷˁˍʹ˃ʰΥ ʆˇ 

ˋʺ˃ʰ ˍˇˎ ˉʹ˄ʾˇˎ ʵʽʷʴʶˊˋʹˌ ʴʾ˄ʶˍʰʽ ʰ˄ˍʽ˂ʹˉˍˈ ʰˉˈ ˍˇ ˉʹ˄ʾˇ ˂ʺ˕ʹˌΣ ˃ʶ ʰˉˇˍʷ˂ʶˋ˃ʰ 

˄ʰ ʁ̄ ʹˊʶʱʸʶʽ ˍʽˌ ˃ʶˍˊʺˋʶʽˌΣ ˇʵʹʴ˗˄ˍʰˌ ˋˍ ́˃ʶʾ˖ˋʹ ˍ́  ̩ʶˎʰʽˋʻʹˋʾʰ ̩ˍˇˎ ʰʽˋʻʹˍʺˊʰ 

ˋˍʰ ʶ˅˖ˍʶˊʽˁ˗ˌ ʶˉʽʲʰ˂˂ˈ˃ʶ˄ʰ ˃ʰʴ˄ʹˍʽˁʱ ˉʶʵʾʰΦ ɴ˄ʰˌ ˍˊˈˉˇˌ ˃ʶˊʽˁʺˌ ʰ˄ˍʽ˃ʶˍ˗ˉʽˋʹˌ 

ʰˎˍˇˏ ˍˇˎ ˉˊˇʲ˂ʺ˃ʰˍˇˌ ʶʾ˄ʰʽ ʹ ʶ˂ʱˍˍ˖ˋʹ ˍˇˎ ˉ˂ʱˍˇˎˌ ˍˇˎ ˋʺ˃ʰˍˇˌ ˉˇˎ ˉʰˊʷ˔ʶˍʰʽ 

ˋˍˇ ˉʹ˄ʾˇ ʵʽʷʴʶˊˋʹˌΣ ʷˍˋʽ ˗ˋˍʶ ˍˇ ˃ʰʴ˄ʹˍʽˁˈ ˉʶɻʾˇ ˉˇˎ ʵʹ˃ʽˇˎˊʴʶʾˍʰʽ ˄ʰ ʶʾ˄ʰʽ 

ʰˋʻʶ˄ʷˋˍʶˊˇ ˁʰʽ ˄ʰ ʶˉʹˊʶʱʸʶʽ ˈˋˇ ˍˇ ʵˎ˄ʰˍˈ˄ ˂ʽʴˈˍʶˊˇ ˍʽˌ ˃ʶˍˊʺˋʶʽˌΦ ʂ˃˖ˌΣ ˁʱˍʽ 

ˍʷˍˇʽˇ ʶ˅ʰˋʻʶ˄ʶʾ ˁʰʽ ˍˇ ˋʺ˃ʰ ˂ʺ˕ʹˌΣ ʵʹ˃ʽˇˎˊʴ˗˄ˍʰˌ ˉˊˇ˒ʰ˄ʺ ˉˊˇʲ˂ʺ˃ʰˍʰ ˋˍʰ 

˔ʰˊʰˁˍʹˊʽˋˍʽˁʱ ˍ˖˄ ʰˉˇˍʶ˂ʶˋ˃ʱˍ˖˄ όʰʲʶʲʰʽˈˍʹˍʰΣ ˂ˈʴˇˌ ˋʺ˃ʰˍˇˌ ˉˊˇˌ ʻˈˊˎʲˇ 

ˁΦ˂ˉΦύΦ 

ɾʾʰ ˂ˏˋ ́ʴʽʰ ˍʹ˄ ʶ˅ʱ˂ʶʽ˕ʹ ˍˇˎ ˉˊˇʲ˂ʺ˃ʰˍˇˌ ʰˉˇˍʶ˂ʶʾ ʹ ˍ́ ˇ̄ˇ̄ˇʾʹˋʹ ˍʹˌ 

ˍˇˉˇ˂ˇʴʾʰˌ ˍˇˎ ʰʽˋʻʹˍʺˊʰ FluxgateΦ ʃʽˇ ˋˎʴˁʶˁˊʽ˃ʷ˄ʰΣ ˃ˉˇˊˇˏ˄ ˄ʰ 

˔ˊʹˋʽ˃ˇˉˇʽʹʻˇˏ˄ ʵˏˇ ˉʹ˄ʾʰ ʵʽʷʴʶˊˋʹˌΣ ʴˏˊ˖ ʰˉˈ ˍʰ ˇˉˇʾʰ ˍˎ˂ʾʴʶˍʰʽ ˍˇ ˉʹ˄ʾˇ 

˂ʺ˕ʹˌΦ ʁ ˃ʰʴ˄ʹˍʽˁˈˌ ˉˎˊʺ˄ʰˌ ˃ˉˇˊʶʾ ˄ʰ ʶʾ˄ʰ ̔˅ʶ˔˖ˊʽˋˍˈˌ ʴʽʰ ˁʰʻʷ˄ʰ ʰˉˈ ˍʰ ʵˏˇ 

ˉʹ˄ʾʰ ʵʽʷʴʶˊˋʹˌΣ ʺ ˁˇʽ˄ˈˌΣ ʵʹ˃ʽˇˎˊʴ˗˄ˍʰˌ ʷ˄ʰ˄ ˁ˂ʶʽˋˍˈ ʲˊˈ˔ˇ όˍˇˉˇ˂ˇʴʾʰ racetrack). 

ʆʰ ʵˏˇ ˉʹ˄ʾʰ ʵʽʷʴʶˊˋʹˌΣ ˍˇˉˇʻʶˍʹ˃ʷ˄ʰ ˉʰˊʱ˂˂ʹ˂ʰ ˁʰʽ ˋˎ˄ʵʶʵʶ˃ʷ˄ʰ ˋʶ ˋʶʽˊʱΣ 

ʵʹ˃ʽˇˎˊʴˇˏ˄ ʷ˄ʰ ˋʺ˃ʰ ʵʽʷʴʶˊˋʹˌ ˉˇˎ ʶˉʹˊʶʱʸʶʽ ˍˇ˄ ˃ʰʴ˄ʹˍʽˁˈ ˉˎˊʺ˄ʰ ˍˇˎ 

ʰʽˋʻʹˍʺˊʰΣ ˔˖ˊʾˌ ˈ˃˖ˌ ˄ʰ ʴʾ˄ʶˍʰʽ ʰ˄ˍʽ˂ʹˉˍˈ ʰˉˈ ˍˇ ˉʹ˄ʾˇ ˂ʺ˕ʹˌΣ ʰ˒ˇˏ ˍʰ ʵˏˇ 

ˋʺ˃ʰˍʰ ˉˇˎ ˉˊˇʷˊ˔ˇ˄ˍʰʽ ʰˉˈ ˍʰ ˉʹ˄ʾʰ ʵʽʷʴʶˊˋʹˌΣ ʰ˂˂ʹ˂ˇʰ˄ʰʽˊˇˏ˄ˍʰʽ. ʅˎ˄ʶˉ˗ˌΣ ʹ 

ʶˉʽʲˇ˂ʺ ʶ˄ˈˌ ˋˎ˃˃ʶˍˊʽˁˇˏ ʶ˄ʰ˂˂ʰˋˋˈ˃ʶ˄ˇˎ ˋʺ˃ʰˍˇˌ ʵʽʷʴʶˊˋʹˌ ʷ˔ʶʽ ˖ˌ ʰˉˇˍʷ˂ʶˋ˃ʰ 
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ˍʹ ˂ʺ˕ʹ ˃ʹʵʶ˄ʽˁˇˏ ˋʺ˃ʰˍˇˌ ʰˉˈ ˍˇ ˉʹ˄ʾˇ ˂ʺ˕ʹˌΣ ˈˋˇ˄ ʰ˒ˇˊʱ ˋˍʰ ˉʹ˄ʾʰ ʵʽʷʴʶˊˋʹˌ. 

ɮ˄ˍʽʻʷˍ˖ˌΣ ʹ ʶˉʽʲˇ˂ʺ ʶ˄ˈˌ ˋˎ˄ʶ˔ˇˏˌ ʶ˅˖ˍʶˊʽˁˇˏ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎ ʻʰ ʴʾ˄ʶʽ 

ʰ˄ˍʽ˂ʹˉˍʺ ˖ˌ ʷ˄ʰ ʶˉʽˉˊˈˋʻʶˍˇ ˋʺ˃ʰΣ ˃ʶ ʰˉˇˍʷ˂ʶˋ˃ʰ ʹ ʷ˅ˇʵˇˌ ʰˉˈ ˍˇ ˉʹ˄ʾˇ ˂ʺ˕ʹˌ 

˄ʰ ˃ʹ˄ ʶʾ˄ʰʽ ˉ˂ʷˇ˄ ˃ʹʵʶ˄ʽˁʺΦ 

ɰʱˋʶʽ ʰˎˍʺˌ ˍʹˌ ˍˇˉˇ˂ˇʴʾʰˌΣ ˁʰˍʰˋˁʶˎʱˋˍʹˁʶ ˃ʰʴ˄ʹˍˈ˃ʶˍˊˇ ˉˇˎ ˉʶˊʽ˂ʰ˃ʲʱ˄ʶʽ 

н ˉʹ˄ʾʰ ʵʽʷʴʶˊˋʹˌ ˋˎ˄ʵʶʵʶ˃ʷ˄ʰ ˋʶ ˋʶʽˊʱ ˁʰʽ ˍˇˉˇʻʶˍʹ˃ʷ˄ʰ ˉʰˊʱ˂˂ʹ˂ʰΣ ˍʰ ˇˉˇʾʰ 

ˍˎ˂ʾ˔ʻʹˁʰ˄ ˋʶ ʴˎʱ˂ʽ˄ˇˎˌ ˋ˖˂ʺ˄ʶˌ ʵʽʰ˃ʷˍˊˇˎ мmm ˁʰʽ ˃ʺˁˇˎˌ тcmΦ ʆʰ ˉʹ˄ʾʰ 

ʰˉˇˍʶ˂ˇˏ˄ˍʰʽ ʰˉˈ слл ˉʶˊʽʶ˂ʾ˅ʶʽˌ ˋˏˊ˃ʰˍˇˌ ˔ʰ˂ˁˇˏ Ï0.1mm. ɱˏˊ˖ ʰˉˈ ˍʰ ʵˏˇ 

ˉʰˊʱ˂˂ʹ˂ʰ ˉʹ˄ʾʰ ˍˎ˂ʾ˔ʻʹˁʶ ʷ˄ʰ ˉʹ˄ʾˇ ˂ʺ˕ʹˌ слл ˋˉʶʽˊ˗˄Σ ˁʰˍʰˋˁʶˎʰˋ˃ʷ˄ˇ ˃ʶ 

ˋˏˊ˃ʰ ˔ʰ˂ˁˇˏ Ï0.1mm.  

ʍˌ ˃ʰʴ˄ʹˍʽˁˈˌ ˉˎˊʺ˄ʰˌΣ ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʶ ʱ˃ˇˊ˒ʹ ˍʰʽ˄ʾʰ CoFeSiBΦ ɮˊ˔ʽˁʱΣ 

ʶ˅ʶˍʱˋˍʹˁʶ ʹ ˔ˊʺˋʹ ʵˏˇ ˅ʶ˔˖ˊʽˋˍ˗˄ ˃ʰʴ˄ʹˍʽˁ˗˄ ˉˎˊʺ˄˖˄ ʾˋˇˎ ˃ʺˁˇˎˌΣ ˇ ˁʰʻʷ˄ʰˌ 

ʰˉˈ ˍˇˎˌ ˇˉˇʾˇˎˌ ˍˇˉˇʻʶˍʺʻʹˁʶ ˋˍʰ ʵˏˇ ˉʹ˄ʾʰ ʵʽʷʴʶˊˋʹˌΦ ʂ˃˖ˌΣ ˍˇ ˋʺ˃ʰ ˉˇˎ 

˂ʰ˃ʲʰ˄ˈˍʰ˄ ʰˉˈ ˍˇ ˉʹ˄ʾˇ ˂ʺ˕ʹˌ ʵʶ˄ ʺˍʰ˄ ˍˇ ʽʵʰ˄ʽˁˈΣ ˁʰʻ˗ˌ ˃ʽˁˊʷˌ ʰ˄ˇ˃ˇʽˇ˃ˇˊ˒ʾʶˌ 

ˋˍˇˎˌ ʵˏˇ ˉˎˊʺ˄ʶˌ ˇʵʹʴˇˏˋʰ˄ ˋˍʹ˄ ʰˉˇˍˎ˔ʾʰ ʶ˅ʱ˂ʶʽ˕ʹˌ ˍˇˎ ˋʺ˃ʰˍˇˌ ʵʽʷʴʶˊˋʹˌΦ ɶ 

ʶˉˈ˃ʶ˄ʹ ˍˇˉˇ˂ˇʴʾʰ ˉˇˎ ʶ˅ʶˍʱˋˍʹˁʶ, ʲʰˋʽʸˈˍʰ˄ ˋˍʹ ˔ˊʺˋʹ ʶ˄ˈˌ ʶ˄ʽʰʾˇˎ ˉˎˊʺ˄ʰΣ 

ˈˉ˖ˌ ˒ʰʾ˄ʶˍʰʽ ˋˍˇ ʅ˔ʺ˃ʰ 3.9. 

 

ʅ˔ʺ˃ʰ 3.9: ʅ˔ʷʵʽˇ ˍʹˌ ˍˇˉˇ˂ˇʴʾʰ ̩̄ ˇˎ h ˄ʰˉˍˏ˔ʻʹˁʶ. 

ʃʹ˄ʾˇ ˂ʺ˕ʹˌ 

ʃʹ˄ʾ hɻ ʽʷʴʶˊˋʹˌ 

ɾʰʴ˄ʹˍʽˁˈˌ ˉˎˊʺ˄ʰˌ 
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ɽˈʴ˖ ˍʹˌ ˔ˊʺˋʹˌ ˍˇˎ ʶ˄ʽʰʾˇˎ ˉˎˊʺ˄ʰΣ ʹ ˋˎʴˁʶˁˊʽ˃ʷ˄ʹ ˍˇˉˇ˂ˇʴʾʰ ˉˊˇˋ˒ʷˊʶʽ ˍˇ 

ˉ˂ʶˇ˄̫ ˁˍʹ˃ʰ ˍʹˌ ˁʰ˂ˏˍʶˊʹˌ ʵˎ˄ʰˍʺˌ ʶ˅ʱ˂ʶʽ˕ʹˌ ˍˇˎ ˋʺ˃ʰˍˇˌ ʵʽʷʴʶˊˋʹˌ ˃ʶˍʰ˅ˏ ˍ˖˄ 

ʵˏˇ ˉʹ˄ʾ˖˄Σ ˉˊˇˋ˒ʷˊˇ˄ˍʰˌ ˎ˕ʹ˂ˈˍʶˊʹ ʶˎʰʽˋʻʹˋʾʰ ˋʶ ˋ˔ʷˋʹ ˃ʶ ˍʽˌ ʱ˂˂ʶˌ 

ˍˇˉˇ˂ˇʴʾʶˌΦ ɮˎˍˈ ʴʾ˄ʶˍʰʽ ʶˏˁˇ˂ʰ ʰ˄ˍʽ˂ʹˉˍˈ ˋʶ ˉˊ˗ˍˇ ˋˍʱʵʽˇΣ ˃ʷˋ˖ ˍʹˌ ˉʶˊʽˋˍˊˇ˒ʺˌ 

ˍˇˎ ˃ʰʴ˄ʹˍˇ˃ʷˍˊˇˎ ˋˍˇ ˔˗ˊˇΦ ʆˈˍʶ, ̄ ʰˊʰˍʹˊʶʾˍʰʽ ˈˍʽ ˍˇ ˋʺ˃ʰ ʶ˅ˈʵˇˎ ˃ʶˍʰʲʱ˂˂ʶˍʰʽ 

ˋʹ˃ʰ˄ˍʽˁʱ ʰ˄ʰ˂ˈʴ˖ˌ ˍˇˎ ˉˊˇˋʰ˄ʰˍˇ˂ʽˋ˃ˇˏ ˍˇˎ ʰʽˋʻʹˍʺˊʰΣ ˎˉˇʵʶʽˁ˄ˏˇ˄ˍʰˌ ˈˍʽ 

˃ˉˇˊʶʾ ˄ʰ ʰ˄ʽ˔˄ʶˏˋʶʽ ˍˇ ˃ʰʴ˄ʹˍʽˁˈ ˉʶʵʾˇ ˍʹˌ ɱ́ ,̩ ̱ ʹˌ ˍʱ˅ʶ˖ˌ ˍ˖˄ нр-50 ˃ TΣ ˁʱˍʽ ˉˇˎ 

ʵʶ˄ ʺˍʰ˄ ʵˎ˄ʰˍˈ ˃ʶ ˍʹ˄ ˉˊˇʹʴˇˏ˃ʶ˄ʹ ˍˇˉˇ˂ˇʴʾʰ ˍˇˎ ˃ʰʴ˄ʹˍˇ˃ʷˍˊˇˎ Fluxgate. 

ʅˍʹ ˋˎ˄ʷ˔ʶʽʰΣ ˉˊˇˋˍʷʻʹˁʰ˄ ˎˉˇʵˇ˔ʷˌ ʶʽˋˈʵˇˎ ˁʰʽ ʶ˅ˈʵˇˎ ˍˇˎ ˋʺ˃ʰˍˇˌ ˁʰʽ ˇ 

ʰʽˋʻʹˍʺˊʰˌ ̱ ˇˉˇʻʶˍʺʻʹˁʶ ̀ ʶ ˉ˂ʰˋˍʽˁˈ ˉʶˊʾʲ˂ʹ˃ʰΦ ɶ ˍʶ˂ʽˁʺ ˃ˇˊ˒ʺ ˍˇˎ ˒ʰʾ˄ʶˍʰʽ ˋˍʰ 

ˉʰˊʰˁʱˍ˖ ˋ˔ʺ˃ʰˍʰ: 

 

ʅ˔ʺ˃ʰ 3.10: ʆˇ ˃ʰʴ˄ʹˍˈ˃ʶˍˊˇ ˍˏˉˇˎ Fluxgate. 

 

ʅ˔ʺ˃ʰ 3.11: ʆˇ ʶˋ˖ˍʶˊʽˁˈ ˍˇˎ ˃ʰʴ˄ʹˍˇ˃ʷˍˊˇˎΦ 



3.3 нʹ ˍˇˉˇ˂ˇʴʾʰ ˃ʰʴ˄ʹˍˇ˃ʷˍˊˇˎ CƭǳȄƎŀǘŜ 

 

113 

ɼʱˉˇʽʰ ˍˎˉʽˁʱ ˋʺ˃ʰˍʰ ˉˇˎ ˂ʰ˃ʲʱ˄ˇ˄ˍʰʽ ʰˉˈ ˍˇ˄ ʰʽˋʻʹˍʺˊʰ ʴʽʰ ʹ˃ʽˍˇ˄ˇʶʽʵʷˌ 

ˋʺ˃ʰ ʵʽʷʴʶˊˋʹˌ ˋˎ˔˄ˈˍʹˍʰˌ Ὢ ςπὯὌᾀ ˁʰʽ ˍʱˋʹˌ ὠ υὠΣ ˉʰˊˇˎˋʽʱʸˇ˄ˍʰʽ ˋˍʰ 

ˉʰˊʰˁʱˍ˖ ˋ˔ʺ˃ʰˍʰΥ 

 

ʅ˔ʺ˃ʰ 3.12: ɳ˄ʵʶʽˁˍʽˁˈ ˋʺ˃ʰ ʴʽʰ ˃ʰʴ˄ʹˍʽˁˈ ˉˊˇˋʰ˄ʰˍˇ˂ʽˋ˃ˈ Ϥрˇ. 

 

ʅ˔ʺ˃ʰ 3.13: ɳ˄ʵʶʽˁˍʽˁˈ ˋʺ˃ʰ ʴʽʰ ˃ʰʴ˄ʹˍʽˁˈ ˉˊˇˋʰ˄ʰˍˇ˂ʽˋ˃ˈ Ϥ45ˇ. 

 

ʅ˔ʺ˃ʰ 3.14: ɳ˄ʵʶʽˁˍʽˁˈ ˋʺ˃ʰ ʴʽʰ ˃ʰʴ˄ʹˍʽˁˈ ˉˊˇˋʰ˄ʰˍˇ˂ʽˋ˃ˈ Ϥ90ˇ. 
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ʅ˔ʺ˃ʰ 3.15: ɳ˄ʵʶʽˁˍʽˁˈ ˋʺ˃ʰ ʴʽʰ ˃ʰʴ˄ʹˍʽˁˈ ˉˊˇˋʰ˄ʰˍˇ˂ʽˋ˃ˈ Ϥ270ˇ. 

 

ʅ˔ʺ˃ʰ 3.16: ɳ˄ʵʶʽˁˍʽˁˈ ˋʺ˃ʰ ʴʽʰ ˃ʰʴ˄ʹˍʽˁˈ ˉˊˇˋʰ˄ʰˍˇ˂ʽˋ˃ˈ Ϥ315ˇ. 

 

ʅ˔ʺ˃ʰ 3.17: ɳ˄ʵʶʽˁˍʽˁˈ ˋʺ˃ʰ ʴʽʰ ˃ʰʴ˄ʹˍʽˁˈ ˉˊˇˋʰ˄ʰˍˇ˂ʽˋ˃ˈ Ϥ355ˇ. 

ɮˉˈ ˍʰ ˉʰˊʰˉʱ˄˖ ˋʺ˃ʰˍʰ ʴʾ˄ʶˍʰʽ ʰ˄ˍʽ˂ʹˉˍˈ ˈˍʽ ˍˇ ̀ ʺ˃ʰ ʶ˅ˈʵˇˎ ˍˇˎ ʰʽˋʻʹˍʺˊʰ 

ʶʾ˄ʰʽ ʽˋ˔ˎˊˈΣ ʶ˄˗ ˍʰˎˍˈ˔ˊˇ˄ʰ ˎˉʱˊ˔ʶʽ ʴˊʰ˃˃ʽˁˈˍʹˍʰ ˋˍʹ˄ ʰˉˈˁˊʽˋʹ ˁʰˍʱ ˍʹ˄ 

ʰ˄ʾ˔˄ʶˎˋʹ ̱ ˇˎ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎΦ  
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3.3.2 ɲʽʰˁˊʾʲ˖ˋʹ нʹˌ ̱ ˇˉˇ˂ˇʴʾʰˌ ˃ʰʴ˄ʹˍˇ˃ʷˍˊˇˎ Fluxgate 

ɱʽʰ ˍʹ ʵʽʰˁˊʾʲ˖ˋʹ ˍˇˎ ˄ʷˇˎ ˃ ʰʴ˄ʹˍˇ˃ʷˍˊˇˎ ˍˏˉˇˎ FluxgateΣ ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʶ  ́

ʵʽʱˍʰ˅ʹ ʵʽʰˁˊʾʲ˖ˋʹˌΣ ˃ʶ ʷ˄ʰ ʸʶˏʴˇˌ ˉʹ˄ʾ˖˄ Helmholtz ʴʽʰ ˍʹ˄ ʰ˄ˍʽˋˍʱʻ˃ʽˋʹ ˍˇˎ 

˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎ.  

ʇˉʶ˄ʻˎ˃ʾʸʶˍʰʽ ˈˍʽ ʹ ˃ʰʴ˄ʹˍʽˁʺ ʶˉʰʴ˖ʴʺ ˋˍˇ ˃ʷˋˇ ˃ʽʰˌ ʵʽʱˍʰ˅ʹˌ ˉʹ˄ʾ˖˄ 

Helmholtz ʵʾʵʶˍʰʽ ʰˉˈ ˍʹ ʅ˔ʷˋʹ 1.4. ʆʰ ˔ʰˊʰˁˍʹˊʽˋˍʽˁʱ ˍʹˌ ˋˎʴˁʶˁˊʽ˃ʷ˄ʹˌ ʵʽʱˍʰ˅ʹˌ 

ˉʹ˄ʾ˖˄ Helmholtz ʁ ʾ˄ʰʽ ˍʰ ʶ˅ʺˌΥ 

ʃʾ˄ʰˁʰˌ 1Υ ʋʰˊʰˁˍʹˊʽˋˍʽˁʱ ˉʹ˄ʾ˖˄ Helmholtz. 

ʋʰˊʰˁˍʹˊʽˋˍʽˁˈ ʆʽ˃ʺ 

ɮˁˍʾ˄ʰ ϧ ɮˉˈˋˍʰˋʹ ˉʹ˄ʾ˖˄ 100mm 

ɮˊʽʻ˃ˈˌ ˉʶˊʽʶ˂ʾ˅ʶ˖˄ ʰ˄ʱ ˋˍˊ˗ˋʹ 60 

ɮˊʽʻ˃ˈˌ ˋˍˊ˗ˋʶ˖˄ 10 

 

ʅˎ˄ʶˉ˗ˌΣ ʲʱˋʶʽ ˍ˖˄ ˔ʰˊʰˁˍʹˊʽˋˍʽˁ˗˄ ̱ ʹ̩ ˋˎʴˁʶˁˊʽ˃ʷ˄ʹˌ ɻ ʽʱˍʰ˅ʹˌΣ ˉˊˇˁˏˉˍʶʽ ˈˍʽ 

ʹ ˃ʰʴ˄ʹˍʽˁʺ ʶˉʰʴ˖ʴʺ ˋˍˇ ˁʷ˄ˍˊˇ ˍʹˌ ʻʰ ʽˋˇˏˍʰʽ ˃ʶΥ 

 ὄ υȢσωρπ ϽὍ (3.1) 

ɱʽʰ ˍʹ ʵʽʶ˅ʰʴ˖ʴʺ ˍʹˌ ʵʽʰˁˊʾʲ˖ˋʹˌ ˍˇˎ ˃ʰʴ˄ʹˍˇ˃ʷˍˊˇˎΣ ˍʰ ˉʹ˄ʾʰ Helmholtz 

ˋˎ˄ʵʷˇ˄ˍʰʽ ˃ʶ ˍˇ ʹ˂ʶˁˍˊˇ˄ʽˁˈ ˁˏˁ˂˖˃ʰ h ˎˍˇ˃ʱˍˇˎ ʶ˂ʷʴ˔ˇˎΣ ˍˇ ˇˉˇʾˇ ˍʰ ˍˊˇ˒ˇʵˇˍʶʾ 

ˁʰˍʰ˂˂ʺ˂˖ˌΣ ˗ˋˍʶ ˄ʰ ʰ˄ˍʽˋˍʰʻ˃ʾʸˇˎ˄ ˍˇ ˎˉʱˊ˔ˇ˄ ˃ʰʴ˄ʹˍʽˁˈ ˉʶʵʾˇ ˍˇˎ ˔˗ˊˇˎ 

ʵʽʶ˅ʰʴ˖ʴʺˌ ˍ˖˄ ˃ʶˍˊʺˋʶ˖˄Φ ʆˇ ˃ʰʴ˄ʹˍˈ˃ʶˍˊˇ ˋˎ˄ʵʷʶˍʰʽ ˃ʶ ˃ʾʰ ʴʶ˄˄ʺˍˊʽʰ 

ˋˎ˔˄ˇˍʺˍ˖˄Σ ʹ ˇˉˇʾʰ ʵʽʶʴʶʾˊʶʽ ˍʰ ˉʹ˄ʾʰ ˂ʺ˕ʹˌ ˍˇˎ ˃ʶ ʹ˃ʽˍˇ˄ˇʶʽʵʷˌ ˋʺ˃ʰ ˉ˂ʱˍˇˎˌ 

ὠ ςȢυὠ ˁ ʰʽ ˋˎ˔˄ˈˍʹˍʰˌ Ὢ ρππὯὌᾀ.  

ʅˍ̌ ʅ˔ʺ˃ʰ 3.18 ˉʰˊˇˎˋʽʱʸʶˍʰʽ ʹ ˃ʶˍʰʲˇ˂ʺ ˍʹˌ ˍʱˋʹˌ ʶ˅ˈʵˇˎ ˍˇˎ 

˃ʰʴ˄ʹˍˇ˃ʷˍˊˇˎΣ ˋˎ˄ʰˊˍʺˋʶʽ ˍʹˌ ʷ˄ˍʰˋʹˌ ˍˇˎ ˉʰˊʶ˔ˈ˃ʶ˄ˇˎ ˊʶˏ˃ʰˍˇˌ ˋˍʰ ˉʹ˄ʾ h

Helmholtz. 



3.3 нʹ ˍˇˉˇ˂ˇʴʾʰ ˃ʰʴ˄ʹˍˇ˃ʷˍˊˇˎ CƭǳȄƎŀǘŜ 

 

116 

 

ʅ˔ʺ˃ʰ 3.18: ʅ˔ʷˋʹ ˉʰˊʶ˔ˈ˃ʶ˄ʹˌ ʷ˄ˍʰˋʹˌ ˊʶˏ˃ʰˍˇˌ ˋ̱ ʰ ˉʹ˄ʾʰ Helmholtz ˁ ʰʽ ˍʹˌ ˍʱˋʹˌ 
ʶ˅ˈʵˇˎ ˍˇˎ ˃ʰʴ˄ʹˍˇ˃ʷˍˊˇˎΦ 

ɳʾ˄ʰʽ ʶ˃˒ʰ˄ʷˌ ˈˍʽΣ ˈˉ˖ˌ ʰ˄ʰ˃ʶ˄ˈˍʰ˄Σ ʹ ˍʱˋʹ ˉˇˎ ˃ʶˍˊʱˍʰʽ ʶʾ˄ʰʽ ˋ˔ʶʵˈ˄ ʾˋʹ ˃ʶ 

˃ʹʵʷ˄ ˁʰˍʱ ˍʹ˄ ʰˉˇˎˋʾʰ ʶˉʽʲˇ˂ʺˌ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎ ʰˉˈ ˍʰ ˉʹ˄ʾʰ Helmholtz. 

ɮ˄ˍʽˋˍˇʾ˔˖ˌΣ ʰˎ˅ʱ˄ʶˍʰʽ ˋˎ˃˃ʶˍˊʽˁʱ ˁʰˍʱ ˍʹ˄ ʶˉʽʲˇ˂ʺ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎΦ ɳˉʾˋʹˌΣ 

ˉʰˊʰˍʹˊʶʾˍʰʽ ˈˍʽ ˃ʶˍʱ ʰˉˈ ʷ˄ʰ ˈˊʽˇ ̫ ˄ˍʰˋʹˌΣ ʹ ʰˏ˅ʹˋʹ ˉʰˏʶʽ ˄ʰ ʶʾ˄ʰʽ ʴˊʰ˃˃ʽˁʺΣ ˁʱˍʽ 

ˉˇˎ ʶ˅ʹʴʶʾˍʰʽ ˂ˈʴ˖ ˍˇˎ ˃ʹ ʴˊʰ˃˃ʽˁˇˏ ʲˊˈ˔ˇˎ ˎˋˍʷˊʹˋʹˌ ˍˇˎ ˃ʰʴ˄ʹˍʽˁˇˏ ˉˎˊʺ˄ʰΦ 

ɮ˄ˍʽˋˍˇʾ˔˖ˌΣ ˋˍˇ ʅ˔̋˃ʰ 3.19 ˉʰˊˇˎ̀ʽʱʸʶˍʰʽ ʹ ˃ʶˍʰʲˇ˂ʺ ˍʹˌ ˍʱˋʹˌ ʶ˅ˈʵˇˎ ˍˇˎ 

˃ʰʴ˄ʹˍˇ˃ʷˍˊˇˎΣ ˋʶ ˋ˔ʷˋʹ ˃ʶ ˍʽˌ ˍʽ˃ʷˌ ˃ʰʴ˄ʹˍʽˁʺˌ ʶˉʰʴ˖ʴʺˌ ˉˇˎ ˎˉˇ˂ˇʴʾʸˇ˄ˍʰʽ ʴʽʰ 

ˍˇ ˋˎʴˁʶˁˊʽ˃ʷ˄ˇ ʸʶˏʴˇˌ ˉʹ˄ʾ˖˄ Helmholtz, ̡ ʱˋʶʽ ˍʹˌ ʅ˔ʷˋʹˌ мΦп. 
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ʅ˔̋˃ʰ 3.19: ʅ˔ʷˋʹ ˉʰˊʶ˔ˈ˃ʶ˄ʹˌ ˃ʰʴ˄ʹˍʽˁʺˌ ʶˉʰʴ˖ʴʺˌ ʰˉˈ ˍʰ ˉʹ˄ʾʰ Helmholtz ˁ ʰʽ ˍʹˌ 
ˍʱˋʹˌ ʶ˅ˈʵˇˎ ˍˇˎ ˃ʰʴ˄ʹˍˇ˃ʷˍˊˇˎΦ 

ɶ ʶ˂ʱ˔ʽˋˍʹ ʰˁˊʽʲʺˌ ˃ʷˍˊʹˋʹ ˉˇˎ ʺˍʰ˄ ʵˎ˄ʰˍˈ˄ ˄ʰ ˉˊʰʴ˃ʰˍˇˉˇʽʹʻʶʾ ˃ʶ ˍˇ 

ˋˎʴˁʶˁˊʽ˃ʷ˄ˇ ˃ʰʴ˄ʹˍˈ˃ʶˍˊˇΣ ˉˊʰʴ˃ʰˍˇˉˇʽʺʻʹˁʶ ʴʽʰ ˉʶʵʾˇ 5.4nT. ɶ ˋ˔ʷˋʹ ˍʱˋʹˌ 

ʶ˅ˈʵˇˎ ˁʰʽ ʰ˄ʽ˔˄ʶˎˈ˃ʶ˄ʹˌ ˃ʰʴ˄ʹˍʽˁʺˌ ʶˉʰʴ˖ʴʺˌ ʴʽʰ ˍʹ ʴˊʰ˃˃ʽˁʺ ˉʶˊʽˇ˔ʺ ˃ʷˍˊʹˋʹˌ 

ʶʾ˄ʰʽ ʾˋʹ ˃ʶ 46.4mV/ T˃. ʆˇ ʶˏˊˇˌ ˃ʷˍˊʹˋʹˌ ˃ʰʴ˄ʹˍʽˁʺˌ ʶˉʰʴ˖ʴʺˌ ʰ˄ˍʽˋˍˇʽ˔ʶʾ ˋʶ 

ҕ430˃ ʆ. ʅˍˇ˄ ˉʰˊʰˁʱˍ˖ ˉʾ˄ʰˁʰ ˉʰˊˇˎˋʽʱʸˇ˄ˍʰʽ ˍʰ ˉʰˊʰˉʱ˄˖ ˔ʰˊʰˁˍʹˊʽˋˍʽˁʱ ˍˇˎ 

ʰ˄ʶˉˍˎʴ˃ʷ˄ˇˎ ˃ʰʴ˄ʹˍˇ˃ʷˍˊˇˎΣ ˋʶ ˋˏʴˁˊʽˋʹ ˃ʶ ʷ˄ʰ ʰ˄ˍʾˋˍˇʽ˔ˇ ʶ˃ˉˇˊʽˁˈ 

˃ʰʴ˄ʹˍˈ˃ʶˍˊˇ ̄ ˇ˂ˏ ˎ˕ʹ˂ˇˏ ˁˈˋˍˇˎˌ [146]: 

ʃʾ˄ʰˁʰˌ 2Υ ʅˏʴˁˊʽˋʹ ˔ʰˊʰˁˍʹˊʽˋˍʽˁ˗˄ ˍ˖˄ ˃ʰʴ˄ʹˍˇ˃ʷˍˊ˖ .˄ 

ʋʰˊʰˁˍʹˊʽˋˍʽˁˈ ʆʽ˃ʺ ɾˇ˄ʱʵʰ 

 ɮ˄ʶˉˍˎʴ˃ʷ˄ˇ 

˃ʰʴ˄ʹˍˈ˃ʶˍˊ  ̌

ɳ˃ˉˇˊʽˁˈ 

˃ʰʴ˄ʹˍˈ˃ʶˍˊˇ 

 

ɽˈʴˇˌ V/B τφȢτ υπ άὠȾ‘Ὕ 
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3.3.3 ɮ˄ʱˉˍˎ˅ʹ ́ ˂ʶˁˍˊˇ˄ʽˁˇˏ ˁˎˁ˂˗˃ʰˍˇˌ ʵʽʷʴʶˊˋʹˌ 

ɾʶˍʱ ˍˇ˄ ʷ˂ʶʴ˔ˇ ˍʹˌ ˂ʶʽˍˇˎˊʴʾʰˌ ˍˇˎ ʰ˄ʶˉˍˎʴ˃ʷ˄ˇˎ ˃ʰʴ˄ʹˍˇ˃ʷˍˊˇˎ ˁʰʽ ˍʹ 

ʵʽʶ˅ʰʴ˖ʴʺ ˍʹˌ ʵʽʰˁˊʾʲ˖ˋʺˌ ˍˇˎΣ ʶˉʶ˂ʷʴʹ ʹ ˁʰˍʰˋˁʶˎʺ ʹ˂ʶˁˍˊˇ˄ʽˁ˗˄ ˁˎˁ˂˖˃ʱˍ˖˄ 

ˉʰˊʰʴ˖ʴʺˌ ˍˇ ˎ̀ ʺ˃ʰˍˇˌ ʵʽʷʴʶˊˋʹˌ ˁʰʽ ˂ʺ˕ʹˌ ˍˇˎ ˍʶ˂ʽˁˇˏ ˋʺ˃ʰˍˇˌΦ  

ʃʰˊʰˍʹˊʺʻʹˁʶ ̍ ˍʽ ˍˇ ʰ˄ʶˉˍˎʴ˃ʷ˄ˇ ˃ʰʴ˄ʹˍˈ˃ʶˍˊˇ ˂ʶʽˍˇˎˊʴʶʾ ʰˉˇʵˇˍʽˁʱ ˍˈˋˇ ˃ʶ 

ʹ˃ʽˍˇ˄ˇʶʽʵʷˌΣ ˈˋˇ ˁʰʽ ˃ʶ ˉʰ˂˃ʽˁˈ ˋʺ˃ʰ ʵʽʷʴʶˊˋʹˌΦ ʆˇ ˉʰ˂˃ʽˁˈ ˋʺ˃ʰ ˃ˉˇˊʶʾ ʶˏˁˇ˂ʰ 

˄ʰ ˉʰˊʰ˔ʻʶʾ ˃ʷˋ˖ ˍʹˌ ˔ˊʺˋʹˌ ʶ˄ˈˌ ˔ˊˇ˄ʽˋˍʺΦ ʅˎʴˁʶˁˊʽ˃ʷ˄ʰΣ ʴʽʰ ˍʹ˄ ˁʰˍʰˋˁʶˎʺ ˍˇˎ 

˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʶ ˇ ˔ˊˇ˄ʽˋˍʺˌ TLC555 ̱ʹˌ Texas Instruments ̀ ʶ ˍˇˉˇ˂ˇʴʾʰ ʰˋˍʰʻˇˏˌ 

ˉˇ˂ˎʵˇ˄ʹˍʺΦ ɮˎˍˈˌ ˇ ˔ˊˇ˄ʽˋˍʺˌ ʲʰˋʾʸʶˍʰʽ ˋʶ ˍʶ˔˄ˇ˂ˇʴʾʰ CMOS, ̫ ˄ʰ˄ˍʽ ˍˇˎ ˁ˂ʰˋʽˁˇˏ 

LM555. ɮˎˍˈ ˉˊˇˋ˒ʷˊʶʽ ˍˇ ˉ˂ʶˇ˄ʷˁˍʹ˃ʰ ˉ˖ˌ ˍˇ ˋʺ˃ʰ ˉˇˎ ˉʰˊʱʴʶʽ ʵʶ˄ ʶˉʹˊʶʱʸʶˍʰʽ 

ʰˉˈ ˍʹ˄ ʰ˄ˍʾˋˍʰˋʹ ˍˇˎ ˒ ˇˊˍʾˇ ˎ̄ ˇˎ ʻʰ ˋˎ˄ʵʶʻʶʾ ˋˍʹ˄ ʷ˅ˇʵˈ ˍˇˎ.  

ɶ ˋˎ˔˄ˈˍʹˍʰ ˉˇˎ ʶˉʶ˂ʷʴʹ ʴʽʰ ˍʹ˄ ˉʰˊʰʴ˖ʴʺ ˍˇˎ ˉʰ˂˃ʽˁˇˏ ˋʺ˃ʰˍˇˌ ʶʾ˄ʰʽ ʾˋʹ ˃ʶ 

Ὢ ρὯὌᾀ, ˃ ʁ ʵʽʱˊˁʶʽʰ ˉʰ˂˃ˇˏ ὸ υππ‘ί (duty cycle Ғ 50%). ɱʽʰ ˄ʰ 

ˎˉˇ˂ˇʴʽˋˍˇˏ˄ ˇʽ ˍʽ˃ʷˌ ˍ˖˄ ˉʰʻʹˍʽˁ˗˄ ʶ˅ʰˊˍʹ˃ʱˍ˖˄ ˍˇˎ ʹ˂ʶˁˍˊˇ˄ʽˁˇˏ ˁˎˁ˂˗˃ʰˍˇˌ 

ˉˇˎ ʻʰ ˉʰˊʱʴʶʽ ˍˇ ˉʰ˂˃ʽˁˈ ˋʺ˃ʰ ˃ʶ ˍʰ ʶˉʽʻˎ˃ʹˍʱ ˔ʰˊʰˁˍʹˊʽˋˍʽˁʱΣ 

˔ˊʹˋʽ˃ˇˉˇʽˇˏ˄ˍʰʽ ˇʽ ˉʰˊʰˁʱˍ˖ ˋ˔ʷˋʶʽˌ: 

 ὸ πȢφωσϽὙ Ὑ Ͻὅ (3.2) 

 ὸ πȢφωσϽὙϽὅ (3.3) 

 Ὢ
ρȢττ

Ὑ ςὙ Ͻὅ
 (3.4) 

ˈˉˇˎΥ 

¶ ὸ : ́  ʵʽʱˊˁʶʽʰ ˍˇˎ ˉʰ˂˃ˇˏ 

¶ ὸ : ̌  ˔ˊˈ˄ˇˌ ˉˇˎ ʰˉˇ˃ʷ˄ʶʽ ʴʽʰ ˍʹ ˋˎ˃ˉ˂ʺˊ˖ˋʹ ˃ʽʰˌ ˉʶˊʽˈʵˇˎ 

¶ Ὢ: ́  ˋˎ˔˄ˈˍʹˍʰ ˍˇˎ ˉʰ˂˃ʽˁˇˏ ˋʺ˃ʰˍˇˌ 

¶ ὙȟὙ Ǫ ὅ: ̱ ʰ ˉʰʻʹˍʽˁʱ ʶ˅ʰˊˍʺ˃ʰˍʰΣ ˈˉ˖ˌ ʰˉʶʽˁˇ˄ʾʸˇ˄ˍʰʽ ˋˍˇ ʅ˔ʺ˃ʰ 3.20. 
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ʆʶ˂ʽˁʱΣ ʰˉˈ ˍˇˎˌ ˉʰˊʰˉʱ˄˖ ˎˉˇ˂ˇʴʽˋ˃ˇˏˌΣ ˉˊˇˁˏˉˍʶʽ ˉʰ˂˃ʽˁˈ ˋʺ˃ʰ ˃ʶ ˍʰ ʶ˅ʺˌ 

˔ʰˊʰˁˍʹˊʽˋˍʽˁʱΥ 

ʃʾ˄ʰˁʰˌ 3Υ ʋʰˊʰˁˍʹˊʽˋˍʽˁʱ ˉʰˊʰʴˈ˃ʶ˄ˇˎ ˉʰ˂˃ʽˁˇˏ ˋʺ˃ʰˍˇˌΦ  

ɾʷʴʶʻˇˌ ʆʽ˃ʺ 

█ ρππψὯὌᾀ 

◄╗╘╖╗ υρψȢσφτ‘ί 

◄╛╞╦ τχρȢςτπ‘ί 

╣ ωψωȢφπτ‘ί 

╓◊◄◐ ╬◐╬■▄ υςȢσψϷ 

 

ʆˇ ʹ˂ʶˁˍˊˇ˄ʽˁˈ ˁˏˁ˂˖˃ʰ ˉˇˎ ˋ˔ʶʵʽʱˋˍʹˁʶΣ ʲʱˋʶʽ ˍ˖˄ ˉʰˊʰˉʱ˄˖ ˎˉˇ˂ˇʴʽˋ˃˗˄Σ 

ˉʰˊˇˎˋʽʱʸʶˍʰʽ ˋˍˇ ʅ˔ʺ˃ʰ 3.20: 

 

ʅ˔ʺ˃ʰ 3.20Υ ɶ˂ʶˁˍˊˇ˄ʽˁˈ ˁˏˁ˂˖˃ʰ ʰˋˍʰʻˇˏˌ ˉˇ˂ˎʵˇ˄ʹˍʺΦ 

ʆˇ ʰˉˇˍʷ˂ʶˋ˃ʰ ˍʹˌ ˉˊˇˋˇ˃ˇʾ˖ˋʹˌ ˍˇˎ ˉʰˊʰˉʱ˄˖ ˁˎˁ˂˗˃ʰˍˇˌΣ ˉʰˊˇˎˋʽʱʸʶˍʰʽ 

ˋˍˇ ʅ˔ʺ˃ʰ 3.22: 
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ʅ˔ʺ˃ʰ 3.21Υ ɮˉˇˍʷ˂ʶˋ˃ʰ ˉˊˇˋˇ˃ˇʾ˖ˋʹˌ ˋʺ˃ʰˍˇˌ ʶ˅ˈʵˇˎ ʹ˂ʶˁˍˊˇ˄ʽˁˇˏ ˁˎˁ˂˗˃ʰˍˇˌ 
ʵʽʷʴʶˊˋʹˌ. 

ʆʷ˂ˇˌΣ ˋˍˇ ʅ˔ʺ˃ʰ 3.22 h ˉʶʽˁˇ˄ʾʸʶˍʰʽ ˍˇ ˋʺ˃ʰ ʶ˅ˈʵˇˎ ̱ ˇˎ ʰˋˍʰʻˇˏˌ ˉˇ˂ˎʵˇ˄ʹˍʺ 

ˉˇˎ ˁʰˍʰˋˁʶˎʱˋˍʹˁʶΥ 

 

ʅ˔ʺ˃ʰ 3.22Υ ʅʺ˃ʰ ʶ˅ˈʵˇˎ ʹ˂ʶˁˍˊˇ˄ʽˁˇˏ ˁˎˁ˂˗˃ʰˍˇˌ ʵʽʷʴʶˊˋʹˌΦ 

3.3.4 ɼʰˍʰˋˁʶˎʺ ʰ˄ʽ˔˄ʶˎˍʺ ˁˇˊˎ˒˗  ˄

ɳˉˈ˃ʶ˄ˇ ʲʺ˃ʰ ʰˉˇˍʷ˂ʶˋʶ ʹ ˋ˔ʶʵʾʰˋʹ ˁʰʽ ʹ ʰ˄ʱˉˍˎ˅ʹ ʶ˄ˈˌ ʹ˂ʶˁˍˊˇ˄ʽˁˇˏ 

ˁˎˁ˂˗˃ʰˍˇˌ ʽˁʰ˄ˇˏ ˄ʰ ʰ˄ʽ˔˄ʶˏʶʽ ˍʽˌ ˁˇˊˎ˒ʷˌ ˍˇˎ ˋʺ˃ʰˍˇˌ ʵʽʷʴʶˊˋʹˌΦ ɱʽΩ ʰˎˍˈ˄ ˍˇ˄ 

ˋˁˇˉˈΣ ˋ˔ʶʵʽʱˋˍʹˁʶ ˍˇ ˁˏˁ˂˖˃ʰ ˉˇˎ ˉʰˊˇˎˋʽʱʸʶˍʰʽ ˋˍˇ ʅ˔ʺ˃ʰ 3.23Σ ʲʰˋʽˋ˃ʷ˄ˇ ˋˍʹ 

˔ˊʺˋʹ ˍ˖˄ ˍʶ˂ʶˋˍʽˁ˗˄ ʶ˄ʽˋ˔ˎˍ˗˄ ˎ ˕ʹ˂ʺˌ ʰˁˊʽʲʶʾʰˌ ht!нтт ˍʹˌ ¢ŜȄŀǎ LƴǎǘǊǳƳŜnts.  
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ʅ˔ʺ˃ʰ 3.23Υ ɶ˂ʶˁˍˊˇ˄ʽˁˈ ˁˏˁ˂˖˃ʰ ʰ˄ʾ˔˄ʶˎˋʹˌ ˁˇˊˎ˒˗˄Φ 

ʆˇ ʰˉˇˍʷ˂ʶˋ˃ʰ ˍʹˌ ˉˊˇˋˇ˃ˇʾ˖ˋʹˌ ˍˇˎ ʶ˄ ˂ˈʴ˖ ʹ˂ʶˁˍˊˇ˄ʽˁˇˏ ˁˎˁ˂˗˃ʰˍˇˌ ʴʽʰ 

ʹ˃ʽˍˇ˄ˇʶʽʵʷˌ ˋʺ˃ʰ ʶʽˋˈʵˇˎΣ ˒ʰʾ˄ʶˍʰʽ ˋˍˇ ˉʰˊʰˁʱˍ˖ ˋ̝ ʺ˃ʰΥ 

 

ʅ˔ʺ˃ʰ 3.24Υ ʅʺ˃ʰ ʶ˅ˈʵˇˎ ʰ˄ʽ˔˄ʶˎˍʺ ˁˇˊˎ˒˗˄ όˁˈˁˁʽ˄ˇύ ʴʽʰ ʹ˃ʽˍˇ˄ˇʶʽʵʷˌ ˋʺ˃ʰ ʵʽʷʴʶˊˋʹˌΦ 

3.3.5 ɲʽʶ˅ʰʴ˖ʴʺ ˃ʶˍˊʺˋʶ˖˄  

ɾʶˍʱ ˍʹ ʵʽʰˁˊʾʲ˖ˋʹΣ ʵʽʶ˅ʺ˔ʻʹˋʰ˄ ʵˇˁʽ˃ʰˋˍʽˁʷˌ ˃ʶˍˊʺˋʶʽˌ ˃ʶ ˔ˊʺˋʹ ˍˇˎ 

ˋˎʴˁʶˁˊʽ˃ʷ˄ˇˎ ˃ʰʴ˄ʹˍˇ˃ʷˍˊˇˎΦ  

ɮˊ˔ʽˁʱΣ ʵˇˁʽ˃ʱˋˍʹˁʶ ʹ ˔ˊʺˋʹ ˍˇˎ ˃ʰʴ˄ʹˍˇ˃ʷˍˊˇˎ ˋʶ ʵʽʱˍʰ˅ʹ ʰ˄ˇʽˁˍˇˏ ʲˊˈ˔ˇˎ 

(open-loop)Φ ʅˍˇ ʅ˔ʺ˃ʰ 3.25 ˉʰˊˇˎˋʽʱʸʶˍh̔ ʶ˄ʵʶʽˁˍʽˁˈ ˋʺ˃ʰ ʁ˅ ˈʵˇˎ ˍˇˎ 

˃ʰʴ˄ʹˍˇ˃ʷˍˊˇˎ ˋʶ ̱ˎ ˔ʰʾˇ ˉˊˇˋʰ˄ʰˍˇ˂ʽˋ˃ˈΣ ˔˖ˊʾˌ ˍʹ˄ ʶˉʽʲˇ˂ʺ ˁʱˉˇʽˇˎ ʽˋ˔ˎˊˇˏ 

˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎ.  
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ʅ˔ʺ˃ʰ 3.25: ʅʺ˃ʰ ʶ˅ˈʵˇˎ ˃ʰʴ˄ʹˍˇ˃ʷˍˊˇˎ ʰˉ̌ˎˋʾʰ ˃ʰʴ˄ʺˍʹΦ 

ɮ˄ˍʽˋˍˇʾ˔˖ˌΣ ˋˍˇ ʅ˔ʺ˃ʰ 3.26 ̄ ʰˊˇˎˋʽʱʸʶˍʰʽ ˍˇ ˋʺ˃ʰ ʶ˅ˈʵˇˎ ˍˇˎ ˃ʰʴ˄ʹˍˇ˃ʷˍˊˇˎ 

ʴʽʰ ˍˇ˄ ʾʵʽˇ ˉˊˇˋʰ˄ʰˍˇ˂ʽˋ˃ˈΣ ˁʰˍʱ ˍʹ˄ ˏˉʰˊ˅ʹ ʶ˄ˈˌ ˁˎʲʽˁˇˏ ˃ʰʴ˄ʺˍʹ ˄ʶˇʵˎ˃ʾˇˎ 

ʵʽʰˋˍʱˋʶ˖˄ 5x5x5 mm3Σ ˋʶ ʰˉˈˋˍʰˋʹ рлmm h ˉˈ ˍˇ ˃ʰʴ˄ʹˍˈ˃ʶˍˊˇΦ 

 

ʅ˔ʺ˃ʰ 3.26: ʅʺ˃ʰ ʶ˅ˈʵˇˎ ˃ʰʴ˄ʹˍˇ˃ʷˍˊˇˎ ˉʰˊˇˎˋʾʰ ˃ʰʴ˄ʺˍʹΦ 

ɮˉˈ ˍʰ ˉʰˊʰˉʱ˄˖ ˋʺ˃ʰˍʰΣ ʶˉʽʲʶʲʰʽ˗˄ʶˍʰʽ ʹ ˎ˕ʹ˂ʺ ʶˎʰʽˋʻʹˋʾʰ ˍˇˎ 

˃ʰʴ˄ʹˍˇ˃ʷˍˊˇˎΣ ˈ˃˖ˌ ʶʾ˄ʰʽ ʶ˃˒ʰ˄ʷˌ ˈˍʽ ˍˇ ˋʺ˃ʰ ʶ˅ˈʵˇˎ ʶ˃˒ʰ˄ʾʸʶʽ ˁ˖ʵ˖˄ʽˋ˃ˈ 

(ringing). ɮˎˍˈ ˃ˉˇˊʶʾ ˄ʰ ˃ʹ˄ ʶˉʹˊʶʱʸʶʽ ˍʽˌ ˃ʶˍˊʺˋʶʽˌ ˈˍʰ˄ ʰˎˍʷˌ ʲʰˋʾʸˇ˄ˍʰʽ ˋˍʹ˄ 

ʰ˄ʾ˔˄ʶˎˋʹ ˁˇˊˎ˒ʺˌΦ ʃʰˊΩ ˈ˂ʰ ʰˎˍʱΣ ˍˇ ˒ʰʽ˄ˈ˃ʶ˄ˇ ʰ˄ˍʽ˃ʶˍ˖ˉʾˋˍʹˁʶ ʶˉʽˍˎ˔˗ˌ ˃ʶ ˍʹ˄ 

ˉˊˇˋʻʺˁʹ ʶ˄ˈˌ ˃ʹ ʹ˂ʶˁˍˊˇ˂ˎˍʽˁˇˏ ˉˎˁ˄˖ˍʺ ˔˖ˊʹˍʽˁˈˍʹˍʰˌ мллnF, ˇ ˇˉˇʾˇˌ 

ˋˎ˄ʵʷʻʹˁʶ ˉʰˊʱ˂˂ʹ˂ʰ ˃ʶ ˍʰ ʱˁˊʰ ˍ˖˄ ˉʹ˄ʾ˖˄ ʵʽʷʴʶˊˋʹˌΦ ʅˍʰ ʶˉˈ˃ʶ˄ʰ ˋ˔ʺ˃ʰˍʰ 

ˉʰˊˇˎˋʽʱʸʶˍʰʽ ˍˇ ˋʺ˃ʰ ʶ˅ˈʵˇˎ ˍˇˎ ˃ʰʴ˄ʹˍˇ˃ʷˍˊˇˎ ˉˇˎ ˉˊˇʷˁˎ˕ʶ ˃ʶˍʱ ˍʹ˄ 

ˍˇˉˇʻʷˍʹˋʹ ˍˇˎ ˉˎˁ˄˖ˍʺΦ 
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ʅ˔ʺ˃ʰ 3.27Υ ɿʷˇ ˋʺ˃ʰ ʶ˅ˈʵˇˎ ˃ʰʴ˄ʹˍˇ˃ʷˍˊˇˎ ʰˉˇˎˋʾʰ ˃ʰʴ˄ʺˍʹΦ 

 

ʅ˔ʺ˃ʰ 3.28Υ ɿʷˇ ˋʺ˃ʰ ʶ˅ˈʵˇˎ ˃ʰʴ˄ʹˍˇ˃ʷˍˊˇˎ ˉʰˊˇˎˋʾʰ ˃ʰʴ˄ʺˍʹΦ 

ʅˍʹ ˋˎ˄ʷ˔ʶʽʰΣ ʵʹ˃ʽˇˎˊʴʺʻʹˁʶ ˃ʽʰ ʵʽʱˍʰ˅ʹ ˁ˂ʶʽˋˍˇˏ ʲˊˈ˔ˇˎ (closed-loop). 

ʅˎʴˁʶˁˊʽ˃ʷ˄ʰΣ ˍˇ ˉʹ˄ʾˇ ˂ʺ˕ʹˌ ˍˇˎ ˃ʰʴ˄ʹˍˇ˃ʷˍˊˇˎ ˋˎ˄ʵʷʻʹˁʶ ˃ʶ ʷ˄ʰ ˍˊˇ˒ˇʵˇˍʽˁˈ 

ʰˁˊʽʲʶʾʰˌΣ ˗ˋˍʶ ˄ʰ ʰˉˇˍʶ˂ʷˋʶʽ ˍʰˎˍˈ˔ˊˇ˄ʰ ˍˇ ˉʹ˄ʾˇ ˉʰˊʰʴ˖ʴʺˌ ˍˇˎ ˃ʰʴ˄ʹˍʽˁˇˏ 

ˉʶʵʾˇˎ ʰ˄ˍʽˋˍʱʻ˃ʽˋʹˌΦ  

 

ʅ˔ʺ˃ʰ 3.29Υ ɲʽʱʴˊʰ˃˃ʰ ˂ʶʽˍˇˎˊʴʾʰˌ ʵʽʱˍʰ˅ʹˌ ˁ˂ʶʽˋˍˇˏ ʲˊˈ˔ˇˎΦ 

ʃʹ˄ʾˇ ˂ʺ˕ʹˌκ
ˉʹ˄ʾˇ 

ʰ˄ˍʽˋˍʱʻ˃ʽˋʹˌ

ɾʷˍˊʹˋʹ 
ˋʺ˃ʰˍˇˌ

ʆˊˇ˒ˇʵˇˍʽˁˈ 
ʰˁˊʽʲʶʾʰˌ



3.3 нʹ ˍˇˉˇ˂ˇʴʾʰ ˃ ʰʴ˄ʹˍˇ˃ʷˍˊˇˎ CƭǳȄƎŀǘŜ 

 

124 

ɶ ʵʽʱˍʰ˅ʹ ˁ˂ʶʽˋˍˇˏ ʲˊˈ˔ˇˎ ˉˊˇˋ˒ʷˊʶʽ ʷ˄ʰ ˋʹ˃ʰ˄ˍʽˁˈ ˉ˂ʶˇ˄ʷˁˍʹ˃ʰΥ ˍˇ ˋʺ˃ʰ 

˃ʶ˂ʶˍʱˍʰʽ ˋˍʹ˄ ʴˊʰ˃˃ʽˁʺ ˉʶˊʽˇ˔ʺ ʴˏˊ˖ ʰˉˈ ˍˇ ˃ʹʵʷ˄Φ ʅˎ˄ʶˉ˗ˌΣ ʵʶ˄ ˒ˍʱ˄ʶʽ ˋˍʹ˄ 

ˉʶˊʽˇ˔ʺ ˁˈˊˇˎΣ ʶˉʽˍˊʷˉˇ˄ˍʰˌ ˍʹ˄ ʰ˄ʾ˔˄ʶˎˋʹ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎ ˋʶ ˃ʶʴʰ˂ˏˍʶˊˇ 

ʶˏˊˇˌΦ ʅʶ ʰˎˍʺ˄ ˍʹ˄ ˉʶˊʾˉˍ˖ˋʹΣ ˁʰˍʰʴˊʱ˒ʶˍʰʽ ʹ ʷ˄ˍʰˋʹ ˊʶˏ˃ʰˍˇˌ ˉˇˎ ˉʰˊʷ˔ʶˍʰʽ 

ˋ̱ ˇ ˉʹ˄ʾˇ ʰ˄ˍʽˋˍʱʻ˃ʽˋʹˌΣ ʹ ˇˉˇʾʰ ʰˉʰʽˍʶʾˍʰʽ ʴʽʰ ˍʹ˄ ʶ˅ʱ˂ʶʽ˕ʹ ˍˇˎ ʶˉʽʲʰ˂˂ˈ˃ʶ˄ˇˎ 

˃h ʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇ.ˎ 

ʆˇ ˉʹ˄ʾˇ ˂ʺ˕ʹˌ ˍˊˇ˒ˇʵˇˍʺʻʹˁʶ ˃ʶ ʶ˄ʵʶʽˁˍʽˁʷˌ ˍʽ˃ʷˌ ʷ˄ˍʰˋʹˌ ˊʶˏ˃ʰˍˇˌ ˋˍˇ 

ʶˏˊˇˌ ώ0, 1] mA. ʅˍˇ˄ ˉʰˊʰˁʱˍ˖ ˉʾ ˄ʰˁʰ ˉʰˊˇˎˋʽʱʸˇ˄ˍʰʽ ˇʽ ˍʽ˃ʷˌ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎ 

ˉˇˎ h˄ ˍʽˋˍˇʽ˔ˇˏ˄ ˋʶ ʰˎˍʷˌ ˍʽˌ ʶ˄ˍʱˋʶʽˌ ˊʶˏ˃ʰˍˇˌΣ ʲʱˋʶʽ ˍ˖˄ ʻʶ˖ˊʹˍʽˁ˗˄ 

ˎˉˇ˂ˇʴʽˋ˃˗˄Φ 

ʃʾ˄ʰˁʰˌ 4Υ ʃʰˊʰʴˈ˃ʶ˄ˇ ˃ʰʴ˄ʹˍʽˁˈ ˉʶʵʾˇ ˉʹ˄ʾˇˎ ˂ʺ˕ʹˌΦ  

ɴ˄ˍʰˋʹ ˊʶˏ˃ʰˍˇˌ 

(mA) 

ʆʽ˃ʺ ˃ ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎ 

(A/ m) 

0 0 

0.5 4.28 

1 8.57 

 

ʅˍʰ ʶˉˈ˃ʶ˄ʰ ˋ̝ ʺ˃ʰˍʰ ˉʰˊˇˎˋʽʱʸˇ˄ˍʰʽ ˍʰ ˋʺ˃ʰˍʰ ʶ˅ˈʵˇˎ ˉˇˎ ʰ˄ˍʽˋˍˇʽ˔ˇˏ˄ ˋˍʽˌ 

ˉʰˊʰˉʱ˄˖ ˍʽ˃ʷˌ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎ: 

 

ʅ˔ʺ˃ʰ 3.30Υ ʅʺ˃ʰ ʶ˅ˈʵˇˎ ʴʽʰ ˃ʹʵʶ˄ʽˁʺ ʷ˄ˍʰˋʹ ˊʶˏ˃ʰˍˇˌ ˋˍˇ ˉʹ˄ʾˇ ˂ʺ˕ʹˌΦ 
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ʅ˔ʺ˃ʰ 3.31Υ ʅʺ˃ʰ ʶ˅ˈʵˇˎ ʴʽʰ ̫ ˄ˍʰˋʹ ˊʶˏ˃ʰˍˇˌ лΦрmA ̀ ˍˇ ˉʹ˄ʾˇ ˂ʺ˕ʹˌΦ 

 

ʅ˔ʺ˃ʰ 3.32: ʅʺ˃ʰ ʶ˅ˈʵˇˎ ʴʽʰ ̫ ˄ˍʰˋʹ ˊʶˏ˃ʰˍˇˌ 1mA ̀ ˍˇ ˉʹ˄ʾˇ ˂ʺ˕ʹˌΦ 

3.4 ɮ˄ʱˉˍˎ˅ʹ ʵʽʱˍʰ˅ʹˌ ˁʰˍʰʴˊʰ˒ʺˌ ʲˊˈ˔ˇˎ ˎˋˍʷˊʹˋʹˌ 

3.4.1 ɳʽˋʰʴ˖ʴʺ 

ʅˍʽˌ ʶˉˈ˃ʶ˄ʶˌ ˉʰˊʰʴˊʱ˒ˇˎˌ ˉˊˇˍʶʾ˄ʶˍʰʽ ʹ ʰ˄ʱˉˍˎ˅ʹ ˃ʽʰˌ ʵʽʱˍʰ˅ʹˌ ˉˇˎ ʷ˔ʶʽ ˖ˌ 

ˋˁˇˉˈ ˍʹ ˂ʺ˕ʹ ˍˇˎ ʲˊˈ˔ˇˎ ˎˋˍʷˊʹˋʹˌ ˒ʶˊˊˇ˃ʰʴ˄ʹˍʽˁ˗˄ ˎ˂ʽˁ˗˄Σ ˃ʶ ˋˁˇˉˈ ˍʹ ˃ʶ˂ʷˍʹ 

ʴʽʰ ˍʹ˄ ʶ˅ʰʴ˖ʴʺ ˋˎ˃ˉʶˊʰˋ˃ʱˍ˖˄ ˋ˔ʶˍʽˁʱ ˃ʶ ˍʹ ʵˇ˃ʺΣ ˍʹ˄ ˏˉʰˊ˅ʹ ʰˍʶ˂ʶʽ˗˄ ˁʰʽ ˍʹ˄ 

ˉˊˈʲ˂ʶ˕ʹ ˉʽʻʰ˄˗˄ ʰˋˍˇ˔ʽ˗˄Φ ʂˉ˖ˌ ʷ˔ʶʽ ʰ˄ʰ˒ʶˊʻʶʾ ˁʰʽ ˋˍˇ ɼʶ˒ʱ˂ʰʽˇ мΣ ˇ ʲˊˈ˔ˇˌ 

ˎˋˍʷˊʹˋʹˌ ʰˉˇˍʶ˂ʶʾ ʷ˄ʰ ˋʹ˃ʰ˄ˍʽˁˈ ʶˊʴʰ˂ʶʾˇ ʴʽʰ ˍʹ˄ ʶ˅ʰʴ˖ʴʺ ˍ˖˄ ˉʰˊʰˉʱ˄˖ 



3.4 ɮ˄ʱˉˍˎ˅ʹ ʵʽʱˍʰ˅ʹˌ ˁʰˍʰʴˊʰ˒ʺˌ ʲˊˈ˔ˇˎ ˎˋˍʷˊʹˋʹˌ 
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ˉ˂ʹˊˇ˒ˇˊʽ˗˄Φ ɱʽʰ ˍʹ˄ ˁʰˍʰʴˊʰ˒ʺ ˍˇˎ, ʰˉʰʽˍʶʾˍʰʽ ʹ ʵʽʷʴʶˊˋʹ ˍˇˎ ʶ˅ʶˍʰʸˈ˃ʶ˄ˇˎ 

ˎ˂ʽˁˇˏ ˃ʷˋ˖ ˁʰˍʱ˂˂ʹ˂ˇˎ ˋʺ˃ʰˍˇˌ ˁʰʽ ʹ ˂ʺ˕ʹ ˍʹˌ ˃ʰʴ˄ʹˍʽˁʺˌ ˉ˂ʹˊˇ˒ˇˊʾʰˌΣ ʹ ˇˉˇʾʰ 

ʻʰ ʷ˔ʶʽ ʶˉʹˊʶʰˋˍʶʾ ʰˉˈ ˍʰ ˔ʰˊʰˁˍʹˊʽˋˍʽˁʱ ˍˇˎΦ ɶ ˋˎ˄ʺʻʹˌ ˍʶ˔˄ʽˁʺ ˉˇˎ ʰˁˇ˂ˇˎʻʶʾˍʰʽ 

ˉʶˊʽ˂ʰ˃ʲʱ˄ʶʽ ˍʹ ˔ˊʺˋʹ ˉʹ˄ʾ˖˄ ʵʽʷʴʶˊˋʹˌ ˁʰʽ ˂ʺ˕ʹˌΣ ˍʰ ˇˉˇʾʰ ˔ˊʹˋʽ˃ˇˉˇʽˇˏ˄ ˍˇ 

ʶ˅ʶˍʰʸˈ˃ʶ˄ˇ ˎ˂ʽˁˈ ˖ˌ ˉˎˊʺ˄ʰ ˍˇˎˌ ʺ ˖ˌ ˃ʷˊˇˌ ʰˎˍˇˏΦ ɾʶ ʰˎˍˈ˄ ˍˇ˄ ˍˊˈˉˇΣ 

ʵʹ˃ʽˇˎˊʴʶʾˍʰʽ ʷ˄ʰ ˁ˂ʶʽˋˍˈ ˃ʰʴ˄ʹˍʽˁˈ ˁˏˁ˂˖˃ʰΣ ˍˇˎ ˇˉˇʾˇ ˍʰ ˔ʰˊʰˁˍʹˊʽˋˍʽˁʱ ʶʾ˄ʰʽ 

ʴ˄˖ˋˍʱΣ ʶˁˍˈˌ ˍˇˎ ʱʴ˄˖ˋˍˇˎ ˎ˂ʽˁˇˏ ˉˇˎ ˉ˂ʷˇ˄ ʰˉˇˍʶ˂ʶʾ ˃ʷˊˇˌ ˍˇˎΦ ʅˎ˄ʶˉ˗ˌΣ ʶʱ˄ ˇ 

ʰʽˋʻʹˍʺˊʰˌ ʷ˔ʶʽ ʵʽʰˁˊʽʲ˖ʻʶʾΣ ˇʽ ˃ʶˍʰʲˇ˂ʷˌ ˍ˖˄ ˃ʶˍˊʺˋʶ˖˄ ˃ˉˇˊˇˏ˄ ˄ʰ 

ˋˎˋ˔ʶˍʽˋˍˇˏ˄ ˃ʶ ˍˇ ʶ˅ʶˍʰʸˈ˃ʶ˄ˇ ˎ˂ʽˁˈΦ 

3.4.2 ʅ˔ʁʵʾʰˋʹ ɻ ʽʱˍʰ˅ʹˌ ˁʰˍʰʴˊʰ˒ʺˌ ʲˊˈ˔ˇˎ ˎˋˍʷˊʹˋʹˌ 

ɶ ʵʽʱˍʰ˅ʹ ˉˇˎ ˋ˔ʶʵʽʱˋˍʹˁʶ ˃ʶ ˋˁˇˉˈ ˍʹ˄ ˁʰˍʰʴˊʰ˒ʺ ˍˇˎ ʲˊˈ˔ˇˎ ˎˋˍʷˊʹˋʹˌ 

ʲʰˋʾʸʶˍʰʽ ˋˍʹ ˔ˊʺˋʹ ʶ˄ˈˌ ˉˎˊʺ˄ʰ ˋʶ ˋ˔ʺ˃ʰ ζʃη όyoke), ʴˏˊ˖ ʰˉˈ ˍˇ˄ ˇˉˇʾˇ 

ˉʶˊʽʶ˂ʾˋˋˇ˄ˍʰʽ ˍʰ ˉʹ˄ʾʰ ʵʽʷʴʶˊˋʹˌ ˁʰʽ ˂ʺ˕ʹˌΦ ɾʶ ʰˎˍˈ˄ ˍˇ˄ ˍˊˈˉˇΣ ʵʶ˄ ʰˉʰʽˍʶʾˍʰʽ ʹ 

ʶˉʷ˃ʲʰˋʹ ˋˍˇ ˎˉˈ ʶ˅ʷˍʰˋʹ ʵˇˁʾ˃ʽˇ ʴʽʰ ˍʹ˄ ˉʶˊʽʷ˂ʽ˅ʹ ˁʱˉˇʽˇˎ ˉʹ˄ʾˇˎ ˋʶ ʰˎˍˈ. ɶ 

ʵʽʱˍʰ˅ʹ ˉˇˎ ˋ˔ʶʵʽʱˋˍʹˁʶ ˉʰˊˇˎˋʽʱʸʶˍʰʽ ˋˍˇ ʅ˔ʺ˃ʰ 3.33. 

 

ʅ˔ʺ˃ʰ 3.33Υ ɮʽˋʻʹˍʺˊʽʰ ʵʽʱˍʰ˅ʹ ˁʰˍʰʴˊʰ˒ʺˌ ʲˊˈ˔ˇˎ ˎˋˍʷˊʹˋʹˌ  
ό˃ʶ ʵʽʰˁʶˁˇ˃˃ʷ˄ʹ ʴˊʰ˃˃ʺ ˉʰˊˇˎˋʽʱʸʶˍʰʽ ˍˇ ˁ˂ʶʽˋˍˈ ˃ʰʴ˄ʹˍʽˁˈ ˁˏˁ˂˖˃ʰύ. 
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ʁ ˉˎˊʺ˄ʰˌ ˉˇˎ ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʶ ʰˉˇˍʶ˂ʶʾˍʰʽ ʰˉˈ ˂ʶˉˍʱ ˒ˏ˂˂ʰ ʹ˂ʶˁˍˊʽˁˇˏ 

˔ʱ˂ˎʲʰΣ ˃ʶˍʰ˅ˏ ˍ˖˄ ˇˉˇʾ˖˄ ˎˉʱˊ˔ˇˎ˄ ˃ˇ˄˖ˍʽˁ ɦˋˍˊ˗˃ʰˍΦh ɾʶ ʰˎˍˈ˄ ˍˇ˄ ˍˊˈˉˇΣ 

˃ʶʽ˗˄ʶˍʰʽ ʹ ʶˉʾʵˊʰˋʹ ˍ˖˄ ʵʽ˄ˇˊˊʶˎ˃ʱˍ˖˄ ˋˍˇ ʶˋ˖ˍʶˊʽˁˈ ˍˇˎΦ ʁʽ ʵʽʰˋˍʱˋʶʽˌ ˍˇˎ 

ˉˎˊʺ˄ʰ ʶʾ˄ʰʽ (ɾxʃxʇύΥ рлx13x53 mm3. 

ʆˇ ˉʹ˄ʾˇ ʵʽʷʴʶˊˋʹˌ ˉʶˊʽʶ˂ʾˋˋʶˍʰʽ ʴˏˊ˖ ʰˉˈ ˍˇ ˍ˃ʺ˃ʰ ˍˇˎ ˉˎˊʺ˄ʰ ˉˇˎ ʶʾ˄ʰʽ 

ˉʰˊʱ˂˂ʹ˂ˇ ˃ʶ ˍˇ ʵˇˁʾ˃ʽˇΣ ʶ˄˗ ˍˇ ˉʹ˄ʾˇ ˂ʺ˕ʹˌ ˍˇˉˇʻʶˍʶʾˍʰʽ ˋʶ ˃ʾʰ ʰˉˈ ˍʽˌ ʵˏˇ 

ʲʱˋʶʽˌ ˍˇˎ ˉˎˊʺ˄ʰΦ ɶ ʵʽʱˍʰ˅ʹ ʷˊ˔ʶˍʰʽ ˋʶ ʶˉʰ˒ʺ ˃ʶ ˍˇ ʱʴ˄˖ˋˍˇ ˎ˂ʽˁˈΣ ˗ˋˍʶ ˄ʰ 

ʵʹ˃ʽˇˎˊʴʹʻʶʾ ʷ˄ʰˌ ˁ˂ʶʽˋˍˈˌ ʲˊˈ˔ˇˌΦ ʃʰˊʷ˔ˇ˄ˍʰˌ ˋˍˇ ˉʹ˄ʾˇ ʵʽʷʴʶˊˋʹˌ 

ʶ˄ʰ˂˂ʰˋˋˈ˃ʶ˄ˇ ˋʺ˃ʰ όʹ˃ʽˍˇ˄ˇʶʽʵʷˌ ʺ ˍˊʽʴ˖˄ʽˁˈύΣ ʵʹ˃ʽˇˎˊʴʶʾˍʰʽ ˃ʰʴ˄ʹˍʽˁʺ ˊˇʺ ˉˇˎ 

ʵʽʰʵʾʵʶˍʰʽ ˃ʷˋ˖ ˍˇˎ ʲˊˈ˔ˇˎΦ ʁ ˉˎˊʺ˄ʰˌΣ ˈ˄ˍʰˌ ˁʰˍʰˋˁʶˎʰˋ˃ʷ˄ˇˌ ʰˉˈ ̫ ˄ʰ ˎ˂ʽˁˈ ˃ʶ 

ˎ˕ʹ˂ʺ ˃ʰʴ˄ʹˍʽˁʺ ʵʽʰˉʶˊʰˍˈˍʹˍʰΣ ˈˉ˖ˌ ʶʾ˄ʰʽ ˇ ʹ˂ʶˁˍˊʽˁˈˌ ˔ʱ˂ˎʲʰˌΣ ʰˉˇˍʶ˂ʶʾ ˍʹ 

ʲʷ˂ˍʽˋˍʹ ʵʽʰʵˊˇ˃ʺ ʵʽʱʵˇˋʹˌΦ ʆʶ˂ʽˁʱΣ ˍˇ ˃ʰʴ˄ʹˍʽˁˈ ˋʺ˃ʰ ˂ʰ˃ʲʱ˄ʶˍʰʽ ʰˉˈ ˍˇ ˉʹ˄ʾˇ 

˂ʺ˕ʹˌΦ ʂ˃˖ˌΣ ˍˇ ˂ʹ˒ʻʷ˄ ˋʺ˃ʰ ˉ˂ʷˇ˄ ʷ˔ʶʽ ʶˉʹˊʶʰˋˍʶʾ ʰˉˈ ˍʽˌ ʽʵʽˈˍʹˍʶˌ ˍˇˎ 

ʶ˅ʶˍʰʸˈ˃ʶ˄ˇˎ ˎ˂ʽˁˇˏ ˉˇˎ ˇ˂ˇˁ˂ʺˊ˖˄ʶ ˍˇ˄ ʲˊˈ˔ˇΣ ˁʰʻʽˋˍ˗˄ˍʰˌ ʵˎ˄ʰˍʺ ˍʹ˄ 

ʰ˄ʾ˔˄ʶˎˋʹ ˍ˖˄ ˃ʶˍʰʲˇ˂˗˄ ˉˇˎ ˇ˒ʶʾ˂ˇ˄ˍʰʽ ˋˍˇ ˋˎʴˁʶˁˊʽ˃ʷ˄ˇ ˎ˂̔ˁˈΦ  

3.4.3 ɮˊ˔ʺ ˂ʶʽˍˇˎˊʴʾʰˌ 

ʃʽˇ ʰ˄ʰ˂ˎˍʽˁʱΣ ʹ ˂ʶʽˍˇˎˊʴʾʰ ʰˎˍʺˌ ˍʹˌ ʵʽʱˍʰ˅ʹˌ ʲʰˋʾʸʶˍʰʽ ˋˍˇˎˌ ˄ˈ˃ˇˎˌ ˍˇˎ 

AmperŞ ˁh ʽ ˍˇˎ Faraday, h ˉˈ ˍˇˎˌ ˇˉˇʾˇˎˌ ˉˊˇˁˏˉˍʶʽ h ˄ˍʽˋˍˇʾ˔˖ˌΥ 

 Ὄ
´Ὅ

ὰ
 (3.5) 

ˁʰʽ 

 ὄὸ
ρ

ὃ́
ὠ ὸὨὸ (3.6) 

ˈˉˇˎΥ 

¶ Ὄȡ ̱ ˇ ˃ʰʴ˄ʹˍʽˁˈ ˉʶʵʾˇ ʵʽʷʴʶˊˋʹˌ 

¶ ´ : ̌  ʰˊʽʻ˃ˈˌ ˍ˖˄ ˉʶˊʽʶ˂ʾ˅ʶ˖˄ ˍˇˎ ˉʹ˄ʾˇˎ ʵʽʷʴʶˊˋʹˌ 

¶ Ὅ: ́  ʷ˄ˍʰˋʹ ˍˇˎ ˉʰˊʶ˔ˈ˃ʶ˄ˇˎ ˊʶˏ˃ʰˍˇˌ  
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¶ ὰ: ̱ ˇ ˃ʺˁˇˌ ˍʹˌ ʵʽʰʵˊˇ˃ʺˌ ˍʹˌ ˃ʰʴ˄ʹˍʽˁʺˌ ˊˇʺˌ 

¶ ὄ: ́  ˃ʰʴ˄ʹˍʽˁʺ ʶˉʰʴ˖ʴʺ 

¶ :̈́ ̱ ˇ ʶ˃ʲʰʵˈ˄ ˍʹˌ ʵʽʰˍˇ˃ʺˌ ˍˇˎ ʵˇˁʽ˃ʾˇˎ 

¶ ´ȡ ̌  ʰˊʽʻ˃ˈˌ ˍ˖˄ ˉʶˊʽʶ˂ʾ˅ʶ˖˄ ˍˇˎ ˉʹ˄ʾˇˎ ˂ʺ˕ʹˌ 

¶ ὠ ὸȡ ̱ ˇ ˉ˂ʱˍˇˌ ˍˇˎ ˋʺ˃ʰˍˇˌ ʶ˅ˈʵˇˎ. 

ʅˎ˄ʶˉ˗ˌΣ ʷ˔ˇ˄ˍʰˌ ʲʰʻ˃ˇ˄ˇ˃ʺˋʶʽ ˁʰˍʰ˂˂ʺ˂˖ˌ ˍˇ ʰʽˋʻʹˍʺˊʽˇ ˍʹˌ ʵʽʱˍʰ˅ʹˌΣ ʶʾ˄ʰʽ 

ʵˎ˄ʰˍˈˌ ˇ ˋˎˋ˔ʶˍʽˋ˃ˈˌ ˍ˖˄ ˃ʶˍʰʲˇ˂˗˄ ˍˇˎ ˂ʹ˒ʻʷ˄ˍˇˌ ˋʺ˃ʰˍˇˌ ˃ʶ ˍʹ˄ ʰ˂˂ʰʴʺ ˍʹˌ 

˃ʰʴ˄ʹˍʽˁʺˌ ʵʽʰˉʶˊʰˍˈˍʹ̱h ˌ ‘ ̱ ˖˄ ˎ˂ʽˁ˗˄Σ ˃ʷˋ˖ ˍʹˌ ʴ˄˖ˋˍʺˌ ˋ˔ʷˋʹˌ ὄ ‘ὌΦ ɮˁˈ˃ʹΣ 

ʶˉʶʽʵʺ ˍˇ ˂ʹ˒ʻʷ˄ ˋʺ˃ʰΣ ʲʱˋʶʽ ˍˇˎ ˄ˈ˃ˇˎ ˍˇˎ FaradayΣ ʶʾ˄ʰʽ ʰ˄ʱ˂ˇʴˇ ˍʹˌ ˁ˂ʾˋʹˌ ˍʹˌ 

˃ʰʴ˄ʹˍʽˁʺˌ ʶˉʰʴ˖ʴʺˌ ˖ˌ ̄́ ˇˌ ˍˇ˄ ˔ˊˈ˄ˇΣ ˔ˊʹˋʽ˃ˇˉˇʽ˗˄ˍʰˌ ʷ˄ʰ˄ ˇ˂ˇˁ˂ʹˊ˖ˍʺΣ ʶʾ˄ʰʽ 

ʵˎ˄ʰˍʺ ʹ ʶˏˊʶˋʹ ˍʹˌ ˃ʰʴ˄ʹˍʽˁʺˌ ʶˉʰʴ˖ʴʺ̩Φ ɳˉˇ˃ʷ˄˖ˌΣ ʶʾ˄ʰʽ ʵˎ˄ʰˍʺ ʹ ʰˉʶʽˁˈ˄ʽˋʹ 

ˁʰʽ ˁʰˍʰʴˊʰ˒ʺ ˍˇˎ ʲˊˈ˔ˇˎ ˎˋˍʷˊʹˋʹˌ ˍˇˎ ˎ˂ʽˁˇˏΣ ˇ ˇˉˇʾˇˌ ˉˊˇˋ˒ʷˊʶʽ ʷ˄ʰ ˋˏ˄ˇ˂ˇ 

ˉ˂ʹˊˇ˒ˇˊʽ˗˄ ʴʽʰ ˍʹ˄ ˁʰˍʱˋˍʰˋʹ ˁʰʽ ˍʽˌ ʽʵʽˈˍʹˍʷˌ ˍˇˎΦ ʅˍˇ ʶˉˈ˃ʶ˄ˇ ˋ˔ʺ˃ʰ 

ʰˉʶʽˁˇ˄ʾʸˇ˄ˍʰʽ ˍʰ ˋˍʱʵʽʰ ˍʹˌ ˃ʷˍˊʹˋʹˌ: 

 

ʅ˔ʺ˃ʰ 3.34Υ ʆʰ ˋˍʱʵʽʰ ʵʽʶ˅ʰʴ˖ʴʺˌ ˃ʷˍˊʹˋʹˌΦ 

3.4.4 ʅ˔ʶʵʾʰˋʹ ́ ˂ʶˁˍˊˇ˄ʽˁˇˏ ˁˎˁ˂˗˃ʰˍˇˌ 

ɱʽʰ ˍʹ˄ ˁʰˍʰʴˊʰ˒ʺ ˍˇˎ ʲˊˈ˔ˇˎ ˎˋˍʷˊʹˋʹˌ ˍ˖˄ ʶ˅ʶˍʰʸˈ˃ʶ˄˖˄ ˎ˂ʽˁ˗˄Σ 

ˋ˔ʶʵʽʱˋˍʹˁʶ ʷ˄ʰ ʹ˂ʶˁˍˊˇ˄ʽˁˈ ˁˏˁ˂˖˃ʰ ˉˇˎ ʷ˔ʶʽ ˖ˌ ˋˁˇˉˈ ˍʹ ˂ʺ˕ʹ ˍ˖˄ ʵˏˇ ʲʰˋʽˁ˗˄ 

ʰˉʰʽˍˇˏ˃ʶ˄˖˄ ˉʰˊʰ˃ʷˍˊ˖˄Υ ˍˇˎ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎ ῷ ˁ ʰʽ ˍʹˌ ˃ʰʴ˄ʹˍʽˁʺˌ ʶˉʰʴ˖ʴʺˌ 

.` ʂˉ˖ˌ ʰ˄ʰ˒ʷˊʻʹˁʶ ˉˊˇʹʴˇˎ˃ʷ˄˖ˌΣ ʹ ˉˊ˗ˍʹ ˉʰˊʱ˃ʶˍˊˇˌ ʶʾ˄ʰʽ ʰ˄ʱ˂ˇʴʹ ˍʹˌ 

ʷ˄ˍʰˋʹˌ ˍˇˎ ˊʶˏ˃ʰˍˇˌ ˉˇˎ ʵʽʰˊˊʷʶʽ ˍˇ ˉʹ˄ʾˇ ʵʽʷʴʶˊˋʹˌΦ ʅˎ˄ʶˉ˗ˌΣ ˔ˊʹˋʽ˃ˇˉˇʽ˗˄ˍʰˌ 

ˍˇ˄ ˄ˈ˃ˇ ˍˇˎ Ohm, ʁ ʾ˄ʰʽ ʵˎ˄ʰˍʺ ʹ ˁ ʰˍʰʴˊʰ˒ʺ ˍʹˌΣ ˃ ʷˋ˖ ˍʹˌ ˃ʷˍˊʹˋʹˌ ˍʹˌ ˍʱˋʹˌ ˋˍʰ 

ʱˁˊʰ ˃ʽʰˌ ʴ˄˖ˋˍʺˌ ʰ˄ˍʾˋˍʰˋʹˌ ˔ʰ˃ʹ˂ʺˌ ˍʽ˃ʺˌΣ ˗ˋˍʶ ˄ʰ ˃ʹ˄ ʶˉʹˊʶʱʸʶʽ ˍʰ 

ʰˉˇˍʶ˂ʷˋ˃ʰˍʰΦ ɶ ʵʶˏˍʶˊʹ ˉʰˊʱ˃ʶˍˊˇˌΣ ʵʹ˂ʰʵʺ ʹ ˃ʰʴ˄ʹˍʽˁʺ ʶˉʰʴ˖ʴʺ Σ` ʵʶ˄ 

ʁ ʰʽˋʻʹˍʺˊʰˌ ʺ 
ˇʽ ʰʽˋʻʹˍʺˊʶˌ 
ˍˇˉˇʻʶˍˇˏ˄ˍʰʽ 
ˉʱ˄˖ ˋˍˇ ˎ˂ʽˁˈΦ

ɲʹ˃ʽˇˎˊʴʶʾˍʰʽ ʷ˄ʰˌ 
ˁ˂ʶʽˋˍˈˌ ʲˊˈ˔ˇˌ 
˃ʰʴ˄ʹˍʽˁʺˌ ˊˇʺˌΦ

ʆˇ ˉʹ˄ʾˇ ˂ʺ˕ʹˌ 
˂ʰ˃ʲʱ˄ʶʽ 

ʵʽʰ˒ˇˊʶˍʽˁˈ ˋʺ˃ʰΣ 
ʰ˄ʰ˂ˈʴ˖ˌ ˍʹˌ 
ˁʰˍʱˋˍʰˋʹˌ ˍˇˎ 
ˎ˂ʽˁˇˏ.
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˂ʰ˃ʲʱ˄ʶˍʰʽ ʰˉʶˎʻʶʾʰˌ ʰˉˈ ˍʹ˄ ʷ˅ˇʵˇ ˍˇˎ ˉʹ˄ʾˇˎ ˂ʺ˕ʹˌ ˍˇˎ ʰʽˋʻʹˍʹˊʾˇˎΦ 

ɮ˄ˍʽʻʷˍ˖ˌΣ ˂ʰ˃ʲʱ˄ʶˍʰʽ ʹ ˉʰˊʱʴ˖ʴˇˌ ʰˎˍʺˌ ˖ˌ ˉˊˇˌ ˍˇ˄ ˔ˊˈ˄ˇΦ ɯˊʰΣ ʴʽʰ ˍʹ˄ 

ˁʰˍʰʴˊʰ˒ʺ ˍ˖˄ ˍʽ˃˗˄ ˍʹˌ ˃ʰʴ˄ʹˍʽˁʺˌ ʶˉʰʴ˖ʴʺˌ, ʶʾ˄ʰʽ ʰˉʰˊʰʾˍʹˍʹ ʹ ˔ˊʺˋʹ ʶ˄ˈˌ 

ˇ˂ˇˁ˂ʹˊ˖ˍʺΦ 

ʅˎ˄ˇ˂ʽˁʱΣ ˍˇ ʹ˂ʶˁˍˊˇ˄ʽˁˈ ˁˏˁ˂˖˃ʰ ˉˇˎ ˋ˔ʶʵʽʱˋˍʹˁʶ ˉʶˊʽ˂ʰ˃ʲʱ˄ʶʽ ʷ˄ʰ˄ ˍʶ˂ʶˋˍʽˁˈ 

ʶ˄ʽˋ˔ˎˍʺ ˋʶ ˍˇˉˇ˂ˇʴʾʰ ˇ˂ˇˁ˂ʹˊ˖ˍʺΣ ʷ˄ʰ˄ ʰ˄ˍʽˋˍʱˍʹ ˃ʶ ˃ʽˁˊʺ ˍʽ˃ʺ ʰ˄ˍʾˋˍʰˋʹˌ ɹ ʽʰ ˍˇ˄ 

ˎˉˇ˂ˇʴʽˋ˃ˈ ˍˇˎ ˊʶˏ˃ʰˍˇˌ ˉˇˎ ʵʽʰˊˊʷʶʽ ˍˇ ˉʹ˄ʾˇ ɻ ʽʷʴʶˊˋʹˌ ˁʰʽ ̱ ʷ˂ˇˌΣ ̱ ʽˌ ˁʰˍʱ˂˂ʹ˂ʶˌ 

ˎˉˇʵˇ˔ʷˌ ʶʽˋˈʵˇˎΣ ʶ˅ˈʵˇˎ ˁʰʽ ˍˊˇ˒ˇʵˇˋʾʰˌΣ ˈˉ˖ˌ ˒ʰʾ˄ʶˍʰʽ ˋˍˇ ʅ˔ʺ˃ʰ 3.35. 

 

ʅ˔ʺ˃ʰ 3.35Υ ʅ˔ʷʵʽˇ ʹ˂ʶˁˍˊˇ˄ʽˁˇˏ ˁˎˁ˂˗˃ʰˍˇˌ ˁʰˍʰʴˊʰ˒ʺˌ ʲˊˈ˔ˇˎ ˎˋˍʷˊʹˋʹˌΦ 

 ʁ ˍʶ˂ʶˋˍʽˁˈˌ ʶ˄ʽˋ˔ˎˍʺˌ ˉˇˎ ʶˉʶ˂ʷʴʹ ʶʾ˄ʰʽ ˇ OPA209 ˍʹˌ Texas Instruments, 

˂ˈʴ˖ ˍ˖˄ ˔ʰ˃ʹ˂˗˄ ʶˉʽˉʷʵ˖˄ ʻˇˊˏʲˇˎ ˉˇˎ ˍˇ˄ ˔ʰˊʰˁˍʹˊʾʸˇˎ˄ [147]Φ ʆˇ ˋʺ˃ʰ ˉˇˎ 

ˉˊˇʷˊ˔ʶˍʰʽ ʰˉˈ ˍˇ ˉʹ˄ʾˇ ˂ʺ˕ʹˌ ˉʰˊʷ˔ʶˍʰʽ ˃ʷˋ˖ ˇ˃ˇʰ˅ˇ˄ʽˁˇˏ ˁʰ˂˖ʵʾˇˎ, ˍˇ ˇˉˇʾˇ 

ˋˎ˄ʵʷʶˍʰʽ ˃ʷˋ˖ ˎˉˇʵˇ˔ʺˌ ˍˏˉˇˎ BNCΦ ʁ˃ˇʾ˖ˌΣ ˍʰ ʵˏˇ ˋʺ˃ʰˍʰ ʶ˅ˈʵˇˎ 

ʰˉˇˋˍʷ˂˂ˇ˄ˍʰʽ ˋˍˇ˄ ˉʰ˂˃ˇʴˊʱ˒ˇ, ʶˉʾˋʹˌ ˃ʷˋ˖ ʵˏˇ ˎˉˇʵˇ˔˗˄ ˍˏˉ̌ˎ  BNC. ʆˇ 

ʹ˂ʶˁˍˊˇ˄ʽˁˈ ˁˏˁ˂˖˃ʰΣ ˁʰʻ˗ˌ ˁʰʽ ʹ ̄˂ ʰˁʷˍʰ ˉˇˎ ˍʶ˂ʽˁʱ ˋ˔ʶʵʽʱˋˍʹˁʶ, ʶ˃˒ʰ˄ʾʸˇ˄̱ʰʽ 

ˋˍh ̄ ʰˊʰˁʱˍ˖ ˋ˔ʺ˃ʰˍ:h  
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ʅ˔ʺ˃ʰ 3.36: ʅ˔ʹ˃ʰˍʽˁˈ ʵʽʱʴˊʰ˃˃ʰ ́ ˂ʶˁˍˊˇ˄ʽˁˇˏ ˁˎˁ˂˗˃ʰˍˇˌ. 

 

ʅ˔ʺ˃ʰ 3.37Υ ʅ˔ʷʵʽˇ ˉ˂ʰˁʷˍʰˌ ˁʰˍʰʴˊʰ˒ʺˌ ʲˊˈ˔ˇˎ ˎˋˍʷˊʹˋʹˌΦ 

3.4.5 ɮ˄ʱˉˍˎ˅ʹ ʵʽʱˍʰ˅ʹˌ 

ɾʶˍʱ ˍʹ˄ ˁʰˍʰˋˁʶˎʺ ˍʹˌ ˉ˂ʰˁʷˍʰˌ ˁʰʽ ˍʹ˄ ˁˈ˂˂ʹˋʹ ˍ˖˄ ʰˉʰʽˍˇˏ˃ʶ˄˖˄ 

ʹ˂ʶˁˍˊˇ˄ʽˁ˗˄ ʶ˅ʰˊˍʹ˃ʱˍ˖˄Σ ˁʰˍʰˋˁʶˎʱˋˍʹˁʶ ˍˇ ʰʽˋʻʹˍʺˊʽˇ ˍʹˌ ʵʽʱˍʰ˅ʹˌΦ 

ʅˎʴˁʶˁˊʽ˃ʷ˄ʰΣ ʴˏˊ˖ ʰˉˈ ˍˇ˄ ˃ʰʴ˄ʹˍʽˁˈ ̄ ˎˊʺ˄ʰ ʵʹ˃ʽˇˎˊʴʺʻʹˁʰ˄ о ˋˍˊ˗ˋʶʽˌ ˍ˖˄ млл 

ˉʶˊʽʶ˂ʾ˅ʶ˖˄, ˋˏˊ˃ʰˍˇˌ ˔ʰ˂ˁˇˏ Ǆ0.5mm, ˉˇˎ ʰˉˇˍʷ˂ʶˋʰ˄ ˍˇ ˉʹ˄ʾˇ ˂ʺ˕ʹˌ ˁʰʽ н 

ˋˍˊ˗ˋʶʽˌ ˍ˖˄ рл ˉʶˊʽʶ˂ʾ˅ʶ˖˄Σ ʶˉʾˋʹˌ ̀ ˏˊ˃ʰˍˇˌ ˔ʰ˂ˁˇˏ Ǆ0.5mm, ̄ ˇˎ ʰˉˇˍʷ˂ʶˋʰ˄ ˍˇ 

ˉʹ˄ʾˇ ʵʽʷʴʶˊˋʹˌΦ ʆˇ ʰʽˋʻʹˍʺˊʽˇΣ ˁʰʻ˗ˌ ˁʰʽ ʹ ˍʶ˂ʽˁʺ ˃ˇˊ˒ʺ ˍʹˌ ˉ˂ʰˁʷˍʰˌΣ 

ˉʰˊˇˎˋʽʱʸˇ˄ˍʰʽ ˋˍʰ ˉʰˊʰˁʱˍ˖ ˋ˔ʺ˃ʰˍʰΥ 
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ʅ˔ʺ˃ʰ 3.38Υ ʆˇ ʰʽˋʻʹˍʺˊʽˇ ˍʹˌ ʵʽʱˍʰ˅ʹˌ ˁʰˍʰʴˊʰ˒ʺˌ ʲˊˈ˔ˇˎ ˎˋˍʷˊʹˋʹˌΦ 

 

ʅ˔ʺ˃ʰ 3.39Υ ɶ ʰ˄ʰˉˍˎ˔ʻʶʾˋʰ ˉ˂ʰˁ̫ ˍʰ ˁʰˍʰʴˊʰ˒ʺˌ  
ˍˇˎ ʲˊˈ˔ˇˎ ˎˋˍʷˊʹˋʹˌΦ 

3.4.6 ɲʽʶ˅ʰʴ˖ʴʺ ˃ʶˍˊʺˋʶ˖˄ 

ɱʽʰ ˍʹ ʵʽʶ˅ʰʴ˖ʴʺ ˍ˖˄ ˃ʶˍˊʺˋʶ˖˄ ˔ˊʹˋʽ˃ˇˉˇʽʶʾˍʰʽ ˃ʽʰ ʴʶ˄˄ʺˍˊʽʰ ˋˎ˔˄ˇˍʺˍ˖˄Σ 

ʰˉˈ ˍʹ˄ ˇˉˇʾʰ ˍʾʻʶˍʰʽ ˋʺ˃ʰ ˔ʰ˃ʹ˂ʺˌ ˋˎ˔˄ˈˍʹˍʰˌ όˉʶˊʾˉˇˎ м-4 Hz). ʆˇ ˋʺ˃ʰ ˍʹˌ 

ʴʶ˄˄ʺˍˊʽʰˌ ˇʵʹʴʶʾˍʰʽ ˋʶ ʷ˄ʰ˄ ʶˊʴʰˋˍʹˊʽʰˁˈ ʶ˄ʽˋ˔ˎˍʺ ˊʶˏ˃ʰˍˇˌΣ ˃ʶ ˋˁˇˉˈ ˍʹ˄ 

ˉʰˊˇ˔ʺ ˃ʶʴʰ˂ˏˍʶˊʹˌ ʷ˄ˍʰˋʹˌ ˊʶˏ˃ʰˍˇˌ ˋˍˇ ˉʹ˄ʾˇ ʵʽʷʴʶˊˋʹˌ ˍˇˎ ʰʽˋʻʹˍʺˊʰ ˁʰʽ 

ˋˎ˄ʶˉ˗ˌΣ ˍʹ ʵʹ˃ʽˇˎˊʴʾʰ ʽˋ˔ˎˊˈˍʶˊˇˎ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎΦ ɶ ˔ʰ˃ʹ˂ʺ ˋˎ˔˄ˈˍʹˍʰ ʶʾ˄ʰʽ 
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ʰˉʰˊʰʾˍʹˍʹ ʴʽʰ ˍʹ˄ ʰ˄ˍʽ˃ʶˍ˗ˉʽˋʹ ˍ˖˄ ʵʽ˄ˇˊˊʶˎ˃ʱˍ˖˄Σ ˍʰ ˇˉˇʾʰ ʰ˄ˍʽʵˊˇˏ˄ ˋˍʹ˄ 

ʶˉ̔ʲˇ˂ʺ ˍˇˎ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎ ˋˍˇ ˎ˂ʽˁˈΦ  

ʆʶ˂ʽˁʱΣ ˍˇ ˉʰˊʰʴˈ˃ʶ˄ˇ ˋʺ˃ʰ ˇʵʹʴʶʾˍʰʽ ˋˍˇ ˉʹ˄ʾˇ ʵʽʷʴʶˊˋʹˌ ˍˇˎ ʰʽˋʻʹˍʹˊʾˇˎ. ɶ 

˃ʰʴ˄ʹˍʽˁʺ ˊˇʺ ˉˇˎ ʵʽʰʵʾʵʶˍʰʽ ˃ʷˋ˖ ˍˇˎ ˃ʰʴ˄ʹˍʽˁˇˏ ˉˎˊʺ˄ʰΣ ʵʽʰʵʾʵʶˍʰʽ ˁʰʽ ˃ʷˋʰ 

ʰˉˈ ˍˇ ʶ˅ʶˍʰʸˈ˃ʶ˄ˇ ˒ʶˊˊˇ˃ʰʴ˄ʹˍʽˁˈ ˎ˂ʽˁˈΣ ˃ʶ ˍˇ ˇˉˇʾˇ ˋ˔ʹ˃ʰˍʾʸʶˍʰʽ ˁ˂ʶʽˋˍˈ 

˃ʰʴ˄ʹˍʽˁˈ ˁˏˁ˂˖˃ʰΦ ʅˍʹ ˋˎ˄ʷ˔ʶʽʰΣ ʰ˄ʽ˔˄ʶˏʶˍʰʽ h ˉˈ ˍˇ ˉʹ˄ʾˇ ˂ʺ˕ʹˌ ˍˇˎ ʰʽˋʻʹˍʹˊʾˇˎ 

ˁʰʽ ˃ʶˍʰ˒ʷˊʶˍʰʽ ˖ˌ ʹ˂ʶˁˍˊʽˁˈ ˋʺ˃ʰ ˋˍʹ˄ ʹ˂ʶˁˍˊˇ˄ʽˁʺ ˉ˂ʰˁʷˍʰΣ ˋˍʹ˄ ˇˉˇʾʰ 

ʵʽʶ˄ʶˊʴʶʾˍʰʽ ʹ ̌˂ ˇˁ˂ʺˊ˖ˋʹ ˍˇˎ ˋʺ˃ʰˍˇˌ ̟ ˌ ˉˊˇˌ ˍˇ˄ ˔ˊˈ˄ˇΦ ʆʷ˂ˇˌΣ ˃ʷˋ˖ ˍ˖˄ ʶ˅ˈʵ˖˄ 

ˍʹˌ ʹ˂ʶˁˍˊˇ˄ʽˁʺˌ ˉ˂ʰˁʷˍʰˌ, ˍ hʹ˂ʶˁˍˊʽˁʱ ˋʺ˃ʰˍʰ ˉˇˎ ʰ˄ˍʽˋˍˇʽ˔ˇˏ˄ ˋˍˇ ˃ʰʴ˄ʹˍʽˁˈ 

ˉʶʵʾˇ ˁʰʽ ˋˍʹ ˃ʰʴ˄ʹˍʽˁʺ ʶˉʰʴ˖ʴʺ ˇʵʹʴˇˏ˄ˍʰʽ ̀ ˍˇ˄ ˉʰ˂˃ˇʴˊʱ˒ˇΦ ʃˊˇ˒ʰ˄˗ˌΣ ʴʽʰ ˍʹ˄ 

ˇˊʻʺ ʰˉʶʽˁˈ˄ʽˋʹ ʰˎˍ˗˄ ˍ˖˄ ˋʹ˃ʱˍ˖˄ ˋˍʹ˄ ˇʻˈ˄ʹ ˍˇˎ ˉʰ˂˃ˇʴˊʱ˒ˇˎ ʰˉʰʽˍʶʾˍʰʽ ʹ 

˔ˊʺˋʹ ˍʹˌ ˂ʶʽˍˇˎˊʴʾʰˌ X-Y ˍˇˎ ˉʰ˂˃ˇʴˊʱ˒ˇˎΣ ˁʰˍʱ ˍʹ˄ ˇˉˇʾʰ ˍʰ ʵˏˇ ˋʺ˃ʰˍʰ 

ʰˉʶʽˁˇ˄ʾʸˇ˄ˍʰʽ ˋˍˇˎˌ ʰ˄ˍʾˋˍˇʽ˔ˇˎˌ ʱ˅ˇ˄ʶˌΣ ˃ʶ ʰˉˇˍʷ˂ʶˋ˃ʰ ˍʹ˄ ʶ˃˒ʱ˄ʽˋʹ ˍˇˎ 

ʶˉʽʻˎ˃ʹˍˇˏ ʲˊˈ˔ˇˎ ˎˋˍʷˊʹˋʹˌΦ ʆʰ ˋˍʱʵʽʰ ˍʹˌ ˉʰˊʰˉʱ˄˖ ʵʽʰʵʽˁʰˋʾʰˌ ʶ˃˒ʰ˄ʾʸˇ˄ˍʰʽ 

ˋˍˇ ˉʰˊʰˁʱˍ˖ ʵʽʱʴˊʰ˃˃ʰΥ 

 

ʅ˔ʺ˃ʰ 3.40Υ ʆʰ ˋˍʱʵʽʰ ˁʰˍʰʴˊʰ˒ʺˌ ˍˇˎ ʲˊˈ˔ˇˎ ˎˋˍʷˊʹˋʹˌ ʶ˄ˈˌ ˎ˂ʽˁˇˏΦ 

ɱʶ˄˄ʺˍˊʽʰ ˋˎ˔˄ˇˍʺˍ˖˄

ʃʹ˄ʾˇ ʵʽʷʴʶˊˋʹˌ

ʃˎˊʺ˄ʰˌ ʹ˂ʶˁˍˊʽˁˇˏ 
˔ʱ˂ˎʲʰ

ʃʹ˄ʾˇ ˂ʺ˕ʹˌ

ɶ˂ʶˁˍˊˇ˄ʽˁʺ ˉ˂ʰˁʷˍʰ

ʃʰ˂˃ˇʴˊʱ˒ˇˌ
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ɱʽʰ ˍˇ˄ ʷ˂ʶʴ˔ˇ ˍʹˌ ˂ʶʽˍˇˎˊʴʾʰˌ ˍʹˌ ʵʽʱˍʰ˅ʹˌ ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʰ˄ ˒ˏ˂˂ʰ 

ʹ˂ʶˁˍˊʽˁˇˏ ˔ʱ˂ˎʲʰ, ʵʽʰˋˍʱˋʶ˖˄ 300x35x0.6 mm3. ʅˍʰ ˉʰˊʰˁʱˍ˖ ˋ˔ʺ˃ʰˍʰ 

ˉʰˊˇˎˋʽʱʸˇ˄ˍʰʽ ʶ˄ʵʶʽˁˍʽˁˇʾ ʲˊˈ˔ˇʽ ˎˋˍʷˊʹˋʹˌ ˉˇˎ ʶ˃˒ʰ˄ʾˋˍʹˁʰ˄ ˋˍˇ˄ ˉʰ˂˃ˇʴˊʱ˒ˇ 

˃ʷˋ˖ ˍʹˌ ʰ˄ʰˉˍˎ˔ʻʶʾˋʰˌ ʵʽʱˍʰ˅ʹˌΣ ˔ˊʹˋʽ˃ˇˉˇʽ˗˄ˍʰˌ ˋˎ˔˄ˈˍʹˍʰ ʵʽʷʴʶˊˋ́ ˌ Ὢ ρὌᾀ.  

 

ʅ˔ʺ˃ʰ 3.41Υ ɳ˄ʵʶʽˁˍʽˁˈˌ ʲˊˈ˔ˇˌ ˎˋˍʷˊʹˋʹˌ ˉˊ˗ˍˇˎ ʵʶʾʴ˃ʰˍˇˌ ˔ʱ˂ˎʲʰΦ 

 

ʅ˔ʺ˃ʰ 3.42: ɳ˄ʵʶʽˁˍʽˁˈˌ ʲˊˈ˔ˇˌ ˎˋˍʷˊʹˋʹˌ ʵʶˏˍʶˊˇˎ ʵʶʾʴ˃ʰˍˇˌ ˔ʱ˂ˎʲʰΦ 
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3.4.7 ʅ˔ˇ˂ʽʰˋ˃ˈˌ ˂ʶʽˍˇˎˊʴʾʰˌ ˍʹˌ ʵʽʱˍʰ˅ʹˌ 

ʆˇ ˋʹ˃ʰ˄ˍʽˁˈˍʶˊˇ ˉ˂ʶˇ˄ʷˁˍʹ˃ʰ ˃ʽʰˌ ʵʽʱˍʰ˅ʹˌΣ ˈˉ˖ˌ ʹ ˋˎʴˁʶˁˊʽ˃ʷ˄ʹΣ ʰˉˇˍʶ˂ʶʾ 

ʹ ʵˎ˄ʰˍˈˍʹˍʰ ˉˊˇˋʰˊ˃ˇʴʺˌ ˍʹˌ ˃ʷˍˊʹˋʹˌ ʰ˄ʰ˂ˈʴ˖ˌ ˍ˖˄ ʰˉʰʽˍʺˋʶ˖˄ ˁʰʽ ˍ˖˄ 

ˋˎ˄ʻʹˁ˗˄ ̱ ʹˌ ʶˁʱˋˍˇˍʶ ʶ˒ʰˊ˃ˇʴʺˌΦ ʆˊˇˉˇˉˇʽ˗˄ˍʰˌ ˍˇ ˉ˂ʱˍˇˌ ˁʰʽ ˍʹ ˋˎ˔˄ˈˍʹˍʰ ˍˇˎ 

ˋʺ˃ʰˍˇˌ ʵʽʷʴʶˊˋʹˌ ʶʾ˄ʰʽ ʵˎ˄ʰˍʺ ʹ ʵʽʶ˅ʰʴ˖ʴʺ ˃ʶˍˊʺˋʶ˖˄ ˋʶ ʵʽʰ˒ˇˊʶˍʽˁˈ ʲʱʻˇˌ ˋˍˇ 

ʶ˅ʶˍʰʸˈ˃ʶ˄ˇ ˎ˂ʽˁ.̍  

ʂ˃˖ˌΣ ʹ ˔ˊʺˋʹ ˍˇˎ ʶ˄ʰ˂˂ʰˋˋˈ˃ʶ˄ˇˎ ˋʺ˃ʰˍˇˌ ʵʽʷʴʶˊˋʹˌ ʵʹ˃ʽˇˎˊʴʶʾ ˍʰˎˍˈ˔ˊˇ˄ʰ 

ˁʰʽ ʷ˄ʰ ˃ʶʽˇ˄ʷˁˍʹ˃ʰ ˍʹˌ ʵʽʱˍʰ˅ʹˌΥ ˋˍʹ˄ ʶˉʽ˒ʱ˄ʶʽʰ ˍˇˎ ˎ˂ʽˁˇˏ ʵʹ˃ʽˇˎˊʴˇˏ˄ˍʰʽ 

ʵʽ˄ˇˊˊʶˏ˃ʰˍʰΣ ˍʰ ˇˉˇʾʰ ˉʰˊʱʴˇˎ˄ ˃ʰʴ˄ʹˍʽˁˈ ˉʶʵʾˇ ˉˇˎ ʰ˄ˍʽˍʾʻʶˍʰʽ ˋˍʹ˄ ʶˉʽʻˎ˃ʹˍʺ 

ʵʽʱʵˇˋʹ ˍˇˎ ˉʶʵʾˇˎ ʵʽʷʴʶˊˋʹˌ ˋˍˇ ʶˋ˖ˍʶˊʽˁˈ ˍˇˎ ˎ˂ʽˁˇˏΦ ʆˇ ˉˊˈʲ˂ʹ˃ʰ 

ʰ˄ˍʽ˃ʶˍ˖ˉʾʸʶˍʰʽ ˃ʶˊʽˁ˗ˌ ˃ʶ ˍʹ ˔ˊʺˋʹ ˔ʰ˃ʹ˂˗˄ ˋˎ˔˄ˇˍʺˍ˖˄ ʵʽʷʴʶˊˋʹˌΣ ˁʰʻ˗ˌ ˍˇ 

ʲʱʻˇˌ ʵʽʶʾˋʵˎˋʹˌ ʶʾ˄ʰʽ ʰ˄ˍʽˋˍˊˈ˒˖ˌ ʰ˄ʱ˂ˇʴˇ ˍʹˌ ˋˎ˔˄ˈˍʹˍʰˌΦ ɮˉˈ ˍʹ˄ ʱ˂˂ʹ ˉ˂ʶˎˊʱΣ 

ˁʱˍʽ ˍʷˍˇʽˇ ˋˎ˄ʶˉʱʴʶˍʰʽ ˁʰʽ ˍʹ˄ ˁʰˍʰ˄ʱ˂˖ˋʹ ˉʶˊʽˋˋˈˍʶˊˇˎ ˔ˊˈ˄ˇˎ ʴʽʰ ˍʹ ʵʽʶ˅ʰʴ˖ʴʺ 

ˍ˖˄ ˃ʶˍˊʺˋʶ˖˄Σ ˁʰʻʽˋˍ˗˄ˍʰˌ ˉʽˇ ʰˉˇʵˇˍʽˁʺ ˍʹ ˔ˊʺˋʹ ˍʹˌ ʵʽʱˍʰ˅ʹˌ ˋʶ ʶˊʴʰˋˍʹˊʽʰˁˈ 

ˉʶˊʽʲʱ˂˂ˇ˄ ˁʰʽ ˈ˔ʽ ˖ˌ ˒ˇˊʹˍʺ ʴʽʰ ʶˉʾ ˍˈˉˇˎ ˂ ʺ˕ʹ ˃ʶˍˊʺˋʶ˖˄. 

3.5 ɮ˄ʱˉˍˎ˅ʹ ʵʽʱˍʰ˅ʹˌ ˉˊˇˋ̔̌ɻ ˊʽˋ˃ˇˏ ˃ ʰʴ˄ʹˍʽˁʺˌ 

ʵʽʰˉʶˊʰˍˈˍʹˍʰˌ 

3.5.1 ɳʽˋʰʴ˖ʴʺ 

ʅˍʽˌ ʶˉˈ˃ʶ˄ʶˌ ˉʰˊʰʴˊʱ˒ˇˎˌ ˉʶˊʽʴˊʱ˒ʶˍʰʽ ʹ ˋ˔ʶʵʾʰˋʹ ˁ ʰʽ ʹ ʰ˄ʱˉˍˎ˅ʹ ˃ʽʰˌ ˄ʷʰˌ 

ʵʽʱˍʰ˅ʹˌΣ ˃ʶ ˋˁˇˉˈ ˍˇ˄ ɾʹ ɼʰˍʰˋˍˊˇ˒ʽˁˈ ɴ˂ʶʴ˔ˇ ˒ʶˊˊˇ˃ʰʴ˄ʹˍʽˁ˗˄ ˎ˂ʽˁ˗˄Σ 

ʲʰˋʽˋ˃ʷ˄ʹ ˋˍˇ ˒ʰʽ˄ˈ˃ʶ˄ˇ Hall. 

ʅˍˇ ɼʶ˒ʱ˂ʰʽˇ м ʷ˔ˇˎ˄ ʰ˄ʰ˂ˎʻʶʾ ˇʽ ʲʰˋʽˁʷˌ ˃ʷʻˇʵˇʽ ɾʹ ɼʰˍʰˋˍˊˇ˒ʽˁˇˏ ɳ˂ʷʴ˔ˇˎ 

ˉˇˎ ˃ˉˇˊˇˏ˄ ˄ʰ ˔ˊʹˋʽ˃ˇˉˇʽʹʻˇˏ˄ ʴʽʰ ˍˇ˄ ʶ˄ˍˇˉʽˋ˃ˈ ˍˎ˔ˈ˄ ʰˍʶ˂ʶʽ˗˄ ˋʶ 

˒ʶˊˊˇ˃ʰʴ˄ʹˍʽˁʱ ˎ˂ʽˁʱΣ ˁʰʻ˗ˌ ˁʰʽ ʴʽʰ ˍʹ ˃ʷˍˊʹˋʹ ˍ˖˄ ˃́ ˔ʰ˄ʽˁ˗˄ ˍʱˋʶ˖˄ ˉˇˎ 

ʰˋˁˇˏ˄ˍʰʽ ˋʶ ʰˎˍʱΦ ʃˇ˂˂ʷˌ ʰˉˈ ˍʽˌ ˃ʶʻˈʵˇˎˌ ˃ˉˇˊˇˏ˄ ˉˊʰˁˍʽˁʱ ˄ʰ 

˔ˊʹˋʽ˃ˇˉˇʽʹʻˇˏ˄ ˃ˈ˄ˇ ˋʶ ʶˊʴʰˋˍʹˊʽʰˁˈ ˉʶˊʽʲʱ˂˂ˇ˄Φ ʂ˃˖ˌΣ ˋʶ ʰˊˁʶˍʷˌ ̄ ʶˊʽˉˍ˗ˋʶʽˌ 
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ʰˉʰʽˍʶʾˍʰʽ ˇ ʶˉʾ ˍˈˉˇˎ ʺ ˁʰʽ ˇ ˋˎ˄ʶ˔ʺˌ ʷ˂ʶʴ˔ˇˌ ʶ˄ˈˌ ˎ˂ʽˁˇˏΦ ʅˎ˄ʶˉ˗ˌΣ ˇʽ 

˔ˊʹˋʽ˃ˇˉˇʽˇˏ˃ʶ˄ˇʽ ʰʽˋʻʹˍʺˊʶˌ ˉˊʷˉʶʽ ˄ʰ ʶʾ˄ʰʽ ˃ʽˁˊˇʾ ˋʶ ˃ʷʴʶʻˇˌΣ ˒ˇˊʹˍˇʾ ˁʰʽ ˄ʰ 

˃ˉˇˊˇˏ˄ ˄ʰ ˂ʰ˃ʲʱ˄ˇˎ˄ ˃ʶˍˊʺˋʶʽˌ ˃ʶ ˎ˕ʹ˂ˈ ˊˎʻ˃ˈΦ ɳˉʾˋʹˌΣ ˋʹ˃ʰ˄ˍʽˁˈ ˉ˂ʶˇ˄ʷˁˍʹ˃ʰ 

ʰˉˇˍʶ˂ʶʾ ʹ ʵˎ˄ʰˍˈˍʹˍʱ ˍˇˎˌ ˄ʰ ʶʾ˄ʰʽ ʶ˄ʶˊʴʶʽʰˁʱ ʰˎˍˈ˄ˇ˃ˇʽ ˁʰʽ ˄ʰ ˃ˉˇˊˇˏ˄ ˄ʰ 

˃ʶˍʰʵ˗ˋˇˎ˄ ʰˋˏˊ˃ʰˍʰ ˍʰ ʵʶʵˇ˃ʷ˄ʰ ˍˇˎˌΦ ɹɻʰ˄ʽˁʱ, ˍ̌  ˁˈˋˍˇˌ ˍˇˎˌ ˉˊʷˉʶʽ ˄ʰ ʶʾ˄ʰʽ 

˔ʰ˃ʹ˂ˈΣ ˗ˋˍʶ ˄ʰ ʶʾ˄ʰʽ ʶ˒ʽˁˍʺ ʹ ˍˇˉˇʻʷˍʹˋʹ ˉˇ˂˂˗˄ ʰʽˋʻʹˍʺˊ˖˄Σ ˉˇˎ ʻʰ ˁʰ˂ˏˉˍˇˎ˄ 

˃ʽʰ ˃ʶʴʱ˂ʹ ˉʶˊʽˇ˔ʺ ʶ˂ʷʴ˔ˇˎ, ɻ ʹ˃ʽˇˎˊʴ˗˄ˍʰˌ ʷ˄ʰ ʵʾˁˍˎˇ.  

ʁʽ ʵˏˇ ˁˏˊʽʶˌ ˃ʷʻˇʵˇʽ ˉˇˎ ˔ˊʹˋʽ˃ˇˉˇʽˇˏ˄ˍʰʽ ʴʽʰ ˍʹ ˂ʺ˕ʹ ˍʷˍˇʽˇˎ ʶʾʵˇˎˌ 

˃ʶˍˊʺˋʶ˖˄ ʲʰˋʾʸˇ˄ˍʰʽ ˋˍˇˎˌ ʰʽˋʻʹˍʺˊʶˌ ˉʽʶʸˇʰ˄ˍʾˋˍʰˋʹˌ όstrain gauge) ˁʰʽ ˋˍ̩̔ 

ˇˉˍʽˁʷˌ ʾ˄ʶˌ (Fiber-Bragg Grating). ʂ˃˖ˌΣ ʰˎˍʷˌ ˇʽ ˃ʷʻˇʵˇʽ ʶ˃˒ʰ˄ʾʸˇˎ˄ ʵˏˇ 

ˋʹ˃ʰ˄ˍʽˁʱ ˃ʶʽˇ˄ʶˁˍʺ˃ʰˍʰΥ ʃˊ˗ˍˇ˄Σ ˉˊˇːˉˇʻʷˍˇˎ˄ ˍʹ˄ ˉˊˇˋʶˁˍʽˁʺ ˍˇˉˇʻʷˍʹˋʹ ˍ˖˄ 

ʰʽˋʻʹˍʺˊ˖˄ ˋʶ ˁˊʾˋʽ˃ʰ ˋʹ˃ʶʾʰ ʴʽʰ ˍʹ˄ ʶˉʽˍʺˊʹˋʹ ˍʹˌ ˁʰˍʱˋˍʰˋʹˌ ˍʹˌ ˎˉˈ ʶ˅ʷˍʰˋʹˌ 

ˉʶˊʽˇ˔ʺˌ όˉΦ˔Φ ˁˏˍˇˌ ˉ˂ˇʾˇˎΣ ˍˇʽ˔˗˃ʰˍʰ ʵʶ˅ʰ˃ʶ˄ʺˌ ˁΦ˂ˉΦύΦ ɮ˄ʶˉʰˊˁʺˌ ʶˉʰ˒ʺ ˃ʶ ˍˇ 

ˎ˂ʽˁˈ ʺ ʁ ˂˂ʽˉʺˌ ʵʶʽʴ˃ʰˍˇ˂ʹ˕ʾʰ ʻʰ ˇʵʹʴʺˋʶʽ ˋʶ ʰˋʰ˒ʺ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰΦ ɲʶˏˍʶˊˇ˄Σ ʵʶ˄ 

ʶʾ˄ʰʽ ʽˁʰ˄ʷ ̩˄ʰ h˄ ʽ˔˄ʶˏˋˇˎ˄ ˍʽˌ ˉˊˇːˉʱˊ˔ˇˎˋʶˌ ˒ʻˇˊʷˌ ˍˇˎ ˎ˂ʽˁˇˏΣ ʵʹ˂ʰʵʺ ˍʹ˄ 

ˁˈˉ˖ˋʹ ˉˇˎ ʶʾ˔ʶ ˎˉˇˋˍʶʾ ˉˊˇˍˇˏ ˍˇˉˇʻʶˍʹʻˇˏ˄ ˇʽ ʰʽˋʻʹˍʺˊʶˌΦ ɶ ˂ˏˋʹ ʴʽʰ ˍʹ˄ 

ʰ˄ˍʽ˃ʶˍ˗ˉʽˋʹ ʰˎˍ˗˄ ˍ˖˄ ˉˊˇʲ˂ʹ˃ʱˍ˖˄ ʶʾ˄ʰʽ ʹ ˔ˊʺˋʹ ˁʱˉˇʽʰˌ ˃ʶʻˈʵˇˎΣ ʹ ˇˉˇʾʰ ʻʰ 

ʶʾ˄ʰʽ ʽˁʰ˄ʺ ˄ʰ ʰ˄ʽ˔˄ʶˏˋʶʽ ˍˈˋˇ ˍʹ˄ ˍˊʷ˔ˇˎˋʰ ˁʰˍʱˋˍʰˋʹ ˍˇˎ ˎ˂ʽˁˇˏΣ ˈˋˇ ˁʰʽ ˍʹ˄ 

ˁˈˉ˖ˋʹ ˉˇˎ ˎ˒ʾˋˍʰˍʰʽ ˂ˈʴ˖ ˍ˖˄ ˃ʹ˔ʰ˄ʽˁ˗˄ ˍʱˋʶ˖˄ ˉˇˎ ʵʷ˔ʶˍʰʽΦ 

ɶ ˃ʷˍˊʹˋʹ ˍˇˎ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎΣ ˃ʷˋ˖ ʰʽˋʻʹˍʺˊ˖˄ Hall, ˃ˉˇˊʶʾ ˄ʰ 

˔ˊʹˋʽ˃ˇˉˇʽʹʻʶʾ ʴʽʰ ˍʹ˄ ʶˏˊʶˋʹ ʰˍʶ˂ʶʽ˗˄ ˋʶ ʷ˄ʰ ˒ʶˊˊˇ˃ʰʴ˄ʹˍʽˁˈ ˎ˂ʽˁˈΣ 

ʰ˄ʰˉˍˏˋˋˇ˄ˍʰˌ ˃ʾʰ ˄ʷʰ ʵʽʱˍʰ˅ʹΦ ʅˎʴˁʶˁˊʽ˃ʷ˄ʰΣ  ́ ʵʽʱˍʰ˅ʹ ˉˇˎ ˋ˔ʶʵʽʱˋˍʹˁʶ 

ʰˉˇˍʶ˂ʶʾˍʰʽ ʰˉˈ ʷ˄ʰ˄ ˊʰʲʵˈ˃ˇˊ˒ˇ ˃ˈ˄ʽ˃ˇ ˃ʰʴ˄ʺˍʹΣ ʵˏˇ ˊʱʲʵˇˎˌ ˃ʰ˂ʰˁˇˏ ˋʽʵʺˊˇˎ 

ˁʰʽ ʵˏˇ ʰʽˋʻʹˍʺˊʶˌ Hall. ʁʽ ʵˏˇ ˊʱʲʵˇʽ ˋʽʵʺˊˇˎ ˍˇˉˇʻʶˍˇˏ˄ˍʰʽ ˉʰˊʱ˂˂ʹ˂ʰ ˃ʶˍʰ˅ˏ 

ˍˇˎˌ ˁʰʽ ˁʱʻʶˍʰ ˖ˌ ˉˊˇˌ ˍˇ˄ ˃ˈ˄ʽ˃ˇ ˃ʰʴ˄ʺˍʹΣ ˋ˔ʹ˃ʰˍʾʸˇ˄ˍʰˌ ʷ˄ʰ ζʃηΦ ɾʶ ʰˎˍˈ˄ ˍˇ˄ 

ˍˊˈˉˇΣ ʰˉˇ˒ʶˏʴʶˍʰʽ ʹ ˔ˊʺˋʹ ˉʹ˄ʾ˖˄ ʴʽʰ ˍʹ ˃ʰʴ˄ʺˍʽˋʹ ˍˇˎ ʶ˅ʶˍʰʸˈ˃ʶ˄ˇˎ ˎ˂ʽˁˇˏ ˁʰʽ 

ʴʽʰ ˍʹ ˂ʺ˕ʹ ˍˇˎ ˉʰˊʰʴˈ˃ʶ˄ˇˎ ˋʺ˃ʰˍˇˌΦ ʅˍˇ ˉʰˊʰˁʱˍ˖ ˋ˔ʺ˃ʰ ˉʰˊˇˎˋʽʱʸʶˍʰʽ ˍˇ 

ʰʽˋʻʹˍʺˊʽˇ ˍʹˌ ˉˊˇˍʶʽ˄ˈ˃ʶ˄ʹˌ ʵʽʱˍʰ˅ʹˌΥ 
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ʅ˔ʺ˃ʰ 3.43Υ ʆˇ ʰʽˋʻʹˍʺˊʽˇ ˍʹˌ ˉˊˇˍʶʽ˄ˈ˃ʶ˄ʹˌ ʵʽʱˍʰ˅ʹˌΦ 

3.5.2 ɮˊ˔ʺ ˂ʶʽˍˇˎˊʴʾʰˌ 

ɶ ʰˊ˔ʺ ˂ʶʽˍˇˎˊʴʾʰˌ ˍʹˌ ˋˎʴˁʶˁˊʽ˃ʷ˄ʹˌ ʵʽʱˍʰ˅ʹˌ ʲʰˋʾʸʶˍʰʽ ˋˍˇ˄ ˎˉˇ˂ˇʴʽˋ˃ˈ ˍʹˌ 

ˍʽ˃ʺˌ ̱́ ˌ ˃ʰʴ˄ʹˍʽˁʺˌ ʵʽʰˉʶˊʰˍˈˍʹˍʰˌ ˍˇˎ ˎˉˈ ʶ˅ʷˍʰˋʹ ˎ˂ʽˁˇˏΣ ˃ʷˋ˖ ˍʹˌ ˃ʷˍˊʹˋʹˌ 

ˍʹˌ ˃ʰʴ˄ʹˍʽˁʺˌ ʶˉʰʴ˖ʴʺˌ ˉˇˎ ʰ˄ʽ˔˄ʶˏˇˎ˄ ˇʽ ʰʽˋʻʹˍʺˊʶˌ Hall. ʂˍʰ˄ ʹ ʵʽʱˍʰ˅ʹ 

ˉ˂ʹˋʽʱʸʶʽ ʺ ʷˊ˔ʶˍʰʽ ˋʶ ʶˉʰ˒ʺ ˃ʶ ˍˇ ˎ˂ʽˁˈΣ ʵʹ˃ʽˇˎˊʴʶʾˍʰʽ ʷ˄ʰ ˁ˂ʶʽˋˍˈ ˃ʰʴ˄ʹˍʽˁˈ 

ˁˏˁ˂˖˃ʰ ɻ ʽʱʵˇˋʹˌ ˍˇˎ ˋˎ˄ʶ˔ˇˏˌ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎ ˉˇˎ ˉˊˇʷˊ˔ʶˍʰʽ h ˉˈ ˍˇ˄ ˃ˈ˄ʽ˃ˇ 

˃ʰʴ˄ʺˍʹΦ ɶ ʵʹ˃ʽˇˎˊʴʹʻʶʾˋʰ ˃ʰʴ˄ʹˍʽˁʺ ˊˇʺΣ ʰˁˇ˂ˇˎʻ˗˄ˍʰˌ ˍʹ˄ ˇʵˈ ˍʹˌ ˎ˕ʹ˂ˈˍʶˊʹˌ 

˃ʰʴ˄ʹˍʽˁʺˌ ʵʽʰˉʶˊʰˍˈˍʹˍʰˌΣ ʻʰ ʵʽʰʵˇʻʶʾ ˃ʷˋʰ ʰˉˈ ˍˇ ʶ˅ʶˍʰʸˈ˃ʶ˄ˇ ˎ˂ʽˁˈΣ ˍˇ ˇˉˇʾˇ 

ʰˉˇˍʶ˂ʶʾ ˃ʷˊˇˌ ˍˇˎ ˃ʰʴ˄ʹˍʽˁˇˏ ˁˎˁ˂˗˃ʰˍˇˌΦ  

ɼʰˍʱ ˍʹ ˃ʰʴ˄ʺˍʽˋʹΣ ˇʽ ˃ʰʴ˄ʹˍʽˁʷˌ ˊˇˉʷˌ ˍ˖˄ ˃ʰʴ˄ʹˍʽˁ˗˄ ˉʶˊʽˇ˔˗˄ ˍˇˎ 

˒ʶˊˊˇ˃ʰʴ˄ʹˍʽˁˇˏ ˎ˂ʽˁˇˏ ˍʶʾ˄ˇˎ˄ ˄ʰ ʶˎʻˎʴˊʰ˃˃ʽˋˍˇˏ˄ ˃ʶ ˍˇ ʶˉʽʲʰ˂˂ˈ˃ʶ˄ˇ 

˃ʰʴ˄ʹˍʽˁˈ ˉʶʵʾˇΦ ɶ ˉʶˊʽˋˍˊˇ˒ʺ ˍ˖˄ ˃ʰʴ˄ʹˍʽˁ˗˄ ˉʶˊʽˇ˔˗˄ ʶˉʽˍˎʴ˔ʱ˄ʶˍʰʽ ˃ʷˋ˖ ˍʹˌ 

˃ʶˍʰˁʾ˄ʹˋʹˌ ˍ˖˄ ˃ʰʴ˄ʹˍʽˁ˗˄ ˍˇʽ˔˖˃ʱˍ˖˄Φ ʆˎ˔ˈ˄ ʰˍʷ˂ʶʽʶˌ ˋˍʹ ʵˇ˃ʺ ˍˇˎ ˎ˂ʽˁˇˏ 

ʶ˃ˉˇʵʾʸˇˎ˄ ˍʹ˄ ˇ˃ʰ˂ˈˍʹˍʰ ʰˎˍʺˌ ˍʹˌ ˁʾ˄ʹˋʹˌ ˁʰʽ ˃ˉˇˊˇˏ˄ ˄ʰ ʴʾ˄ˇˎ˄ ʰ˄ˍʽ˂ʹˉˍʷˌ 

˃ʷˋ˖ ˍʹˌ ˂ʺ˕ʹˌ ˍˇˎ ˋʺ˃ʰˍˇˌΦ ʅˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ʶ˄ˈˌ ʻʶˍʽˁʱ ˃ʰʴ˄ʹˍˇˋˎˋˍˇ˂ʽˁˇˏ 

ˎ˂ʽˁˇˏΣ ʹ ʶˉʽʲˇ˂ʺ ʶ˒ʶ˂ˁˎˋˍʽˁ˗˄ ʵˎ˄ʱ˃ʶ˖˄ ˁʰˍʱ ˃ʺˁˇˌ ˍˇˎ ʱ˅ˇ˄ʰ ˃ʰʴ˄ʺˍʽˋʹˌ ˇʵʹʴʶʾ 

ˋˍʹ˄ ʰˏ˅ʹˋʹ ˍʹˌ ˃ʰʴ˄ʹˍʽˁʺˌ ʵʽʰˉʶˊʰˍˈˍʹˍʰˌ ˍˇˎ ˎ˂ʽˁˇˏΦ ʁ˃ˇʾ˖ˌΣ ʻ˂ʽˉˍʽˁʷˌ ʵˎ˄ʱ˃ʶʽˌ 

ˇʵʹʴˇˏ˄ ˋˍʹ ˃ʶʾ˖ˋʺ ˍʹˌΦ 
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ʅˎ˄ʶˉ˗ˌΣ ʰ˄ʰ˂ˈʴ˖ˌ ˍʹˌ ˍʽ˃ʺˌ ˍʹˌ ˃ʰʴ˄ʹˍʽˁʺˌ ʵʽʰˉʶˊʰˍˈˍʹˍʰˌ ˍˇˎ ˎ˂ʽˁˇˏΣ ˇʽ 

ʰʽˋʻʹˍʺˊʶˌ Hall ʻʰ h˄ ˍʽ˂ʹ˒ʻˇˏ˄ ʵʽʰ˒ˇˊʶˍʽˁʺ ˍʽ˃ʺ ʶˉʽʲʰ˂˂ˈ˃ʶ˄ʹˌ ˃ʰʴ˄ʹˍʽˁʺˌ 

ʶˉʰʴ˖ʴʺˌΦ ɮˎˍʺ ʹ ˉ˂ʹˊˇ˒ˇˊʾʰΣ ˋʶ ˋˎ˄ʵˎʰˋ˃ˈ ˃ʶ ˍʹ ˔ˊʺˋʹ ˁʰ˃ˉˏ˂˖˄ 

ʲʰʻ˃ˇ˄ˈ˃ʹˋʹˌ ʴʽʰ ˍʹ ˃ʶˍʰʲˇ˂ʺ ˍʹˌ ˃ʰʴ˄ʹˍʽˁʺˌ ʵʽʰˉʶˊʰˍˈˍʹˍʰˌ ˋʶ ˋ˔ʷˋʹ ˃ʶ ˍʹ˄ 

ʶˉʽʲˇ˂ʺ ˍʱˋʶ˖˄ ʰ˄ʱ ˎ˂ʽˁˈΣ ˇʵʹʴʶʾ ˋˍʹ˄ ʶˏˊʶˋʹ ˍ˖˄ ˃ʹ˔ʰ˄ʽˁ˗˄ ˍʱˋʶ˖˄ ˁʰʽ ˋˍʹ˄ 

ˉʰˊʰˁˇ˂ˇˏʻʹˋʹ ˍʹˌ ˁʰˍʱˋˍʰˋʹˌ ˍˇˎ ˎ˂ʽˁˇˏΦ ʆʰ ˋˍʱʵʽʰ ˍʹˌ ˋˎʴˁʶˁˊʽ˃ʷ˄ʹˌ 

ʵʽʰʵʽˁʰˋʾʰˌ ˉʰˊˇˎˋʽʱʸˇ˄ˍʰʽ ˋˍˇ ˉʰˊʰˁʱˍ˖ ˋ˔ʺ˃ʰΥ 

 

ʅ˔ʺ˃ʰ 3.44: ʆʰ ˋˍʱʵʽʰ ʵʽʶ˅ʰʴ˖ʴʺˌ ˃ʷˍˊʹˋʹˌΦ 

3.5.3 ʅ˔ʁʵʾʰˋʹ ʵʽʱˍʰ˅ʹˌ 

3.5.3.1 ɳˏˊʶˋʹ ˍ˖˄ ˉʰˊʰ˃ʷˍˊ˖˄ ˍʹˌ ʵʽʱˍʰ˅ʹˌ 

ʆˇ ˉˊ˗ˍˇ ʲʺ˃ʰ ʴʽʰ ˍʹ˄ ʰ˄ʱˉˍˎ˅ʹ ˍʹˌ ˉˊˇˍʶʽ˄ˈ˃ʶ˄ʹˌ ʵʽʱˍʰ˅ʹˌ ʶʾ˄ʰʽ ˇ 

ˎˉˇ˂ˇʴʽˋ˃ˈˌ ˍ˖˄ ˔ʰˊʰˁˍʹˊʽˋˍʽˁ˗˄ ˍˇˎ ʰʽˋʻʹˍʹˊʾˇˎ ˍʹˌΣ ʵʹ˂ʰʵʺ ˍˇˎ ζʃη ˉˇˎ 

ˋ˔ʹ˃ʰˍʾʸʶˍʰʽ ʰˉˈ ˍʽˌ ʵˏˇ ˊʱʲʵˇˎˌ ˋʽʵʺˊˇˎΣ ˋʶ ˋˎ˄ʵˎʰˋ˃ˈ ˃ʶ ʷ˄ʰ˄ ˃ˈ˄ʽ˃ˇ ˃ʰʴ˄ʺˍʹ 

˄ʶˇʵˎ˃ʾˇˎΦ ɱʽʰ ˍˇ˄ ˋˎʴˁʶˁˊʽ˃ʷ˄ˇ ˎˉˇ˂ˇʴʽˋ˃ˈ, ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʶ ˍˇ ˂̌ ʴʽˋ˃ʽˁˈ 

ˉˊˇˋˇ˃ˇʾ˖ˋʹˌ ANSYSΣ ˍˇ ˇˉˇʾˇ ʲʰˋʾʸʶˍʰʽ ˋʶ ˃ʶʻˈʵˇˎˌ ˉʶˉʶˊʰˋ˃ʷ˄˖˄ ˋˍˇʽ˔ʶʾ˖˄ 

(Finite Element Methods ς FEM).  

ɶ ˉˊ˗ˍʹ ˉʰˊʱ˃ʶˍˊˇˌ ˉˇˎ ʶ˅ʶˍʱˋˍʹˁʶ ʺˍʰ˄ ʹ ʻʷˋʹ ˍˇˎ ˃ʰʴ˄ʺˍʹ ˖ˌ ˉˊˇˌ ˍʽˌ ʵˏˇ 

ˊʱʲʵˇˎˌΦ ɳ˅ʶˍʱˋˍʹˁʶ ʹ ˉʶˊʾˉˍ˖ˋʹ ˍʹˌ ˍˇˉˇʻʷˍʹˋʺˌ ˍˇˎ ˉʱ˄˖ ʰˉˈ ˍʽˌ ˊʱʲʵˇˎˌ ˁʰʽ ʹ 

ˉʶˊʾˉˍ˖ˋʹ ˍʹˌ ˍˇˉˇʻʷˍʹˋʺˌ ˍˇˎ ˃ʶˍʰ˅ˏ ˍ˖˄ ˊʱʲʵ˖˄Φ ʆʶ˂ʽˁʱΣ ˈˉ˖ˌ ʺˍʰ˄ 

ʰ˄ʰ˃ʶ˄ˈ˃ʶ˄ˇΣ ʹ ʽʵʰ˄ʽˁʺ ˍˇˉˇ˂ˇʴʾʰ ʺˍʰ˄ ʶˁʶʾ˄ʹ ˃ʶ ˍˇ˄ ˃ʰʴ˄ʺˍʹ ˃ʶˍʰ˅ˏ ˍ˖˄ ˊʱʲʵ˖˄Σ 

˗ˋˍʶ ˄ʰ ˎ˒ʾˋˍʰ˄ˍʰʽ ˇʽ ˃ʽˁˊˈˍʶˊʶˌ ʵˎ˄ʰˍʷˌ ʰˉ˗˂ʶʽʶˌ ˃ʰʴ˄ʹˍʽˁʺˌ ˊˇʺˌΦ 

ɴˉʶʽˍʰΣ ˃ʷˋ˖ ˍ˖˄ ˉˊˇˋˇ˃ˇʽ˗ˋʶ˖˄Σ ˎˉˇ˂ˇʴʾˋˍʹˁʶ ʹ ʲʷ˂ˍʽˋˍʹ ʰˉˈˋˍʰˋʹ ˃ʶˍʰ˅ˏ 

ˍ˖˄ ˊʱʲʵ˖˄ ˍˇˎ ʰʽˋʻʹˍʹˊʾˇˎΣ ˁʰʻ˗ˌ ˁʰʽ ʹ ˁʱʻʶˍʹ ʰˉˈˋˍʰˋʹ ˍˇˎ ʰʽˋʻʹˍʹˊʾˇˎ ʰˉˈ 

ˍˇ ʶ˅ʶˍʰʸˈ˃ʶ˄ˇ ˎ˂ʽˁˈ (lift -off). ʆʶ˂ʽˁʱΣ ˇʽ ʵʽʰˋˍʱˋʶʽˌ ˉˇˎ ʶˉʶ˂ʷʴʹˋʰ˄ ʴʽʰ ˍʽˌ ˊʱʲʵˇˎˌ 

ʁ ʰʽˋʻʹˍʺˊʰˌ 
ˍˇˉˇʻʶˍˍʶʾˍʰʽ 
ˉʱ˄˖ ʰˉˈ ˍˇ 
ˎ˂ʽˁˈΦ

ɶ ˃ʶˍˊˇˏ˃ʶ˄ʹ 
ˍʱˋʹ Hall 
˃ʶˍʰʲʱ˂˂ʶˍʰʽ 
˂ˈʴ˖ ˍ˖˄ 

˔ʰˊʰˁˍʹˊʽˋˍʽˁ˗˄ 
ˍˇˎ ˎ˂ʽˁˇˏΦ

ɶ ʶˉʶ˅ʶˊʴʰˋ˃ʷ˄ʹ 
ˉ˂ʹˊˇ˒ˇˊʾʰ 

˃ʶˍʰʵʾʵʶˍʰʽ ˋˍˇˎˌ 
ʵʷˁˍʶˌ.
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ˋʽʵʺˊˇˎ ʶʾ˄ʰʽ плx10x10 mm3, ʶ˄˗ ʴʽʰ ˍˇ˄ ˁˎ˂ʽ˄ʵˊʽˁˈ ˃ʰʴ˄ʺˍʹ ˄ʶˇʵˎ˃ʾˇˎ ʶʾ˄ʰʽ 

40mm, Ǆ10mm. ɳˉʾˋʹˌΣ ʰ˄ʰ˒ˇˊʽˁʱ ˃ʶ ˍʹ˄ ˁʰʻΩ ˏ˕ˇˌ ʰˉˈˋˍʰˋʹ ˍˇˎ ʰʽˋʻʹˍʹˊʾˇˎ 

ʰˉˈ ˍˇ ʵˇˁʾ˃ʽˇΣ ʶˉʶ˂ʷʴʹˋʰ˄ ˍʰ оmm, ˋˍʰ ˇˉˇʾʰ ʶ˃˒ʰ˄ʾʸʶˍʰʽ ʹ ˁʰ˂ˏˍʶˊʹ ˋ˔ʷˋʹ 

ʷ˄ˍʰˋʹˌ ˁʰʽ ̌ ˃ˇʽˇ˃ˇˊ˒ʾʰˌ ˍˇˎ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎΦ 

ʃˊʷˉʶʽ ˄ʰ ˋʹ˃ʶʽ˖ʻʶʾ ˈˍʽ ʶˉʶ˂ʷʴʹ ʹ ˔ˊʺˋʹ ˍˇˎ ˊʰʲʵˈ˃ˇˊ˒ˇˎ ˃ʰʴ˄ʺˍʹ ˁˎˁ˂ʽˁʺˌ 

ʵʽʰˍˇ˃ʺˌΣ ʰ˄ˍʾ ˍʹˌ ˍʶˍˊʰʴ˖˄ʽˁʺˌΣ ˁʰʻ˗ˌ ʰˎˍʺ ʹ ˃ˇˊ˒ʺ ʶʾ˄ʰʽ ʹ ˋˎ˄ʹʻʷˋˍʶˊʹ ˉˇˎ 

ˋˎ˄ʰ˄ˍʱˍʰʽ ˋˍˇ ʶ˃ˉˈˊʽˇΣ ʷ˔ˇ˄ˍʰˌ ˍˇˎˌ ˃ʰʴ˄ʹˍʽˁˇˏˌ ˉˈ˂ˇˎˌ ˋˍʰ ʵˏˇ ʱˁˊʰΣ ʶ˄˗ 

ˋˎ˄ˍʶ˂ʶʾ ˁʰʽ ˋˍʹ ˋˎʴˁʷ˄ˍˊ˖ˋʹ ˍ˖˄ ˃ʰʴ˄ʹˍʽˁ˗˄ ʴˊʰ˃˃˗˄ ˋˍˇ ʶˋ˖ˍʶˊʽˁˈ ˍˇˎ 

ʰʽˋʻʹˍʹˊʾˇˎΦ 

ɾʾʰ ʶ˄ʵʶʽˁˍʽˁʺ ʶʽˁˈ˄ʰ ʰˉˈ ˍʽˌ ˉˊˇˋˇ˃ˇʽ˗ˋʶʽˌ ˉˇˎ ˉˊʰʴ˃ʰˍˇˉˇʽʺʻʹˁʰ˄, 

ˉʰˊˇˎˋʽʱʸʶˍʰʽ ˋˍˇ ˉʰˊʰˁʱˍ˖ ˋ̝ ʺ˃ʰΣ ˋˍˇ ˇˉˇʾˇ ʰˉʶʽˁˇ˄ʾʸˇ˄ˍʰʽ ˇʽ ˍʽ˃ʷˌ ˃ʰʴ˄ʹˍʽˁʺˌ 

ʶˉʰʴ˖ʴʺˌ ˋʶ ʵʽʱ˒ˇˊʰ ˋʹ˃ʶʾʰΣ ˂ˈʴ˖ ˍˇˎ ˃ˇ˄ʾ˃ˇˎ ˃ʰʴ˄ʺˍʹΦ 

 

ʅ˔ʺ˃ʰ 3.45Υ ɮˉʶʽˁˈ˄ʽˋʹ ˍʹˌ ˃ʰʴ˄ʹˍʽˁʺˌ ʶˉʰʴ˖ʴʺˌΣ ˈˉ˖ˌ ˎˉˇ˂ˇʴʾˋˍʹˁʶ ʰˉˈ ˍˇ ˂ˇʴʽˋ˃ʽˁˈ 
ˉʶˉʶˊʰˋ˃ʷ˄˖˄ ˋˍˇʽ˔ʶʾ˖˄Φ 

3.5.3.2 ɳˉʽ˂ˇʴʺ ˃ʰʴ˄ʹˍʽˁ˗˄ ʰʽˋʻʹˍʺˊ˖˄ 

ʅˍʹ ˋˎ˄ʷ˔ʶʽʰΣ ʶˉʶ˂ʷʴʹˋʰ˄ ˇʽ ʰʽˋʻʹˍʺˊʶˌ Hall ˉˇˎ ʶʾ˄ʰʽ ˁʰˍʱ˂˂ʹ˂ˇʽ ʴʽʰ ˍʹ˄ 

ˉˊˇˍʶʽ˄ˈ˃ʶ˄ʹ ʵʽʱˍʰ˅ʹΦ ʃˊˇ˒ʰ˄˗ˌΣ ʰˉʰʽˍʶʾˍʰʽ ʹ ˔ˊʺˋʹ ʰʽˋʻʹˍʺˊ˖˄ Hall ʴˊʰ˃˃ʽˁʺˌ 

˃ʷˍˊʹˋʹˌΣ ˗ˋˍʶ ʹ ʷ˅ˇʵˈˌ ˍˇˎˌ ˄ʰ ʶʾ˄ʰʽ ˍʱˋʹ ʰ˄ʱ˂ˇʴʹ ˍˇˎ ˃ʶˍˊˇˏ˃ʶ˄ˇˎ ˃ʰʴ˄ʹˍʽˁˇˏ 

ˉʶʵʾˇˎΦ ɳˉʾˋʹˌΣ ˂ˈʴ˖ ˍʹˌ ˔ˊʺˋʹˌ ˍˇˎ ˃ʰʴ˄ʺˍʹ ˄ʶˇʵˎ˃ʾˇˎΣ ˍˇˎ ˇˉˇʾˇˎ ʹ ˃ʰʴ˄ʹˍʽˁʺ 

ʶˉʰʴ˖ʴʺ ˒ʻʱ˄ʶʽ ˍʽˌ ˃ʶˊʽˁʷˌ ʶˁʰˍˇ˄ˍʱʵʶˌ mT, ̱ ˇ ˃ʶˍˊˇˏ˃ʶ˄ˇ ʶˏˊˇˌ ˍ˖˄ ʰʽˋʻʹˍʺˊ˖˄ 
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ˉˊʷˉʶʽ ˄ʰ ʶʾ˄ʰʽ ʰ˄ˍʾˋˍˇʽ˔ˇΦ ɱʽʰ ˍˇˎˌ ˉʰˊʰˉʱ˄˖ ˂ˈʴˇˎˌ, ʶˉʶ˂ʷʴʹˋʰ˄ ˇʽ ʰʽˋʻʹˍʺˊʶˌ 

Hall SS49E ˍʹˌ Honeywell, ˍh  ˍˎˉʽˁʱ ˔ʰˊʰˁˍʹˊʽˋˍʽˁʱ ˍ˖˄ ˇˉˇʾ˖˄ ˉʰˊˇˎˋʽʱʸˇ˄ˍʰʽ 

ˋˍˇ˄ ˉʰˊʰˁʱˍ˖ ˉʾ˄ʰˁʰΥ 

ʃʾ˄ʰˁʰˌ 5Υ ʆˎˉʽˁʱ ˔ʰˊʰˁˍʹˊʽˋˍʽˁʱ ʰʽˋʻʹˍʺˊʰ Hall SS49E. 

ʋʰˊʰˁˍʹˊʽˋˍʽˁˈ ʆʽ˃ʺ ɾˇ˄ʱʵʰ 

ʆʱˋʹ ˍˊˇ˒ˇʵˇˋʾʰˌ ςȢχ φȢυ ὠ 

ɴ˄ˍʰˋʹ ˊʶˏ˃ʰˍˇˌ ˍˊˇ˒ˇʵˇˋʾʰˌ όнрČ) φ ρπ άὃ 

ʆʱˋʹ ʶ˅ˈʵˇˎ ʴʽʰ ˃ʹʵʶ˄ʽˁˈ ˉʶʵʾˇ ὠ

ς
ςͯȢυ 

ὠ 

ɳˏˊˇˌ ˃ʷˍˊʹˋʹˌ (25oC) ρπππ Ὃ 

ɳˎʰʽˋʻʹˋʾʰ 1.4 άὠȾὋ 

ɸʶˊ˃ˇˁˊʰˋʾʰ ˂ʶʽˍˇˎˊʴʾʰˌ -40 ς 100  ὅ 

ɸʶˊ˃ˇˁˊʰˋʽʰˁˈ ˋ˒ʱ˂˃ʰ ҕлΦ1 ϷȾ # 

 

ʃʰˊʰˁʱˍ˖ ˉʰˊˇˎˋʽʱʸˇ˄ˍʰʽ ˇʽ ʰˁˊˇʵʷˁˍʶˌ ˋˏ˄ʵʶˋʹˌ ˍˇˎ ʰʽˋʻʹˍʺˊʰ Hall SS49E: 

 

ʅ˔ʺ˃ʰ 3.46Υ ɮˁˊˇʵʷˁˍʶˌ h ʽˋʻʹˍʺˊʰ Hall. 

ʂˉ˖ˌ ʰ˄ʰ˒ʷˊʻʹˁʶΣ ˇ ʰʽˋʻʹˍʺˊʰˌ Hall SS49E ʁ ʾ˄ʰʽ ˍˏˉˇˎ linear bipolar. ɶ ʷ˅ˇʵˈˌ 

ˍˇˎΣ ʵʹ˂ʰʵʺΣ ˋ˔ʶˍʾʸʶˍʰʽ ʴˊʰ˃˃ʽˁʱ ˃ʶ ˍʹ˄ ˍʽ˃ʺ ˃ʰʴ˄ʹˍʽˁʺˌ ʶˉʰʴ˖ʴʺˌΣ ʰ˂˂ʱ ˁʰʽ ˃ʶ ˍʹ˄ 

ˁʰˍʶˏʻˎ˄ˋʹ ʰˎˍˇˏ ˍˇˎ ˉʶʵʾˇˎΦ ɰʱˋʶʽ ˍʹˌ ˍˎˉʽˁʺˌ ˁʰ˃ˉˏ˂ʹˌ ʲʰʻ˃ˇ˄ˈ˃ʹˋʹˌ ˍˇˎ 

ʰ̔ ˋʻʹˍʺˊʰΣ ˈˉ˖ˌ ʰˎˍʺ ʵʾ˄ʶˍʰʽ ʰˉˈ ˍˇ˄ ˁʰˍʰˋˁʶˎʰˋˍʺ ˍˇˎΣ ˉˊˇˁˏˉˍʶʽ ˈˍʽ ʴʽʰ ˍˇ 

ʶˏˊˇˌ ˃ʷˍˊʹˋʺˌ ˍˇˎ όʰˉˈ -млл ʷ˖ˌ Ҍмлл mT), ˇ ˂ˈʴˇˌ ˍʱˋʹˌ ʶ˅ˈʵˇˎ ˉˊˇˌ ˍˇ 

˃ʶˍˊˇˏ˃ʶ˄ˇ ˃ʰʴ˄ʹˍʽˁˈ ˉʶʵʾˇ ʶʾ˄ʰʽ мΦпmV/Gauss (1G = 10-4T). ɶ ˍʱˋʹ ˍˊˇ˒ˇʵˇˋʾʰˌ 

ˍˇˎ ʰʽˋʻʹˍʺˊʰ ˉˊʷˉʶʽ ˄ʰ ʲˊʾˋˁʶˍʰʽ ˋˍˇ ʶˏˊˇˌ нΦт-6.5 V. ɳˉʾˋʹˌΣ ˃ʶ ˋˁˇˉˈ ˍʹ˄ 

ʰˉˈʵˇˋʹ ˍʽ˃˗˄ ˍʱˋʹˌ ʶ˅ˈʵˇˎ ˋʶ ʷ˄ʰ ˍˎˉʽˁˈ ʶˏˊˇˌ όˉΦ˔Φ л-5 V), ʹ ˍʱˋʹ ʶ˅ˈʵˇˎ ˍˇˎ 

1Υ ʆˊˇ˒ˇʵˇˋʾʰ 

нΥ ɱʶʾ˖ˋʹ 

оΥ ɴ˅ˇʵˇˌ 
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ʰʽˋʻʹˍʺˊʰ ʴʽʰ ˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ˍʹˌ ʰˉˇˎˋʾʰˌ ʶˉʽʲʰ˂˂ˈ˃ʶ˄ˇˎ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎΣ 

ʰ˄ˍʽˋˍˇʽ˔ʶʾ ˋˍˇ ˃ʽˋˈ ˍʹˌ ˍʱˋʹˌ ˍˊˇ˒ˇʵˇˋʾʰˌ ˍˇˎ ὠ πάὝ . 

3.5.3.3 ɮ˄ʱˉˍˎ˅ʹ ʹ˂ʶˁˍˊˇ˄ʽˁˇˏ ˁˎˁ˂˗˃ʰˍˇˌ ʁ ˂ʷʴ˔ˇˎ ʰʽˋʻʹˍʺˊʰ Hall 

ʆʶ˂ʽˁʱΣ ˇ ʰʽˋʻʹˍʺˊʰˌ Hall ˍˇˉˇʻʶˍʺʻʹˁʶ ˋʶ ˉ˂ʰˁʷˍʰΣ ʹ ˇˉˇʾʰ ˉʶˊʽ˂ʰ˃ʲʱ˄ʶʽ ˃ʾʰ 

ʵʾˇʵˇ ό1N4001) ˁʰʽ ʷ˄ʰ˄ ˋˍʰʻʶˊˇˉˇʽʹˍʺ όLM7805). ɶ ʵʾˇʵˇˌ ʰˉˇˍˊʷˉʶʽ ˍʹ˄ 

ˍˊˇ˒ˇʵˇˋʾʰ ˍˇˎ ʰʽˋʻʹˍʺˊʰ ˃ʶ ʰˊ˄ʹˍʽˁʺ ˍʽ˃ʺ ˍʱˋʹˌΣ ʶ˄˗ ˇ ˋˍʰʻʶˊˇˉˇʽʹˍʺˌ 

ˉˊˇˋ˒ʷˊʶʽ ˍʹ˄ ˋˍʰʻʶˊʺ ˍʱˋʹ ˍˊˇ˒ˇʵˇˋʾʰˌ ˍ˖˄ рV ˉˇˎ ʰˉʰʽˍʶʾ ˇ ʰʽˋʻʹˍʺˊʰˌ ʴʽʰ ˍʹ 

˂ʶʽˍˇˎˊʴʾʰ ˍˇˎΦ ʆˇ ˋˎ˄ˇ˂ʽˁˈ ʵʽʱʴˊʰ˃˃ʰ ˍʹˌ ʵʽʱˍʰ˅ʹˌ ˉʰˊˇˎˋʽʱʸʶˍʰʽ ˋˍˇ ˉʰˊʰˁʱˍ˖ 

ˋ˔ʺ˃ʰΥ 

 

ʅ˔ʺ˃ʰ 3.47: ʅˎ˄ʵʶˋ˃ˇ˂ˇʴʾʰ ʵʽʱˍʰ˅ʹˌ ʰʽˋʻʹˍʺˊʰ Hall. 

3.5.3.4 ɲʽʰˁˊʾʲ˖ˋʹ ʰʽˋʻʹˍʺˊʰ Hall 

ɱʽʰ ˍʹ˄ ʵʽʰˁˊʾʲ˖ˋʺ ˍˇˎΣ ˇ ʰʽˋʻʹˍʺˊʰˌ Hall ˍˇˉˇʻʶˍʺʻʹˁʶ ˋˍˇ ˋ˖˂ʹ˄ˇʶʽʵʷˌ ˍʹˌ 

ʵʽʱˍʰ˅ʹˌ ʵʽʰˁˊʾʲ˖ˋʹˌΦ ʅˍʹ ˋˎ˄ʷ˔ʶʽʰΣ ʶ˂ʺ˒ʻʹˋʰ˄ ˃ʶˍˊʺˋʶʽˌ ʴʽʰ ʶ˄ˍʱˋʶʽˌ ˊʶˏ˃ʰˍˇˌ 

ˍˊˇ˒ˇʵˇˋʾʰˌ ˍˇˎ ˋ˖˂ʹ˄ˇʶʽʵˇˏˌ ˋˍˇ ʶˏˊˇˌ -5A ʷ˖ˌ рAΦ ɳˉʶʽʵʺΣ ˈˉ˖ˌ 

ˉˊˇʰ˄ʰ˒ʷˊʻʹˁʶΣ ʹ ʷ˅ˇʵˇˌ ˍˇˎ ˋˎʴˁʶˁˊʽ˃ʷ˄ˇˎ ʰʽˋʻʹˍʺˊʰ Hall ʴʽʰ ˃ʹʵʶ˄ʽˁˈ 

˃ʰʴ˄ʹˍʽˁˈ ˉʶʵʾˇ ʽˋˇˏˍʰʽ ˃ʶ ˍˇ ˃ʽˋˈ ˍʹˌ ˍʱˋʹˌ ˍˊˇ˒ˇʵˇˋʾʰˌ ˍˇˎΣ ʰˎˍʺ ʹ ˍʽ˃ʺ 

ʰ˒ʰʽˊʷʻʹˁʶ ʰˉˈ ˍʽˌ ˃ʶˍˊʺˋʶʽˌΣ ˗ˋˍʶ ˄ʰ ˉˊˇˁˏ˕ʶʽ ʰˎˍˇˏˋʽʰ ʹ ˍʽ˃ʺ ˍʹˌ ˍʱˋʹˌ Hall. 

ʅˍʰ ʶˉˈ˃ʶ˄ʰ ʵˏˇ ʵʽʰʴˊʱ˃˃ʰˍʰ ˉʰˊˇˎˋʽʱʸˇ˄ˍʰʽ ˇʽ ˃ʶˍˊʺˋʶʽˌ ˍʹˌ ˍʱˋʹˌ ʶ˅ˈʵˇˎ ˍˇˎ 

ʰʽˋʻʹˍʺˊʰ Hall ˁ ʰʽ ˍʹˌ ˃ʰʴ˄ʹˍʽˁʺˌ ʶˉʰʴ˖ʴʺˌ, h ˄ˍʽˋˍˇʾ˔˖ˌΣ ˋˎ˄ʰˊˍʺˋʶʽ ˍˇˎ ˊʶˏ˃ʰˍˇˌ 

ˉˇˎ ˍˊˇ˒ˇʵˇˍˇˏˋʶ ˍˇ ˋ˖˂ʹ˄ˇʶʽʵʷˌΦ 
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ʅ˔ʺ˃ʰ 3.48: ʅ̝ ʷ̀ ̱́ ʱˋʹˌ ʶ˅ˈʵˇˎ ʰʽˋʻʹˍʺˊʰ Hall ˁ ʰʽ ̫ ˄ˍʰˋʹˌ ˊʶˏ˃ʰˍˇˌ ̱ ˊˇ˒ˇʵˇˋʾʰˌ 
ˋ˖˂ʹ˄ˇʶʽʵˇˏˌΦ 

 

ʅ˔ʺ˃ʰ 3.49: ʅ˔ʷˋʹ ˃ʰʴ˄ʹˍʽˁʺˌ ʶˉʰʴ˖ʴʺˌ ˁʰʽ ʷ˄ˍʰˋʹˌ ˊʶˏ˃ʰˍˇˌ ̱ ˊˇ˒ˇʵˇˋʾʰˌ ˋ˖˂ʹ˄ˇʶʽʵˇˏˌΦ 

ʆʰ ˉʶʽˊʰ˃ʰˍʽˁʱ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰΣ ˈˉ˖ˌ ˉˊˇˁˏˉˍˇˎ˄ ʰˉˈ ˍˇ˄ ʰʽˋʻʹˍʺˊʰ Hall, 

ˁʰʻ˗ˌ ˁʰʽ ˍʰ ʻʶ˖ˊʹˍʽˁʱ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰΣ ˈˉ˖ˌ ˎˉˇ˂ˇʴʾʸˇ˄ˍʰʽ ʲʱˋʶʽ ˍ˖˄ 

˃ʰʻʹ˃ʰˍʽˁ˗˄ ˋ˔ʷˋʶ˖˄ ʴʽʰ ˍʹ ˃ʰʴ˄ʹˍʽˁʺ ʶˉʰʴ˖ʴʺ ˋˍˇ ˁʷ˄ˍˊˇ ˍˇˎ ˋ˖˂ʹ˄ˇʶʽʵˇˏˌΣ 

ˉʰˊˇˎˋʽʱʸˇ˄ˍʰʽ ˋˍˇ ˉʰˊʰˁʱˍ˖ ʵʽʱʴˊʰ˃˃ʰΥ 

y = 32.174x + 6.2168
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ʅ˔ʺ˃ʰ 3.50: ʅ˔ʷˋʹ ˉʶʽˊʰ˃ʰˍʽˁ˗˄ ϧ ʻʶ˖ˊʹˍʽˁ˗˄ ˍʽ˃˗˄ ˃ʰʴ˄ʹˍʽˁʺˌ ʶˉʰʴ˖ʴʺˌ ˃ ʶ ˍʹ˄ ʷ˄ˍʰˋʹ 
ˊʶˏ˃ʰˍˇˌ ̱ ˊˇ˒ˇʵˇˋʾʰ ˍˇˎ ˋ˖˂ʹ˄ˇʶʽʵˇˏˌ. 

ɳʾ˄ʰʽ ʶ˃˒ʰ˄ʷˌ ˈˍʽ ˎˉʱˊ˔ʶʽ ˋˏ˃ˉˍ˖ˋʹ ˃ʶˍʰ˅ˏ ˍ˖˄ ˉʶʽˊʰ˃ʰˍʽˁ˗˄ ˁʰʽ ʻʶ˖ˊʹˍʽˁ˗˄ 

ˍʽ˃˗˄Φ ɰʱˋʶʽ ˍ˖˄ ˉʰˊʰˉʱ˄˖Σ ˉˊˇˁˏˉˍʶʽ ʹ ˍʶ˂ʽˁʺ ˁʰ˃ˉˏ˂ʹ ʲʰʻ˃ˇ˄ˈ˃ʹˋʹˌ ˍˇˎ 

ʰʽˋʻʹˍʺˊʰ Hall, ́  ˇˉˇʾʰ ˉʰˊˇˎˋʽʱʸʶˍʰʽ ˋˍˇ ʶˉˈ˃ʶ˄ˇ ʵʽʱʴˊʰ˃˃ʰΥ 

 

ʅ˔ʺ˃ʰ 3.51: ʅ˔ʷˋʹ ˍʱˋʹˌ ʶ˅ˈʵˇˎ ʰʽˋʻʹˍʺˊʰ Hall ˁ ʰʽ ˃ʰʴ˄ʹˍʽˁʺˌ ʶˉʰʴ˖ʴʺˌ. 

ɰʱˋʶʽ ʰˎˍˇˏ ˍˇˎ ʵʽʰʴˊʱ˃˃ʰˍˇˌΣ ʶʾ˄ʰʽ ʵˎ˄ʰˍˈˌ ˇ ˎˉˇ˂ˇʴʽˋ˃ˈˌ ˍʹˌ ˋ˔ʷˋʹˌ ˍʹˌ 

ˍʱˋʹˌ ʶ˅ˈʵˇˎ ˍˇˎ ʰʽˋʻʹˍʺˊʰ Hall ˋˎ˄ʰˊˍʺˋʶʽ ˍˇˎ ʰ˄ˍʽ˂ʰ˃ʲʰ˄ˈ˃ʶ˄ˇˎ ˃ʰʴ˄ʹˍʽˁˇˏ 

ˉʶʵʾˇˎΦ ʆʶ˂ʽˁʱΣ ʰˉˈ ˍʹ˄ ˁ˂ʾˋʹ ˍʹˌ ˁʰ˃ˉˏ˂ʹˌ ˉˊˇˁˏˉˍʶʽ ˈˍʽ ʹ ˋˎʴˁʶˁˊʽ˃ʷ˄ʹ ˋ˔ʷˋʹ 

y = 2.2923x + 0.0756
wч Ґ лΦфффт

y = 2.3037x - 4E-15
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ʶʾ˄ʰʽ ʾˋʹ ˃ʶ мΦофmV/Gauss, ˍʽ˃ʺ ˉˇˎ ˉ˂ʹˋʽʱʸʶʽ ˉˇ˂ˏ ˍʹ˄ ˍʽ˃ʺ ˉˇˎ ʵʾ˄ʶˍʰʽ ʰˉˈ ˍʹ 

ʲh ʻ˃ˇ˄ˈ˃ʹˋʹ ˉˇˎ ˉˊʰʴ˃ʰˍˇˉˇʾʹˋʶ ˇ ˁ ʰˍʰˋˁʶˎʰˋˍʺ ̩(1.40mV/Gauss). 

3.5.4 ɼʰˍʰˋˁʶˎʺ ̀ ˍˇʽ˔ʶʾ˖˄ ʵʽʱˍʰ˅ʹˌ 

ɳˉˈ˃ʶ˄ˇ ʲʺ˃ʰ ʰˉˇˍʷ˂ʶˋʶ ʹ ʶˉʽ˂ˇʴʺ ˍ˖˄ ʹ˂ʶˁˍˊˇ˄ʽˁ˗˄ ʶ˅ʰˊˍʹ˃ʱˍ˖˄ ˉˇˎ ʻʰ 

ˉ˂ʰʽˋʽ˗˄ˇˎ˄ ˍˇ ʰʽˋʻʹˍʺˊʽˇΣ ˃ʶ ˋˁˇˉˈ ˍʹ ˂ʺ˕ʹ ˍ˖˄ ˃ʶˍˊʺˋʶ˖˄Σ ˍʹ˄ ʶˉʶ˅ʶˊʴʰˋʾʰ ˍʹˌ 

ˉ˂ʹˊˇ˒ˇˊʾʰˌ ˁʰʽ ˍʹ ˃ʶˍʱʵˇˋʺ ˍʹˌΦ ʅʹ˃ʶʽ˗˄ʶˍʰʽ ˈˍʽ ˍʰ ʹ˂ʶˁˍˊˇ˄ʽˁʱ ʶ˅ʰˊˍʺ˃ʰˍʰ 

ʶˉʶ˂ʷʴʹˋʰ˄ ʷ˔ˇ˄ˍʰˌ ˖ˌ ˋˍˈ˔ˇ ˍʹ ʵʹ˃ʽˇˎˊʴʾʰ ˃ʾʰˌ ˒ˇˊʹˍʺˌ ˃ʶˍˊʹˍʽˁʺˌ ʵʽʱˍʰ˅ʹˌΣ ʹ 

ˇˉˇʾʰ ʻʰ ʶʾ˄ʰʽ ʽˁʰ˄ʺ ˄ʰ ˔ˊʹˋʽ˃ˇˉˇʽʹʻʶʾ ʴʽʰ ˍʹ ˂ʺ˕ʹ ˃ʶˍˊʺˋʶ˖˄ ˋʶ ˉˊʰʴ˃ʰˍʽˁˈ 

˔ˊˈ˄ˇΣ ʵʽʰˍʹˊ˗˄ˍʰˌ ˍʰˎˍˈ˔ˊˇ˄ʰ ˍˇ ˁˈˋˍˇˌ ˁʰˍʰˋˁʶˎʺˌ ˍʹˌ ˋʶ ˔ʰ˃ʹ˂ʱ ʶˉʾˉʶʵʰ. 

ɶ ʵʽʱˍʰ˅ʹ ˋ˔ʶʵʽʱˋˍʹˁʶ ʷˍˋʽ ˗ˋˍʶ ˄ʰ ʰˉˇˍʶ˂ʶʾˍʰʽ ʰˉˈ ʵˏˇ ʶˉʽ˃ʷˊˇˎˌ ˋˎˋˁʶˎʷ.̩ 

ɶ ˉˊ˗ˍʹ ˋˎˋˁʶˎʺ ʰ˄ʰ˂ʰ˃ʲʱ˄ʶʽ ˍʹ ʵʽʶ˅ʰʴ˖ʴʺ ˍ˖˄ ˃ʶˍˊʺˋʶ˖˄ ˁʰʽ ˍʹ˄ ʶˁˉˇ˃ˉʺ ˍ˖˄ 

ʰˉˇˍʶ˂ʶˋ˃ʱˍ˖˄Φ ʃʶˊʽ˂ʰ˃ʲʱ˄ʶʽ ˍˇ ʰʽˋʻʹˍʺˊʽˇΣ ˍʹ˄ ˍˊˇ˒ˇʵˇˋʾʰ ˍˇˎ ˁʰʽ ˍʰ 

ˋˎˋˍʺ˃ʰˍʰ ˃ʁ ˍʱʵˇˋʹˌ ̱ ˖˄ ˃ ʶˍˊʺˋʶ˖˄Φ ɶ ʵʶˏˍʶˊʹ ˋˎˋˁʶˎʺ ʰˉˇˍʶ˂ʶʾ ˍˇ˄ ʵʷˁˍʹΣ ˋˍˇ˄ 

ˇˉˇʾˇ ˋˎ˂˂ʷʴˇ˄ˍʰʽ ˍʰ ʵʶʵˇ˃ʷ˄ʰ ˃ʷˋ˖ ˍʹˌ ʰˋˏˊ˃ʰˍʹˌ ʶˉʽˁˇʽ˄˖˄ʾʰˌ ˁʰʽ 

ˉˊˇʲʱ˂˂ˇ˄ˍʰʽ ˋʶ ˃ʾʰ ʶ˄ˋ˖˃ʰˍ˖˃ʷ˄ʹ ˇʻˈ˄ʹΦ ɼʰʽ ˇʽ ʵˏˇ ˋˎˋˁʶˎʷˌ ʶʾ˄ʰʽ ˒ˇˊʹˍʷˌ ˁʰʽ 

˃ʽˁˊʷˌ ˋʶ ˃ʷʴʶʻˇˌΣ ˗ˋˍʶ ˄ʰ ʶʾ˄ʰʽ ʶˏˁˇ˂ʹ ʹ ˔ˊʺˋʹ ˍˇˎˌ ˋʶ ˉˇʽˁʾ˂ʰ ˉʶˊʽʲʱ˂˂ˇ˄ˍʰ 

˃ʶˍˊʺˋʶ˖˄Φ 

3.5.4.1 ɼʰˍʰˋˁʶˎʺ ˋˎˋˁʶˎʺˌ ˃ʷˍˊʹˋʹˌ ˁʰʽ ʶˁˉˇ˃ˉʺˌ 

ʆˇ ʰʽˋʻʹˍʺˊʽˇΣ ʰˉˇˍʶ˂ˇˏ˃ʶ˄ˇ ʰˉˈ ˍʽˌ ˊʱʲʵˇˎˌ ˋʽʵʺˊˇˎΣ ˍˇ˄ ˃ˈ˄ʽ˃ˇ ˃ʰʴ˄ʺˍʹ ˁʰʽ 

ˍˇˎˌ ʵˏˇ ʰʽˋʻʹˍʺˊʶˌ HallΣ ˍˇˉˇʻʶˍʺʻʹˁʶ ̀ ˍʹ ʲʱˋʹ ˍʹˌ ˉˊ˗ˍʹˌ ˋˎˋˁʶˎʺˌΦ ʃʱ˄˖ ʰˉˈ 

ˍˇ ʰʽˋʻʹˍʺˊʽˇΣ ˍˇˉˇʻʶˍʺʻʹˁʶ ˃ʾh ˉ˂ʱˁʰ ˁʰˍʰˋˁʶˎʰˋ˃ʷ˄ʹ ʰˉˈ Ni-Fe (Mumetal), ˍˇ 

ˇˉˇʾˇ, ˂ˈʴ˖ ˍʹˌ ˎ˕ʹ˂ʺˌ ˍˇˎ ˃ʰʴ˄ʹˍʽˁʺˌ ʵʽʰˉʶˊʰˍˈˍʹˍʰˌΣ ʶʾ˄ʰʽ ʽˁʰ˄ˈ ˄ʰ 

ζʶʴˁ˂˖ʲʾʸʶʽη ˋˍˇ ʶˋ˖ˍʶˊʽˁˈ ˍˇˎ ˍʽˌ ˃ʰʴ˄ʹˍʽˁʷˌ ʴˊʰ˃˃ʷˌ ˉˇˎ ʶ˅ʷˊ˔ˇ˄ˍʰʽ ʰˉˈ ˍˇ˄ 

ʽˋ˔ˎˊˈ ˃ʰʴ˄ʺˍʹ ˄ʶˇʵˎ˃ʾˇˎΣ ˗ˋˍʶ ʰˎˍʷˌ ˄ʰ ˃ʹ˄ ʶˉʹˊʶʱʸˇˎ˄ ˍʰ ˂ˇʽˉʱ ʹ˂ʶˁˍˊˇ˄ʽˁʱ 

˃ʷˊʹ ˍʹˌ ˋˎˋˁʶˎʺˌΣ ˉˊˇˋ˒ʷˊˇ˄ˍʰˌ ˃ʶ ʰˎˍˈ˄ ˍˇ˄ ˍˊˈˉˇ ʷ˄ʰ ʶʾʵˇˌ ˉʰʻʹˍʽˁʺˌ 

˃ʰʴ˄ʹˍʽˁʺˌ ʻ˖ˊʱˁʽˋʹˌΦ 

ʅˍˇ ʱ˄˖ʻʶ˄ ˍ˃ʺ˃ʰ ˍʹˌ ˋˎˋˁʶˎʺˌ ˍˇˉˇʻʶˍʺʻʹˁʰ˄ ˍʰ ʹ˂ʶˁˍˊˇ˄ʽˁʱ ˃ʷˊʹ ˍʹˌ 

ʵʽʱˍʰ˅ʹˌΣ ˃ʶ ˋˁˇˉˈ ˍʹ˄ ʶˉʶ˅ʶˊʴʰˋʾʰ ˍˇˎ ˂ʰ˃ʲʰ˄ˈ˃ʶ˄ˇˎ ˋʺ˃ʰˍˇˌ ˁʰʽ ˍʹ ˃ʶˍʱʵˇˋʺ 
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ˍˇˎΦ ʆh  ʵʶʵˇ˃ʷ˄ʰ ˉˇˎ ˂ʰ˃ʲʱ˄ˇ˄ˍʰʽ ʰˉˈ ˍˇˎˌ ʰʽˋʻʹˍʺˊʶˌ, ˇʵʹʴˇˏ˄ˍʰʽ ʰˊ˔ʽˁʱ ˋʶ 

ʷ˄ʰ˄ ˃ʶˍʰˍˊˇˉʷʰ ʰ˄ʰ˂ˇʴʽˁˇˏ ˋʺ˃ʰˍˇˌ ˋʶ ˕ʹ˒ʽʰˁˈ όAnalog-to-Digital Converter ς 

ADC) ˍ˖˄ мс bit (Texas Instruments ADS1115 [148]). ʅˍʹ ˋˎ˄ʷ˔ʶʽʰΣ ˇʵʹʴˇˏ˄ˍʰʽ ˋˍˇ˄ 

˃ʽˁˊˇʶ˂ʶʴˁˍʺ όAtmel ATmega328P) ˉˇˎ ʲˊʾˋˁʶˍʰʽ ˋʶ ʷ˄ʰ Arduino Nano ˁ ʰʽ ˇ ˇˉˇʾˇˌ 

ʰ˄ʰ˂ʰ˃ʲʱ˄ʶʽ ˍʹ˄ ʶˉʶ˅ʶˊʴʰˋʾʰ ˁʰʽ ˍʹ ˃ʶˍʱʵˇˋʹ ˍʹˌ ˉ˂ʹˊˇ˒ˇˊʾʰˌΣ ˃ʷˋ˖ ʵˏˇ 

ˋˎˋˍʹ˃ʱˍ˖˄ ʶˉʽˁˇʽ˄˖˄ʾʰˌΥ ɾʷˋ˖ Bluetooth (HC-05), ˋʶ ˇˉˇʽʰʵʺˉˇˍʶ ˋˎ˃ʲʰˍʺ 

ˋˎˋˁʶˎʺ όˉΦ˔Φ ˁʽ˄ʹˍˈ ˍʹ˂ʷ˒˖˄ˇΣ ˎˉˇ˂ˇʴʽˋˍʺˌ ˁΦ˂ˉΦύ ˁʰʽ ˃ʷˋ˖ ˊʰʵʽˇˋˎ˔˄ˇˍʺˍ˖˄, 

˔ˊʹˋʽ˃ˇˉˇʽ˗˄ˍʰˌ ˍʹ ˋˎ˔˄ˈˍʹˍʰ ˍ˖˄ нΦпGHz (nRF24L01), ̀ ˍʹ ʵʶˏˍʶˊʹ ˋˎˋˁʶˎʺΣ ˉˇˎ 

ʰˉˇˍʶ˂ʶʾ ˍˇ˄ ʵʷˁˍʹΦ ɼˏˊʽˇ ˉ˂ʶˇ˄ʷˁˍʹ˃ʰ ˍʹˌ ʶˉʽˁˇʽ˄˖˄ʾʰˌ ˃ʷˋ˖ Bluetooth ʶʾ ˄ʰʽ ʹ 

ʶˎˊʶʾʰ ˋˎ˃ʲʰˍˈˍʹˍʰ ˃ʶ ˉˇ˂˂ʷˌ ˋˎˋˁʶˎʷˌΣ ʶ˄˗ ˉ˂ʶˇ˄ʷˁˍʹ˃ʰ ˍʹˌ ʶˉʽˁˇʽ˄˖˄ʾʰˌ ˃ʷˋ˖ 

ˊʰʵʽˇˋˎ˔˄ˇˍʺˍ˖˄ ʶʾ˄ʰʽ ʹ ˃ʶʴʰ˂ˏˍʶˊʹ ʶ˃ʲʷ˂ʶʽʰΣ ˉˇˎ ˒ʻʱ˄ʶʽ ˍʰ мллm ˋʶ h˄ ˇʽˁˍˈ 

˔˗ˊˇΦ ɶ ˋˎ˄ʵʶˋ˃ˇ˂ˇʴʾʰ ˍ˖˄ ˃ʶˊ˗˄ ˍʹˌ ˋˎˋˁʶˎʺˌ ˉʰˊˇˎˋʽʱʸʶˍʰʽ ˋˍˇ ʅ˔ʺ˃ʰ 3.52: 

 

ʅ˔ʺ˃ʰ 3.52Υ ʅˏ˄ʵʶˋʹ ˃ʶˊ˗˄ ˋˎˋˁʶˎʺˌ ˃ʷˍˊʹˋʹˌ ˁʰʽ ʶˁˉˇ˃ˉʺˌ. 

ɱʽʰ ˍʹ ʲʷ˂ˍʽˋˍʹ ˋˏ˄ʵʶˋʹ ˍ˖˄ ˉʰˊʰˉʱ˄˖ ʶ˅ʰˊˍʹ˃ʱˍ˖˄Σ ˋ˔ʶʵʽʱˋˍʹˁʶ ˁʰʽ 

ˁʰˍʰˋˁʶˎʱˋˍʹˁʶ ʹ˂ʶˁˍˊˇ˄ʽˁʺ ˉ˂ʰˁʷˍʰ PCBΣ ˍʰ ˋ˔ʷʵʽʰ ˍʹˌ ˇˉˇʾʰˌ ˉʰˊˇˎˋʽʱʸˇ˄ˍʰʽ 

ˋˍʰ ˉʰˊʰˁʱˍ˖ ˋ˔ʺ˃ʰˍʰ: 
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ʅ˔ʺ˃ʰ 3.53Υ ʅˎ˄ˇ˂ʽˁˈ ʵʽʱʴˊʰ˃˃ʰ ˍ˖˄ ʹ˂ʶˁˍˊˇ˄ʽˁ˗˄ ˃ʶˊ˗˄Φ 

 

ʅ˔ʺ˃ʰ 3.54Υ ʆʶ˂ʽˁˈ ˋ˔ʷʵʽˇ ˍʹˌ ʹ˂ʶˁˍˊˇ˄ʽˁʺˌ ˉ˂ʰˁʷˍʰˌΦ 

ʅˍʹ ˋˎ˄ʷ˔ʶʽʰΣ ˈ˂ʰ ̱ ʰ ˃ʷˊʹ ˍʹˌ ʵʽʱˍʰ˅ʹˌ ˍˇˉˇʻʶˍʺʻʹˁʰ˄ ˋʶ ˉ˂ʰˋˍʽˁˈ ˉʶˊʾʲ˂ʹ˃ʰΦ 

ɾʶˍʰ˅ˏ ˍˇˎ ˉʶˊʽʲ˂ʺ˃ʰˍˇˌ ˁʰʽ ˍ˖˄ ʰʽˋʻʹˍʺˊ˖˄ Hall ɻ ʹ˃ʽˇˎˊʴʺʻʹˁʶ ˍˇ ʰˉʰʽˍˇˏ˃ʶ˄ˇ 



3.5 ɮ˄ʱˉˍˎ˅ʹ ʵʽʱˍʰ˅ʹˌ ˉˊˇˋʵʽˇˊʽˋ˃ˇˏ ˃ʰʴ˄ʹˍʽˁʺˌ ʵʽʰˉʶˊʰˍˈˍʹˍʰˌ 

 

146 

ʵʽʱˁʶ˄ˇΣ ˗ˋˍʶ ˄ʰ ˎ˒ʾˋˍʰˍʰʽ ʹ ʰ˄ʷˉʰ˒ʹ ʵʽʶ˅ʰʴ˖ʴʺ ˍ˖˄ ˃ʶˍˊʺˋʶ˖˄Σ ʹ ˇˉˇʾʰ 

ˉˊˇˋˍʰˍʶˏʶʽ ˍˇˎˌ ʰʽˋʻʹˍʺˊʶˌ ʰˉˈ ˍʽˌ ˃ʹ˔ʰ˄ʽˁʷˌ ˒ʻˇˊʷˌΦ ʆʷ˂ˇˌΣ ˍˇˉˇʻʶˍʺʻʹˁʶ 

ʶˉʰ˄ʰ˒ˇˊˍʽʸˈ˃ʶ˄ʹ ˃ˉʰˍʰˊʾʰ ˍ˖˄ фV ʴʽʰ ˍʹ˄ ˍˊˇ˒ˇʵˇˋʾʰ ˍ˖˄ ʹ˂ʶˁˍˊˇ˄ʽˁ˗˄ 

ʶ˅ʰˊˍʹ˃ʱˍ˖˄Φ ɶ ˋ˔ʶʵʾʰˋʹ ˍʹˌ ˋˎ˄ˇ˂ʽˁʺˌ ʵʽʱˍʰ˅ʹˌΣ ˁʰʻ˗ˌ ˁʰʽ ʹ ʶʽˁˈ˄ʰ ˍʹˌ ˍʶ˂ʽˁʺˌ 

ˋˎˋˁʶˎʺˌ, ̄ ʰˊˇˎˋʽʱʸˇ˄̱ʰʽ ˋˍʰ ˉʰˊʰˁʱˍ˖ ˋ˔ʺ˃ʰˍʰ: 

 

ʅ˔ʺ˃ʰ 3.55Υ ɶ ʵʽʱˍʰ˅ʹ ˍʹˌ ˍʶ˂ʽˁʺˌ ˋˎˋˁʶˎʺˌ ˃ʷˍˊʹˋʹˌ ˁ ʰʽ ʶˁˉˇ˃ˉʺˌ. 

 

ʅ˔ʺ˃ʰ 3.56Υ ɶ ˍʶ˂ʽˁʺ ˋˎˋˁʶˎʺ ˃ʷˍˊʹˋʹˌ ˁ ʰʽ ʶˁˉˇ˃ˉʺˌ. 
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3.5.4.2 ɼʰˍʰˋˁʶˎʺ ʵʷˁˍʹ 

ɶ ʵʶˏˍʶˊʹ ˋˎˋˁʶˎʺ, ˉˇˎ ʰ˄ʰ˂ʰ˃ʲʱ˄ʶʽ ˍˇ˄ ˊˈ˂ˇ ˍˇˎ ʵʷˁˍʹ ˋˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ˍʹˌ 

ʶˉʽˁ̌ ʽ˄˖˄ʾʰˌ ˃ʷˋ˖ ˊʰʵʽˇˋˎ˔˄ˇˍʺˍ˖˄Σ ˉʶˊʽ˂ʰ˃ʲʱ˄ʶʽ ʷ˄ʰ˄ ʵʷˁˍʹ ˊʰʵʽˇˋˎ˔˄ˇˍʺˍ˖˄ 

(nRF24L01), ʷ˄ʰ˄ ˃ʽˁˊˇʶ˂ʶʴˁˍʺ όAtmel ATmega328P)Σ ˃ʾʰ ˇʻˈ˄ʹ LCD 16x2 ˉˇˎ 

˔ˊʹˋʽ˃ˇˉˇʽʶʾ ˍˇ ˉˊ˖ˍˈˁˇ˂˂ˇ ʶˉʽˁˇʽ˄˖˄ʾʰˌ I2C ˁʰʽ ˃ʾʰ ˃ˉʰˍʰˊʾʰ фV ʴʽʰ ˍʹ˄ 

ˍˊˇ˒ˇʵˇˋʾʰ ʰˎˍ˗˄ ˍ˖˄ ʹ˂ʶˁˍˊˇ˄ʽˁ˗˄. ʆˇ ˃ʶˍʰʵʽʵˈ˃ʶ˄ˇ ˋʺ˃ʰ ˂ʰ˃ʲʱ˄ʶˍʰʽ ʰˉˈ ˍˇ˄ 

ʵʷˁˍʹ ˊʰʵʽˇˋˎ˔˄ˇˍʺˍ˖˄ ˁʰʽ ˃ʷˋ˖ ˍˇˎ ˃ʽˁˊˇʶ˂ʶʴˁˍʺΣ ʶ˃˒ʰ˄ʾʸʶˍʰʽ ˋˍʹ˄ ˇʻˈ˄ʹΦ ʅˍʰ 

ˉʰˊʰˁʱˍ˖ ˋ˔ʺ˃ʰˍʰ ˉʰˊˇˎˋʽʱʸʶˍʰʽ ʹ ˋˎ˄ʵʶˋ˃ˇ˂ˇʴʾʰ ˍʹˌ ʵʽʱˍʰ˅ʹˌ ˍˇˎ ʵʷˁˍʹΣ ʹ 

ˋ˔ʶʵʾʰˋʺ ̱ ˇˎΣ ˁʰʻ˗ˌ ˁʰʽ ʹ ˍʶ˂ʽˁʺ ʶʽˁˈ˄ʰ ˍʹˌ ˋˎˋˁʶˎʺˌ: 

 

ʅ˔ʺ˃ʰ 3.57Υ ʅˏ˄ʵʶˋʹ ˃ʶˊ˗˄ ˋˎˋˁʶˎʺˌ ˂ʺ˕ʹˌΦ 
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ʅ˔ʺ˃ʰ 3.58Υ ɶ ʵʽʱˍʰ˅ʹ ˍʹˌ ˍʶ˂ʽˁʺˌ ˋˎˋˁʶˎʺˌ ˂ʺ˕ʹˌΦ 

 

ʅ˔ʺ˃ʰ 3.59Υ ɶ ˍʶ˂ʽˁʺ ˋˎˋˁʶˎʺ ˂ʺ˕ʹˌΦ 

3.5.5 ɮ˄ʱˉˍˎ˅ʹ ʰ˂ʴˇˊʾʻ˃˖  ˄

ʃʰˊʰˁʱˍ˖ ˉʰˊʰˍʾʻʶ˄ˍʰʽ ˇʽ ʰ˂ʴˈˊʽʻ˃ˇʽ ˉˇˎ ʰ˄ʰˉˍˏ˔ʻʹˁʰ˄ ʴʽʰ ˍʹ ˂ʶʽˍˇˎˊʴʾʰ ˍˇˎ 

ˉˇ˃ˉˇˏ ˁʰʽ ˍˇˎ ʵʷˁˍʹΣ ʰ˄ˍʾˋˍˇʽ˔ʰΣ ˃ʰʸʾ ˃ʶ ˍˇ˄ ʰˉʰʽˍˇˏ˃ʶ˄ˇ ˋ˔ˇ˂ʽʰˋ˃ˈ ʴʽʰ ˍʹ˄ 

ʶˉʶ˅ʺʴʹˋʹ ˍʹˌ ˂ʶʽˍˇˎˊʴʾʰˌ ˍˇˎˌΦ ʁʽ ˁ˗ʵʽˁʶˌ ʷ˔ˇˎ˄ ʴˊʰ˒ʶʾ ˋˍʹ ʴ˂˗ˋˋʰ 

ˉˊˇʴˊʰ˃˃ʰˍʽˋ˃ˇˏ C++. ʅˍˇ ʅ˔ʺ˃ʰ 3.60 ˉʰˊˇˎˋʽʱʸʶˍʰʽ ʹ ʴʶ˄ʽˁʺ ˂ʶʽˍˇˎˊʴʾʰ ˍ˖˄ 

ʰ˂ʴˇˊʾʻ˃˖˄Υ 
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ʅ˔ʺ˃ʰ 3.60Υ ʆʰ ˋˍʱʵʽʰ ˍ˖˄ ʰ˂ʴˇˊʾʻ˃˖˄Φ 

3.5.5.1 ɮ˂ʴˈˊʽʻ˃ˇˌ ˉˇ˃ˉˇˏ 

ɮˊ˔ʽˁʱΣ ˉʰˊʰˍʾʻʶ˄ˍʰʽ ˇʽ ˋˎ˄ʵʷˋʶʽˌ ˍ˖˄ ʵʽʰ˒ˈˊ˖˄ ʹ˂ʶˁˍˊˇ˄ʽˁ˗˄ ˃ʶˊ˗˄ ˍʹˌ 

ˋˎˋˁʶˎʺˌ ̀ ʶ ˃ˇˊ˒ʺ ˋ˔ˇ˂ʾ˖˄: 

/* =========================================================  

 Hall sensor: SS49E  

 5V, GND, Aout: A0, A1  

---------------------------------------------------------  

 16- bit ADC: ADS1115  

 VDD: 5V, GND, S CL: A5, SDA: A4 , ADDR: GND, A0: Hall_1, A1: 

Hall_2  

--------- ------------------------------------------------  

 RF Transmitter: nRF24L01  

Vcc: 3.3V, GND, CE: D9, CSN: D10, MOSI: D11, MISO: D12. SCK: 

D13 

--------------------------------------------------------  

BT Transmitter : HC - 05 

ɽʺ˕ʹ ˍʽ˃˗˄ ʰʽˋʻʹˍʺˊ˖˄ 
Hall

ɾʶˍʰˍˊˇˉʺ ˋʶ ˍʽ˃ʷˌ 
˃ʰʴ˄ʹˍʽˁʺˌ ʶˉʰʴ˖ʴʺˌ

ʇˉˇ˂ˇʴʽˋ˃ˈˌ ˍʶ˂ʽˁʺˌ ˍʽ˃ʺˌ

ɮˉˇˋˍˇ˂ʺ ˃ʷˋ˖ 
USB

ɳ˃˒ʱ˄ʽˋʹ ˋʶ 
ˎˉˇ˂ˇʴʽˋˍʺ

ɳˁˉˇ˃ˉʺ ˃ʷˋ˖ 
RF

ɳ˃˒ʱ˄ʽˋʹ ˋˍʹ˄ 
ˇʻˈ˄ʹ ˍˇˎ ʵʷˁˍʹ

ɳˁˉˇ˃ˉʺ ˃ʷˋ˖ 
Bluetooth

ɳ˃˒ʱ˄ʽˋʹ ˋʶ 
ˁʽ˄ʹˍˈΣ tablet 
ˁΦ˂ˉΦ
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Vcc: D5, GND, TX: D2, RX: D4  

========================================================  

*/  

ʅˍʹ ̀ ˎ˄ʷ˔ʶʽʰ, ʁ ʽˋʱʴˇ˄ˍʰʽ ˇʽ ʲʽʲ˂ʽˇʻʺˁʶˌ ˉˇˎ ʶʾ˄ʰʽ ʰˉʰˊʰʾˍʹˍʶˌ ʴʽʰ ˍʹ ˂ʶʽˍˇˎˊʴʾʰ 

ˍʹˌ ˋˎˋˁʶˎʺˌ ˁʰʽ ʰˊ˔ʽˁˇˉˇʽˇˏ˄ˍʰʽ ˁʱˉˇʽʶˌ ˁʰʻˇ˂ʽˁʷˌ ˃ʶˍʰʲ˂ʹˍʷˌ ˉˇˎ ʶʾ˄ʰʽ 

ʰˉʰˊʰʾˍʹˍʶˌ ʴʽʰ ˍˇˎˌ ˎˉˇ˂ˇʴʽˋ˃ˇˏˌΣ ʴʽʰ ˍˇ˄ ˕ʹ˒ʽˇˉˇʽʹˍʺ, ɹ ʽʰ ˍʹ˄ ˊʰʵʽˇʶˉʽˁˇʽ˄˖˄ʾʰ 

ˁʰʽ ʴʽʰ ˍʹ˄ ʶˉʽˁˇʽ˄˖˄ʾʰ ˃ʶ Bluetooth: 

#include  "VirtuinoBluetooth.h"  

#include  <SoftwareSerial . h>  

#include  <SPI . h> 

#include  <nRF24L01 . h> 

#include  <RF24. h> 

#include  <Wire . h> 

#include  <Adafruit_ADS1015 . h> 

 

Adafruit_ADS1115 ads;  

SoftwareSerial  bluetoothSerial = SoftwareSerial (2 ,  4);  

VirtuinoBluetooth virtuino(bluetoothSerial);  

 

int  BLpin = 5;  

int  bat_voltage;  

float  v_zero_field = bat_voltage /  2;  

float  offset1_value;  

flo at  offset2_valu e;  

float  magn;  

boolean  executed = false ;  

 

RF24 radio(9 ,  10);  

const  uint64_t  pipe = 0xE8E8F0F0E1LL;  

ɱʽʰ ˍʹ ˃ʷʴʽˋˍʹ ʵˎ˄ʰˍʺ ʰˁˊʾʲʶʽʰ ˋˍˇˎˌ ˎˉˇ˂ˇʴʽˋ˃ˇˏˌ ˍˇˎ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎ 

ʲʱˋʶʽ ˍ˖˄ ˂ʰ˃ʲʰ˄ˈ˃ʶ˄˖˄ ˍʽ˃˗˄Σ ʵʹ˃ʽˇˎˊʴʺʻʹˁʶ ˃ʾʰ ˋˎ˄ʱˊˍʹˋʹ ˉˇˎ ʵʷ˔ʶˍʰʽ ˍˇ 

ʶˏˊˇˌ ˍ˖˄ ˉʽʻʰ˄˗˄ ˍʽ˃˗˄ ˍˇˎ ʰʽˋʻʹˍʺˊʰ ˁʰʽ ˍʹˌ ˍʱˋʹˌ ʶ˅ˈʵˇˎ ˋˍʽˌ ˇˉˇʾʶˌ 

ʰ˄ˍʽˋˍˇʽ˔ʶʾΦ ɾʶ ʰˎˍʱ ˍʰ ʵʶʵˇ˃ʷ˄ʰΣ ˁʰˍʰ˃ʶˊʾʸʶʽ ˇˉˇʽʰʵʺˉˇˍʶ ˍʱˋʹ ʶʽˋˈʵˇˎ ˉˇˎ 
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ʰ˄ʺˁʶʽ ˋʶ ʰˎˍˈ ˍˇ ʶˏˊˇˌ, ˋˍʹ˄ ˍʽ˃ʺ ˍˇˎ ˃ʶˍˊˇˏ˃ʶ˄ˇˎ ˃ʶʴʷʻˇˎˌ ˋˍʹ˄ ˇˉˇʾʰ 

ʰ˄ˍʽˋˍˇʽ˔ʶʾ: 

float  mapf( float  x,  flo at  in_min ,  floa t  in_max ,  float  out_min ,  

float  out_max)  

{  

 return  (x -  in_min) *  (out_max -  out_min) /  (in_max -  in_min) 

+ out_min;  

}  

ʅˍˇ ʶˉˈ˃ʶ˄ˇ ˍ˃ʺ˃ʰ ˍˇˎ ˁ˗ʵʽˁʰΣ ˇˊʾʸˇ˄ˍʰʽ ˇʽ ʶ˄ˍˇ˂ʷˌ ˉˇˎ ʶˁˍʶ˂ˇˏ˄ˍʰʽ ˁʰˍʱ ˍʹ˄ 

ʶˁˁʾ˄ʹˋʹ ˍʹˌ ˋˎˋˁʶˎʺˌΦ ʃʽˇ ˋˎʴˁʶˁˊʽ˃ʷ˄ʰΣ ʹ ˋˎˋˁʶˎʺ ˅ʶˁʽ˄ʱ ˃ʶ ʰˉʶ˄ʶˊʴˇˉˇʽʹ˃ʷ˄ˇ 

ˍˇ Bluetooth ʴʽʰ ˉʶˊʽˇˊʽˋ˃ˈ ˍʹˌ ʶ˄ʶˊʴʶʽʰˁʺˌ ˁʰˍʰ˄ʱ˂˖ˋʹˌΣ ˇˊʾʸʶˍʰʽ ʹ ˋʶʽˊʽʰˁʺ 

ʶˉʽˁˇʽ˄˖˄ʾʰ ˁʰʽ ʹ ʶˉʽˁˇʽ˄˖˄ʾʰ ˃ʷˋ˖ Bluetooth ˋˍʰ фсллbpsΣ ʹ ʶˉʽˁˇʽ˄˖˄ʾʰ ˃ʷˋ˖ 

ˊʰʵʽˇˋˎ˔˄ˇˍʺˍ˖˄ ˋˍʰ нрлkbps ˁʰʽ ˍʷ˂ˇˌΣ ˅ʶˁʽ˄ʱ ʹ ʶˉʽˁˇʽ˄˖˄ʾʰ ˃ʶ ˍˇ˄ ˃ʶˍʰˍˊˇˉʷʰ 

ʰ˄ʰ˂ˇʴʽˁˇˏ ˋʺ˃ʰˍˇˌ ˋʶ ˕ʹ˒ʽʰˁˈ: 

void  setup () {  

 virtuino . DEBUG = true ;  

 bluetoothSerial . begin (9600);  

 pinMode (BLpin ,  OUTPUT);  

 digitalWrite (BLpin ,  LOW);  

 

 Serial . begin (9600);  

 radio . begin ();  

 radio . setChannel(115);  

 radio . setDataRate(RF24_250KBPS);  

 radio . setPALeve l(RF24_PA_M AX);  

 radio . openWritingPipe(pipe);  

 ads . begin ();  

}  

ʆˇ ʶˉˈ˃ʶ˄ˇ ˍ˃ʺ˃ʰ ˍˇˎ ˁ˗ʵʽˁʰ ʶʾ˄ʰʽ ʶˁʶʾ˄ˇ ˉˇˎ ʻʰ ʶˁˍʶ˂ʶʾˍʰʽ ˋˎ˄ʶ˔˗ˌΣ ʴʽʰ ˈˋˇ 

ʵʽʱˋˍʹ˃ʰ ˍˊˇ˒ˇʵˇˍʶʾˍʰʽ ʹ ˋˎˋˁʶˎʺΦ ɮˊ˔ʽˁʱΣ ˁʰ˂ʶʾˍʰʽ ʹ ˋˎ˄ʱˊˍʹˋʹ readVcc(), ʹ 

ˇˉˇʾʰ ʶ˂ʷʴ˔ʶʽ ˍʹ˄ ˁʰˍʱˋˍʰˋʹ ̱ ʹˌ ˃ˉʰˍʰˊʾʰˌΣ ˁ ʰʻ˗ˌ ˃ʶʽ˖˃ʷ˄ʹ ˍʱˋʹ ˍˊˇ˒ˇʵˇˋʾʰˌ ʻʰ 

ˇʵʹʴʺˋʶʽ ˋʶ ˂ʰ˄ʻʰˋ˃ʷ˄ʶˌ ˃ʶˍˊʺˋʶʽˌΦ ɳʱ˄ ʹ ˍʱˋʹ ˍʹˌ ˃ˉʰˍʰˊʾʰˌ ʶʾ˄ʰʽ ʽˁʰ˄ˇˉˇʽʹˍʽˁʺΣ 

ˍˈˍʶ ˂ʰ˃ʲʱ˄ˇ˄ˍʰʽ ˇʽ ˍʽ˃ʷˌ ˉˇˎ ˃ʶˍˊˇˏ˄ ˇʽ ʵˏˇ ʰʽˋʻʹˍʺˊʶˌ Hall. ʁʽ ˍʽ˃ʷˌ ˉˇˎ ʻʰ 
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˂ʹ˒ʻˇˏ˄ ˁʰˍʱ ˍʹ˄ ˉˊ˗ˍʹ ʶˁˍʷ˂ʶˋʹ ˍˇˎ ˁ˗ʵʽˁʰ ʻʰ ˔ˊʹˋʽ˃ˇˉˇʽʹʻˇˏ˄ ˖ˌ ˍʽ˃ʷˌ 

ʰ˄ʰ˒ˇˊʱˌ ʴʽʰ ˍˇ ˎˉʱˊ˔ˇ˄ ʶˉʽʲʰ˂˂ˈ˃ʶ˄ˇ ˃ʰʴ˄ʹˍʽˁˈ ˉʶʵʾˇΦ ɾʶ ʰˎˍˈ˄ ˍˇ˄ ˍˊˈˉˇ, 

ˉˊʰʴ˃ʰˍˇˉˇʽʶʾˍʰʽ ˃ʾʰ ʰˎˍˈ˃ʰˍʹ ʲʰʻ˃ˇ˄ˈ˃ʹˋʹ ˍʹˌ ˋˎˋˁʶˎʺˌ ˋˍʽˌ ʶˁʱˋˍˇˍʶ 

ˋˎ˄ʻʺˁʶˌ ˂ʶʽˍˇˎˊʴʾʰˌ:  

void  loop ()  

{  

 bat_voltage = readVcc ();  

 if  (bat_voltage > 4000) {  

 int16_t  adc0 ,  adc1;  

 adc0 = ads . readADC_SingleEnded(0);  

 adc1 = ads . readADC_SingleEnded(1);  

 

 if  (executed == false ) {  

 offset1_value = adc0;  

 offset2_value = adc1;  

 executed = true ;  

 }  

ɴˉʶʽˍʰΣ ˎˉˇ˂ˇʴʾʸˇ˄ˍʰʽ ˇʽ ˃ʶˍˊˇˏ˃ʶ˄ʶˌ ˍʽ˃ʷˌ ˃ ʰʴ˄ʹˍʽˁʺˌ ʶˉʰʴ˖ʴʺˌ ʰˉˈ ˍˇˎˌ ʵˏˇ 

ʰʽˋʻʹˍʺˊʶˌ ˁʰʽ ʶ˅ʱʴʶˍʰʽ ˇ ˃ʷˋˇˌ ˈˊˇˌ ˋʶ mTΦ ʆʶ˂ʽˁʱΣ ˍʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˃ʶˍʰʵʾʵˇ˄ˍʰʽ 

ʰˋˏˊ˃ʰˍʰ ʶʾˍʶ ˋˍˇ˄ ʵʷˁˍʹΣ ʶʾˍʶ ˋʶ ˁʱˉˇʽʰ ˋˎˋˁʶˎʺ ˋˎ˃ʲʰˍʺ ˃ʶ ˍˇ ˉˊ˖ˍˈˁˇ˂˂ˇ 

Bluetooth: 

 float  min1_value = 1000 *  offset1_value /  v_zero_field;  

 float  max1_value = 4000  *  offset1_valu e /  v_zero_field;  

 float  min2_value = 1000 *  offset2_value /  v_zero_field;  

 float  max2_value = 4000 *  offset2_value /  v_zero_field;  

 

 float  sensor1Value = adc0;  

 float  magn1 = mapf (sensor1Value ,  min1_value ,  max1_value ,  -

100.0 ,  100.0);  

 float  sensor2Value = adc1;  

 float  magn2 = mapf(sensor2Value ,  min2_value ,  max2_value ,  -

100.0 ,  100.0);  

 magn = magn2 -  magn1;  

 Serial . print (bat_voltage);  
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 Serial . println ( " mV" );  

 Serial . print ( "RAW value 1: " );  

 Serial . print (sensor1Value);  

 Serial . print ( " \ t Magn 1 : " );  

 Serial . print (magn1);  

 Serial . println ( " mT" );  

 Serial . print ( "RAW value 2: " );  

 Serial . print (sensor2Value);  

 Serial . print ( " \ t Magn 2: " );  

 Serial . print (magn2);  

 Serial . println ( " mT" );  

 Serial . println (magn);  

 delay ( 500);  

 radio . write ( &magn,  sizeof (magn ));  

ɶ ʶ˄ʶˊʴˇˉˇʾʹˋʹ ˍˇˎ Bluetooth ˉˊʰʴ˃ʰˍˇˉˇʽʶʾˍʰʽ ˃ʷˋ˖ ˍʹˌ ˋʶʽˊʽʰˁʺˌ 

ʶˉʽˁˇʽ˄˖˄ʾʰˌ ˁʰʽ ˋˎʴˁʶˁˊʽ˃ʷ˄ʰΣ ʶʱ˄ ʰˉˇˋˍʰ˂ʶʾ ˁʱˉˇʽˇˌ ʰˉˈ ˍˇˎˌ ˔ʰˊʰˁˍʺˊʶˌ H, h ʺ 

1Φ ɮ˄ˍʽˋˍˇʾ˔˖ˌΣ ˍˇ Bluetooth h ˉʶ˄ʶˊʴˇˉˇʽʶʾˍʰʽ ˃ʶ ˍʹ˄ ʰˉˇˋˍˇ˂ʺ ˍ˖˄ ˔ʰˊʰˁˍʺˊ˖˄ L, l 

ʺ лΦ ʆʷ˂ˇˌΣ ˋˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ˉˇˎ ʹ ˍʱˋʹ ˍʹˌ ˃ˉʰˍʰˊʾʰˌ ˃ʶʽ˖ʻʶʾ ˁʱˍ˖ ʰˉˈ ˍʰ 

ʶˉʽʻˎ˃ʹˍʱ ʶˉʾˉʶʵʰΣ ʷ˔ʶʽ ˇˊʽˋˍʶʾ ˄ʰ ʰˉˇˋˍʰ˂ʶʾ ˋˍˇ˄ ʵʷˁˍʹ ʹ ˍʽ˃ʺ  

-ффффΣ ˖ˌ ˃ʽʰ ʰˁˊʰʾʰ ˍʽ˃ʺ ˉˇˎ ʻʰ ˎˉˇʵʶʾ˅ʶʽ ˈˍʽ ˉˊʷˉʶʽ ˄ʰ ʶ˃˒ʰ˄ʽˋˍʶʾ ˃ʺ˄ˎ˃ʰ 

ˋ˒ʱ˂˃ʰˍˇˌ: 

 if  ( Serial . available () > 0) {  

 int  incomingByte = Serial . r ead ();  

 if  (inc omingByte == 'H'  ||  incomingByte == 'h'  ||  

incomingByte == '1' ) {  

 digitalWrite (BLpin ,  HIGH);  

 virtuino . run ();  

 virtuino . vMemoryWrite(0 ,  magn);  

 }  

 if  (incomingByte == 'L'  ||  incomingByte == 'l'  ||  

incomingByte == '0' ) {  

 digitalWrite (BLpin ,  LOW);  

 }  

 }  
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 delay (300);  

 }  

 else  {  

 Serial . println ( "Low battery!" );  

 magn = - 9999;  

 radio . write ( &magn,  sizeof (magn));  

 delay (300);  

 }  

}  

ʃh ˊʰˁʱˍ˖ ˉʰˊˇˎˋʽʱʸʶˍʰʽ ʹ ˋˎ˄ʱˊˍʹˋʹ readVcc(), ʹ ˇˉˇʾʰ ʰ˄ʰ˂ʰ˃ʲʱ˄ʶʽ ˍˇ˄ 

ʷ˂ʶʴ˔ˇ ˍʹˌ ˍʱˋʹˌ ˍˊˇ˒ˇʵˇˋʾʰˌΦ ʃʽˇ ˋˎʴˁʶˁˊʽ˃ʷ˄ʰ, ˉˊʰʴ˃ʰˍˇˉˇʽʶʾˍʰʽ ʷ˂ʶʴ˔ˇˌ ˍʹˌ 

ˍʽ˃ʺˌ ˉˇˎ ʰˉˇʵʾʵʶʽ ˇ ʶ˄ˋ˖˃ʰˍ˖˃ʷ˄ˇˌ ˃ʶˍʰˍˊˇˉʷʰˌ ʰ˄ʰ˂ˇʴʽˁˇˏ ˋʺ˃ʰˍˇˌ ˋʶ 

˕ʹ˒ʽʰˁˈΣ ʴʽʰ ˍʹ˄ ˍʱˋʹ ʰ˄ʰ˒ˇˊʱˌ ˍˇˎ мΦмV ˍˇˎ ʰˁˊˇʵʷˁˍʹ AREF ˍˇˎ ˃ʽˁˊˇʶ˂ʶʴˁˍʺΦ 

ɳʱ˄ ʰˎˍʺ ʹ ˍʽ˃ʺ ʶʾ˄ʰʽ ˂ʰ˄ʻʰˋ˃ʷ˄ʹΣ ˎˉˇʵʹ˂˗˄ʶˍʰʽ ˈˍʽ ʹ ˍʱˋʹ ˍˊˇ˒ˇʵˇˋʾʰˌ ˍʹˌ 

ˋˎˋˁʶˎʺ̩  ʷ˔ʶʽ ˃ʶʽ˖ʻʶʾ:  

long  readVcc () {  

ADMUX = _BV( REFS0) |  _BV( MUX4) |  _BV( MUX3) |  _BV( MUX2) |  

_BV( MUX1);  

delay (2);  

ADCSRA |=  _BV(ADSC);  

 while  (bit_is_set(ADCSRA ,  ADSC));  

 uint8_t  low = ADCL; 

 uint8_t  high = ADCH;  

 

 long  result = (high << 8) |  low;  

 result  = 1125300L /  r esult;  

 return  result ;  

}  

ʁ ˋˎ˄ˇ˂ʽˁˈˌ ʰ˂ʴˈˊʽʻ˃ˇˌ ˍˇˎ ˉˇ˃ˉˇˏ ˉʰˊʰˍʾʻʶˍʰʽ ˋˍˇ ʃʰˊʱˊˍʹ˃ʰ όɳ˄ˈˍʹˍʰ сΦоύΦ 
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3.5.5.2 ɮ˂ʴˈˊʽʻ˃ˇˌ ʵʷˁˍʹ 

ɮˊ˔ʽˁʱΣ ˈˉ˖ˌ ˁʰʽ ˉˊˇʹʴˇˎ˃ʷ˄˖ˌΣ ˁʰˍʰʴˊʱ˒ˇ˄ˍʰʽ ˇʽ ˋˎ˄ʵʷˋʶʽˌ ˍ˖˄ ʵʽʰ˒ˈˊ˖˄ 

ʹ˂ʶˁˍˊˇ˄ʽˁ˗˄ ˃ʶˊ˗˄ ˍʹˌ ˋˎˋˁʶˎʺˌΣ ʶʽˋʱʴˇ˄ˍʰʽ ˇʽ ʰˉʰʽˍˇˏ˃ʶ˄ʶˌ ʲʽʲ˂ʽˇʻʺˁʶˌ ˁʰʽ 

ʰˊ˔ʽˁˇˉˇʽˇˏ˄ˍʰʽ ˇˊʽˋ˃ʷ˄ʶˌ ˃ʶˍʰʲ˂ʹˍʷˌ: 

/*  

---------------------------------------------------------  

RF Receive r: nRF24L01  

Vcc: 3.3V, GND, CE: D9, CSN: D10, MOSI: D11, MISO: D12. SCK: 

D13 

--------------------------------------------- ------------  LCD 

I2C 16x2  

Vcc: 5V, GND, SDA: A4, SCL: A5  

---------------------------------------------------------  

*/  

//============== =========Libraries=================== ==== 

#include  <SPI . h> 

#include  <nRF24L01 . h> 

#include  <RF24. h> 

#include  <LiquidCrystal _I2C . h> 

#includ e <LcdBarGraphX . h> 

float  magn = 0.0;  

 

//===========================LCD=========================  

LiquidCrystal_I2C  lcd(0x27 ,  2,  1,  0,  4,  5,  6,  7,  3,  POSITIVE);  

LcdBarGraphX  lbg( &lcd ,  16,  0,  1);  

 

//===========================nRF24============ ===========  

RF24 radio(9 ,  10);   

const  uint64_t  pipe = 0xE8E8F0F0E1LL;  

 

ʅˍʹ ˋˎ˄ʷ˔ʶʽʰΣ ˇˊʾʸʶˍʰʽ ʹ ʻʷˋʹ ˍˇˎ ʵʶʾˁˍʹ ˋˍʹ˄ ˇʻˈ˄ʹ ˁʰʽ ˅ʶˁʽ˄ʱ ʹ ʰˋˏˊ˃ʰˍʹ 

ʶˉʽˁˇʽ˄˖˄ʾʰ ˃ʷˋ˖ ˊʰʵʽˇˋˎ˔˄ˇˍʺˍ˖˄Σ ˃ʶ ˊˎʻ˃ʾˋʶʽˌ ˈ˃ˇʽʶˌ ˃ʶ ʰˎˍʷˌ ˍˇˎ ˉˇ˃ˉˇˏΦ 

ɼʰˍʱ ˍʹ˄ ˉˊ˗ˍʹ ʶˁˁʾ˄ʹˋʹ, ʹ ˋˎˋˁʶˎʺ ʰ˄ʰ˃ʷ˄ʶʽ ʴʽʰ о ʵʶˎˍʶˊˈ˂ʶˉˍʰΣ ˗ˋˍʶ ˄ʰ 

ʶˁˍʶ˂ʶˋˍʶʾ ʹ ʰˎˍˈ˃ʰˍʹ ʲʰʻ˃ˇ˄ˈ˃ʹˋʹ ˍˇˎ ʰʽˋʻʹˍʺˊʰ: 

void  setup ( void )  

{  

 //===========================LCD=========================  

 lcd . begin (16 ,  2);  

 lcd . setCursor (5 ,  0);  

 //===========================nRF24================= ====== 

 radio . begin ();  

 radio . setChannel(115);  

 radio . setPALevel(RF24_PA_MAX);  
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 radio . setDataRate( RF24_2 50KBPS ) ;  

 radio . openReadingPipe(1 ,  pipe);  

 radio . startListening();  

 

 Serial . begin (9600);  

 Serial . println ( "Starting Measurement....." );  

 

 lcd . print ( "A uto" );  

 lcd . set Cursor (2 ,  1);  

 lcd . print ( "Calibration." );  

 delay (1000);  

 lcd . setCursor (14 ,  1);  

 lcd . print ( "." );  

 delay (1000);  

 lcd . setCursor (15 ,  1);  

 lcd . print ( "." );  

 delay (1000);  

 lcd . clear ();  

}  

ʅˍˇ ʶˉˈ˃ʶ˄ˇ ˍ˃ʺ˃ʰ ˍˇˎ ˁ˗ʵʽˁʰΣ ˇˊʾʸʶˍʰʽ ˇ ˍˊˈˉˇˌ ˂ʺ˕ʹˌ ˁʰʽ ʶ˃˒ʱ˄ʽˋʹˌ ˍ˖˄ 

ʰˉˇˍʶ˂ʶˋ˃ʱˍ˖˄ ˋˍʹ˄ ˇʻˈ˄ʹΦ ʅˎʴˁʶˁˊʽ˃ʷ˄ʰΣ ʶ˃˒ʰ˄ʾʸʶˍʰʽ ʹ ʵʽʰ˒ˇˊʱ ˃ʶˍʰ˅ˏ ˍ˖˄ 

ˍʽ˃˗˄ ˃ʰʴ˄ʹˍʽˁʺˌ ʶˉʰʴ˖ʴʺˌ ˉˇˎ ˃ʶˍˊˇˏ˄ ˇʽ ʵˏˇ ʰʽˋʻʹˍʺˊʶˌΣ ˋʶ mT. ɳʱ˄ ˂ʹ˒ʻʶʾ ʹ 

ˍʽ˃ʺ -ффффΣ ʻʰ ʶ˃˒ʰ˄ʽˋˍʶʾ ˃ʺ˄ˎ˃ʰ ˋ˒ʱ˂˃ʰˍˇˌΣ ˉˇˎ ʻʰ ˎˉˇʵʶʽˁ˄ˏʶʽ ˔ʰ˃ʹ˂ʺ ˍʱˋʹ 

ˍˊˇ˒ˇʵˇˋʾʰˌΦ ʁ˃ˇʾ˖ˌΣ ʶʱ˄ ʵʶ˄ ˂ʹ˒ʻʶʾ ˋʺ˃ʰ ʰˉˈ ˍˇ˄ ˉˇ˃ˉˈΣ ʻʰ ʶ˃˒ʰ˄ʽˋˍʶʾ 

ʰ˄ˍʾˋˍˇʽ˔ˇ ˃ʺ˄ˎ˃ʰ ˋ˒ʱ˂˃ʰˍˇˌ ˋˍʹ˄ ˇʻˈ˄ʹ: 

void  loop ( void )  

{  

 for  ( int  i = 0; i < 16; ++i)  

 {  

 lcd . setCursor (i ,  0);  

 lcd . write ( ' ' );  

 }  

 

 if  (radio . available ()) {  

 radio . read ( &magn,  sizeof (magn));  

 if  (magn == - 9999) {  

 Seri al . println ( "Low transmitter battery!" );  

 lcd . setCursor (0 ,  0);  

 lcd . print ( "Low transmitter" );  

 lcd . setCursor (4 ,  1);  

 lcd . print ( "battery!" );  

 delay ( 1000);  

 }  

 else  {  

 Serial . print ( "Magn : " );  



3.5 ɮ˄ʱˉˍˎ˅ʹ ʵʽʱˍʰ˅ʹˌ ˉˊˇˋʵʽˇˊʽˋ˃ˇˏ ˃ʰʴ˄ʹˍʽˁʺˌ ʵʽʰˉʶˊʰˍˈˍʹˍʰˌ 

 

157 

 Serial . print (magn);  

 Serial . println ( " mT" );  

 

 lcd . setCursor (0 ,  0) ;  

 lcd . print ( "Diff=" );  

 lcd . setCursor (5 ,  0);  

 lcd . print (magn ,  3);  

 lcd . print ( " mT" );  

 

 lcd . setCursor (0 ,  1);  

 lbg . drawValue ( abs (magn) ,  100);  

 

 delay ( 1000);  

 }  

 }  

 else  {  

 Serial . println ( "No signal!" );  

 lcd . setCursor (4 ,  0);  

 lcd . print ( "No sign al!" );  

 delay ( 1000);  

 }  

}  

ʁ ˋˎ˄ˇ˂ʽˁˈˌ ʰ˂ʴˈˊʽʻ˃ˇˌ ˍˇˎ ʵʷˁˍʹ ˉʰˊʰˍʾʻʶˍʰʽ ˋˍˇ ʃʰˊʱˊˍʹ˃ʰ όɳ˄ˈˍʹˍʰ сΦпύΦ 

ʂˉ˖ˌ ʷ˔ʶʽ ʰ˄ʰ˒ʶˊʻʶʾΣ ˇ ʵʶˏˍʶˊˇˌ ˍˊˈˉˇˌ ˃ʶˍʱʵˇˋʹˌ ˍʹˌ ˉ˂ʹˊˇ˒ˇˊʾʰˌ ʲʰˋʾʸʶˍʰʽ 

ˋˍˇ ˉˊ˖ˍˈˁˇ˂˂ˇ ʶˉʽˁˇʽ˄˖˄ʾʰˌ Bluetooth. ɱὩ ʰˎˍˈ˄ ˍˇ˄ ˋˁˇˉˈΣ ʰ˄ʰˉˍˏ˔ʻʹˁʶ ʷ˄ʰ 

ʴˊʰ˒ʽˁˈ ˉʶˊʽʲʱ˂˂ˇ˄ ʴʽʰ ̀ˎ ˋˁʶˎʷˌ ˉˇˎ ˔ˊʹˋʽ˃ˇˉˇʽˇˏ˄ ˍˇ ˂ʶʽˍˇˎˊʴʽˁˈ ˋˏˋˍʹ˃ʰ 

Android, ˃ʷˋ˖ ˍʹˌ ʶ˒ʰˊ˃ˇʴʺ ̩Virtuino. ɮ˒ˇˏ ˉˊʰʴ˃ʰˍˇˉˇʽʹʻʶʾ ʸʶˏ˅ ʹ ˍˇˎ ˁʽ˄ʹˍˇˏ 

ˍʹ˂ʶ˒˗˄ˇˎ ˉˇˎ ʶˁˍʶ˂ʶʾ ˍʹ˄ ʶ˒ʰˊ˃ˇʴʺΣ ˃ʶ ˍˇ˄ ˉˇ˃ˉˈ Bluetooth ˍʹˌ ʰ˄ʰˉˍˎ˔ʻʶʾˋʰˌ 

ˋˎˋˁʶˎʺˌΣ ˍʰ ʵʶʵˇ˃ʷ˄ʰ ʰˉʶʽˁˇ˄ʾʸˇ˄ˍʰʽ ˃ʷˋ˖ ʴˊʰ˒ʽˁ˗˄ ˋˍˇʽ˔ʶʾ˖˄ ˋˍʹ˄ ˇʻˈ˄ʹ ˍʹˌ 

ˋˎ˄ʵʶʵʶ˃ʷ˄ʹˌ ˋˎˋˁʶˎʺˌ.  

ʆˇ ʴˊʰ˒ʽˁˈ ˉʶˊʽʲʱ˂˂ˇ˄ ˍʹˌ ʶ˒ʰˊ˃ˇʴʺˌ ̄ˇˎ ˋ˔ʶʵʽʱˋˍʹˁʶΣ ʰˉʶʽˁˇ˄ʾʸʶˍʰʽ ˋˍˇ 

ˉʰˊʰˁʱˍ˖ ˋ˔ʺ˃ʰΥ 
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ʅ˔ʺ˃ʰ 3.61Υ ɱˊʰ˒ʽˁˈ ˉʶˊʽʲʱ˂˂ˇ˄ ʶ˒ʰˊ˃ˇʴʺˌΦ 

3.5.6 ɲʽʶ˅ʰʴ˖ʴʺ ˃ʶˍˊʺˋʶ˖˄ 

ʂˉ˖ˌ ˉˊˇʰ˄ʰ˒ʷˊʻʹˁʶΣ ʹ ʰˊ˔ʺ ˂ʶʽˍˇˎˊʴʾʰˌ ˍʹˌ ʵʽʱˍʰ˅ʹˌ ʲʰˋʾʸʶˍʰʽ ˋˍʹ 

ʵʹ˃ʽˇˎˊʴʾʰ ʶ˄ˈˌ ˁ˂ʶʽˋˍˇˏ ˁˎˁ˂˗˃ʰˍˇˌ ˃ʰʴ˄ʹˍʽˁʺˌ ˊˇʺˌΣ ˎˉˈ ˍʹ˄ ʶˉʾʵˊʰˋʹ ʶ˄ˈˌ 

˃ˈ˄ʽ˃ˇˎ ˃ʰʴ˄ʺˍʹΦ ɾʶ ʰˎˍˈ˄ ˍˇ˄ ˍˊˈˉˇΣ ʶʾ˄ʰʽ ʵˎ˄ʰˍʺ ʹ ˃ʷˍˊʹˋʹ ˍˇˎ ˃ʰʴ˄ʹˍʽˁˇˏ 

ˉʶʵʾˇˎ ˉˇˎ ʵʽʰʵʾʵʶˍʰʽ ˃ʷˋ˖ ˍˇˎ ˎ˂ʽˁˇˏ ˁʰʽ ˋˎ˄ʶˉ˗ˌΣ ʹ ʶ˅ʰʴ˖ʴʺ ˋˎ˃ˉʶˊʱˋ˃ʰˍˇˌ ʴʽʰ 

ˍʹ˄ ˍʽ˃ʺ ˍʹˌ ˃ʰʴ˄ʹˍʽˁʺˌ ˍˇˎ ʵʽʰˉʶˊʰˍˈˍʹˍʰˌΦ ʅˍʹ ˋˎ˄ʷ˔ʶʽʰΣ ˃ʷˋ˖ ˁʰˍʱ˂˂ʹ˂ʹˌ 

ʲʰʻ˃ˇ˄ˈ˃ʹˋʹˌΣ ʹ ˃ʶˍʰʲˇ˂ʺ ˍʹˌ ˃ʰʴ˄ʹˍʽˁʺˌ ʵʽʰˉʶˊʰˍˈˍʹˍʰˌ ˃ˉˇˊʶʾ ˄ʰ ˋˎˋ˔ʶˍʽˋˍʶʾ 

˃ʶ ˍʹ˄ ˁʰˍʱˋˍʰˋʹ ˍˇˎ ˎˉˈ ʶ˅ʷˍʰˋʹ ˎ˂ʽˁˇˏΣ ˁʰʻ˗ˌ ˁʰʽ ˃ʶ ˍʹ˄ ʶˉʽʲˇ˂ʺ ˃ʹ˔ʰ˄ʽˁ˗˄ 

ˍʱˋʶ˖˄ ˋʶ ʰˎˍˈΦ  

ʅˍˇ ˉʰˊʰˁʱˍ˖ ˋ˔ʺ˃ʰ ˉʰˊˇˎˋʽʱʸˇ˄ˍʰʽ ̌ ʽ ʵˏˇ ˋˎˋˁʶˎʷˌ ˍʹˌ ʵʽʱˍʰ˅ʹˌΦ ɶ ˋˎˋˁʶˎʺ 

˂ʺ˕ʹˌ ˃ʷˍˊʹˋʹˌ όʵʶ˅ʽʱύ ˍˇˉˇʻʶˍʶʾˍʰʽ ʶˉʱ˄˖ ˋˍˇ ˎˉˈ ʶ˅ʷˍʰˋʹ ˒ʶˊˊˇ˃ʰʴ˄ʹˍʽˁˈ 

ˎ˂ʽˁˈΦ ɲʽʰˍʹˊ˗˄ˍʰˌ ˋˍʰʻʶˊˈ ˍˇ ʵʽʱˁʶ˄ˇ ˃ʶˍʰ˅ˏ ˍ˖˄ ʰʽˋʻʹˍʺˊ˖˄ Hall ˁʰʽ ˍˇˎ 

ʵ̌ ˁʽ˃ʾˇˎ, ˂ʰ˃ʲʱ˄ˇ˄ˍʰʽ ˃ʶˍˊʺˋʶʽˌ ˃ʰʴ˄ʹˍʽˁʺˌ ʶˉʰʴ˖ʴʺˌ ˋʶ ʵʽʰ˒ˇˊʶˍʽˁʱ ˋʹ˃ʶʾʰΦ ɶ 

ʵʽʰ˒ˇˊʱ ˃ʶˍʰ˅ˏ ˍ˖˄ ˃ʶˍˊʺˋʶ˖˄ ˍ˖˄ ʵˏˇ ʰʽˋʻʹˍʺˊ˖˄ ʶ˃˒ʰ˄ʾʸʶˍʰʽ ˋˍʹ˄ ˇʻˈ˄ʹ ˍʹˌ 
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ʵʶˏˍʶˊʹˌ ˋˎˋˁʶˎʺˌ όʰˊʽˋˍʶˊʱύ ʺ ˁʰʽ ʰˉˇˋˍʷ˂˂ʶˍʰʽ ˃ʷˋ˖ ˍˇˎ Bluetooth ˋʶ ˁʱˉˇʽʰ 

ˋˎ˃ʲʰˍʺ ˋˎˋˁʶˎʺΦ 

 

ʅ˔ʺ˃ʰ 3.62Υ ʅˎ˄ˇ˂ʽˁʺ ʶʽˁˈ˄ʰ ˍʹˌ ʵʽʱˍʰ˅ʹˌ ˁʰˍʱ ˍʹ ʵʽʶ˅ʰʴ˖ʴʺ ˃ʶˍˊʺˋʶ˖˄Φ 

ɱʽʰ ˍˇ˄ ʷ˂ʶʴ˔ˇ ˍʹˌ ˇˊʻʺˌ ˂ʶʽˍˇˎˊʴʾʰˌ ˍʹˌ ʵʽʱˍʰ˅ʹˌΣ ˉˊʰʴ˃ʰˍˇˉˇʽʺʻʹˁʰ˄ ʵˏˇ 

ʶʾʵʹ ˃ʶˍˊʺˋʶ˖˄ ˋʶ ˒ˏ˂˂ʰ ʹ˂ʶˁˍˊʽˁˇˏ ˔ʱ˂ˎʲʰΦ ʆˇ ˉˊ˗ˍˇ ʶʾʵˇˌ ˃ʷˍˊʹˋʹˌ ʰ˒ˇˊˇˏˋʶ 

ˋˍˇ˄ ˉˊ̌ˋʵʽˇˊʽˋ˃ˈ ˃ʶˍʰʲˇ˂˗˄ ˋ̱ ʹ˄ ʶˉʽ˒ʰ˄ʶʽʰˁʺ ˃ʰʴ˄ʹˍʽˁʺ ʵʽʰˉʶˊʰˍˈˍʹˍʰ ˍ˖˄ 

ʵʶʽʴ˃ʱˍ˖˄Σ ʶ˄˗ ˍˇ ʵʶˏˍʶˊˇ ʰ˒ˇˊˇˏˋʶ ˋˍʹ˄ ʰ˄ʾ˔˄ʶˎˋʹ ˍ˖˄ ʶˉʽʲʰ˂˂ˈ˃ʶ˄˖˄ 

˃ʹ˔ʰ˄ʽˁ˗˄ ˍʱˋʶ˖˄ ˋˍˇ ˎ˂ʽˁˈΦ 

3.5.7 ɮˉˇˍʶ˂ʷˋ˃ʰˍʰ 

3.5.7.1 ʃˊˇˋʵʽˇˊʽˋ˃ˈˌ ʁ ˉʽ˒ʰ˄ʶʽʰˁʺˌ ˃ʰʴ˄ʹˍʽˁʺˌ ʵʽʰˉʶˊʰˍˈˍʹˍʰˌ 

ɱʽʰ ˍˇ˄ ˉˊˇˋʵʽˇˊʽˋ˃ˈ ˍʹˌ ʶˉʽ˒ʰ˄ʶʽʰˁʺˌ ˃ʰʴ˄ʹˍʽˁʺˌ ʵʽʰˉʶˊʰˍˈˍʹˍʰˌ 

˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʰ˄ о ʵˇˁʾ˃ʽʰΣ ʵʽʰˋˍʱˋʶ˖˄ оллx34x0.6 mm3, ˍʰ ˇˉˇʾʰ ˉʰˊˇˎˋʾʰʸʰ˄ 

ʵʽʰ˒ˇˊʶˍʽˁˈ ʲʰʻ˃ˈ ʶˉʽ˒ʰ˄ʶʽʰˁʺˌ ˇ˅ʶʾʵ˖ˋʹˌΦ ʁ ʰʽˋʻʹˍʺˊʰˌ ˍˇˉˇʻʶˍʺʻʹˁʶ ˋˍʹ˄ 

ʶˉʽ˒ʱ˄ʶʽʰ ˍˇˎ ˁʱʻʶ ʵˇˁʽ˃ʾˇˎ ʴʽʰ ˍʹ ˂ʺ˕ʹ ʵʽʰʵˇ˔ʽˁ˗˄ ˃ʶˍˊʺˋʶ˖˄ ˃ʰɹ˄ʹˍʽˁʺˌ 

ʶˉʰʴ˖ʴʺˌ ˁh ˍʱ ˍˇ ˃ʺˁˇˌ ˍˇˎΣ ʰ˄ʱ м0mm. ʅˍˇ ʅ˔ʺ˃ʰ 3.63 ˉʰˊˇˎˋʽʱʸˇ˄ˍʰʽ ˇʽ 

˃ʶˍˊʺˋʶʽˌΣ ˈˉ˖ˌ ʰˎˍʷˌ ʶ˂ʺ˒ʻʹˋʰ˄ ʰ˄ʱ ʵˇˁʾ˃ʽˇΦ 
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ʅ˔ʺ˃ʰ 3.63Υ ɮˉˇˍʶ˂ʷˋ˃ʰˍʰ ˃ʶˍˊʺˋʶ˖˄ ˃ʰʴ˄ʹˍʽˁʺˌ ʶˉʰʴ˖ʴʺˌ ˍˊ̔˗˄ ʵˇˁʽ˃ʾ˖˄. 

ʂ̄ ˖ˌ ˒ʰʾ˄ʶˍʰʽ ˋˍʰ ˉʰˊʰˉʱ˄˖ ʵʽʰʴˊʱ˃˃ʰˍʰΣ ˋˍˇ ˁʰʻʷ˄ʰ ʰˉˈ ˍʰ ˇˉˇʾʰ 

ˉʰˊˇˎˋʽʱʸʶˍʰʽ ˍˇ ʰ˄ˍʾˋˍˇʽ˔ˇ ʵˇˁʾ˃ʽˇ ˁʰʽ ʹ ʰ˄ˍʾˋˍˇʽ˔ʹ ʻʷˋʹ ˃ʷˍˊʹˋʹˌ, ˇʽ 

˃ʶʴʰ˂ˏˍʶˊʶˌ ʵʽʰ˒ˇˊʷˌ ˃ʰʴ˄ʹˍʽˁʺˌ ʶˉʰʴ˖ʴʺˌ ˉˇˎ ˃ʶˍˊʺʻʹˁʰ˄ ʰˉˈ ˍˇˎˌ ʰʽˋʻʹˍʺˊʶˌ 

Hall ˉˊˇʷˁˎ˕ʰ˄ ˋˍˇ ˍˊʾˍˇ ʵˇˁʾ˃ʽˇΣ ˍˇˎ ˇˉˇʾˇˎ ˇ ʲʰʻ˃ˈˌ ˇ˅ʶʾʵ˖ˋʹˌ ʺˍʰ˄ 

˃ʶʴʰ˂ˏˍʶˊˇˌΦ ɱʶ˄ʽˁˈˍʶˊʰΣ ˉʰˊʰˍʹˊʶʾˍʰʽ ˈˍʽ ˍʰ ˋʹ˃ʶʾʰ ˏˉʰˊ˅ʹˌ ˇ˅ʶʾʵ˖ˋʹˌ ˁʰʽ ˍ˖˄ 

ˍˊʽ˗˄ ʵˇˁʽ˃ʾ˖˄, ʴʾ˄ˇ˄ˍʰʽ ʶ˃˒ʰ˄ʺ ˃ʷˋ˖ ˍ˖˄ ˃ʶˍˊʺˋʶ˖˄Φ ɮˎˍˈ ˍˇ ʰˉˇˍʷ˂ʶˋ˃ʰ ʶʾ˄ʰʽ 

ˁʰʽ ˍˇ ʰ˄ʰ˃ʶ˄ˈ˃ʶ˄ˇΣ ˁʰʻ˗ˌ ʹ ˃ʶʾ˖ˋʹ ˍʹˌ ʶˉʽ˒ʰ˄ʶʽʰˁʺˌ ˃ʰʴ˄ʹˍʽˁʺˌ ʵʽʰˉʶˊʰˍˈˍʹˍʰˌ 

ˋˍʰ ˋˎʴˁʶˁˊʽ˃ʷ˄ʰ ˇ˅ʶʽʵ˖˃ʷ˄ʰ ˋʹ˃ʶʾʰ ˇʵʹʴʶʾ ˋˍʹ ˃ʶʾ˖ˋʹ ˍʹˌ ˃ʰʴ˄ʹˍʽˁʺˌ ˊˇʺˌ ˉˇˎ 

ʵʽʰˊˊʷʶʽ ˍˇ ˎ˂ʽˁˈ ˁʰʽ ˋˎ˄ʶˉ˗ˌ ˋˍʹ ˄ ʰˏ˅ʹˋʹ ˍʹˌ ˃ʰʴ˄ʹˍʽˁʺˌ ʶˉʰʴ˖ʴʺˌ ˉˇˎ 

ʰ˄ʽ˔˄ʶˏʶˍʰʽ ʰˉˈ ˍˇˎˌ ʰʽˋʻʹˍʺˊʶˌ Hall, ˂ ˈʴ˖ ˍˇˎ ˃ˈ˄ʽ˃ˇˎ ˃ʰʴ˄ʺˍʹ. 

3.5.7.2 ɾʶˍˊʺˋʶʽˌ ˃ʹ˔ʰ˄ʽˁ˗˄ ˍʱˋʶ˖˄ 

ɱʽʰ ˍ ̌ ʵʶˏˍʶˊˇ ʶʾʵˇˌ ˃ʶˍˊʺˋʶ˖˄ ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʶ ˃ʾʰ ʵʽʱˍʰ˅ʹ ʶˉʽʲˇ˂ʺˌ 

ʻ˂ʽˉˍʽˁ˗˄ ʺ ʶ˒ʶ˂ˁˎˋˍʽˁ˗˄ ˍʱˋʶ˖˄ ˋˍʰ ˎˉˈ ʶ˅ʷˍʰˋʹ ʵˇˁʾ˃ʽʰΦ ɼʰʽ ˋʶ ʰˎˍʺ˄ ˍʹ˄ 

ˉʶˊʾˉˍ˖ˋʹΣ ˔ˊʹˋʽ˃ˇˉˇʽ˗˄ˍʰˌ ˍˇ˄ ʰʽˋʻʹˍʺˊʰ ˉˇˎ ʰ˄ʰˉˍˏ˔ʻʹˁʶ, ʶʾ˄ʰʽ ʵˎ˄ʰˍʺ ʹ 

˃ʷˍˊʹˋʹ ˍʹˌ ˃ʰʴ˄ʹˍʽˁʺˌ ʶˉʰʴ˖ʴʺˌ ˁʰʽ ˍʶ˂ʽˁʱΣ ˇ ˋˎˋ˔ʶˍʽˋ˃ˈˌ ˍ˖˄ ˃ʶˍʰʲˇ˂˗˄ ˍʹˌ ˃ʶ 

ˍʹ˄ ʶˉʽʲˇ˂ʺ ˃ʹ˔ʰ˄ʽˁ˗˄ ˍʱˋʶ˖˄ ˋˍˇ ʶ˅ʶˍʰʸˈ˃ʶ˄ˇ ˎ˂ʽˁˈΦ  
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ɱʽʰ ˍʹ˄ ˉˊʰʴ˃ʰˍˇˉˇʾʹˋʹ ʰˎˍ˗˄ ˍ˖˄ ˃ʶˍˊʺˋʶ˖˄Σ ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʰ˄ ˒ˏ˂˂ʰ 

ʹ˂ʶˁˍˊʽˁˇˏ ˔ʱ˂ˎʲʰΣ ʵʽʰˋˍʱˋʶ˖˄ ммлx34x0.6 mm3, ˍʰ ˇˉˇʾʰ ˍˇˉˇʻʶˍʺʻʹˁʰ˄ ˋˍʹ 

˃ʹ˔ʰ˄ʺ ʻ˂ʾ˕ʹˌκʶ˒ʶ˂ˁˎˋ˃ˇˏΦ ʅˍˇ ʱˁˊˇ ˍʹˌ ˋˎʴˁʶˁˊʽ˃ʷ˄ʹˌ ˃ʹ˔ʰ˄ʺˌ ˍˇˉˇʻʶˍʺʻʹˁʶ 

ʷ˄ʰ ʵˎ˄ʰ˃ˈ˃ʶˍˊˇΣ ˍˇ ˇˉˇʾˇ ʶˉʽˍˊʷˉʶʽ ˍʹ ˃ʷˍˊʹˋʹ ˍ˖˄ ʶˉʽʲʰ˂˂ˈ˃ʶ˄˖˄ ˃ʹ˔ʰ˄ʽˁ˗˄ 

ˍʱˋʶ˖˄Σ ˁʰʻ˗ˌ ˁʰʽ ˍʹ˄ ʰ˄ʾ˔˄ʶˎˋʹ ˍˇˎ ʶʾʵˇˎˌ ˍˇˎˌΦ ʆʷ˂ˇˌΣ ˉʱ˄˖ ˋˍˇ ˎˉˈ ʶ˅ʷˍʰˋʹ 

ʵˇˁʾ˃ʽˇ ˍˇˉˇʻʶˍʺʻʹˁʶ ʹ ʰ˄ʰˉˍˎ˔ʻʶʾˋʰ ˋˎˋˁʶˎʺ ˃ʷˍˊʹˋʹˌΦ ɶ ˋˎ˄ˇ˂ʽˁʺ ʵʽʱˍʰ˅ʹ 

˃ʷˍˊʹˋʹˌ ˉʰˊˇˎˋʽʱʸʶˍʰʽ ˋˍˇ ˉʰˊʰˁʱˍ˖ ˋ˔ʺ˃ʰΥ 

 

ʅ˔ʺ˃ʰ 3.64Υ ɶ ʵʽʱˍʰ˅ʹ ˃ʷˍˊʹˋʹˌ ˃ʹ˔ʰ˄ʽˁ˗˄ ˍʱˋʶ˖˄Φ 

ɱʽʰ ˋˎʴˁʶˁˊʽ˃ʷ˄ʶˌ ˍʽ˃ʷˌ ˃ʹ˔ʰ˄ʽˁʺˌ ˍʱˋʹˌ ˉˇˎ ʰˋˁʺʻʹˁʶ ʶ˂ʶʴ˔ˈ˃ʶ˄ʰ ˋˍˇ ˎˉˈ 

ʶ˅ʷˍʰˋʹ ʵˇˁʾ˃ʽˇΣ ˁʰˍʶʴˊʱ˒ʹ ʹ ɻ ʽʰ˒ˇˊʱ ˃ʰʴ˄ʹˍʽˁʺˌ ʶˉʰʴ˖ʴʺˌΣ ˈˉ˖ˌ ʰˎˍʺ ˃ʶˍˊʺʻʹˁʶ 

˃ʷˋ˖ ˍˇˎ ʰʽˋʻʹˍʺˊʰΦ ɶ ˂ʶʽˍˇˎˊʴʾʰ ˍʹˌ ʰˎˍˈ˃ʰˍʹˌ ʲʰʻ˃ˇ˄ˈ˃ʹˋʹˌ ˍʹˌ ˋˎˋˁʶˎʺˌ 

ˉˊˇˋ˒ʷˊʶʽ ˍʹ ʵˎ˄ʰˍˈˍʹ̱ h˃ʷˍˊʹˋʹ ̩˃ˈ˄ˇ ˍ˖˄ ˍʽ˃˗˄ ˃ʰʴ˄ʹˍʽˁʺˌ ʶˉʰʴ˖ʴʺˌ ˉˇˎ 

ˇ˒ʶʾ˂ˇ˄ˍʰʽ ˋˍʹ˄ ʶˉʽʲˇ˂ʺ ˍ˖˄ ˃ʹ˔ʰ˄ʽˁ˗˄ ˍʱˋʶ˖˄ ˋˍˇ ˎ˂ʽˁˈΣ ˇʽ ˇˉˇʾʶˌ ˁʰʽ 

ˉʰˊˇˎˋʽʱʸˇ˄ˍʰʽ ˋˍʰ ˉʰˊʰˁʱˍ˖ ʵʽʰʴˊʱ˃˃ʰˍʰ ˉˇˎ ˉˊˇʷˁˎ˕ʰ˄ ʴʽʰ ʵʽʱ˒ˇˊʶˌ ˍʽ˃ʷˌ 

ʰˋˁˇˏ˃ʶ˄ʹˌ ˃ʹ˔ʰ˄ʽˁʺˌ ˍʱˋʹˌ. 
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ʅ˔ʺ˃ʰ 3.65: ʅ˔ʷˋʹ ˃ ʰʴ˄ʹˍʽˁʺˌ ʶˉʰʴ˖ʴʺˌ ˁʰʽ ʁ ˒ʶ˂ˁˎˋˍʽˁ˗˄ ˍʱˋʶ˖˄Φ 

 

ʅ˔ʺ˃ʰ 3.66: ʅ˔ʷˋʹ ˃ʰʴ˄ʹˍʽˁʺˌ ʶˉʰʴ˖ʴʺˌ ˁʰʽ ʻ˂ʽˉˍʽˁ˗˄ ˍʱˋʶ˖˄Φ 

ʁ ˇˊʽʸˈ˄ˍʽˇˌ ʱ˅ˇ˄ʰˌ ˍ˖˄ ˉʰˊʰˉʱ˄˖ ʵʽʰʴˊʰ˃˃ʱˍ˖˄ ʶˁ˒ˊʱʸʶʽ ˍʹ˄ ʶˉʽʲʰ˂˂ˈ˃ʶ˄ʹ 

ʶ˒ʶ˂ˁˎˋˍʽˁʺ ʺ ʻ˂ʽˉˍʽˁʺ ˃ʹ˔ʰ˄ʽˁʺ ˍʱˋʹ, ̍ ˉ˖ˌ ʰˎˍʺ ˁʰˍʶʴˊʱ˒ʹ ʰˉˈ ˍˇ ʵˎ˄ʰ˃ˈ˃ʶˍˊˇΣ 
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ʶ˄˗ ˇ ˁʱʻʶˍˇˌ ʱ˅ˇ˄ʰˌ ʶˁ˒ˊʱʸʶʽ ˍ́  ˃ʶˍʰʲˇ˂ʺ ˍ˖˄ ˍʽ˃˗˄ ˍʹˌ ˃ʰʴ˄ʹˍʽˁʺˌ ʶˉʰʴ˖ʴʺˌΣ 

ˈˉ˖ˌ ʰˎˍʺ ˃ʶˍˊʱˍʰʽ ʰˉˈ ˍˇˎˌ ʰʽˋʻʹˍʺˊʶˌΦ ɼʰʽ ˋʶ ʰˎˍʺ˄ ˍʹ˄ ˉʶˊʾˉˍ˖ˋʹΣ ˍʰ 

ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ʶʾ˄ʰʽ ˍʰ ʰ˄ʰ˃ʶ˄ˈ˃ʶ˄ʰΦ ɶ ʵʽʱˍʰ˅ʹ ˃ʷˍˊʹˋʹˌ ʰ˄ˍʽ˂ʰ˃ʲʱ˄ʶˍʰʽ ʶˉʽˍˎ˔˗ˌ 

ˍʽˌ ˃ʶˍʰʲˇ˂ʷˌ ˍʹˌ ˃ʰʴ˄ʹˍʽˁʺˌ ʶˉʰʴ˖ʴʺˌΣ ˁʱˍʽ ˉˇˎ ˋ˔ʶˍʾʸʶˍʰʽ ˃ʶ ˍʹ˄ ʶˉʽʲˇ˂ʺ 

˃ʹ̝ʰ˄ʽˁ˗˄ ˍʱˋʶ˖˄Φ ɶ ʰ˄ʾ˔˄ʶˎˋʹ ˍˇˎ ʶʾʵˇˎˌ ˍʹˌ ʶˉʽʲʰ˂˂ˈ˃ʶ˄ʹˌ ˍʱˋʹˌ όʶ˒ʶ˂ˁˎˋˍʽˁʺˌ 

ʺ ʻ˂ʽˉˍʽˁʺˌύ ʶʾ˄ʰʽΣ ʶˉʾˋʹˌΣ ʵˎ˄ʰˍʺΣ ʶ˅ʶˍʱʸˇ˄ˍʰˌ ˍˇ ˉˊˈˋʹ˃ˇ ˍʹˌ ˃ʰʴ˄ʹˍʽˁʺˌ 

ʶˉʰʴ˖ʴʺˌΣ ˁʱˍʽ ˉˇˎ ˇ˒ʶʾ˂ʶˍʰʽ ˋˍˇ ˒ʰʽ˄ˈ˃ʶ˄ˇ ˍʹˌ ˃ʰʴ˄ʹˍˇˋˎˋˍˇ˂ʺˌ ˍ˖˄ ˎ˂ʽˁ˗˄Σ 

ˈˉ˖ˌ ʷ˔ʶʽ ʰ˄ʰ˂ˎʻʶʾ ˋˍˇ ɼʶ˒ʱ˂ʰʽˇ мΦ 

3.5.8 ɮ˄ʱˉˍˎ˅ʹ ɻ ʽʱˍʰ˅ʹˌ ˋˎʴˁˇ˃ʽʵʺˌ ʶ˄ʷˊʴʶʽʰˌ 

3.5.8.1 ɳʽˋʰʴ˖ʴʺ 

ʂˉ˖ˌ ʷ˔ʶʽ ʰ˄ʰ˒ʶˊʻʶʾΣ ˋˍˈ˔ˇˌ ˃ʰˌ ˋˎˋˁʶˎʺˌ ˈˉ˖ˌ ʶʾ˄ʰʽ ʹ ʰ˄ʰˉˍˎ˔ʻʶʾˋʰΣ ʶʾ˄ʰʽ 

˄ʰ ˃ˉˇˊʶʾ ˄ʰ ˔ˊʹˋʽ˃ˇˉˇʽʹʻʶʾ ʴʽʰ ˍˇ˄ ʶˉʾ ˍˈˉˇˎ ʷ˂ʶʴ˔ˇ ˍ˖˄ ˎ˂ʽˁ˗˄ ʺ ˁʰʽ ʴʽʰ ˍʹ ˋˎ˄ʶ˔ʺ 

ˉʰˊʰˁˇ˂ˇˏʻʹˋʺ ˍˇˎˌΦ ɮˎˍˈˌ ˇ ʵʶˏˍʶˊˇˌ ˍˊˈˉˇˌ ˔ˊʺˋʹˌ ˉˊˇːˉˇʻʷˍʶʽ ˍʹ˄ ʶ˂ʱ˔ʽˋˍʹ 

ʵˎ˄ʰˍʺ ʶ˄ʶˊʴʶʽʰˁʺ ˁʰˍʰ˄ʱ˂˖ˋʹ ˍʹˌ ˋˎˋˁʶˎʺˌΦ ɮˎˍˈ ʶʾ˄ʰʽ ʶ˒ʽˁˍˈ ˋʶ ʷ˄ʰ˄ ʲʰʻ˃ˈ 

˃ʷˋ˖ ˍʹˌ ˔ˊʺˋʹˌ ʹ˂ʶˁˍˊˇ˄ʽˁ˗˄ ʶ˅ʰˊˍʹ˃ʱˍ˖˄ ˔ʰ˃ʹ˂ʺˌ ʶ˄ʶˊʴʶʽʰˁʺˌ ˁʰˍʰ˄ʱ˂˖ˋʹˌ ˁʰʽ 

˃ʽˁˊˇʶ˂ʶʴˁˍ˗˄ ˃ʶ ʵˎ˄ʰˍˈˍʹˍʶˌ ʶʽˋˈʵˇˎ ˋʶ ˁʰˍʱˋˍʰˋʹ ˔ʰ˃ʹ˂ʺˌ ˁʰˍʰ˄ʱ˂˖ˋʹˌ. ɼʱ̱ʽ 

ˍʷˍˇʽˇ ʶʾ˄ʰʽ ʶ˒ʽˁˍˈ ˁˎˊʾ˖ˌ ˋˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ˍˇˎ ˉʶˊʽˇʵʽˁˇˏ ʶ˂ʷʴ˔ˇˎ ˍ˖˄ ˎ˂ʽˁ˗˄Φ ɴˍˋʽΣ 

ˋˍˇ ˔ˊˇ˄ʽˁˈ ʵʽʱˋˍʹ˃ʰ ˃ʶˍʰ˅ˏ ˍʹˌ ʵʽʶ˅ʰʴ˖ʴʺˌ ˃ʶˍˊʺˋʶ˖˄Σ ʹ ˋˎˋˁʶˎʺ ʻʰ ˁʰˍʰ˄ʰ˂˗˄ʶʽ 

ʰ˃ʶ˂ʹˍʷʰ ʶ˄ʷˊʴʶʽʰΦ  

ʂ˃˖ˌΣ ʷ˄ʰˌ ʰˁˈ˃ʹ ˉʰˊʱʴˇ˄ˍʰˌ ˉˇˎ ˉˊʷˉʶʽ ˄ʰ ˂ʹ˒ʻʶʾ ˎˉˈ˕ʽ˄, ʶʾ˄ʰʽ ˇ ˍˊˈˉˇˌ 

ʶˉʽˁˇʽ˄˖˄ʾʰˌ ˍʹˌ ˋˎˋˁʶˎʺˌ ˃ʶ ˍˇ˄ ˔ˊʹˋʽ˃ˇˉˇʽˇˏ˃ʶ˄ˇ ʵʷˁˍʹΦ ʆʰ ʵʶʵˇ˃ʷ˄ʰ ˍ˖˄ 

˃ʶˍˊʺˋʶ˖˄ ˉˇˎ ˂ʰ˃ʲʱ˄ˇ˄ˍʰʽ ʰˉˈ ˍʹ ˋˎˋˁʶˎʺ ˃ˉˇˊˇˏ˄ ˄ʰ ʰˉˇˋˍʰ˂ˇˏ˄ ʶʾˍʶ 

ʶ˄ˋˏˊ˃ʰˍʰΣ ʶʾˍʶ ʰˋˏˊ˃ʰˍʰΦ ɳˉʶʽʵʺ ʵʶ˄ ʶʾ˄ʰʽ ʵˎ˄ʰˍʺ ʹ ˔ˊʺˋʹ ʺ ʹ ˍˇˉˇʻʷˍʹˋʹ 

ˁʰ˂˖ʵʾ˖˄ ˋʶ ˉˇ˂˂ʷˌ ʶ˒ʰˊ˃ˇʴʷˌΣ ʹ ʰˋˏˊ˃ʰˍʹ ʶˉʽˁˇʽ˄˖˄ʾʰ ˁˊʾ˄ʶˍʰʽ ʰˉʰˊʰʾˍʹˍʹΦ ʆˇ 

ʲʷ˂ˍʽˋˍˇ ˉˊ˖ˍˈˁˇ˂˂ˇ ʶˉʽˁˇʽ˄˖˄ʾʰˌ ˉˊʷˉʶʽ ˄ʰ ʶˉʽ˂ʶʴʶʾ ʰ˄ʱ ˉʶˊʾˉˍ˖ˋʹΣ ˂ʰ˃ʲʱ˄ˇ˄ˍʰˌ 

ˎˉˈ˕ʽ˄ ˍˇ ʶˁʱˋˍˇˍʶ ˉʶˊʽʲʱ˂˂ˇ˄ ˂ʶʽˍˇˎˊʴʾʰˌΣ ˍʽˌ ʽʵʽˇ˃ˇˊ˒ʾʶˌ ˍˇˎ ˁʰʽ ˍʹ ˃ʷʴʽˋˍʹ 

ʰˉˈˋˍʰˋʹ ʶˉʽˁˇʽ˄˖˄ʾʰˌΦ ʅˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ˉˇˎ ˍˇˉˇʻʶˍʹʻˇˏ˄ ˉˇ˂˂ʷˌ ʵʽʰˍʱ˅ʶʽˌ 

˃̫ ˍˊʹˋʹˌΣ ˁˊʾ˄ʶˍʰʽ ʽʵʰ˄ʽˁˈˍʶˊʹ ʹ ˔ˊʺˋʹ ʵʽˁˍˏ˖˄ ʶˉʽˁˇʽ˄˖˄ʾʰˌ ˍˏˉˇˎ ˉ˂ʷʴ˃ʰˍˇˌ 
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(mesh)Σ ˍʰ ˇˉˇʾʰ ʶˉʽˍˊʷˉˇˎ˄ ˍʹ˄ ˍˇˉʽˁʺ ʶˉʽˁˇʽ˄˖˄ʾʰ ˃ʶˍʰ˅ˏ ˍ˖˄ ʰʽˋʻʹˍʺˊ˖˄Σ ˃ʶ 

ʰˉˇˍʷ˂ʶˋ˃ʰ ˇ ˁʰʻʷ˄ʰˌ ˄ʰ ʰˉˇˍʶ˂ʶʾ ʷ˄ʰ˄ ʰ˄ʰ˃ʶˍʰʵˈˍʹ ˍ˖˄ ʵʶʵˇ˃ʷ˄˖˄Φ 

ʅˎ˄ʶˉ˗ˌΣ ˁˊʾ˄ʶˍʰʽ ˋˁˈˉʽ˃ˇ ˄ʰ ʰ˄ʰˉˍˎ˔ʻˇˏ˄ ˋˎˋˁʶˎʷˌ ˉˇˎ ʻʰ ʶʾ˄ʰʽ ʶ˄ʶˊʴʶʽʰˁʱ 

ʰˎˍˈ˄ˇ˃ʶˌΦ ɮˎˍˈ ˋʹ˃ʰʾ˄ʶʽ ˈˍʽ ʻʰ ˃ˉˇˊˇˏ˄ ˄ʰ ˂ʶʽˍˇˎˊʴˇˏ˄ ˔˖ˊʾˌ ˄ʰ ʲʰˋʾʸˇ˄ˍʰʽ ˋˍʹ 

˔ˊʺˋʹ ˁʱˉˇʽʰˌ ˉʹʴʺˌ ʶ˄ʷˊʴʶʽʰˌΣ ʰ˂˂ʱ ʰ˄ˍʾʻʶˍʰ ˄ʰ ˉʰˊʱʴˇˎ˄ ˍʹ˄ ʶ˄ʷˊʴʶʽʰ ˉˇˎ 

ʰˉʰʽˍʶʾˍʰʽ ʴʽʰ ˍʹ ˂ʶʽˍˇˎˊʴʾʰ ˍˇˎˌ ˁʰʽ ʴʽʰ ˍʹ ˃ʶˍʱʵˇˋʹ ˍ˖˄ ʵʶʵˇ˃ʷ˄˖˄Φ ɰʱˋʶʽ ʰˎˍʺˌ 

ˍʹˌ ˂ˇʴʽˁʺˌΣ ʷ˔ˇˎ˄ ʰ˄ʰˉˍˎ˔ʻʶʾ ʰˊˁʶˍʷˌ ˍʶ˔˄ʽˁʷˌ ʰ˅ʽˇˉˇʾʹˋʹˌ ˍ˖˄ ʶˁʱˋˍˇˍʶ 

ˋˎ˄ʻʹˁ˗˄Σ ˃ʶ ˋˁˇˉˈ ˍʹ ˋˎʴˁˇ˃ʽʵʺ ʶ˄ʷˊʴʶʽʰˌ όenergy harvesting)Φ ʋʰˊʰˁˍʹˊʽˋˍʽˁʱ 

ˉʰˊʰʵʶʾʴ˃ʰˍʰ ʴʽʰ ˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ˍ˖˄ ʰʽˋʻʹˍʺˊ˖˄ ʰˉˇˍʶ˂ˇˏ˄ ʹ ʰ˅ʽˇˉˇʾʹˋʹ ˍˇˎ 

ˉʽʶʸˇʹ˂ʶˁˍˊʽˋ˃ˇˏΣ ˍˇˎ ˒˖ˍˈˌΣ ˍˇˎ ʻʶˊ˃ˇʹ˂ʶˁˍˊʽˋ˃ˇˏΣ ˍ˖˄ ˁˊʰʵʰˋ˃˗˄Σ ˍˇˎ 

˃ʰʴ˄ʹˍʽˋ˃ˇˏ ˁʰʽ ˍ˖˄ ˊʰʵʽˇˋˎ˔˄ˇˍʺˍ˖˄Φ ɾʱ˂ʽˋˍʰΣ ʷ˔ˇˎ˄ ʰ˄ʰˉˍˎ˔ʻʶʾ ˁʰʽ ʶ˃ˉˇˊʽˁʱ 

ʹ˂ʶˁˍˊˇ˄ʽˁʱ, ˍʰ ˇˉˇʾʰ ˂ʰ˃ʲʱ˄ˇˎ˄ ʶ˄ʷˊʴʶʽʰ ʰʻˊˇʽˋˍʽˁʱΣ ʰˉˈ ˉʶˊʽˋˋˈˍʶˊʶˌ ˍʹˌ ˃ʾʰˌ 

ʰˉˈ ˍʽˌ ˉʰˊʰˉʱ˄˖ ˉʹʴʷˌΦ 

3.5.8.2 ɮ˄ɦˉˍˎ˅ʹ ʵʽʱˍʰ˅ʹˌ 

ʅˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ˍʹˌ ˋˎʴˁʶˁˊʽ˃ʷ˄ʹˌ ʵʽʱˍʰ˅ʹˌ ˁʰʽ ˃ʶ ʲʱˋʹ ˍʽˌ ˉʽʻʰ˄ʷˌ ˋˎ˄ʻʺˁʶˌ 

˂ʶʽˍˇˎˊʴʾʰˌ ˍʹˌ όˋʶ ˃ʶˍʰ˒ˇˊʽˁʱ ˃ʷˋʰ ʺ ˋˍʹ ʲʽˇ˃ʹ˔ʰ˄ʾʰύΣ ˁˊʾʻʹˁʶ ˔ˊʹˋʽ˃ˈˍʶˊʹ ʹ 

ʰ˅ʽˇˉˇʾʹˋʹ ˍ˖˄ ˁˊʰʵʰˋ˃˗˄Σ ˋʶ ˋˎ˄ʵˎʰˋ˃ˈ ˃ʶ ˍˇ˄ ˃ʰʴ˄ʹˍʽˋ˃ˈΦ ɴˍˋʽΣ ʹ ˉˊˇˍʶʽ˄ˈ˃ʶ˄ʹ 

ʵʽʱˍʰ˅ʹ ʰˉˇˍʶ˂ʶʾˍʰʽ ʰˉˈ ʷ˄ʰ˄ ˉ˂ʰˋˍʽˁˈ ˁˏ˂ʽ˄ʵˊˇΣ ˉʱ˄˖ ˋˍˇ˄ ˇˉˇʾˇ ˍˎ˂ʾʴʶˍʰʽ ʷ˄ʰ 

ˉʹ˄ʾˇΣ ʶ˄˗ ˋˍˇ ʶˋ˖ˍʶˊʽˁˈ ˍˇˎ ˁˎ˂ʾ˄ʵˊˇˎ ˍˇˉˇʻʶˍˇˏ˄ˍʰʽ ˃ʰʴ˄ʺˍʶˌΦ ʇˉˈ ˍʹ˄ ʶˉʾʵˊʰˋʹ 

ˁˊʰʵʰˋ˃˗˄Σ ˇʽ ˃ʰʴ˄ʺˍʶˌ ˁʽ˄ˇˏ˄ˍʰʽ ˉʰ˂ʽ˄ʵˊˇ˃ʽˁʱ ˋˍˇ ʶˋ˖ˍʶˊʽˁˈ ˍˇˎ ˁˎ˂ʾ˄ʵˊˇˎΣ ˁʰˍʱ 

ˍʹ˄ ʶˉʽˍˊʶˉˍʺ ʵʽʶˏʻˎ˄ˋʹΦ ɮˎˍʺ ʹ ˁʾ˄ʹˋʺ ˍˇˎˌ ʷ˔ʶʽ ˖ˌ ʰˉˇˍʷ˂ʶˋ˃ʰ ˍʹ˄ ʶ˃˒ʱ˄ʽˋʹ ˃ʾʰˌ 

ˍʱˋʹˌ ˋˍʰ ʱˁˊʰ ˍˇˎ ˉʹ˄ʾˇˎΣ ʲʱˋʶʽ ˍˇˎ ˄ˈ˃ˇˎ ˍˇˎ Faraday. ʅˎ˄ʶˉ˗ˌΣ ʰˉˇˍʷ˂ʶˋ˃ʰ ˍʹˌ 

˂ʶʽˍˇˎˊʴʾʰˌ ˃ʽʰˌ ˍʷˍˇʽʰˌ ʵʽʱˍʰ˅ʹˌ ʶʾ˄ʰʽ ʹ ˋˎʴˁˇ˃ʽʵʺ ʶ˄ʷˊʴʶʽʰˌ ˉˇˎ ˉʰˊʱʴʶˍʰʽ ˂ˈʴ˖ 

ˍ˖˄ ˁˊʰʵʰˋ˃˗˄ ˉˇˎ ʰˎˍʺ ʵʷ˔ʶˍʰʽΦ 

ʅˍˇ ʅ˔ʺ˃ʰ 3.67 ̄ ʰˊˇˎˋʽʱʸʶˍʰʽ ʷ˄ʰ ˋ˔ʷʵʽˇ ˍʹˌ ˉˊˇˍʶʽ˄ˈ˃ʶ˄ʹˌ ʵʽʱˍʰ˅ʹˌ: 
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ʅ˔ʺ˃ʰ 3.67Υ ʅ˔ʷʵʽˇ ʵʽʱˍʰ˅ʹˌ ˋˎʴˁˇ˃ʽʵʺˌ ʶ˄ʷˊʴʶʽʰˌΦ 

ɶ ˉˊˇˍʶʽ˄ˈ˃ʶ˄ʹ ʵʽʱˍʰ˅ʹ ˁʰˍʰˋˁʶˎʱˋˍʹˁʶ ˃ʶ ˋˁˇˉˈ ˍʹ˄ ʶˉʰ˂ʺʻʶˎˋʹ ˍʹˌ ʰˊ˔ʺˌ 

˂ʁ ʽˍˇˎˊʴʾʰˌ ˍʹˌΦ ʋˊʹˋʽ˃ˇˉˇʽʺʻʹˁʶ ʷ˄ʰˌ ˉ˂ʰˋˍʽˁˈˌ ˋ˖˂ʺ˄ʰˌ ˃ʺˁˇˎˌ 60mm ˁh ʽ 

ʵʽʰ˃ʷˍˊˇˎ 8mm, ʴˏˊ˖ ʰˉˈ ˍˇ˄ ˇˉˇʾˇ ˍˎ˂ʾ˔ʻʹˁʶ ʷ˄ʰ ˉʹ˄ʾˇ мрл ˉʶˊʽʶ˂ʾ˅ʶ˖˄Σ 

ˋˏˊ˃ʰˍˇˌ ˔ʰ˂ˁˇˏ ʵʽʰ˃ʷˍˊˇˎ лΦ5mm. ʅˍˇ ʶˋ˖ˍʶˊʽˁˈ ˍˇˎ ˁˎ˂ʾ˄ʵˊˇˎ ˍˇˉˇʻʶˍʺʻʹˁʰ˄ п 

ˁˎ˂ʽ˄ʵˊʽˁˇʾ ˃ʰʴ˄ʺˍʶˌ ˄ʶˇʵˎ˃ʾˇˎΣ ʵʽʰ˃ʷˍˊˇˎ сmm ˁ ʰʽ ˃ʺˁˇˎˌ оmm. 

ʅˍʹ ˋˎ˄ʷ˔ʶʽʰΣ ʹ ʵʽʱˍʰ˅ʹ ˍˇˉˇʻʶˍʺʻʹˁʶ ˋʶ ˃ʾʰ ˋˎˋˁʶˎʺ ˉʰˊʰʴ˖ʴʺˌ ˁˊʰʵʰˋ˃˗˄ 

ˊˎʻ˃ʽʸˈ˃ʶ˄ʹˌ ˋˎ˔˄ˈˍʹˍʰˌ ˁʰʽ ʷ˄ˍʰˋʹˌΣ ʶ˄˗ ˃ʶ ˍʹ ʲˇʺʻʶʽʰ ʶ˄ˈˌ ˉˇ˂ˎ˃ʷˍˊˇˎ 

˃ʶˍˊʺʻʹˁʶ ʹ ˍʱˋʹ ˋˍʰ ʱˁˊʰ ˃ʽʰˌ ʰ˄ˍʾˋˍʰˋʹˌ ˉˇˎ ʶʾ˔ʶ ˋˎ˄ʵʶʻʶʾ ˋˍˇ ˉʹ˄ʾˇΣ ˗ˋˍʶ ˄ʰ 

ʰˉˇˍʶ˂ʷˋʶʽ ˍˇ ˒ˇˊˍʾˇ.  

ɾʶˍʱ ʰˉˈ ˉʶʽˊʰ˃ʰˍʽˁʷˌ ʵˇˁʽ˃ʷˌΣ ʲˊʷʻʹˁʶ ˈˍʽ ʹ ˎ˕ʹ˂ˈˍʶˊʹ ˍʽ˃ʺ ˍʱˋʹˌ ˉˊˇˁˏˉˍʶʽ 

ʴʽʰ ˋˎ˔˄ˈˍʹˍʰ Ὢ ρπὌᾀ ˁ ʰʽ ʺˍʰ˄ ʾˋʹ ˃ʶ ὠ ρππάὠ. 

ɳˉˇ˃ʷ˄˖ˌΣ ʹ ˃ʷʴʽˋˍʹ ˍʱˋʹ ʶʾ˄ʰʽΥ 

 ὠ ὠ ϽρȢτρτρτρȢτάὠ (3.7) 

ɶ ˍʽ˃ʺ ˍʹˌ ˋˎ˄ˇ˂ʽˁʺˌ ʰ˄ˍʾˋˍʰˋʹˌ ˍʹˌ ʵʽʱˍʰ˅ʹˌ ˃ʶˍˊʺʻʹˁʶ ˃ʷˋ˖ ʶ˄ˈˌ ˉˇ˂ˎ˃ʷˍˊˇˎ 

ʰˁˊʽʲʶʾʰˌ ˁʰʽ ʺˍʰ˄ ʾˋʹ ˃ʹ Ὑ πȢφχ Φ ɮ˄ˍʽˋˍˇʾ˔˖ˌΣ ˃ʶˍˊʺʻʹˁʶ ʹ ˍʽ˃ʺ ˍʹˌ 

ʰˎˍʶˉʰʴ˖ʴʺˌ ˍˇˎ ˉʹ˄ʾˇˎ ˁʰʽ ʺˍʰ˄ ʾˋʹ ˃ʶ ὒ τφυ‘Ὄ. ʅˎ˄ʶˉ˗ˌΣ ʹ ˋˎ˄ˇ˂ʽˁʺ 

ʶ˃ˉʷʵʹˋʹ ˍʹˌ ʵʽʱˍʰ˅ʹˌ ˉˊˇˁˏˉˍʶʽ ʾˋʹ ˃ʶΥ 

 

ʃʹ˄ʾˇ ˂ʺ˕ʹˌ 

ʃ˂ʰˋˍʽˁˈˌ ˁˏ˂ʽ˄ʵˊˇˌ 

ɾˈ˄ʽ˃ˇʽ ˃ʰʴ˄ʺˍʶˌ 
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 ὤ Ὑ ς“Ὢὒ πȢφχ ς“ϽρπϽτφυρπ πȢχπ  (3.8) 

ɯˊʰΣ ʹ ˍʽ˃ʺ ˍʹˌ ˉʰˊʰʴˈ˃ʶ˄ʹˌ ʽˋ˔ˏˇˌ ʶʾ˄ʰʽΥ 

 ὖ
ὠ

ὤ

ρτρȢτ ρπ

πȢχ
ςψȢυφάὡ (3.9) 

ʅˍˇ ʅ˔ʺ˃ʰ 3.68 ̄ ʰˊˇˎˋʽʱʸʶˍʰʽ ʶʽˁˈ˄ʰ ˍʹˌ ʵʽʱˍʰ˅ʹˌ: 

 

ʅ˔ʺ˃ʰ 3.68Υ ɶ ʵʽʱˍʰ˅ʹ ˋˎʴˁˇ˃ʽʵʺˌ ʶ˄ʷˊʴʶʽʰˌΦ 

ʃˊˇ˒ʰ˄˗ˌΣ ʴʽʰ ˄ʰ ʶʾ˄ʰʽ ʵˎ˄ʰˍʺ ʹ ʰ˅ʽˇˉˇʾʹˋʹ ˍʹˌ ˋˎʴˁʶˁˊʽ˃ʷ˄ʹˌ ʵʽʱˍʰ˅ʹˌ ˋʶ 

ˋˎ˄ʵˎʰˋ˃ˈ ˃ʶ ˍʰ ʹ˂ʶˁˍˊˇ˄ʽˁʱ ˁʰʽ ˍˇˎˌ ʵʽʱ˒ˇˊˇˎˌ ʰʽˋʻʹˍʺˊʶˌΣ ʶʾ˄ʰʽ ʰˉʰˊʰʾˍʹˍʹ ʹ 

ˁʰˍʰˋˁʶˎʺ ʁ ˄ˈˌ ʰ˄ˇˊʻ˖ˍʺ ˉˇˎ ʻʰ ˃ʶˍʰˍˊʷˉʶʽ ˍˇ ʶ˄ʰ˂˂ʰˋˋˈ˃ʶ˄ˇ ˊʶˏ˃ʰ ˋʶ ˋˎ˄ʶ˔ʷˌΣ 

˃ʶ ˋˁˇˉˈ ˍʹ˄ ˒ˈˊˍʽˋʹ ˍ˖˄ ˃ʷˋ˖˄ ʰˉˇʻʺˁʶˎˋʹˌ ʶ˄ʷˊʴʶʽʰˌ ˍʹˌ ʶˁʱˋˍˇˍʶ ˋˎˋˁʶˎʺˌΦ 

ʃʰˊΩ ˈ˂ʰ ʰˎˍʱΣ ˇʽ ˉʰˊʰˉʱ˄˖ ʵˇˁʽ˃ʷˌ ʰˉˇˍʷ˂ʶˋʰ˄ ˃ʽʰ ʷ˄ʵʶʽ˅ʹ ʴʽʰ ˍʹ˄ ˇˊʻʺ 

˂ʶʽˍˇˎˊʴʾʰ ˍʹˌ ʵʽʱˍʰ˅ʹˌΦ  



4.1 ɮ˄ʱˉˍˎ˅ʹ ʵʽʱˍʰ˅ʹˌ ʵʽʰˁˊʾʲ˖ˋʹˌ ˃ʰʴ˄ʹˍˇ˃ʷˍˊ˖˄ 
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͓ϨϟϣϘϤϲϦϟϔϧϔɯς  

͍ϘϞϞϢϠϧϜϝЕɯϘϤϖϔϦЮϔ 

4.1 ɮ˄ʱˉˍˎ˅ʹ ʵʽʱˍʰ˅ʹˌ ʵʽʰˁˊʾʲ˖ˋʹˌ ˃ʰʴ˄ʹˍˇ˃ʷˍˊ˖˄ 

ˊ˔ʽˁˈ ʲʺ˃ʰ ʴʽʰ ˍʹ˄ ʰ˄ʱˉˍˎ˅ʹ ˁʰʽ ˔ˊʺˋʹ ˃ʽʰˌ ʵʽʱˍʰ˅ʹˌ ʵʽʰˁˊʾʲ˖ˋʹˌ 

˃ʰʴ˄ʹˍˇ˃ʷˍˊ˖˄ ʰˉˇˍʶ˂ʶʾ ʹ ʶ˅ʱ˂ʶʽ˕ʹ ˍ˖˄ ʶ˅˖ˍʶˊʽˁ˗ˌ ʶˉʽʲʰ˂˂ˈ˃ʶ˄˖˄ 

˃ʰʴ˄ʹˍʽˁ˗˄ ˉʶʵʾ˖˄ ʰˉˈ ʰˎˍʺ˄Φ ɱʽʰ ˍʹ˄ ʰˉˇ˒ˎʴʺ ˔ˊʺˋʹˌ ʶʽʵʽˁ˗˄ 

ʶʴˁʰˍʰˋˍʱˋʶ˖˄ ˉˇˎ ʲʰˋʾʸˇ˄ˍʰʽ ˋˍʹ˄ ˉʰʻʹˍʽˁʺ ˃ʰʴ˄ʹˍʽˁʺ ʻ˖ˊʱˁʽˋʹΣ ˁˊʾ˄ʶˍʰʽ 

ʰ˄ʰʴˁʰʾʰ ʹ ˔ˊʺˋʹ ʵʽʰˍʱ˅ʶ˖˄ ʶ˄ʶˊʴʹˍʽˁʺˌ ʰ˄ ˍʽˋˍʱʻ˃ʽˋʹˌ ˉʶʵʾˇˎΣ ˇʽ ˇˉˇʾʶˌ 

ʶ˅ʰ˂ʶʾ˒ˇˎ˄ ˃ʶ ʵˎ˄ʰ˃ʽˁˈ ˍˊˈˉˇ ˍʰ ʶ˅˖ˍʶˊʽˁʱ ˃ʰʴ˄ʹˍʽˁʱ ˉʶʵʾʰΣ ʵʹ˃ʽˇˎˊʴ˗˄ˍʰˌ ˍˇ 

ʰˉʰʽˍˇˏ˃ʶ˄ˇ ˃ ʰʴ˄ʹˍʽˁˈ ˉʶʵʾˇ ʴʽʰ ˍʹ˄ ʰ˄ˍʽˋˍʱʻ˃ʽˋʺ ˍˇˎˌΦ  

ʅˎ˄ʶˉ˗ˌΣ ʹ ˔ˊʺˋʹ ˍ˖˄ ʵʽʰˍʱ˅ʶ˖˄ ʵʽʰˁˊʾʲ˖ˋʹˌ ˉˊˇːˉˇʻʷˍʶʽ ˍʹ˄ ʰ˄ʱˉˍˎ˅ʹ ˍ˖˄ 

ˁʰˍʱ˂˂ʹ˂˖˄ ˍˇˉˇ˂ˇʴʽ˗˄ ʰ˄ʾ˔˄ʶˎˋʹˌ, ˇʽ ˇˉˇʾʶˌ ʻʰ ˉˊˇˋ˒ʷˊˇˎ˄ ˍʹ˄ ʶˉʽʻˎ˃ʹˍʺ 

ʰˁˊʾʲʶʽʰ ˃ʷˍˊʹˋʹˌ ˍˇˎ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎΦ ɾʶ ʰˎˍˈ˄ ˍˇ˄ ˋˍˈ˔ˇΣ ʰ˄ʰˉˍˏ˔ʻʹˁʶ 

ˁʰˍʱ˂˂ʹ˂ʹ ˍˇˉˇ˂ˇʴʾʰ ˉˊ˖ˍʶˏˇ˄ˍˇˌ-ʵʶˎˍʶˊʶˏˇ˄ˍˇˌ ˉʹ˄ʾˇˎ, ʲʰˋʽˋ˃ʷ˄ ́ˋ ʁʱ˃ˇˊ˒ˇ 

˃ʰʴ˄ʹˍʽˁˈ ˎ˂ʽˁˈΣ ˗ˋˍʶ ˄ʰ ʶʾ˄ʰʽ ʵˎ˄ʰˍʺ ʹ ʶˁ˃ʶˍʱ˂˂ʶˎˋʹ ˍ˖˄ ˃ʰʴ˄ʹˍʽˁ˗˄ ˍˇˎ 

ʽʵʽˇˍʺˍ˖˄ ˁʰʽ ˋˎʴˁʶˁˊʽ˃ʷ˄ʰ ˍʹˌ ˍʰ˔ʶʾʰˌ h ˉˈˁˊʽˋʹˌ ˋˍʹ˄ ʶˉʽʲˇ˂ʺ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎΣ 

ˁʰʻ˗ˌ ˁʰʽ ˍˇˎ ˁˇˊʶˋ˃ˇˏ ˍˇˎ ʴʽʰ ˃ʽˁˊʷˌ ˍʽ˃ʷˌ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎΦ ʆʰ ˉʰˊʰˉʱ˄˖ 

ɮ 
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˔ʰˊʰˁˍʹˊʽˋˍʽˁʱ ʷ˔ˇˎ˄ ˋʰ˄ ʰˉˇˍʷ˂ʶˋ˃ʰ ˍʹ ʵʹ˃ʽˇˎˊʴʾʰ ʶ˃˒ʰ˄˗˄ ˃ʶʴʾˋˍ˖˄ ˁʰʽ 

ʶ˂ʰ˔ʾˋˍ˖˄ ̀ ˍˇ ˂ʰ˃ʲʰ˄ˈ˃ʶ˄ˇ ˋʺ˃ʰ. 

ɰʱˋʶʽ ˍˇˎ ˃ʰʴ˄ʹˍʽˁˇˏ ˒ʰʽ˄ˇ˃ʷ˄ˇˎ ˉˏ˂ʹˌ-ˊˇʺˌΣ ˍʰ ˋˎʴˁʶˁˊʽ˃ʷ˄ʰ ˃ʷʴʽˋˍʰ ˁʰʽ 

ʶ˂ʱ˔ʽˋˍʰ ʶˁ˒ˊʱʸˇˎ˄ ˍˇ˄ ˁˇˊʶˋ˃ˈ ˍʹˌ ˃ʰʴ˄ʹˍʽˁʺˌ ˊˇʺˌ ˉˇˎ ˎ˒ʾˋˍʰˍʰʽ ˋˍˇ ˃ʰʴ˄ʹˍʽˁˈ 

ˎ˂ʽˁˈΦ ʋˊˇ˄ʽˁʱ ʽˋʰˉʷ˔ˇ˄ˍʰ ˃ʷʴʽˋˍʰ ˁʰʽ ʶ˂ʱ˔ʽˋˍʰ ˁʰˍʱ ˍʹ˄ ʶˉʽʲˇ˂ʺ ʶ˄ʰ˂˂ʰˋˋˈ˃ʶ˄ˇˎ 

ˉʶʵʾˇˎ ʵʽʷʴʶˊˋʹˌΣ ˎˉˇʵʹ˂˗˄ˇˎ˄ ˈˍʽ ʵʶ˄ ʶˉʽʵˊʱ ˁʱˉˇʽˇ ʶ˅˖ˍʶˊʽˁˈ ˃ʰʴ˄ʹˍʽˁˈ ˉʶʵʾˇ 

ˋˍˇ ˎ˂ʽˁˈΦ ɮ˄ˍʽʻʷˍ˖ˌΣ ʹ ˏˉʰˊ˅ʹ ˔ˊˇ˄ʽˁʺˌ ʵʽʰ˒ˇˊʱˌ ˃ʶˍʰ˅ˏ ˍ˖˄ ʵʽʰʵˇ˔ʽˁ˗˄ ˃ʶʴʾˋˍ˖˄ 

ˁʰʽ ʶ˂ʰ˔ʾˋˍ˖˄ ˇ˒ʶʾ˂ʶˍʰʽ ˋˍʹ˄ ʶˉʽʲˇ˂ʺ ʶ˄ˈˌ ʶ˅˖ˍʶˊʽˁˇˏ ˉʶʵʾˇˎ ˉˇˎ ʶˉʽʵˊʱ ˋˍˇ ˎ˂ʽˁˈΦ 

ɶ ˍʽ˃ʺ ˍˇˎ ʶˉʽʲʰ˂˂ˈ˃ʶ˄ˇˎ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎ ˃ˉˇˊʶʾ ˄ʰ ˎˉˇ˂ˇʴʽˋˍʶʾΣ ʰ˄ ˁʰʽ ˁʱˍʽ 

ˍʷˍˇʽˇ ʵʶ˄ ʶʾ˄ʰʽ ʰˉʰˊʰʾˍʹˍˇ ɹ ʽʰ ˍʹ ˂ʶʽˍˇˎˊʴʾʰ ˍʹˌ ʰ˄ʰˉˍˎ˔ʻʶʾˋʰˌ ʵʽʱˍʰ˅ʹˌΦ ʍˋˍˈˋˇΣ 

ʰˉʰˊʰʾˍʹˍʹ ʶʾ˄ʰʽ ʹ ʰ˄ʱˉˍˎ˅ʹ ʹ˂ʶˁˍˊˇ˄ʽˁ˗˄ ˋˎˋˍʹ˃ʱˍ˖˄ ˃ʷˍˊʹˋʹˌ ˍʹˌ 

ˉˊˇʰ˄ʰ˒ʶˊʻʶʾˋʰˌ ˔ˊˇ˄ʽˁʺˌ ʵʽʰ˒ˇˊʱˌΣ ˃ʶ ˋˁˇˉˈ ˍʹ ʵʹ˃ʽˇˎˊʴʾʰ ʶ˄ˈˌ ˃ʰʴ˄ʹˍʽˁˇˏ 

ˉʶʵʾˇˎ ʰ˄ˍʽˋˍʱʻ˃ʽˋʹˌΦ  

ʅˎ˄ʶˉ˗ˌΣ ̀ ˔ʶʵʽʱˋˍʹˁʰ˄ ˁʰʽ ˁʰˍʰˋˁʶˎʱˋˍʹˁʰ˄ ʹ˂ʶˁˍˊˇ˄ʽˁʱ ˁˎˁ˂˗˃ʰˍʰ ˃  ʁ̀ ˍˈ˔ˇ 

ˍˇ˄ ʁ ˄ˍˇˉʽˋ˃ˈ ˍ˖˄ ʵʽʰʵˇ˔ʽˁ˗˄ ˃ʶʴʾˋˍ˖˄ ˁʰʽ ʶ˂ʰ˔ʾˋˍ˖˄ ˍˇˎ ˂ʰ˃ʲʰ˄ˈ˃ʶ˄ˇˎ ˋʺ˃ʰˍˇˌ. 

ʁ ˉʽˇ ʰˉˇˍʶ˂ʶˋ˃ʰˍʽˁˈˌ ˍˊˈˉˇˌ ʺˍʰ˄ ʹ ˔ˊʺˋʹ ˋˎʴˁˊʽˍ˗˄ ˍˏˉˇˎ Schmitt trigger, ˃ʶ 

ˋˁˇˉˈ ˍʹ ʵʹ˃ʽˇˎˊʴʾʰ ˉʰ˂˃˗˄Σ ʹ ʵʽʱˊˁʶʽʰ ˍ˖˄ ˇˉˇʾ˖˄ ʻʰ ʰ˄ˍʽˋˍˇʽ˔ʶʾ ˋˍʹ ˔ˊˇ˄ʽˁʺ 

ʵʽʰ˒ˇˊʱ ˃ʶˍʰ˅ˏ ˍ˖˄ ʵʽʰʵˇ˔ʽˁ˗˄ ˃ʶʴʾˋˍ˖˄ ˁʰʽ ʶ˂ʰ˔ʾˋˍ˖˄Φ ʆˇ ˉˊ˗ˍˇ ʹ˂ʶˁˍˊˇ˄ʽˁˈ 

ˁˏˁ˂˖˃ʰ ˉˇˎ ˁʰˍʰˋˁʶˎʱˋˍʹˁʶ ʴʽΩ ʰˎˍˈ ˄ ˍˇ˄ ˋˁˇˉˈ ˉ˂ʶˇ˄ʶˁˍʶʾ ˋˍʹ˄ ʶˏˁˇ˂ʹ 

ˎ˂ˇˉˇʾʹˋʹΣ ʰ˂˂ʱ ʶ˃˒ʰ˄ʾʸʶʽ ˖ˌ ˃ʶʽˇ˄ʷˁˍʹ˃ʰ ˍʹ˄ ʰˉʰʾˍʹˋʹ ˍˇˎ ʶ˅ ʰˊ˔ʺˌ ˇˊʽˋ˃ˇˏ ˍ˖˄ 

ˍʱˋʶ˖˄ ˁʰˍ˖˒˂ʾˇˎ ˉˇˎ ʻʰ ˔ˊʹˋʽ˃ˇˉˇʽʹʻˇˏ˄ ʴʽʰ ˍʹ˄ ʶˏˊʶˋʹ ˍ˖˄ ˃ʶʴʾˋˍ˖˄ ˁʰʽ 

ʶ˂ʰ˔ʾˋˍ˖˄Φ  

ʆˇ ˉʰˊʰˉʱ˄˖ ˉˊˈʲ˂ʹ˃ʰ ʰ˄ˍʽ˃ʶˍ˖ˉʾˋˍʹˁʶ ˃ʶ ˍʹ˄ ʰ˄ʱˉˍˎ˅ʹ ˍˇˎ ʵʶˏˍʶˊˇˎ 

ʹ˂ʶˁˍˊˇ˄ʽˁˇˏ ˁˎˁ˂˗˃ʰˍˇˌΣ ˍˇ ˇˉˇʾˇ ˃ˉˇˊʶʾ ˄ʰ ˉˊˇˋʰˊ˃ˈʸʶʽ ̱ ʽˌ ˍʽ˃ʷˌ ˁʰˍ˖˒˂ʾˇˎ ˍˇˎ 

ʰ˄ʱ ˉʶˊʾˉˍ˖ˋʹΣ ˔˖ˊʾˌ ˄ʰ ʰˉʰʽˍʶʾˍʰʽ ʹ ʶˁ ˍ˖˄ ˉˊˇˍʷˊ˖˄ ʴ˄˗ˋʹ ˍˇˎˌΦ ɶ ʹ˂ʶˁˍˊˇ˄ʽˁʺ 

ˉ˂ʰˁʷˍʰ ˉˇˎ ˁʰˍʰˋˁʶˎʱˋˍʹˁʶ ˃ʶ ˍˇ ˋˎʴˁʶˁˊʽ˃ʷ˄ˇ ʹ˂ʶˁˍˊˇ˄ʽˁˈ ˁˏˁ˂˖˃ʰΣ ˉˊˇˋ˒ʷˊʶʽ 

ʵˏˇ ʶ˅ˈʵˇˎˌΥ ˇʽ ˉʰ˂˃ˇʾ ˉˇˎ ˉʰˊʱʴˇ˄ˍʰʽ ʰˉˈ ˍʹ˄ ˉˊ˗ˍʹ ʷ˅ˇʵˇ h ˄ˍʽˋˍˇʽ˔ˇˏ˄ ˍˈˋˇ ˋˍʹ 

ʵʽʱˊˁʶʽʰΣ ˈˋˇ ˁʰʽ ˋˍˇ ˉ˂ʱˍˇˌ ˍˇˎ ʰˊ˔ʽˁˇˏ ˋʺ˃ʰˍˇˌΣ ˗ˋˍʶ ˄ʰ ˃ˉˇˊʶʾ ˄ʰ ʰ˅ʽˇˉˇʽʹʻʶʾ 

ˉʶˊʰʽˍʷˊ˖ ˈˍʰ˄ ʰˎˍˈ ʶʾ˄ʰʽ ʰˉʰˊʰʾˍʹˍˇΦ ʁʽ ˉʰ˂˃ˇʾ ˍʹˌ ʵʶˏˍʶˊʹˌ ʶ˅ˈʵˇˎ ʷ˔ˇˎ˄ 

ˋˍʰʻʶˊˈ ˉ˂ʱˍˇˌ 5V ˁ ʰʽ ˃ʶˍʰʲ˂ʹˍʺ ʵʽʱˊˁʶʽʰΣ ˗ˋˍʶ ˄ʰ ʶʾ˄ʰʽ ʁ ˎˁˇ˂ˈˍʶˊʹ ʹ ˃ʷˍˊʹˋʹ ˍʹˌ 

ʵʽʱˊˁʶʽʱˌ ˍˇˎˌ ˃ʷˋ˖ ʶ˄ˈˌ ˃ʽˁˊˇʶ˂ʶʴˁˍʺΦ 
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ʆʶ˂ʽˁʱΣ ʶˉʶ˂ʷʴʹ ʹ ˔ˊʺˋʹ ʶ˄ˈˌ ˃ʽˁˊˇʶ˂ʶʴˁˍʺ ʴʽʰ ˍʹ ˃ʷˍˊʹˋʹ ˍʹˌ ʵʽʱˊˁʶʽʰˌ ˍ˖˄ 

ˉʰ˂˃˗˄ ˁʰʽ ˍˇ˄ ˎˉˇ˂ˇʴʽˋ˃ˈ ˍʹˌ ˔ˊˇ˄ʽˁʺˌ ʵʽʰ˒ˇˊʱˌ ˍˇˎˌΦ ɱʽʰ ˍʹ ʵʹ˃ʽˇˎˊʴʾʰ ˍˇˎ 

˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎ ʰ˄ˍʽˋˍʱʻ˃ʽˋʹˌ ʰ˄ʰˉˍˏ˔ʻʹˁʶ ˁʰˍʱ˂˂ʹ˂ˇˌ ʰ˂ʴˈˊʽʻ˃ˇˌΣ 

ʲʰˋʽˋ˃ʷ˄ˇˌ ˋˍˇ˄ ʰˎˍˈ˃ʰˍˇ ʷ˂ʶʴ˔ˇΦ ɽʰ˃ʲʱ˄ˇ˄ˍʰˌ ˖ˌ ʶʾˋˇʵˇ ˍʹ ˔ˊˇ˄ʽˁʺ ʵʽʰ˒ˇˊʱ ˍ˖˄ 

ˉʰ˂˃˗˄Σ ˎˉˇ˂ˇʴʾʸʶʽ ˋʶ ˉˊʰʴ˃ʰˍʽˁˈ ˔ˊˈ˄ˇ ˍʹ˄ ˍʱˋʹ ˉˇˎ ˉˊʷˉʶʽ ˄ʰ ˉˊˇˋ˒ʶˊʻʶʾ ˋˍˇ 

ˋˏˋˍʹ˃ʰ ʰ˄ˍʽˋˍʱʻ˃ʽˋʹˌΣ ˃ʶ ˋˁˇˉˈ ˍˇ˄ ˃ʹʵʶ˄ʽˋ˃ˈ ʰˎˍʺˌ ˍʹˌ ˔ˊˇ˄ʽˁʺˌ ʵʽʰ˒ˇˊʱˌΦ 

ɶ ʰ˄ˍʽˋˍʱʻ˃ʽˋʹ ʶʾ˄ʰʽ ʵˎ˄ʰˍʺ ˃ʷˋ˖ ˍʹˌ ˔ˊʺˋʹˌ ˁʰˍʱ˂˂ʹ˂˖˄ ˉʹ˄ʾ˖˄ ˉˇˎ ʻʰ 

˃ˉˇˊˇˏ˄ ˄ʰ ˉʰˊʷ˔ˇˎ˄ ˋʶ ˉˊʰʴ˃ʰˍʽˁˈ ˔ˊˈ˄ˇ ˍˇ ʰˉʰʽˍˇˏ˃ʶ˄ˇ ˃ʰʴ˄ʹˍʽˁˈ ˉʶʵʾˇΦ ɱʽʰ ˍˇ˄ 

ˋˁˇˉˈ ʰˎˍˈΣ ˁʰˍʰˋˁʶˎʱˋˍʹˁʶ ʷ˄ʰ ˋ˖˂ʹ˄ˇʶʽʵʷˌ ˃ʶ ˁʰˍʱ˂˂ʹ˂ʹ ʵʽʱˍʰ˅ʹ ʶʽˋʰʴ˖ʴʺˌ ˍˇˎ 

ˎˉˈ ʵʽʰˁˊʾʲ˖ˋʹ ˃ʰʴ˄ʹˍˇ˃ʷˍˊˇˎ ˋˍˇ ʶˋ˖ˍʶˊʽˁˈ ˍˇˎΦ ʆʰ ˎ˂ʽˁʱ ˉˇˎ 

˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʰ˄ ʴʽʰ ˍʹ˄ ˁʰˍʰˋˁʶˎʺ ˍˇˎ ˋ˖˂ʹ˄ˇʶʽʵˇˏˌ ʶʾ˄ʰʽ ˃ʹ ˃ʰʴ˄ʹˍʽˁʱΣ ˗ˋˍʶ 

˄ʰ ˃ʹ˄ ʶˉʹˊʶʱʸˇˎ˄ ˍʹ ʵʽʶ˅ʰʴ˖ʴʺ ˃ʶˍˊʺˋʶ˖˄Φ ɳˁˍˈˌ ʰˉˈ ˍˇ ˋ˖˂ʹ˄ˇʶʽʵʷˌΣ 

˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʶ ˁʰʽ ʷ˄ʰ ʸʶˏʴˇˌ ˉʹ˄ʾ˖˄ Helmholtz. ʆʰ ˋˎʴˁʶˁˊʽ˃ʷ˄ʰ ˉʹ˄ʾʰ 

ˉˊˇˋ˒ʷˊˇˎ˄ ˍʹ ʵˎ˄ʰˍˈˍʹˍʰ ʵʹ˃ʽˇˎˊʴʾʰˌ ˇ˃ˇʴʶ˄ˇˏˌ ˉʶʵʾˇˎ ˋˍˇ ˁʷ˄ˍˊˇ ˍˇˎˌΣ ʶ˄˗ 

ʶʾ˄ʰʽ ʶ˒ʽˁˍʺ ˁ ʰʽ ʹ ʵʽʶ˅ʰʴ˖ʴʺ ˃ʶˍˊʺˋʶ˖˄ ˋʶ ʰʽˋʻʹˍʺˊʶˌ ˃ʶʴʰ˂ˏˍʶˊˇˎ ˃ʶʴʷʻˇˎˌΦ 

 ʆʶ˂ʽˁʱΣ ˃ʷˋ˖ ˍʹˌ ˁʰˍʱ˂˂ʹ˂ʹˌ ˍˊˇ˒ˇʵˇˋʾʰˌ ˍˇˎ ˋˎˋˍʺ˃ʰˍˇˌ ʰ˄ˍʽˋˍʱʻ˃ʽˋʹˌΣ 

ʶʾ˄ʰʽ ʵˎ˄ʰˍʺ ʹ ʶ˅ʱ˂ʶʽ˕ʹ ˍˇˎ ʶ˅˖ˍʶˊʽˁ˗ˌ ʶˉʽʲʰ˂˂ˈ˃ʶ˄ˇˎ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎ ʺ ˁʰʽ ʹ 

ʵʹ˃ʽˇˎˊʴʾʰ ˉʶʵʾˇˎ ʴ˄˖ˋˍʺˌ ˍʽ˃ʺˌΣ ˃ʶ ˋˁˇˉˈ ˍʹ ʵʽʰˁˊʾʲ˖ˋʹ ˍˇˎ ʶ˅ʶˍʰʸˈ˃ʶ˄ˇˎ 

˃ʰʴ˄ʹˍˇ˃ʷˍˊˇˎΦ 

ɶ ˋˎʴˁʶˁˊʽ˃ʷ˄ʹ ʵʽʱˍʰ˅ʹ ʰˉˇˍʷ˂ʶˋʶ ʷ˄ʰ ˉˊ˖ˍˈˍˎˉˇΣ ˃ʶ ˋˁˇˉˈ ˍʹ˄ ʶˉʰ˂ʺʻʶˎˋʹ 

ˍʹˌ ʰˊ˔ʺˌ ˂ʶʽˍˇˎˊʴʾʰˌ ˍʹˌΦ ɶ ˁʰʽ˄ˇˍˇ˃ʾʰ ˍʹˌ ʰ˄ʰˉˍˎ˔ʻʶʾˋʰˌ ʵʽʱˍʰ˅ʹˌ ʷʴˁʶʽˍʰʽ ˋˍˇ 

ʴʶʴˇ˄ˈˌ ˈˍʽ ʲʰˋʾʸʶˍʰʽ ˋˍʹ ˃ʷˍˊʹˋʹ ˍʹˌ ʻʶ˃ʶ˂ʽ˗ʵˇˎˌ ˉˇˋˈˍʹˍʰ ̩ˍˇˎ ˔ˊˈ˄ˇˎ ˁʰʽ ˈ˔ʽ 

ˋˍʹ ˃ʷˍˊʹˋʹ ˍˇˎ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎ ˃ʷˋ˖ ˍʹˌ ˔ˊʺˋʹ ̩ʶ˄ˈˌ ʱ˂˂ˇˎ ˃ʰʴ˄ʹˍˇ˃ʷˍˊˇˎΦ 

ʅˎ˄ʶˉ˗ˌΣ ˔ˊʹˋʽ˃ˇˉˇʽ˗˄ˍʰˌ ˋˎˋˁʶˎʷˌ ˍˊˇ˒ˇʵˇˋʾʰˌ ˎ˕ʹ˂ʺˌ ʰˁˊʽʲʶʾʰˌ ˁʰʽ ʰ˄ˍʾˋˍˇʽ˔ʰ 

ˋˎ̀ˍʺ˃ʰˍʰ ˃ʷˍˊʹˋʹˌΣ ˈˉ˖ˌ ʶʾ˄ʰʽ ˍʰ ʰˍˇ˃ʽˁʱ ˊˇ˂ˈʴʽʰ ˁʰʽ ˇʽ ʰ˄ˍʽˋˍʱˋʶʽˌ ʲʱˋʶʽ ˍˇˎ 

ˁʲʰ˄̱ ʽˁˇˏ ˒ʰʽ˄ˇ˃ʷ˄ˇˎ HallΣ ʶʾ˄ʰʽ ʵˎ˄ʰˍʺ ʹ ʲʶ˂ˍʾ˖ˋʹ ˍʹˌ ʰˁˊʾʲʶʽʰˌ ˍʹˌ ʵʽʱˍʰ˅ʹˌ ˁʰʽ 

ʹ h˄ ʰʴ˖ʴʺ ˍʹˌ ˋʶ ˉˊ˖ˍʶˏˇ˄ ˉˊˈˍˎˉˇ ɻ ʽʰˁˊʾʲ˖ˋʹˌ ˃ʰʴ˄ʹˍˇ˃ʷˍˊ˖˄. 
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4.2 ɮ˄ʱˉˍˎ˅ʹ ˃ʰʴ˄ʹˍʽˁ˗˄ ʰʽˋʻʹˍʺˊ˖˄ 

ɳˉˈ˃ʶ˄ˇ ʲʺ˃ʰ ʰˉˇˍʷ˂ʶˋʶ ʹ ˋ˔ʶʵʾʰˋʹ ˁʰʽ ʰ˄ʱˉˍˎ˅ʹ ˃ʰʴ˄ʹˍʽˁ˗˄ ʰʽˋʻʹˍʺˊ˖˄ 

ʵʽʰ˒ˈˊ˖˄ ˍˏˉ˖˄Φ ʁʽ ˋˎʴˁʶˁˊʽ˃ʷ˄ˇʽ ʰʽˋʻʹˍʺˊʶˌ ʵʽʰˁˊʽʲ˗ʻʹˁʰ˄ ˃ʶ ˔ˊʺˋʹ ˍʹˌ 

ʰ˄ʰˉˍˎ˔ʻʶʾˋʰˌ ʵʽʱˍʰ˅ʹˌ ɻ ʽʰˁˊʾʲ˖ˋʹˌ. 

ɮˊ˔ʽˁʱ, ˁ ʰˍʰˋˁʶˎʱˋˍʹˁʰ˄ ʵˏˇ ˃ʰʴ˄ʹˍʽˁˇʾ ʰʽˋʻʹˍʺˊʶˌ Fluxgate. ʁ ˉˊ˗ˍˇˌ ˍˏˉˇˌ 

ʲʰˋʾˋˍʹˁʶ ˋˍʹ˄ ˁ˂ʰˋʽˁʺ ˍˇˉˇ˂ˇʴʾʰΣ ˉˇˎ ˉʶˊʽ˂ʰ˃ʲʱ˄ʶʽ ʷ˄ʰ ˉʹ˄ʾˇ ʵʽʷʴʶˊˋʹˌ ˁʰʽ ʷ˄ʰ 

ˉʹ˄ʾˇ ˂ʺ˕ʹˌΦ ɶ ʵʽʰˁˊʾʲ˖ˋʺ ˍˇˎΣ ˉˇˎ ˉˊʰʴ˃ʰˍˇˉˇʽʺʻʹˁʶ ˔ˊʹˋʽ˃ˇˉˇʽ˗˄ˍʰˌ ˍʹ˄ 

ʰ˄ʰˉˍˎ˔ʻʶʾˋʰ ʵʽʱˍʰ˅ʹΣ ˁʰʻ˗ˌ ˁʰʽ ʹ ʶˉʰ˂ʺʻʶˎˋʹ ˍ˖˄ ʰˉˇˍʶ˂ʶˋ˃ʱˍ˖˄ ˍˇˎ ˋʶ 

ˋˏʴˁˊʽˋʹ ˃ʶ ʷ˄ʰ˄ ʶ˃ˉˇˊʽˁˈ ʰʽˋʻʹˍʺˊʰΣ ʰˉʷʵʶʽ˅ʰ ˄ˈˍʽ ˍˈˋˇ ˇ ʰʽˋʻʹˍʺˊʰˌΣ ˈˋˇ ˁʰʽ ʹ 

ʵʽʱˍʰ˅ʹ ʵʽʰˁˊʾʲ˖ˋʹˌ, ˂ ʶʽˍˇˎˊʴˇˏ˄ ˃ʶ ˍˇ˄ ʰ˄ʰ˃ʶ˄ˈ˃ʶ˄ˇ ˍˊˈˉˇΦ  

ʃʰˊΩ ˈ˂ʰ ʰˎˍʱΣ ʴʽʰ ˍʹ ʲʶ˂ˍʾ˖ˋʹ ˍʹˌ ʶˎʰʽˋʻʹˋʾʰˌ ˍˇˎ ˃ʰʴ˄ʹˍˇ˃ʷˍˊˇˎΣ 

ˋ˔ʶʵʽʱˋˍʹˁʶ ˁʰʽ ʰ˄ʰˉˍˏ˔ʻʹˁʶ ʷ˄ʰˌ ʵʶˏˍʶˊˇˌ ˍˏˉˇˌ ʰʽˋʻʹˍʺˊʰ Fluxgate, ˇ ˇˉˇʾˇˌ 

ˉʶˊ̔˂ ʰ˃ʲʱ˄ʶʽ ʵˏˇ ˉʹ˄ʾʰ ʵʽʷʴʶˊˋʹˌ ˋˎ˄ʵʶʵʶ˃ʷ˄ʰ ˋʶ ˋʶʽˊʱ ˁʰʽ ˍˇˉˇʻʶˍʹ˃ʷ˄ʰ 

ˉʰˊʱ˂˂ʹ˂ʰΦ ɱˏˊ˖ ʰˉˈ ʰˎˍʱ ˍˎ˂ʾʴʶˍʰʽ ʷ˄ʰ ˉʹ˄ʾˇ ˂ʺ˕ʹˌΦ ʃ˂ʶˇ˄ʷˁˍʹ˃ʰ ˍʹˌ 

ˋˎʴˁʶˁˊʽ˃ʷ˄ʹˌ ˍˇˉˇ˂ˇʴʾʰˌ ʰˉˇˍʶ˂ʶʾ ʹ ʰˎ˅ʹ˃ʷ˄ʹ ʶˎʰʽˋʻʹˋʾʰΣ ʰ˒ˇˏ ˍˇ ˉʹ˄ʾˇ ˂ʺ˕ʹˌ 

ʰ˄ʽ˔˄ʶˏʶʽ ˃ˈ˄ˇ ˍˇ ˋʺ˃ʰ ˉˇˎ ʶˉʽʲʱ˂˂ʶˍʰʽ ʰˉˈ ˍʰ ʶ˅˖ˍʶˊʽˁʱ ˃ʰʴ˄ʹˍʽˁʱ ˉʶʵʾʰΣ ˔˖ˊʾˌ 

˄ h ʶˉʹˊʶʱʸʶˍʰʽ ʰˉˈ ˍʰ ˋʺ˃ʰˍʰ ʵʽʷʴʶˊˋʹˌ ˍ˖˄ ʵˏˇ ˉʹ˄ʾ˖˄, ˍʰ ˇˉˇʾʰ 

ʰ˂˂ʹ˂ˇʰ˄ʰʽˊˇˏ˄ˍʰʽΦ  

ɱʽʰ ˍʹ ʵʽʰˁˊʾʲ˖ˋʹ ʰˎˍˇˏ ˍˇˎ ʰʽˋʻʹˍʺˊʰ ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʶ ʷ˄ʰ ʸʶˏʴˇˌ ˉʹ˄ʾ˖˄ 

HelmholtzΦ ʆʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˍ˖˄ ˃ʶˍˊʺˋʶ˖˄ ʶˉʽʲʶʲʰʾ˖ˋʰ˄ ˍʹ˄ ʰˎ˅ʹ˃ʷ˄ʹ 

ʶˎʰʽˋʻʹˋʾʰ ˍˇˎ ʰʽˋʻʹˍʺˊʰ ˁ ʰʽ ʶʾ˄ʰʽ ˋˎʴˁˊʾˋʽ˃ʰ ˃ʶ ʶ˃ˉˇˊʽˁˈ ˃ʰʴ˄ʹˍˈ˃ʶˍˊˇΣ ʷ˔ˇ˄ˍʰˌ 

ˍʰˎˍˈ˔ˊˇ˄ʰ ˋʹ˃ʰ˄ˍʽˁʱ ˔ʰ˃ʹ˂ˈˍʶˊˇ ˁˈˋˍˇˌ ˁʰˍʰˋˁʶˎʺˌΦ  

ɱʽʰ ˍʹ˄ ˇ˂ˇˁ˂ʺˊ˖ˋʹ ˍʹˌ ˁʰˍʰˋˁʶˎʺˌ ˍˇˎ ˋˎʴˁʶˁˊʽ˃ʷ˄ˇˎ ʰʽˋʻʹˍʺˊʰΣ 

ˋ˔ʶʵʽʱˋˍʹˁʰ˄ ʹ˂ʶˁˍˊˇ˄ʽˁʱ ˁˎˁ˂˗˃ʰˍʰ ʴʽʰ ˍˇ ˋʺ˃ʰ ʵʽʷʴʶˊˋʹˌΣ ʰ˂˂ʱ ˁʰʽ ʴʽʰ ˍʹ 

˃ʷˍˊʹˋʹ ˍˇˎ ˋʺ˃ʰˍˇˌ ʶ˅ˈʵˇˎΦ ɳˉʾˋʹˌΣ ʵˇˁʽ˃ʱˋˍʹˁʶ ʹ ˔ˊʺˋʹ ˍˇˎ ʰʽˋʻʹˍʺˊʰ ˋʶ 

ʵʽʱˍʰ˅ʹ ˁ˂ʶʽˋˍˇˏ ʲˊˈ˔ˇˎΣ ˁʰˍʱ ˍʹ˄ ˇˉˇʾʰ ˍˇ ˉʹ˄ʾˇ ˂ʺ˕ʹˌ ˂ʰ˃ʲʱ˄ʶʽ ˍˇ ˊˈ˂ˇ 

ʰ˄ʱʵˊʰˋʹˌΣ ˃ʶ ˋˁˇˉˈ ˍʹ˄ ʰ˄ˍʽˋˍʱʻ˃ʽˋʹ ˍˇˎ ʶ˅˖ˍʶˊʽˁ˗ˌ ʶˉʽʲʰ˂˂ˈ˃ʶ˄ˇˎ ˃ʰʴ˄ʹˍʽˁˇˏ 

ˉʶʵʾˇˎΦ ɴˍˋʽΣ ˉ˂ʷˇ˄ ˍˇ ˎˉˈ ˃ʷˍˊʹˋʹ ˃ʷʴʶʻˇˌ ʶʾ˄ʰʽ ʹ ʷ˄ˍʰˋʹ ˊʶˏ˃ʰˍˇˌ ˉˇˎ ˉˊʷˉʶʽ ˄ʰ 

ˉʰˊʰˋ˔ʶʻʶʾ ˋˍˇ ˉʹ˄ʾˇ ˂ʺ˕ʹˌΣ ˗ˋˍʶ ˄ʰ ʶ˅ʰ˂ʶʽ˒ʻʶʾ ˍˇ ˃ʰʴ˄ʹˍʽˁˈ ˉʶʵʾˇ ˉˇˎ 
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ʰ˄ʽ˔˄ʶˏʶˍʰʽΦ ɾʷˋ˖ ˃ʽʰˌ ˍʷˍˇʽʰˌ ʵʽʱˍʰ˅ʹˌ ʶʾ˄ʰʽ ʵˎ˄ʰˍʺ ʹ ʰˏ˅ʹˋʹ ˍʹˌ ʰˁˊʾʲʶʽʰˌΣ ʰ˂˂ʱ 

ˁʰʽ ˍˇˎ ʶˏˊˇˎˌ ˃ʷˍˊʹˋʹˌ ˍˇˎ ʰʽˋʻʹˍʺˊʰΦ  

ɳ̄ ˈ˃ʶ˄ˇ ʲʺ˃ʰ ʰˉˇˍʶ˂ʶʾ ʹ ˉʶˊʰʽˍʷˊ˖ ʲʶ˂ˍʾ˖ˋʹ ˍˇˎ ˃ʰʴ˄ʹˍˇ˃ʷˍˊˇˎΣ ˍˈˋˇ ˖ˌ 

ˉˊˇˌ ˍʹ ˋ˔ʶʵʾʰˋʺ ˍˇˎ όʵʽʰ˒ˇˊʶˍʽˁˈ ˃ʺˁˇˌ ʰʽˋʻʹˍʺˊʰΣ ʵʽʰ˒ˇˊʶˍʽˁˈ ˎ˂ʽˁˈ ˉˎˊʺ˄ʰΣ 

ˍˇˉˇ˂ˇʴʾʰ orthogonal Fluxgate ˁΦ˂ˉΦύΣ ˈˋˇ ˁʰʽ ˖ˌ ˉˊˇˌ ˍˇ˄ ˍˊˈˉˇ ˃ʷˍˊʹˋʹˌΦ ɶ 

ʰˎˍˇ˃ʰˍˇˉˇʾʹˋʹ ˍˇˎ ˋˎˋˍʺ˃ʰˍˇˌ ʰ˄ʰˍˊˇ˒ˇʵˈˍʹˋʹˌ ʴʽʰ ˍʹ ˂ʶʽˍˇˎˊʴʾʰ ˁ˂ʶʽˋˍˇˏ 

ʲˊˈ˔ˇˎ ˁʰʽ ʹ ʰ˄ʱˉˍˎ˅ʹ ˍ˖˄ ʰˉʰʽˍˇˏ˃ʶ˄˖˄ ʹ˂ʶˁˍˊˇ˄ʽˁ˗˄Σ ˃ˉˇˊˇˏ˄ ˄ʰ ˇʵʹʴʺˋˇˎ˄ 

ˋˍʹ ʵʹ˃ʽˇˎˊʴʾʰ ʶ˄ˈˌ ʶ˃ˉˇˊʽˁʱ ʰ˄ˍʰʴ˖˄ʽˋˍʽˁˇˏ ˃ʰʴ˄ʹˍˇ˃ʷˍˊˇˎΣ ˃ʶ ˎ˕ʹ˂ʺ 

ʶˎʰʽˋʻʹˋʾʰ ˁʰʽ ˔ʰ˃ʹ˂ˈ ˁˈˋˍˇˌΦ  

ʅˍʹ ˋˎ˄ʷ˔ʶʽʰΣ ˋ˔ʶʵʽʱˋˍʹˁʰ˄ ˁʰʽ ˁʰˍʰˋˁʶˎʱˋˍʹˁʰ˄ ʵˏˇ ʵʽʰˍʱ˅ʶʽˌ ɹ̔ ʰ ˍˇ˄ ɾʹ 

ɼʰˍʰˋˍˊˇ˒ʽˁˈ ɴ˂ʶʴ˔ˇ ˒ʶˊˊˇ˃ʰʴ˄ʹˍʽˁ˗˄ ˎ˂ʽˁ˗˄Φ ɶ ˉˊ˗ˍʹ ɻʽʱˍʰ˅ʹ ʶʾ˄ʰʽ ʽˁʰ˄ʺ ˄ʰ 

ˁʰˍʰʴˊʱ˒ʶʽ ˍˇ˄ ʲˊˈ˔ˇ ˎˋˍʷˊʹˋʹˌ ˍ˖˄ ˃ʰʴ˄ʹˍʽˁ˗˄ ˎ˂ʽˁ˗˄Σ ʲʰˋʽˋ˃ʷ˄ʹ ˋˍʹ ˔ˊʺˋʹ 

ˉʹ˄ʾ˖˄Φ ʃʽˇ ˋˎʴˁʶˁˊʽ˃ʷ˄ʰΣ ʰˉˇˍʶ˂ʶʾˍʰʽ ʰˉˈ ʷ˄ʰ˄ ˃ʰʴ˄ʹˍʽˁˈ ˉˎˊʺ˄ʰ ˋʶ ˋ˔ʺ˃ʰ ζʃηΣ 

ˋ̱ ˇ˄ ˇˉˇʾˇ ʷ˔ˇˎ˄ ̱ ˎ˂ʽ˔ʻʶʾ ʵˏˇ ˉʹ˄ʾʰΦ ʆˇ ʷ˄ʰ ʰˉˇˍʶ˂ʶʾ ˍˇ ˉʹ˄ʾˇ ʵʽʷʴʶˊˋʹˌ ˁʰʽ ˍˇ ʱ˂˂ˇ 

ˍˇ ˉʹ˄ʾˇ ˂ʺ˕ʹˌΦ ɶ ˍˇˉˇʻʷˍʹˋʹ ˍˇˎ ˋˎʴˁʶˁˊʽ˃ʷ˄ˇˎ ʰʽˋʻʹˍʹˊʾˇˎ ˋˍˇ ˎˉˈ ʶ˅ʷˍʰˋʹ 

ˎ˂ʽˁˈ ʵʹ˃ʽˇˎˊʴʶʾ ʷ˄ʰ ˁ˂ʶʽˋˍˈ ˁˏˁ˂˖˃ʰ ʵʽʱʵˇˋʹˌ ˍʹˌ ˃ʰʴ˄ʹˍʽˁʺˌ ˊˇʺˌΣ ʹ ˇˉˇʾʰ 

ʵʹ˃ʽˇˎˊʴʶʾˍʰʽ ˃ʷˋ˖ ˍʹˌ ˍˊˇ˒ˇʵˇˋʾʰˌ ˍˇˎ ˉʹ˄ʾˇˎ ʵʽʷʴʶˊˋʹˌΦ ʆʶ˂ʽˁʱΣ ˃ʷˋ˖ 

ˁʰˍʱ˂˂ʹ˂ˇˎ ʹ˂ʶˁˍˊˇ˄ʽˁˇˏ ˁˎˁ˂˗˃ʰˍˇˌ ˉˇˎ ˋ˔ʶʵʽʱˋˍʹˁʶ ˁʰʽ ʰ˄ʰˉˍˏ˔ʻʹˁʶΣ ʺˍʰ˄ 

ʵˎ˄ʰˍʺ ʹ ʶ˅ʰʴ˖ʴʺ ˍˇˎ ʲˊˈ˔ˇˎ ˎˋˍʷˊʹˋʹˌ ʶ˄ˈˌ ˎ˂ʽˁˇˏΣ ˇ ˇˉˇʾˇˌ ˃ˉˇˊʶʾ ˄ʰ 

ˉˊˇˋ˒ʷˊʶʽ ʷ˄ʰ ˋˏ˄ˇ˂ˇ ˉ˂ʹˊˇ˒ˇˊʽ˗˄ ˋ˔ʶˍʽˁʱ ˃ʶ ˍʰ ˔ʰˊʰˁˍʹˊʽˋˍʽˁʱ ˁʰʽ ˍʹ˄ 

ˁʰˍʱˋˍʰˋʹ ̱ ˇˎ ʶ˅ʶˍʰʸˈ˃ʶ˄ˇˎ ˎ˂ʽˁˇˏΦ  

ɶ ɻʶˏˍʶˊʹ ʵʽʱˍʰ˅ʹ ˉˇˎ ˁʰˍʰˋˁʶˎʱˋˍʹˁʶ ʶˉʽˍˊʷˉʶʽ ˍˇ˄ ʷ˂ʶʴ˔ˇ ˍʹˌ ˁʰˍʱˋˍʰˋʹˌ 

ˍ˖˄ ˒ʶˊˊˇ˃ʰʴ˄ʹˍʽˁ˗˄ ˎ˂ʽˁ˗˄Σ ˃ʷˋ˖ ˍˇˎ ˉˊˇˋʵʽˇˊʽˋ˃ˇˏ ˍʹˌ ˃ʰʴ˄ʹˍʽˁʺˌ 

ʵʽʰˉʶˊʰˍˈˍʹˍʰˌΦ ʁ ˋˎˋ˔ʶˍʽˋ˃ˈˌ ˍʹˌ ˃ʰʴ˄ʹˍʽˁʺˌ ʵʽʰˉʶˊʰˍˈˍʹˍʰˌ ˃ʶ ˍʹ˄ ʶˉʽʲˇ˂ʺ 

˃ʹ̝ʰ˄ʽˁ˗˄ ˍʱˋʶ˖˄ ˁʰʽ ˍʹ ˃ʶ˂ʷˍʹ ˍ˖˄ ˔ʰˊʰˁˍʹˊʽˋˍʽˁ˗˄Σ ˍ˖˄ ʽʵʽˇˍʺˍ˖˄, ̱ ˖˄ ʰˍʶ˂ʶʽ˗˄ 

ˁʰʽ ʴʶ˄ʽˁˈˍʶˊʰ ˍʹˌ ʵˇ˃ʺˌ ˍˇˎΣ ˁʰʻʽˋˍʱ ˍʹ ˋˎʴˁʶˁˊʽ˃ʷ˄ʹ ʵʽʱˍʰ˅ʹ ʷ˄ʰ ˔ˊʺˋʽ˃ˇ 

ʶˊʴʰ˂ʶʾˇ ɾʹ ɼh ˍʰˋˍˊˇ˒ʽˁˇˏ ɳ˂ ʷʴ˔ˇˎΦ ɶ ˂ʶʽˍˇˎˊʴʾʰ ˍʹˌ ʲʰˋʾʸʶˍʰʽ ˋˍʹ ˔ˊʺˋʹ ʶ˄ˈˌ 

˃ˈ˄ʽ˃ˇˎ ˃ʰʴ˄ʺˍʹ ʴʽʰ ˍʹ ʵʹ˃ʽˇˎˊʴʾʰ ʶ˄ˈˌ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎΣ ˍˇ ˇˉˇʾˇ ʵʽʰʵʾʵʶˍʰʽ 

˃ʷˋ˖ ʵˏˇ ˊʱʲʵ˖˄ ˋʽʵʺˊˇˎ ˋˍˇ ʶ˅ʶˍʰʸˈ˃ʶ˄ˇ ˎ˂ʽˁˈΣ ˍˇ ˇˉˇʾˇ ʰˉˇˍʶ˂ʶʾ ˃ʷˊˇˌ ˍˇˎ 

˃ʰʴ˄ʹˍʽˁˇˏ ˁˎˁ˂˗˃ʰˍˇˌΣ ˈˉ˖ˌ ˋˎ˄ʷʲʹ ˁʰʽ ˋˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ˍʹˌ ˉˊˇʹʴˇˏ˃ʶ˄ʹˌ 

ʵʽʱˍʰ˅ʹˌΦ ɶ ˃ʶˍʰʲˇ˂ʷˌ ˋˍʹ ˃ʰʴ˄ʹˍʽˁʺ ʶˉʰʴ˖ʴʺ ˉˇˎ ˇ˒ʶʾ˂ˇ˄ˍʰʽ ˋˍʹ ˃ʰʴ˄ʹˍʽˁʺ 
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ʵ̔ ʰˉʶˊʰˍˈˍʹˍʰ ˍˇˎ ˎˉˈ ʶ˅ʷˍʰˋʹ ˎ˂ʽˁˇˏΣ ʴʾ˄ˇ˄ˍʰʽ ʰ˄ˍʽ˂ʹˉˍʷˌ ˃ʷˋ˖ ʵˏˇ ʰʽˋʻʹˍʺˊ˖˄ 

Hall ˉˇˎ ʷ˔ˇˎ˄ ˍˇˉˇʻʶˍʹʻʶʾ ˋˍʰ ʱˁˊʰ ˍˇˎ ʰʽˋʻʹˍʹˊʾˇˎΦ ɶ ˋˎʴˁʶˁˊʽ˃ʷ˄ʹ ˋˎˋˁʶˎʺ 

ʶʾ˄ʰʽ ˒ˇˊʹˍʺ ˁʰʽ ˃ˉˇˊʶʾ ˄ʰ ˃ʶˍʰʵ˗ˋʶʽ ˍʽˌ ˃ʶˍˊʺˋʶʽˌ ˋʶ ʷ˄ʰ˄ ʵʷˁˍʹ ˃ʷˋ˖ 

ˊʰʵʽˇˋˎ˔˄ˇˍʺˍ˖˄,  ̋ ˋʶ ˇˉˇʽʰʵʺˉˇˍʶ ˋˎˋˁʶˎʺ ˎˉˇˋˍʹˊʾʸʶʽ ˍˇ ˉˊ˖ˍˈˁˇ˂˂ˇ 

ʶˉʽˁˇʽ˄˖˄ʾʰˌ Bluetooth.  

ɾʶ ̀ˁˇˉˈ ˍʹ˄ ʶˉʰ˂ʺʻʶˎˋʹ ˍʹˌ ˇˊʻʺˌ ˂ʶʽˍˇˎˊʴʾʰˌ ˍ˖˄ ʵˏˇ ʵʽʰˍʱ˅ʶ˖˄Σ 

ˉˊʰʴ˃ʰˍˇˉˇʽʺʻʹˁʰ˄ ʶ˄ʵʶʽˁˍʽˁʷˌ ˃ʶˍˊʺˋʶʽˌ ˋʶ ˒ˏ˂˂ʰ ʹ˂ʶˁˍˊʽˁˇˏ ˔ʱ˂ˎʲʰΦ ʁʽ 

˃ʶˍˊʺˋʶʽˌ ʶˉʽʲʶʲʰʾ˖ˋʰ˄ ˍʹ˄ ʰˊ˔ʺ ˂ʶʽˍˇˎˊʴʾʰˌΣ ˍˈˋˇ ˋˍʹ ʵʹ˃ʽˇˎˊʴʾʰ ˍˇˎ ʲˊˈ˔ˇˎ 

ˎˋˍʷˊʹˋʹˌΣ ˈˋˇ ˁʰʽ ˁʰˍʱ ˍˇ˄ ʷ˂ʶʴ˔ˇ ˍʹˌ ʶˉʽ˒ʰ˄ʶʽʰˁʺˌ ˃ʰʴ˄ʹˍʽˁʺˌ ʵʽʰˉʶˊʰˍˈˍʹˍʰˌΦ 

ɳˉʾˋʹˌΣ ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʶ ˃ʹ˔ʰ˄ʺ ʶ˒ʰˊ˃ˇʴʺˌ ʻ˂ʽˉˍʽˁ˗˄ ˁʰʽ ʶ˒ʶ˂ˁˎˋˍʽˁ˗˄ ˍʱˋʶ˖˄Σ 

ˋˍʹ˄ ˇˉˇʾʰ ˍˇˉˇʻʶˍʺʻʹˁʶ ʹ ʵʽʱˍʰ˅ʹ ʰʽˋʻʹˍʺˊ˖˄ Hall. ɮˉˈ ˍʰ ˂ʹ˒ʻʷ˄ˍʰ 

ʰˉˇ̱ʁ ˂ʷˋ˃ʰˍʰ ʺˍʰ˄ ʵˎ˄ʰˍˈˌ ˇ ˉˊˇˋʵʽˇˊʽˋ˃ˈˌ ˍˈˋˇ ˍˇˎ ˃ʶʴʷʻˇˎˌΣ ˈˋˇ ˁʰʽ ˍˇˎ 

ʶʾʵˇˎˌ ˍ˖˄ ˃ʹ˔ʰ˄ʽˁ˗˄ ˍʱˋʶ˖˄Φ  

ʅˎ˄ˇ˕ʾʸˇ˄ˍʰˌΣ ˇ̔  ɻˏ ˇ ̄́ˇˍʶʽ˄ˈ˃ʶ˄ʶˌ ʵʽʰˍʱ˅ʶʽˌ ʶˉʽˍˊʷˉˇˎ˄ ˍˇ˄ ʷ˂ʶʴ˔ˇ ˍʹˌ 

ˁʰˍʱˋˍʰˋʹˌ ˍ˖˄ ˒ʶˊˊˇ˃ʰʴ˄ʹˍʽˁ˗˄ ˎ˂ʽˁ˗˄Σ ˁʰʻʽˋˍ˗˄ˍʰˌ ˍʽˌ ˔ˊʺˋʽ˃ʰ ʶˊʴʰ˂ʶʾʰ ɾʹ 

ɼʰˍʰˋˍˊˇ˒ʽˁˇˏ ɳ˂ʷʴ˔ˇˎΦ ɶ ʲʽʲ˂ʽˇʴˊʰ˒ʽˁʺ ʷˊʶˎ˄ʰ ˎˉˇʵʶʽˁ˄ˏʶʽ ˈˍʽ ˇʽ ˎˉʱˊ˔ˇˎˋʶˌ 

˂ˏˋʶʽˌ ˋˍˇ˄ ˋˎʴˁʶˁˊʽ˃ʷ˄ˇ ˍˇ˃ʷʰ ʵʶ˄ ˁʰ˂ˏˉˍˇˎ˄ ˉ˂ʺˊ˖ˌ ˍʽˌ ʰ˄ʱʴˁʶˌ ˃ʷˍˊʹˋʹˌΣ 

ˉʰˊʰˁˇ˂ˇˏʻʹˋʹˌ ˁʰʽ ʶ˂ʷʴ˔ˇˎ, ʴʽʰ ˍʽˌ ʵʽʱ˒ˇˊʶˌ ˉʽʻʰ˄ʷˌ ʶ˒ʰˊ˃ˇʴʷˌΦ ɶ ʵʽʰʵʽˁʰˋʾʰ 

ˉˊˇʶˍˇʽ˃ʰˋʾʰˌ ˍ˖˄ ˎ˂ʽˁ˗˄Σ ʰ˂˂ʱ ˁʰʽ ʹ ʵʽʶ˅ʰʴ˖ʴʺ ˍ˖˄ ˃ʶˍˊʺˋʶ˖˄, ʰˉˇˍʶ˂ˇˏ˄ 

˔ˊˇ˄ˇʲˈˊʶˌ ʵʽʶˊʴʰˋʾʶˌΣ ʰˉˇˍˊʷˉˇ˄ˍʰˌ ˍʹ ʵʽʶ˅ʰʴ˖ʴʺ ˍˇˎˌ ˋʶ ˍʰˁˍʽˁʺ ˔ˊˇ˄ʽˁʺ ʲʱˋʹ. 

ɮ˄ˍʽʻʷˍ˖ˌΣ ˇʽ ˉˊˇˍʶʽ˄ˈ˃ʶ˄ʶˌ ʵʽʰˍʱ˅ʶʽˌ ˉˊˇˋ˒ʷˊˇˎ˄ ˍʹ ʵˎ˄ʰˍˈˍʹˍʰ ˍʹˌ ʵʽʶ˅ʰʴ˖ʴʺˌ 

˃ʶˍˊʺˋʶ˖˄ ˃ʶ ˃ʹ ʶˉʶ˃ʲʰˍʽˁˈ ˍˊˈˉˇΣ ˉ˂ʶˇ˄ʶˁˍ˗˄ˍʰˌ ˋʶ ˉˇ˂˂ˇˏˌ ˍˇ˃ʶʾˌΦ 

ɶ ˉˊ˗ˍʹ ʵʽʱˍʰ˅ʹ ˃ˉˇˊʶʾ ˄ʰ ʰˉˇˍʶ˂ʷˋʶʽ ˃ʽʰ ʶˊʴʰˋˍʹˊʽʰˁʺΣ ˁˎˊʾ˖ˌΣ ʵʽʱˍʰ˅ʹ 

ˉˊˇˋ˒ʷˊˇ˄ˍʰˌ ˍʹ ʵˎ˄ʰˍˈˍʹˍʰ ˉˊˇˋʰˊ˃ˇʴʺˌ ˍ˖˄ ˃ʶˍˊʺˋʶ˖˄ ̀ ˍʽˌ ʶˁʱˋˍˇˍʶ ˋˎ˄ʻʺˁʶˌΣ 

˃ʷˋ˖ ˍˇˎ ʶ˂ʷʴ˔ˇˎ ˍˇˎ ʶˉʽʲʰ˂˂ˈ˃ʶ˄ˇˎ ˉʶʵʾˇˎ ʵʽʷʴʶˊˋʹˌΦ ʆˇ ʰˉˇˍʷ˂ʶˋ˃ʰ ˍʹˌ 

˃ʷˍˊʹˋʹˌ ˃ˉˇˊʶʾ ˄ʰ ʰˉʶʽˁˇ˄ʽˋˍʶʾ ˖ˌ ʲˊˈ˔ˇˌ ˎˋˍʷˊʹˋʹˌ ̱ ˇˎ ʶ˅ʶˍʰʸˈ˃ʶ˄ˇˎ ˎ˂ʽˁˇˏΣ ˃ʶ 

ˋˁˇˉˈ ˍʹ ʶ˅ʰʴ˖ʴʺ ˈ˂˖˄ ˍ˖˄ ˉ˂ʹˊˇ˒ˇˊʽ˗˄ ˉˇˎ ˉˊˇˁˏˉˍˇˎ˄ ʰˉˈ ʰˎˍˈ˄Φ 

ɶ ʵʶˏˍʶˊʹ ʵʽʱˍʰ˅ʹ ˁʰ˂ˏˉˍʶʽ ˍʹ˄ ʰ˄ʱʴˁʹ ʴʽʰ ˍˇ˄ ʶˉʾ ˍˈˉˇˎ ʷ˂ʶʴ˔ˇ ˍ˖˄ ˎ˂ʽˁ˗˄ ˋˍˇ 

ˉʶʵʾˇΦ ʅʶ ʰ˄ˍʾʻʶˋʹ ˃ʶ ˍʽˌ ˎˉʱˊ˔ˇˎˋʶˌ ˋˎˋˁʶˎʷˌ ˃ʷˍˊʹˋʹˌΣ ˃ˉˇˊʶʾ ˄ʰ ʵʽʶ˅ʱʴʶʽ 

˃ʶˍˊʺˋʶʽˌ ˃ʶ ˎ˕ʹ˂ʺ ˍʰ˔ˏˍʹˍʰΣ ˔˖ˊʾˌ ˍʹ˄ ʰˉʰʾˍʹˋʹ ʴʽʰ ˍʹ˄ ˉˊˇʶˍˇʽ˃ʰˋʾʰ ˍ˖˄ ˎˉˈ 

ʶ˅ʷˍʰˋʹ ˎ˂ʽˁ˗˄Φ ɶ ˒ˇˊʹˍˈˍʹˍʰ ˍʹˌ ˋˎˋˁʶˎʺˌ ʶˉʽˍˊʷˉʶʽ ˍʹ˄ ʰˉʶˎʻʶʾʰˌ ˃ʷˍˊʹˋʹ ˋʶ 
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ˉˊʰʴ˃ʰˍʽˁˈ ˔ˊˈ˄ˇ ˁʰʽ ̀ ʶ ˉˊʰʴ˃ʰˍʽˁʷˌ ˋˎ˄ʻʺˁʶˌ ˂ʶʽˍˇˎˊʴʾʰˌΦ ɶ ʰˋˏˊ˃ʰˍʹ ˃ʶˍʱʵˇˋʹ 

ˍ˖˄ ʵʶʵˇ˃ʷ˄˖˄ ˋˍˇ˄ ʵʷˁˍʹ ʺ ˋʶ ˇˉˇʽʰʵʺˉˇˍʶ ˋˎˋˁʶˎʺ ˎˉˇˋˍʹˊʾʸʶʽ ˍˇ ˉˊ˖ˍˈˁˇ˂˂ˇ 

ʶˉʽˁˇʽ˄˖˄ʾʰˌ Bluetooth, ˁʰʻʽˋˍʱ ʶ˒ʽˁˍʺ ˍʹ˄ ˍˇˉˇʻʷˍʹˋʹ ˍʹˌ ˋˎˋˁʶˎʺˌ ˋʶ 

ʵˎˋˉˊˈˋʽˍʰ ˋʹ˃ʶʾʰΣ ˔˖ˊʾˌ ˍʹ˄ ʰ˄ʱʴˁʹ ˍʹˌ ʶ˄ˋˏˊ˃ʰˍʹˌ ˋˏ˄ʵʶˋʺˌ ˍʹˌΦ  

ʅˎ˄ʶˉ˗ˌΣ ˇʽ ˉˊˇˍʶʽ˄ˈ˃ʶ˄ʶˌ ʵʽʰˍʱ˅ʶʽˌ ˃ˉˇˊˇˏ˄ ˄ʰ ʶ˅ʰ˂ʶʾ˕ˇˎ˄ ˍʰ ˉˊˇʲ˂ʺ˃ʰˍʰ 

ˍ˖˄ ˍˊʶ˔ˈ˄ˍ˖˄ ˋˎˋˍʹ˃ʱˍ˖˄ ˉʰˊʰˁˇ˂ˇˏʻʹˋʹˌ ˁʰʽ ʶ˂ʷʴ˔ˇˎ ˍ˖˄ ˒ʶˊˊˇ˃ʰʴ˄ʹˍʽˁ˗˄ 

ˎ˂ʽˁ˗˄Σ ˁʰʻ˗ˌ ˉʰˊˇˎˋʽʱʸˇˎ˄ ˇ˒ʷ˂ʹ ˋʶ ˉˇ˂˂ˇˏˌ ˍˇ˃ʶʾˌ. ʁʽ ˉ˂ʹˊˇ˒ˇˊʾʶˌ ˉˇˎ 

ˉˊˇˁˏˉˍˇˎ˄ ʰˉˈ ˍˇˎˌ ʰʽˋʻʹˍʺˊʶˌ ˃ˉˇˊˇˏ˄ ˄ʰ ʶ˃˒ʰ˄ʾˋˇˎ˄ ˍʹ ˒ʻˇˊʱ ˍˇˎ ˎ˂ʽˁˇˏΦ 

ɲʹ˂ʰʵʺΣ ˋʶ ʰ˄ˍʾʻʶˋʹ ˃ʶ ˍˇˎˌ ˎˉˈ˂ˇʽˉˇˎˌ ʰʽˋʻʹˍʺˊʶˌ ˉˇˎ ʰ˄ʽ˔˄ʶˏˇˎ˄ ˍʹ˄ 

ˁʰˍʰˉˈ˄ʹˋʹ ʰˉˈ ˍʹ ˋˍʽʴ˃ʺ ˍˇˉˇʻʷˍʹˋʺˌ ˍˇˎˌ ˁʰʽ ˃ʶˍʱΣ ˇʽ ˃ʰʴ˄ʹˍʽˁˇʾ ʰʽˋʻʹˍʺˊʶˌ 

ˉˇˎ ʲʰˋʾʸˇ˄ˍʰʽ ˋˍʹ˄ ˉʰˊʰˁˇ˂ˇˏʻʹˋʹ ˍʹˌ ʵˇ˃ʺˌ ˍˇˎ ˎ˂ʽˁˇˏ ˉˊˇˋ˒ʷˊˇˎ˄ ˍˇ 

ˉ˂ʶˇ˄ʷˁˍʹ˃ʰ ˍʹˌ ˉ˂ʹˊˇ˒ˇˊʾʰˌ ʴʽʰ ˍʹ˄ ˁʰˍʰˉˈ˄ʹˋʹ ˉˇˎ ʶˁʶʾ˄ˇ ʷ˔ʶʽ ʵʶ˔ʻʶʾ, ʰˁˈ˃ʹ 

ˁʰʽ ˉˊʽ˄ ʰˉˈ ˍʹ˄ ˍˇˉˇʻʷˍʹˋʹ ˍ˖˄ ʰʽˋʻʹˍʺˊ˖˄Φ ʅʶ ˋˎ˄ʵˎʰˋ˃ˈ ˃ʶ ˉ˂ʹˊˇ˒ˇˊʾʶˌ ʰˉˈ 

ʱ˂˂ˇˎˌ ʰʽˋʻʹˍʺˊʶˌ όˉΦ˔Φ ˁˊʰʵʰˋ˃˗˄Σ ʻʶˊ˃ˇˁˊʰˋʾʰˌ ˁΦ˂ˉΦύΣ ˍʰ ʵʶʵˇ˃ʷ˄ʰ ˃ˉˇˊˇˏ˄ ˄ʰ 

ʰ˄ʰ˂ˎʻˇˏ˄ ʴʽʰ ˄ʰ ˉˊˇˁˏ˕ʶʽ ˋˎ˃ˉʷˊʰˋ˃ʰ ʴʽʰ ˍʹ ˋˎ˃ˉʶˊʽ˒ˇˊʱ ˍˇˎ ˎ˂ʽˁˇˏ ˁʰˍʱ ˍʹ 

ʵʽʱˊˁʶʽʰ ʶʽʵʽˁ˗˄ ˋˎ˄̒ ʹˁ˗˄ ˁʰʽ ˒ˇˊˍʾ˖˄Φ ɳˉʾˋʹˌΣ ˃ʶ ˁʰˍʱ˂˂ʹ˂ʶˌ ˉˊˇˋʰˊ˃ˇʴʷˌΣ ˇʽ 

ˋˎʴˁʶˁˊʽ˃ʷ˄ˇʽ ʰʽˋʻʹˍʺˊʶˌ ˃ˉˇˊˇˏ˄ ˄ʰ ˉˊʰʴ˃ʰˍˇˉˇʽˇˏ˄ ˃ʶˍˊʺˋʶʽˌ ˋʶ ˋˎʴˁʶˁˊʽ˃ʷ˄ʰ 

ʲʱʻʹ ˎ˂ʽˁˇˏΣ ˗ˋˍʶ ˄ʰ ʰ˄ʽ˔˄ʶˏˇˎ˄ ˍʹ˄ ˁʰˍʱˋˍʰˋʺ ˍˇˎΣ ˍʹ˄ ˁˈˉ˖ˋʹ ˁʰʽ ˍʹ˄ 

ˉʽʻʰ˄ˈˍʹˍʰ ʶ˃˒ʱ˄ʽˋʹˌ ʰˋˍˇ˔ʽ˗˄Φ  

ɮˁˈ˃ʹΣ ʹ ˔ʰ˃ʹ˂ˇˏ ˁˈˋ̱ ˇˎˌ ʰ˄ʱˉˍˎ˅ʹ ˍ˖˄ ʰʽˋʻʹˍʺˊ˖˄Σ ˋʶ ˋˎ˄ʵˎʰˋ˃ˈ ˃ʶ ˍʹ˄ 

ʰˋˏˊ˃ʰˍʹ ˃ʶˍʱʵˇˋʹ ˍ˖˄ ˉ˂ʹˊˇ˒ˇˊʽ˗˄ ˍˇˎˌΣ ˉʰˊʷ˔ʶʽ ˍʹ ʵˎ˄ʰˍˈˍʹˍʰ ˄ʰ ˉˊˇˋˍʶʻˇˏ˄ 

ˉʶˊʽˋˋˈˍʶˊˇʽ ʰʽˋʻʹˍʺˊʶˌΣ ʵʹ˃ʽˇˎˊʴ˗˄ˍʰˌ ʷ˄ʰ ʵʾˁˍˎˇ ˃ʶˍʱʵˇˋʹˌ ˍʹˌ ˉ˂ʹˊˇ˒ˇˊʾʰˌΣ 

ˉˊˇˁʶʽ˃ʷ˄ˇˎ ˄ʰ ʶˉʽˍʶˎ˔ʻˇˏ˄ ʰˁˈ˃ʰ ˁʰ˂ˏˍʶˊʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍh  ˃ʶˍˊʺˋʶ˖˄Φ ɶ ʷ˂˂ʶʽ˕ʹ 

ˁʽ˄ˇˏ˃ʶ˄˖˄ ˃ʶˊ˗˄ ˋˍˇˎˌ ʰʽˋʻʹˍʺˊʶˌ ʶ˅ʰˋ˒ʰ˂ʾʸʶʽ ˈˍʽ ʹ ʰˉʰʽˍˇˏ˃ʶ˄ʹ ˋˎ˄ˍʺˊʹˋʺ 

ˍˇˎˌ ʻʰ ʶʾ˄ʰʽ ʶ˂ʱ˔ʽˋˍʹΦ ɶ ʷʴˁʰʽˊʹ ʶ˄ʹ˃ʷˊ˖ˋʹ ˋ˔ʶˍʽˁʱ ˃ʶ ˉʽʻʰ˄ʺ ʰˋˍˇ˔ʾʰ ʶ˄ˈˌ 

ˋˎʴˁʶˁˊʽ˃ʷ˄ˇˎ ˎ˂ʽˁˇˏ ʶʾ˄ʰʽ ˉˇ˂ˏ ˋʹ˃ʰ˄ˍʽˁʺ ʴʽʰ ˍʹ˄ ˉˊʰʴ˃ʰˍˇˉˇʾʹˋʹ ˉˊˇ˂ʹˉˍʽˁ˗˄ 

ʶ˄ʶˊʴʶʽ̠ ˄Φ ɶ ʴ˄˗ˋʹ ˍʹˌ ˁ ʰˍʱˋˍʰˋʹˌ ˍˇˎ ˎ˂ʽˁˇˏ ˃ˉˇˊʶʾ ˄ʰ ˋˎ˃ʲʱ˂ʶʽ ˋˍʹ ˃ʶʾ˖ˋʹ ˍ˖˄ 

ˁʽ˄ʵˏ˄˖˄ ˁʰʽ ˄ʰ ʲˇʹʻʺˋʶʽ ˋˍˇ˄ ˁʰ˂ˏˍʶˊˇ ˉˊˇʴˊʰ˃˃ʰˍʽˋ˃ˈ ˍ˖˄ ʶˊʴʰˋʽ˗˄ 

ˋˎ˄ˍʺˊʹˋʹˌΣ ˍ˖˄ ˇˉˇʾ˖˄ ˇ ˔ˊˈ˄ˇˌ ˃ˉˇˊʶʾ ˄ʰ ˃ʶʽ˖ʻʶʾΣ ˃ʷˋ˖ ˍʹˌ ʰ˅ʽˇˉˇʾʹˋʹˌ ˍ˖˄ ʺʵʹ 

˂ʹ˒ʻʷ˄ˍ˖˄ ʵʶʵˇ˃ʷ˄˖˄ ʰˉˈ ˍʽˌ ˍʰˁˍʽˁʷˌ ˃ ʶˍˊʺˋʶʽˌ ɾʹ ɼʰˍʰˋˍˊˇ˒ʽˁˇˏ ɳ˂ʷʴ˔ˇˎΦ 
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ʅˎ˄ʶˉ˗ˌΣ ʶʾ˄ʰʽ ʶ˃˒ʰ˄ʺˌ ʹ ʵˎ˄ʰˍˈˍʹˍʰ ʶˎˊʶʾʰˌ ʰ˅ʽˇˉˇʾʹˋʹˌ ˍ˖˄ ˍʶ˂ʽˁ˗˄ 

ˉˊˇʿˈ˄ˍ˖˄Σ ˍˈˋˇ ˋʶ ʶˊʴʰˋˍʹˊʽʰˁˈ ʶˉʾˉʶʵˇΣ ˈˋˇ ˁʰʽ ʴʽʰ ʶˉʾ ˍˈˉˇˎ ˃ʶˍˊʺˋʶʽˌΦ ɶ 

ʶˏˁˇ˂ʹ ˔ˊʺˋʹ ˍ˖˄ ˋˎʴˁʶˁˊʽ˃ʷ˄˖˄ ʵʽʰˍʱ˅ʶ˖˄ ˁʰʽ ʹ ʰ˅ʽˇˉʽˋˍʾʰ ˍ˖˄ ˃ʶˍˊʺˋʶ˖˄ ˉˇˎ 

ˉˊˇˋ˒ʷˊˇˎ˄Σ ˍʽˌ ʻʷˍˇˎ˄ ̔ ʵʰ˄ʽˁʷˌ ʴʽʰ ˋˎ˄ʶ˔ʺ ˔ˊʺˋʹΦ ɶ ˉˊˇˋʱˊˍʹˋʹ ˍ˖˄ ʰʽˋʻʹˍʺˊ˖˄ 

ˋʶ ˁʰʾˊʽʰ ˋʹ˃ʶʾʰ ˍʹˌ ˎˉˈ ʶ˅ʷˍʰˋʹ ʵˇ˃ʺˌ ʶʾ˄ʰʽ ʶ˒ʽˁˍʺΣ ˂ˈʴ˖ ˍˇˎ ˃ʽˁˊˇˏ ˃ʶʴʷʻˇˎˌ 

ˍˇˎˌΣ ˍˇˎ ˔ʰ˃ʹ˂ˇˏ ˁˈˋˍˇˎˌ ˁʰʽ ˍʹˌ ʵˎ˄ʰˍˈˍʹˍʰˌ ʰˋˏˊ˃ʰˍʹˌ ʶˉʽˁˇʽ˄˖˄ʾʰˌΦ 

ʅʹ˃ʰ˄ˍʽˁˈˌ ˉʰˊʱʴˇ˄ˍʰˌ ˋʶ ˈ˂ʰ ˍʰ ˉʰˊʰˉʱ˄˖ ʰˉˇˍʶ˂ʶʾ ʹ ʶ˂ʱ˔ʽˋˍʹ ʶ˄ʶˊʴʶʽʰˁʺ 

ˁh ˍʰ˄ʱ˂˖ˋʹ ˍ˖˄ ˋˎˋˁʶˎ˗˄Φ ʅˎˋˁʶˎʷˌ ˃ʽˁˊ˗˄ ʵʽʰˋˍʱˋʶ˖˄ ˁʰʽ ˔ʰ˃ʹ˂ʺˌ 

ˁʰˍʰ˄ʱ˂˖ˋʹˌΣ ˉˇˎ ˉʶˊʽ˂ʰ˃ʲʱ˄ˇˎ˄ ˃ʽˁˊˇʶ˂ʶʴˁˍʷˌ ˁʰʽ ˉˊˇˋ˒ʷˊˇˎ˄ ˍʹ ʵˎ˄ʰˍˈˍʹˍʰ 

˂ʺ˕ʹˌΣ ʰ˄ʱ˂ˎˋʹˌΣ ʰˉˇʻʺˁʶˎˋʹˌ ˁʰʽ ʰˉˇˋˍˇ˂ʺˌ ˍ˖˄ ʵʶʵˇ˃ʷ˄˖˄Σ ʰˉˇˍʶ˂ˇˏ˄ ʽʵʰ˄ʽˁʺ 

ʶˉʽ˂ˇʴʺ ʴʽʰ ˍʽˌ ̀ ˎʴˁʶˁˊʽ˃ʷ˄ʶˌ ʶ˒ʰˊ˃ˇʴʷˌΦ  

ʅ́ ˃ʰ˄ˍʽˁˈ ˉ˂ʶˇ˄ʷˁˍʹ˃ʰ ʰˉˇˍʶ˂ʶʾ ʹ ʵˎ˄ʰˍˈˍʹˍʰ ˁʰˍʰʴˊʰ˒ʺˌ ˍˇˎ ˋʺ˃ʰˍˇˌ ʰˉˈ 

ˍˇˎˌ ʰʽˋʻʹˍʺˊʶˌΣ ʰ˄ʱ˂ˎˋʹˌ ˍ˖˄ ʵʶˇ˃ʷ˄˖˄ ʰˉˈ ˍˇ˄ ˃ʽˁˊˇʶ˂ʶʴˁˍʺ ˁʰʽ ˍʶ˂ʽˁʱΣ 

ʰˉˇˋˍˇ˂ʺˌ ˍʹˌ ˍʶ˂ʽˁʺˌ ˉ˂ʹˊˇ˒ˇˊʾʰˌ ˋˍˇ ˁʽ˄ʹˍˈ ˍʹ˂ʷ˒˖˄ˇ ʺ ˋˍˇ˄ ˎˉˇ˂ˇʴʽˋˍʺ ˍˇˎ 

˔ˊʺˋˍʹΦ ɾʶ ʰˎˍˈ˄ ˍˇ˄ ˍˊˈˉˇΣ ˍˇ ˁˈˋˍˇˌ ˍʹˌ ˋˎˋˁʶˎʺˌ ˃ˉˇˊʶʾ ˄ʰ ʵʽʰˍʹˊʹʻʶʾ ˋʶ 

˔ʰ˃ʹ˂ʱ ʶˉʾˉʶʵʰΣ ˔˖ˊʾˌ ˁʱˍʽ ˍʷˍˇʽˇ ˄ʰ ˋˎ˄ʶˉʱʴʶˍʰʽ ˁʰʽ ˍˇ˄ ˎˉˇʲʽʲʰˋ˃ˈ ˍʹˌ 

ˉˇʽˈˍʹˍʱˌ ˍʹˌΦ 

ɾʶ˂˂ˇ˄ˍʽˁʺ ʶˊʴʰˋʾʰΣ ˋʶ ˋ˔ʷˋʹ ˃ʶ ˍˇˎˌ ˋˎʴˁʶˁˊʽ˃ʷ˄ˇˎˌ ʰʽˋʻʹˍʺˊʶˌΣ ˃ˉˇˊʶʾ ˄ʰ 

ʰˉˇˍʶ˂ʷˋʶʽ ʹ ˉʶˊʰʽˍʷˊ˖ ˔ˊʺˋʹ ˍˇˎˌ ʴʽʰ ˃ʶˍˊʺˋʶʽˌ ˋʶ ʵʽʰ˒ˇˊʶˍʽˁʱ ˎ˂ʽˁʱΦ ʅʹ˃ʰ˄ˍʽˁˈˌ 

ˉʰˊʱʴˇ˄ˍʰˌ ʴʽʰ ˍʽˌ ˃ʶˍˊʺˋʶʽˌ ʶʾ˄ʰʽ ˍˇ ʲʱʻˇˌ ʵʽʶʾˋʵˎˋʹˌΣ ˍˇ ˇˉˇʾˇ ˃ˉˇˊʶʾ ˄ʰ 

ˍˊˇˉˇˉˇʽʹʻʶʾ ˁʰˍʰ˂˂ʺ˂˖ˌΣ ʴʽʰ ˍʹ ˂ʺ˕ʹ ˉ˂ʹˊˇ˒ˇˊʽ˗˄ ˋʶ ˎ˂ʽˁʱ ʵʽʰ˒ˇˊʶˍʽˁˇˏ 

ˉʱ˔ˇˎˌΦ ɶ ʰ˅ʽˇˉˇʾʹˋʹ ˍʹˌ ˒ˇˊʹˍˈˍʹˍʰˌ ˍ˖˄ ʰʽˋʻʹˍʺˊ˖˄ ʻʰ ʶˉʽˍˊʷ˕ʶʽ ˍʹ ˔ˊʺˋʹ ˍˇˎˌ 

ˎˉˈ ʵʽʰ˒ˇˊʶˍʽˁʷˌ ˉʶˊʽʲʰ˂˂ˇ˄ˍʽˁʷˌ ˋˎ˄ʻʺˁʶˌΣ ʰ˂˂ʱ ˁʰʽ ˍʹ˄ ˍˇˉˇʻʷˍʹˋʺ ˍˇˎˌ ˋʶ 

ʵʽʰˍʱ˅ʶʽˌΣ ˃ʶ ˋˁˇˉˈ ˍʹ ˋˎ˄ˇ˂ʽˁʺ ˃ʶ˂ʷˍʹ ʵˇ˃˗˄ ˒ʶˊˊˇ˃ʰʴ˄ʹˍʽˁ˗˄ ˎ˂ʽˁ˗˄Σ ˖ˌ ˉˊˇˌ 

ˍʹ˄ ˁʰˍʱˋˍʰˋʺ ˍˇˎˌ ˁʰʽ ˍʽˌ ˃ʹ˔ʰ˄ʽˁʷˌ ˍʱˋʶʽˌ ˉˇˎ ʰˋˁˇˏ˄ˍʰʽ ˋʶ ʰˎˍʷˌΦ 

ʃ́ ˇˌ ʰˎˍʺ ˍʹ˄ ˁʰˍʶˏʻˎ˄ˋʹΣ ˃ʾʰ ʰˁˈ˃ʹ ʲʶ˂ˍʾ˖ˋʹ ˍ˖˄ ʵʽʰˍʱ˅ʶ˖˄ ʰˉˇˍʶ˂ʶʾ ʹ 

ʶ˄ʶˊʴʶʽʰˁʺ ʰˎˍˇ˄ˇ˃ʾʰ ˍˇˎˌΣ ˃ʷˋ˖ ˋˎˋˍʹ˃ʱˍ˖˄ ˋˎʴˁˇ˃ʽʵʺˌ ʶ˄ʷˊʴʶʽʰˌ όenergy 

harvesting). ɾʶ ʰˎˍˈ˄ ˍˇ˄ ˍˊˈˉˇ ʶʾ˄ʰʽ ʵˎ˄ʰˍʺ ʹ ʵʹ˃ʽˇˎˊʴʾʰ ʶ˄ˈˌ ʵʽˁˍˏˇˎ 

ʰʽˋʻʹˍʺˊ˖˄ ˉˇˎ ˃ˉˇˊˇˏ˄ ˄ʰ ˍˇˉˇʻʶˍʹʻˇˏ˄ ˋʶ ʵʽʱ˒ˇˊʰ ˋʹ˃ʶʾʰ ˍʹˌ ˎˉˈ ʶ˅ʷˍʰˋʹ 

ˉʶˊʽˇ˔ʺˌ όˉΦ˔Φ ˃ʽʰˌ ʴˊʰ˃˃ʺˌ ˉʰˊʰʴ˖ʴʺˌΣ ˍʹˌ ʴʱˋˍˊʰˌ ʶ˄ˈˌ ˉ˂ˇʾˇˎ ˁΦ˂ˉΦύ ˁʰʽ ˄ʰ 

˂ʰ˃ʲʱ˄ˇˎ˄ ˃ʶˍˊʺˋʶʽˌ ˃ʶ ˍˇ˄ ʶˉʽʻˎ˃ʹˍˈ ˊˎʻ˃ˈ ʵʶʽʴ˃ʰˍˇ˂ʹ˕ʾʰˌΣ ˔˖ˊʾˌ ˄ʰ ʰˉʰʽˍʶʾˍʰʽ 
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ʹ ʰ˄ʻˊ˗ˉʽ˄ʹ ˉʰˊʷ˃ʲʰˋʹ ʴʽʰ ˍˇ˄ ˍʰˁˍʽˁˈ ʷ˂ʶʴ˔ˇ ˍ˖˄ ʰʽˋʻʹˍʺˊ˖˄Σ ˍʹ˄ ʰˉˈˁˍʹˋʹ ˍ˖˄ 

˃ʶˍˊʺˋʶ˖˄ ʺ ˍʹ˄ ˉʰˊˇ˔ʺ ˍˊˇ˒ˇʵˇˋʾʰˌ ˋʶ ʰˎˍˇˏˌΦ 

ʆʶ˂ʽˁˈˌ ˋˍˈ˔ˇˌ ʶʾ˄ʰʽ ʹ ʵʹ˃ʽˇˎˊʴʾʰ ʶ˄ˈˌ ˉ˂ʺˊˇˎˌ ˋˎˋˍʺ˃ʰˍˇˌΣ ˍˇ ˇˉˇʾˇ ʻʰ 

ˉʶˊʽ˂ʰ˃ʲʱ˄ʶʽ ˍʹ˄ ˉʰˊʰˁˇ˂ˇˏʻʹˋʹ ˍʹˌ ˁʰˍʱˋˍʰˋʹˌ ˍ˖˄ ˎ˂ʽˁ˗˄Σ ˍˇ˄ ʶ˄ˍˇˉʽˋ˃ˈ 

ʰˍʶ˂ʶʽ˗˄Σ ˍʹ˄ ˉˊˈʲ˂ʶ˕ʹ ˉʽʻʰ˄˗˄ ˋʹ˃ʶʾ˖˄ ʰˋˍˇ˔ʾʰˌ ˁʰʽ ˍʹ˄ ʶˉʾ ˍˈˉˇˎ ʶˉʽʵʽˈˊʻ˖ˋʺ 

ˍˇˎˌΦ 
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͑ϔϤϲϤϧϚϟϔ 

6.1 ɮ˂ʴˈˊʽʻ˃ˇˌ ˎˉˇ˂ˇʴʽˋ˃ˇˏ ˃ʰʴ˄ʹˍʽˁˇˏ ˉʶʵʾˇˎ 

int  input_pin = 2;  

float  voltage = 5.0;  

float  freq = 1000;  

 

long  dt  = 0;  

float  h = 0;  

 

void  setup ()  

{  

 pinMode (input_pin ,  INPUT);  

 Serial . begin (9600);  

}  

 

void  loop ()  

{  

 dt = pulseIn (input_pin ,  HIGH) -  pulseIn (input_pin ,  LOW);  

 h = freq * voltage * dt;  

  

 Serial . print ( "Dt = " );  

 Serial . print (dt);  

 Serial . pri ntln ( " us" );  

 Serial . print ( "H = " );  

 Serial . print (h ,  5);  

 Serial . println ( " A/m" );  

 Serial . println ( " --------------------- " );  

 delay ( 100);  

}  



6 ʃʰˊʱˊˍʹ˃ʰ 

 

192 

6.2 ɮ˂ʴˈˊʽʻ˃ˇˌ ˃ʷˍˊʹˋʹˌ ˁʰʽ ʰˎˍˇ˃ʱˍˇˎ ʶ˂ʷʴ˔ˇˎ 

#include  <PID_v1 . h> 

#define  PIN_INPUT 2  

 

int  enA = 10;  

int  in1 = 9;  

int  in2  = 8;  

float  per iod = 1000.0;  

 

double  Setpoint ,  Input ,  Output ;  

double  Kp = 6,  Ki = 0.05 ,  Kd = 0.1;  

 

PID  myPID( &Input ,  &Output ,  &Setpoint ,  Kp,  Ki ,  Kd,  DIRECT);  

 

unsigned  long  now = 0;  

unsigned  long  lastMessage = 0;  

 

void  setup ()  

{  

 pinMode (PIN_INPUT ,  INPUT) ;  

 pinMode (enA ,  OUTPUT);  

 pinMode (in1 ,  OUTPUT);  

 pinMode (in2 ,  OUTPUT);  

 

 Serial . begin (9600);  

 Setpoint = 0;  

 

 myPID. SetMode ( AUTOMATIC);  

 myPID. SetOutputLimits ( - 255 ,  255);  

 myPID. SetTunings (Kp ,  Ki ,  Kd);  

 lastMessage = millis ();  

}  
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void  loop ()  

{  

 float  HIGH_time = pulseIn ( PIN_INPUT ,  HIGH);  

 float  LOW_time = pulseIn (PIN_INPUT ,  LOW);  

 float  dt = HIGH_time -  LOW_time;  

 Input = map(dt ,  0,  period ,  - 255 ,  255);  

 myPID. Compute ();  

 

 if  (Output > 0) {  

 digitalWrite (in1 ,  HIGH);  

 digitalWrite (in2 ,  LOW);  

 analogWrite (enA ,  Output);  

 Seri al . println ( " --- " );  

 Serial . print ( "Setpoint = " );  

 Serial . print (Setpoint);  

 Serial . print ( " Input = " );  

 Serial . print (Input);  

 Serial . print ( " Output = " );  

 Serial . print (Output);  

 Serial . print ( " \ n" );  

 }  

 else  if  (Output < 0) {  

 digitalWrite (in1 ,  LOW);  

 digita lWrite (in2 ,  HIGH);  

 analogWrite (enA ,  - Output);  

 Serial . println ( "+++" );  

 Serial . print ( "Setpoint = " );  

 Serial . print (Setpoint);  

 Serial . print ( " Input = " );  

 Serial . print (Input);  

 Serial . print ( " Output = " );  

 Serial . print (Output);  

 Serial . print ( " \ n" );  
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 }  

 els e {  

 Serial . println ( "OK" );  

 Serial . print ( "Setpoint = " );  

 Serial . print (Setpoint);  

 Serial . print ( " Input = " );  

 Serial . print (Input);  

 Serial . print ( " Output = " );  

 Serial . print (Output);  

 Serial . print ( " \ n" );  

 }  

 

 now = millis ();  

 

 if  ( Serial . av ailable () > 0) {  

 for  ( int  x = 0; x < 4; x ++) {  

 switch  (x) {  

 case  0:  

 Kp = Serial . parseFloat ();  

 break ;  

 case  1:  

 Ki = Serial . parseFloat ();  

 break ;  

 case  2:  

 Kd = Serial . parseFloat ();  

 break ;  

 case  3:  

 for  ( int  y = Serial . available (); y == 0; y -- ) {  

 Ser ial . read ();  

 }  

 break ;  

 }  

 }  

 Serial . print ( " Kp,Ki,Kd = " );  
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 Serial . print (Kp);  

 Serial . print ( "," );  

 Serial . print (Ki);  

 Serial . print ( "," );  

 Serial . println (Kd);  

 

 myPID. SetTunings (Kp ,  Ki ,  Kd);  

 }  

 lastMessage = now;  

}  

6.3 ɮ˂ʴˈˊʽʻ˃ˇˌ ˃ʷˍˊʹˋʹˌ ˁʰʽ ʶˁˉˇ˃ˉʺˌ ʵʽʱˍʰ˅ʹˌ 

ʰʽˋʻʹˍʺˊ˖˄ Hall 

/* =========================================================  

 Hall sensor: SS49E  

 5V, GND, Aout: A0, A1  

---------------------------------------------------------  

 16- bit ADC: ADS1115  

 VDD: 5V, GND, SCL: A5, SDA: A4, ADDR: GND, A0: Hall_1, A1: 

Hall_2  

---- -----------------------------------------------------  

 RF Transmitter: nRF24L01  

Vcc: 3.3V, GND, CE: D9, CSN: D10, MOSI: D11, MISO: D12. SCK: 

D13 

--------------------------------------------------------  

BT Transmitter: HC - 05 

Vcc: D5, GND, TX:  D2, RX: D4  

========================================================  

*/  

#include  "VirtuinoBluetooth.h"   

#include  <Softw areSerial . h>  

#include  <SPI . h> 
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#include  <nRF24L01 . h> 

#include  <RF24. h> 

#include  <Wire . h> 

#include  <Adafruit_ADS1015 . h> 

 

Adafruit_ADS1115 ads;  

SoftwareSe rial  bluetoothSerial = SoftwareSerial (2 ,  4);  

VirtuinoBluetooth virtuino(bluetoothSerial);  

 

int  BLpin = 5;  

int  bat_voltage;  

float  v_zero_field = bat_voltage /  2;  

float  offset1_value;  

float  offset2_value;  

float  magn;  

boolean  executed = false ;  

 

RF24 radio(9 ,  10);  

const  uint64_t  pipe = 0xE8E8F0F0E1LL;  

 

float  mapf( float  x,  float  in_min ,  float  in_max ,  float  out_min ,  

float  out_max)  

{  

 return  (x -  in_min) *  (out_max -  out_min) /  (in_max -  in_min) 

+ out_min;  

}  

void  setup () {  

 virtuino . DEBUG = true ;  

 bluetoothSeria l . begin (9600);  

 pinMode (BLpin ,  OUTPUT);  

 digitalWrite (BLpin ,  LOW);  

 

 Serial . begin (9600);  

 radio . begin ();  

 radio . setChannel(115);  
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 radio . setDataRate(RF24_250KBPS);  

 radio . setPALevel(RF24_PA_MIN);  

 radio . openWritingPipe(pipe);  

 ads . begin ();  

}  

void  loop ()  

{  

 bat_voltage = readVcc();  

 if  (bat_voltage > 4000) {  

 int16_t  adc0 ,  adc1;  

 adc0 = ads . readADC_SingleEnded(0);  

 adc1 = ads . readADC_SingleEnded(1);  

 

 if  (executed == false ) {  

 offset1_value = adc0;  

 offset2_value = adc1;  

 executed = true ;  

 }  

 f loat  min1_value  = 1000 *  offset1_value /  v_zero_field;  

 float  max1_value = 4000 *  offset1_value /  v_zero_field;  

 float  min2_value = 1000 *  offset2_value /  v_zero_field;  

 float  max2_value = 4000 *  offset2_value /  v_zero_field;  

 

 float  sensor1Value = adc0;  

 float  magn1 = mapf(sensor1Value ,  min1_value ,  max1_value ,  -

100.0 ,  100.0);  

 float  sensor2Value = adc1;  

 float  magn2 = mapf(sensor2Value ,  min2_value ,  max2_value ,  -

100.0 ,  100.0);  

 magn = magn2 -  magn1;  

 Serial . print (bat_voltage);  

 Serial . println ( " mV" );  

 Seria l . print ( "RAW va lue 1: " );  

 Serial . print (sensor1Value);  

 Serial . print ( " \ t Magn 1: " );  
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 Serial . print (magn1);  

 Serial . println ( " mT" );  

 Serial . print ( "RAW value 2: " );  

 Serial . print (sensor2Value);  

 Serial . print ( " \ t Magn 2: " );  

 Serial . print (magn2);  

 Serial . prin tln ( " mT" );  

 Serial . println (magn);  

 delay ( 500);  

 radio . write ( &magn,  sizeof (magn));  

 

 if  ( Serial . available () > 0) {  

 int  incomingByte = Serial . read ();  

 if  (incomingByte == 'H'  ||  incomingByte == 'h'  ||  

incomingByte == '1' ) {  

 digitalWrite (BLpin ,  HIGH);  

 vir tuino . run ();  

 v irtuino . vMemoryWrite(0 ,  magn);  

 }  

 if  ( incomingByte == 'L'  ||  incomingByte == 'l'  ||  

incomingByte == '0' ) {  

 digitalWrite (BLpin ,  LOW);  

 }  

 }  

 delay (300);  

 }  

 else  {  

 Serial . println ( "Low battery!" );  

 magn = - 9999;  

 radio . write ( &magn,  sizeof (magn));  

 delay (3 00);  

 }  

}  

long  readVcc() {  
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ADMUX = _BV(REFS0) |  _BV(MUX4) |  _BV(MUX3) |  _BV(MUX2) |  

_BV(MUX1);  

delay (2);  

ADCSRA |=  _BV(ADSC);  

 while  (bit_is_set(ADCSRA ,  ADSC));  

 uint8_t  low = ADCL; 

 uint8_t  high = ADCH;  

 

 long  result = (high << 8) |  low;  

 result = 1125 300L /  result;  

 return  result ;  

}  

6.4 ɮ˂ʴˈˊʽʻ˃ˇˌ ˂ʺ˕ʹˌ ʵʽʱˍʰ˅ʹˌ ʰʽˋʻʹˍʺˊ˖˄ Hall 

/*  

---------------------------------------------------------  

RF Receiver: nRF24L01  

Vcc: 3.3V, GND, CE: D9, CSN: D10, MOSI: D11, MISO: D12. SCK: 

D13 

---------------- --------------- ------------------------ --  LCD 

I2C 16x2  

Vcc: 5V, GND, SDA: A4, SCL: A5  

---------------------------------------------------------  

*/  

//===========================Libraries===================  

#include  <SPI . h> 

#include  <nRF24L01 . h> 

#include  <RF24. h> 

#include  <LiquidCrystal_I2C . h> 

#include  <LcdBarGraphX . h> 

float  magn = 0.0;  

 

//===========================LCD=========================  

LiquidCrystal_I2C  lcd(0x27 ,  2,  1,  0,  4,  5,  6,  7,  3,  POSITIVE);  

LcdBarGraphX  lbg( &lcd ,  16,  0,  1);  

 

//=============== ============nRF24=======================  

RF24 radio(9 ,  10);   

const  uint64_t  pipe = 0xE8E8F0F0E1LL;  
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void  setup ( void )  

{  

 //===========================LCD=========================  

 lcd . begin (16 ,  2);  

 lcd . setCursor (5 ,  0);  

 //===========================nRF24== =============== ====== 

 radio . begin ();  

 radio . setChannel(115);  

 radio . setPALevel(RF24_PA_MAX);  

 radio . setDataRate( RF24_250KBPS ) ;  

 radio . openReadingPipe(1 ,  pipe);  

 radio . startListening();  

 

 Serial . begin (9600);  

 Serial . println ( "Starting Measurement....." );  

 

 lcd . print ( "A uto" );  

 lcd . setCursor (2 ,  1);  

 lcd . print ( "Calibration." );  

 delay (1000);  

 lcd . setCursor (14 ,  1);  

 lcd . print ( "." );  

 delay (1000);  

 lcd . setCursor (15 ,  1);  

 lcd . print ( "." );  

 delay (1000);  

 lcd . clear ();  

}  

void  loop ( void )  

{  

 for  ( int  i = 0; i < 16; ++i )  

 {  

 lcd . setCu rsor (i ,  0);  

 lcd . write ( ' ' );  

 }  

 

 if  (radio . available ()) {  

 radio . read ( &magn,  sizeof (magn));  

 if  (magn == - 9999) {  

 Serial . println ( "Low transmitter battery!" );  

 lcd . setCursor (0 ,  0);  

 lcd . print ( "Low transmitter" );  

 lcd . setCursor (4 ,  1);  

 lcd . print ( "battery!" );  

 delay ( 1000);  

 }  

 else  {  

 Serial . print ( "Magn : " );  
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 Serial . print (magn);  

 Serial . println ( " mT" );  

 

 lcd . setCursor (0 ,  0);  

 lcd . print ( "Diff=" );  

 lcd . setCursor (5 ,  0);  

 lcd . print (magn ,  3);  

 lcd . print ( " mT" );  

 

 lcd . setCursor (0 ,  1);  

 lbg . drawValu e( abs (magn) ,  100);  

 

 delay ( 1000);  

 }  

 }  

 else  {  

 Serial . println ( "No signal!" );  

 lcd . setCursor (4 ,  0);  

 lcd . print ( "No signal!" );  

 delay ( 1000);  

 }  

}  
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Extended Abstract  

7.1 Design and Development of a New Magnetometer 

Calibration Device 

7.1.1 Introduction 

Magnetometers are used in a variety of applications, in a wide range of fields, 

including science, transportation and industry. For higher quality monitoring and 

control services, higher accuracy levels are required. Consequently, it is necessary to 

carry out maintenance and calibration procedures at regular time intervals, depending 

on the application and the operating conditions. This is achievable by using a 

magnetometer calibration device that compensates the ambient magnetic field thus 

increasing the measuremeƴǘΩǎ ŀŎŎǳǊŀŎȅΦ  

The elimination of the ambient magnetic field may be accomplished with two 

different techniques: the passive magnetic shielding and the active magnetic field 

compensation. Disadvantages of passive magnetic shielding, include the inability to 

properly eliminate DC or low-frequency magnetic fields, the installation cost, as well 

as the requirement of a thorough covering of the space where the measurements will 

be conducted. 
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In order to compensate DC or low-frequency magnetic fields, active magnetic field 

compensation techniques, or a combination of both active and passive magnetic 

shielding, must be used. Active techniques are based on the generation of a counter-

acting magnetic field, opposing to the ambient magnetic field. The main advantage of 

the active magnetic field compensation is its ability to adapt ς via a closed-loop control 

system ς to the variations of the applied magnetic field, via a sensing element that 

provides the input to the system. Existing calibration devices based on the active 

magnetic field compensation techniques, use mainly SQUID sensors. However, the 

very small dimensions of the SQUID sensor render difficult its proper geometric 

alignment. Moreover, SQUID sensors require special operating conditions, including 

liquid nitrogen or liquid helium cooling.  

In the technique described below, it is possible to compensate unknown DC 

ambient field contributions on an under-test magnetometer using a time 

measurement. The technique utilizes the effect of ambient magnetic fields on the 

asymmetry in the time differences between consecutive output pulses. The correction 

of the asymmetry corresponds to the compensation of the ambient magnetic field. 

The measurement of the time difference, rather than the use of a reference sensor 

for ambient field compensation, may allow the use of this technique even as a primary 

standard, since it is based only on the measurement of a base quantity, i.e. time, 

provided that field compensation is realized by primary current generation such as 

Quantum Hall effect methods.  

To demonstrate the applicability of the proposed technique, we have developed 

an arrangement based on the fluxgate principle, according to which the applied 

magnetic field affects the magnetization cycles of a sensing element. The use of a 

sensing element made of amorphous FeSiB or CoFeSiB in the form of long ribbon or 

wire, allows rapid and accurate output response to the changes of the magnetic field. 

The geometry of the amorphous core mitigates the sources of positioning errors 

encountered in the SQUID arrangements. 
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7.1.2 Operating Principle 

Fig. 1 shows the characteristic fluxgate response to a triangular excitation signal, 

Ὄ ὸ. A sinusoidal excitation is also possible, but its non-linearity dictates the use of 

linearization models.  

 

Fig. 1. The time difference t32-t21 must be zero when no ambient magnetic field is sensed. 

The voltage output at the pickup coil is a sequence of positive and negative peaks 

corresponding to the negative and positive coercive field of the sensing element. 

When no ambient magnetic field is sensed by the sensing element, the time 

difference, ὸ ὸ ὸ, between a maximum occurring at time ὸ and the following 

minimum at time ὸ, is equal to the time differenceȟὸ ὸ ὸ, between the 

maximum at time ὸ and the previous minimum at time ὸ. 

Having determined the times ὸȟὸȟὸȟ corresponding to the three consecutive 

peaks, a relation between the time difference ῳὸ ὸ ὸ  and the unknown 

magnetic field, can be extracted: 

ὸ
Ὄ Ὄ

ὥ
 

(1) 

ὸ
Ὄ Ὄ ὥ

Ὕ
ς

ὥ
 

(2) 

ὸ ὸ   (3) 

where Ὕ and ὥ are the period and the slope of the triangular excitation signal, 

respectively, Ὄ  ƛǎ ǘƘŜ ǎŜƴǎƛƴƎ ŎƻǊŜΩǎ ŎƻŜǊŎƛǾŜ ŦƛŜƭŘΣ ŀƴŘ Ὄ  is the unknown ambient 

DC field. 
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The time difference ῳὸ may then be calculated as: 

ῳὸ ὸ ὸ ὸ ὸ ςὸ ὸ ὸᵾ 

ᵾ Ὄ
ὥϽῳὸ

τ
 (4) 

The slope coefficient h  of the triangular excitation signal may be calculated by: 

‌
τὠ

Ὕ
 (5) 

where, ὠ is the amplitude of the excitation signal. 

Finally, the unknown magnetic flux density may be calculated as: 

Ὄ
ὥϽῳὸ

τ
Ὄ

τὠ
ὝϽῳὸ

τ
 

Ὄ ὪϽὠϽῳὸ (6) 

where, Ὢ is the excitation frequency and ὠ is proportional to Ὄ . 

7.1.3 Development of the Magnetometer Calibration Device 

The laboratory arrangement which was used as a proof-of-principle device, 

includes a function generator, which produces the excitation signal, a fluxgate sensing 

device as the sensing element, a solenoid as the controllable magnetic field generator 

device, an electronic circuit, comprising a microcontroller with an Analog-to-Digital 

converter, for the measurement of the unknown offset and the generation of the 

compensating field, and an oscilloscope as display. The arrangement is used in a 

magnetically quiet environment, to avoid any influence of random external magnetic 

field variations. 

7.1.3.1 Development of the Solenoid 

The magnetically controlled space used for the calibration procedure is the 

interior of a solenoid constructed of two layers with 290 windings each, made of 

qмƳƳ ŜƴŀƳŜƭƭŜŘ ŎƻǇǇŜǊ ǿƛǊŜΦ ¢ƘŜ ƻǾŜǊŀƭƭ ƭŜƴƎǘƘ ƻŦ ǘƘŜ ǎƻƭŜƴƻƛŘ ƛǎ оллƳƳ ŀƴŘ ƛǘǎ 

radius is 50mm. The magnetic field at the center of the solenoid can be controlled, 
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through the adjustment of the supplied DC current. In our design, the range of the 

ƳŀƎƴŜǘƛŎ ŦƭǳȄ ŘŜƴǎƛǘȅ ǎŜƴǎŜŘ ōȅ ǘƘŜ ŦƭǳȄƎŀǘŜ ǎŜƴǎƛƴƎ ŜƭŜƳŜƴǘ ƛǎ ҕммΦр Ƴ¢Φ !ƭƭ ǘƘŜ 

materials used for the construction of the solenoid are non-metallic, to avoid any 

unwanted magnetization. The movable mounting system, where the magnetometer 

is placed, is made of wood; all brackets and screws, holding the sensor in place, are 

plastic (Fig. 2). 

 

Fig. 2. Design of the solenoid and the actual device. 

7.1.3.2 Development of the Sensing Device 

There are several types of fluxgate sensors commonly used, such as racetrack, 

orthogonal and miniature PCB fluxgate sensors. The fluxgate sensing device developed 

for this work is similar to the typical fluxgate design. Its excitation and pickup coils are 

ƳŀŘŜ ƻŦ н ƭŀȅŜǊǎ ƻŦ ррл ǿƛƴŘƛƴƎǎ ŜŀŎƘΣ ǳǎƛƴƎ qлΦмƳƳ ŜƴŀƳŜƭƭŜŘ ŎƻǇǇŜǊ ǿƛǊŜΣ ǿƻǳƴŘ 

ŀǊƻǳƴŘ ŀ Ǝƭŀǎǎ ǘǳōŜ όqмƳƳύ ŀƴŘ ǇƭŀŎŜŘ ƻƴ ŀ ōƻŀǊŘΣ ŀǎ ǎƘƻwn in Fig. 3. A CoFeSiB wire 

όqмлм˃Ƴύ ǿŀǎ ŎƘƻǎŜƴ ŀǎ ǘƘŜ ŎƻǊŜΩǎ ƳŀƎƴŜǘƛŎ ƳŀǘŜǊƛŀƭΦ ¢ƘŜ ǘƻǘŀƭ ƭŜƴƎǘƘ ƻŦ ǘƘŜ ǇǊƻƻŦ-

of-concept device is 70mm. 

 

Fig. 3. The developed fluxgate sensing device. 
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7.1.3.3 Design and Development of the Electronic Circuit 

Lƴ ƻǊŘŜǊ ǘƻ ŘŜǘŜŎǘ ǘƘŜ ƳŀȄƛƳŀ ŀƴŘ ƳƛƴƛƳŀ ƻŦ ǘƘŜ ŦƭǳȄƎŀǘŜΩǎ ƻǳǘǇǳǘ ǎƛƎƴŀƭΣ ŀƴ 

electronic circuit was designed and developed.  

The overall design is based on a Schmitt trigger comparator, which is able to 

produce pulses, using positive (or negative) peaks as input, which are above (or below) 

a certain threshold voltage. This type of comparator, being able to operate with noisy 

input signals and generate sharp pulses of the appropriate duration, is ideal for the 

required measurements. However, the predefined threshold voltages of an ordinary 

Schmitt trigger circuit act as a restriction for this type of measurement, where the 

peak amplitudes of the output pulses of a magnetometer under test may vary or even 

be non-symmetrical. To overcome this restriction, a variation of the ordinary circuit 

was developed, allowing adaptable thresholds. The designed electronic circuit, as 

shown in Fig. 4, includes a positive peak detector, a negative peak detector, a 

multiplexer, two buffers and a Schmitt trigger comparator. The peak detectors supply 

the comparator with the varying upper & lower voltage thresholds for each case. The 

two buffers isolate the final stage, eliminating the noise. As a result, the output signal 

of the Schmitt trigger consists of noise-free positive & negative pulses, the duration of 

which corresponds to the time difference between the sequential maxima and minima 

of the initial signal.  

 

Fig. 4. The developed electronic circuit. 

The final circuit was developed on a dual layer photosensitive printed circuit 

board (PCB). BNC connectors were used for the input and output signals. The 2 sides 

of the final PCB are shown in Fig. 5. 
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Fig. 5. Bottom and top side of the developed PCB. 

7.1.3.4 Source Code & Closed-Loop Control System 

¢ƻ ƳŜŀǎǳǊŜ ǘƘŜ ǇǳƭǎŜ ǿƛŘǘƘ ƻŦ ǘƘŜ {ŎƘƳƛǘǘ ǘǊƛƎƎŜǊ ŎƛǊŎǳƛǘΩǎ ƻǳǘǇǳǘ ǎƛƎƴŀƭΣ ŀ /ҌҌ 

ŎƻŘŜ ǿŀǎ ŘŜǾŜƭƻǇŜŘΦ ¢ƘŜ ŘŜǾŜƭƻǇŜŘ /ҌҌ ŎƻŘŜ ǳǎŜǎ ŀǎ ƛƴǇǳǘ ǘƘŜ {ŎƘƳƛǘǘ ǘǊƛƎƎŜǊΩǎ 

output pulses and measures the time difference ῳὸ between the positive and the 

negative pulses. Using a PID algorithm, it calculates the applied voltage ὠ required to 

generate the compensating DC field inside the solenoid. ὠ is controlled by a controller 

which provides a pulsed-width modulation (PWM) output signal fed to an H-bridge 

which controls both the amplitude and the polarity of ὠ. The results are shown on a 

liquid-crystal display (LCD) and are stored as a CSV file.  

It must be noted that zeroing the time difference corresponds to the ambient 

magnetic field compensation, without the need for prior knowledge or calculation of 

its value. 

7.1.4 Experimental Results and Discussion 

In order to test the proposed design, the fluxgate sensing device was placed at 

the center of the solenoid, which was connected to a DC power supply unit, through 

the H-bridge circuit, used to generate the counter-ŀŎǘƛƴƎ ƳŀƎƴŜǘƛŎ ŦƛŜƭŘΦ ¢ƘŜ ŦƭǳȄƎŀǘŜΩǎ 

excitation coil was connected to the function generator. The pickup coil was 

connected to both the developed electronic circuit board and the oscilloscope. 

Similarly, the output signal of the circuit board was fed to both the microcontroller 

and the oscilloscope. The output signals from the fluxgate sensing device and the 

Schmitt trigger circuit are shown in Fig. 6 and Fig. 7 for a triangular 1Vpp, 1kHz 
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excitation signal and a ҕ250mVDC applied field. Figs 6 and 7 show the effect of positive 

and negative DC applied field on the time difference ῳὸ and the resulting Schmitt 

ǘǊƛƎƎŜǊΩǎ ƻǳǘǇǳǘ ǇǳƭǎŜǎΦ 

 

Fig. 6. The output signals of the sensing device and the Schmitt trigger for a positive 
magnetic field (250mVDC) and a 1kHz, 1Vpp triangular excitation field. 

 

Fig. 7. The output signals of the sensing device and the Schmitt trigger for a negative 
magnetic field (-250mVDC) and a 1kHz, 1Vpp triangular excitation field. 

The difference ῳὸ, as reflected in the output pulses, is measured by the 

microcontroller and fed to the closed-loop control algorithm implemented by the PID 

controller which in turn generates the PWM signal that controls the magnitude and 

polarity of the voltage signal that must be supplied to the  solenoid in order to 

compensate the unknown ambient field. Now, the solenoid provides a magnetically 

controlled space with zero ambient field in the direction of the measurement.  

Time/div: 

0.2ms 
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Next, the sensing device was removed from the solenoid in order to avoid any 

influence on the magnetometers under test, during their calibration process.  

To test the proposed calibration procedure, a commercial Hall sensor (SS49E) and 

a custom-made fluxgate sensor were calibrated using the developed arrangement. 

The calibration curves are shown in Fig. 8 and Fig. 9, respectively. The horizontal axis 

represents the magnetic flux density ὄ provided through the solenoid to the 

magnetometer under test, based on (7):  

ὄ
‘ὔὍ

ς
ὒ
ς Ὑ

 
(7) 

where, ‘ is the magnetic permeability of free space (‘ḙρȢςυχρπὌȾά), 

ὔ is the number of windings, Ὅ is the supplied current, ὒ is tƘŜ ǎƻƭŜƴƻƛŘΩǎ ƭŜƴƎǘƘ ŀƴŘ 

Ὑ ƛǎ ǘƘŜ ǎƻƭŜƴƻƛŘΩǎ ǊŀŘƛǳǎΦ  

In Fig. 8, the vertical axis represents the output voltage of the Hall sensor as a 

function of ὄ.  

 

Fig. 8Φ Iŀƭƭ ǎŜƴǎƻǊΩǎ ŎŀƭƛōǊŀǘƛƻƴ ŎǳǊǾŜΦ 

In Fig. 9, the calibration curve for the fluxgate sensor is shown. In this case, we 

measure the time difference ῳὸ, detected by our electronic circuit, as a function of the 

magnetic flux density ὄ. 
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Fig. 9Φ CƭǳȄƎŀǘŜ ǎŜƴǎƻǊΩǎ Ŏŀƭƛbration curve. 

Using the proposed arrangement, the contributions to the uncertainty of the 

measurement stem from the sensing element and the electronics. The first one may 

be determined from the time measurement and is calculated to be approximately 

ҕпǇ¢ ǿhile the second one is due mainly tƻ ǘƘŜ ŜƭŜŎǘǊƻƴƛŎǎΩ ǊƛǎŜ ǘƛƳŜ ŀƴŘ Ƴŀȅ ǊŜŀŎƘ 

ǳǇ ǘƻ ҕнллǇ¢Φ  

The developed device can be used as a laboratory primary standard, to accurately 

calibrate new or existing magnetometers, used in many fields, such as navigation and 

geophysical applications. 

7.1.5 Conclusions 

A new magnetometer calibration device was developed, based on the fluxgate 

principle and the active magnetic field compensation technique. The unknown 

ambient magnetic field was sensed by a fluxgate sensing device. An electronic circuit 

was designed and developed to condition the series of positive and negative output 

peak values, to a train of positive or negative pulses whose duration depended on the 

magnitude of the ambient DC magnetic field. Using a PID controller and a solenoid as 

a magnetic field generator, it was possible to generate controllable magnetic fields, in 

order to compensate the unknown ambient magnetic field. 
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The novelty of this arrangement is that it can serve as simple and low-cost 

laboratory calibration device for commercial or custom-made magnetometers, using 

the measurement of time rather than a reference magnetometer. It is possible to also 

evaluate the value of the unknown ambient field, but it is not necessary for its 

compensation.  

Future work includes the extension of the arrangement to three dimensions by 

replacing the solenoid by a 3D arrangement of Helmholtz coils. Additionally, the use 

of a larger arrangement of Helmholtz coils, enclosing the existing arrangement, can 

provide real-time magnetic field compensation. Further improvements include the 

use of electronics with lower rise time, the use of Quantum Hall Effect based voltage 

devices & QHE based resistance devices to more accurately control the compensating 

magnetic field, as well as an atomic clock, to improve the accuracy of the time 

measurement. 

7.2 Magnetic Permeability Device Based on Hall Effect 

7.2.1 Introduction 

Steel and other ferromagnetic materials are used in a wide range of applications, 

including transportation (e.g. ships), energy (e.g. pipelines) and industry (e.g. steel 

ŎƻƴǎǘǊǳŎǘƛƻƴǎύΦ 5ǳŜ ǘƻ ƛǘǎ ƛƳǇƻǊǘŀƴŎŜΣ ƛƴǎǇŜŎǘƛƻƴ ƻŦ ǎǘŜŜƭΩǎ ŎƻƴŘƛǘƛƻƴ ƛǎ ƳŀƴŘŀǘƻǊȅΣ ƛƴ 

order to prevent structure failures. Steel health monitoring includes a variety of 

techniques, which can be used, depending on the application and the conditions, in 

order to detect the location of a defect and act accordingly to cure it. 

Monitoring residual stresses in steels, using non-destructive techniques, is also an 

important requirement, since they are associated with the condition of the materials. 

Residual stresses can lead to distortion or even cracking of the material, if they are not 

treated shortly and correctly. Treatment of the residual stresses include mechanical 

methods, stress relief heat treatment and use of proper alloys. 
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There are two basic reference methods, which can be used in order to monitor 

and measure residual stresses in steels: X-ray diffraction (XRD) and Neutron diffraction 

(ND). Those are laboratory methods, requiring considerable amount of time for 

sample preparation and measurements. 

Other methods can be used in industrial environments. Strain gauge sensors, in 

form of thin films, can be placed in specific spots, in order to monitor and measure 

residual stresses. An applied stress leads to deformation of the sensor, which will 

affect its resistance. Strain gauge sensors provide real-time results, which can be 

wirelessly transmitted. However, a large number of sensors is required, in order to 

provide sufficient data from many different spots. Furthermore, non-proper 

placement of the sensor may result in loss of accuracy. 

Magnetic Barkhausen Noise can also be used as a non-destructive method for 

steel health monitoring. This method is based on the acquisition of the signal which is 

generated through the magnetization process of the under-test coupon. Any local 

deformation or imperfection of the material, will affect the output signal. Having the 

sensor calibrated for each type of ferromagnetic material, it is feasible to determine 

possible defective spots, by studying the received signal. This method requires very 

low (near-DC) excitation frequencies, leading to a time-consuming measuring process. 

aƻǊŜƻǾŜǊΣ ǘƘŜ ǊŜǎǳƭǘƛƴƎ ƻǳǘǇǳǘ ǎƛƎƴŀƭ ƛǎ ǾŜǊȅ ǿŜŀƪΣ ǳǎǳŀƭƭȅ ƛƴ ǘƘŜ ƻǊŘŜǊ ƻŦ ˃±Σ ǊŜǉǳƛǊƛƴƎ 

filtering and amplification. A key parameter for reliable results is proper placement 

and alignment of the sensing element. Insufficient contact between the sensor and 

ǘƘŜ ǎŀƳǇƭŜΣ ǿƛƭƭ ƛƴŎǊŜŀǎŜ ƳŜŀǎǳǊŜƳŜƴǘΩǎ ǳƴŎŜǊǘŀƛƴǘȅΦ 

As a result, all the above-mentioned methods show specific disadvantages, mainly 

related to the time which is required for measurements and the uncertainty of the 

results. A different approach to monitor stresses would be through the measurement 

of surface or bulk magnetic permeability of the ferromagnetic material under-test. 

Towards this direction, a new device is presented, which can be used to measure 

stress components along the surface and the bulk of the under-test ferromagnetic 

material. This is possible through the correlation of magnetic permeability with the 

corresponding stress component. 
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7.2.2 Operating principle 

Measurements are based on Hall effect, according to which a transverse voltage, 

called Hall voltage, is generated between the two sides of a conductor or a 

semiconductor, when an electric current flows through it and a magnetic field 

generates a transverse force. Hall sensors can be used, in order to measure magnetic 

flux density, B. By monitoring variations on different spots and correlating those 

results with the corresponding magnetic stress calibration curves, it is possible to 

determine the condition and the stresses acting on the material under-test. 

Based on this principle, the sensing element was designed to include a permanent 

neodymium magnet and two parallel soft iron bars. The magnet is placed between the 

two iron bars, forming a yoke. A Hall sensor is placed at the bottom of each bar. Similar 

arrangements are used to measure magnetic hysteresis, based on coils. 

The sensing element is placed above the sample under-test. The magnetic flux, 

generated by the permanent magnet, penetrates the sample and the ensuing 

ƳŀƎƴŜǘƛȊŀǘƛƻƴ ǇǊƻŎŜǎǎ ƛǎ ŀŦŦŜŎǘŜŘ ōȅ ǘƘŜ ƳŀǘŜǊƛŀƭΩǎ ǇǊƻǇŜǊǘƛŜǎ ŀƴŘ ǎǘǊǳŎǘǳǊŜΦ !ǎ ŀ 

result, having a predefined distance (lift-off) between the Hall sensors and the sample, 

it is possible to measure variations of the magnetic flux density, in order to draw 

conclusions about the condition of the material. Changes of the magnetic permeability 

can also be obtained, due to its correlation with the magnetic flux density. 

Furthermore, the use of two Hall sensors, which form a closed magnetic loop, offers 

an important advantage: the arrangement can act as a form of compensation of the 

ambient magnetic field. 

The optimal dimensions of the parts that consist the sensing element, as well as 

the position of the Hall sensors, were calculated using Finite Element Analysis (FEA) 

software. The simulation results and the dimensions of the sensing element are shown 

in Fig. 10 and Fig. 11, respectively. 
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Fig. 10. Analysis of total magnetic flux density between the sensing element and the 
ferromagnetic coupon, calculated by FEA software. 

 

Fig. 11. Dimensions of the parts consisting the sensing element. 

Having determined the location of the defective spots, stress rehabilitation 

methods can be used to treat them. Afterwards, the device can be used as a feedback 

system, to evaluate the result and confirm the rehabilitation success. 

7.2.3 The sensor 

The main goal of this work has been to develop a low-cost portable device, which 

can be used for on-site measurements, combined with a stress annihilation system. In 

order to achieve this, a device consisting of two parts, a transmitter and a receiver, 

was developed. Both parts are portable and communicate wirelessly. The transmitting 

device, including the sensing element, is placed above the under-test ferromagnetic 

coupon. The receiving device can be placed anywhere in a maximum range of 100m, 

depending on the obstacles between them. 
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Apart from the sensing element, the transmitter includes the required electronics 

to supply the sensors, receive their output signal and calculate the result. More 

specifically, the transmitting device includes a microcontroller (ATmega328P), two 

Hall sensors (SS49E), a Radio Frequency (RF) transceiver (nRF24L01), a Bluetooth 

transceiver (HC-05), an Analog-to-Digital Converter (ADC) (ADS1115) and a 

temperature sensor (TMP36). A PCB board was designed and manufactured, 

containing all the above-mentioned electronics. The device is battery powered, using 

a 9V rechargeable battery. Between the sensing element and the electronicǎΩ ōƻŀǊŘΣ 

a mu-metal shielding separator was placed, to protect the electronics from undesired 

magnetic interference. The design, as well as the actual transmitting device, are shown 

in Fig. 12 and Fig. 13, respectively. 

 

Fig. 12. Design of the transmitting device. 

 

Fig. 13. The actual transmitting device. 
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Each Hall sensor is supplied by 5V, generating a voltage output which is linearly 

ǇǊƻǇƻǊǘƛƻƴŀƭ ǘƻ ǘƘŜ ŘŜǘŜŎǘŜŘ ƳŀƎƴŜǘƛŎ ŦƭǳȄ ŘŜƴǎƛǘȅΦ !ŦǘŜǊǿŀǊŘǎΣ ǘƘŜ Iŀƭƭ ǎŜƴǎƻǊǎΩ 

output voltages are directed to the ADC, which can provide a resolution of 16 bits, 

instead of the 10-bit resolution of the ADC which is integrated in the ATmega328P 

microcontroller. Finally, the two digital values, corresponding to the outputs of the 

two Hall sensors, are received by the microcontroller and converted to magnetic flux 

density valǳŜǎ ƛƴ Ƴ¢Φ ¢ƘŜ ŎƻƴǾŜǊǎƛƻƴ ƛǎ ōŀǎŜŘ ƻƴ ǘƘǊŜŜ ǇŀǊŀƳŜǘŜǊǎΥ ǘƘŜ ǎŜƴǎƻǊǎΩ 

calibration data, the ambient temperature and the battery voltage level. The first 

parameter can be obtained from the ǎŜƴǎƻǊΩǎ ŘŀǘŀǎƘeet, but it has been also verified 

using a calibration device, previously developed in our laboratory. The parameter of 

temperature variation is also important in many cases. Although the specific type of 

Hall sensors is not significantly affected by temperature variations, this parameter was 

also taken into account, using the included temperature sensor. Finally, it was 

necessary to take into consideration the voltage level of battery that supplies the 

device. A lower battery voltage level may be sufficienǘ ŦƻǊ ǘƘŜ ŘŜǾƛŎŜΩǎ ƻǇŜǊŀǘƛƻƴΣ ōǳǘ 

it can also lead to incorrect measurements, due to the use of a lower voltage 

reference. Additionally, in order to adjust the measurements regarding the initial state 

of the material under-test, the value of the initial measurement, received on each 

activation of the device, is used as an offset value during measurements.  

The final result is then transmitted to the receiving device, via the RF transmitter. 

Alternatively, the result can be transmitted via Bluetooth to any compatible device 

(e.g. smartphone, tablet, or laptop). In order to avoid unnecessary battery 

consumption in case that Bluetooth communication is not used, its power supply can 

be disabled through a serial command. The two communication methods (RF and 

Bluetooth) were chosen in order to cover a wide field of applications. The RF method 

is fast, simple and effective, providing a range of approximately 100m. On the other 

hand, Bluetooth communication lacks regarding its range, but offers the ability to 

transmit the results easily in every compatible device. Wi-Fi communication protocol 

could also be implemented, but it was considered unsuitable for the specific 

application, offering medium transmission range, high power consumption and 

complexity. 
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The receiving device includes a microcontroller (ATmega328P), an RF receiver 

(nRF24L01) and a 16x2 liquid crystal display (LCD) using the I2C communication 

protocol. Similar to the transmitter, it is also battery powered, using a 9V rechargeable 

battery. The transmitted signal is obtained by the RF receiver and is sent to the 

microcontroller. The result is shown on the LCD. The design, as well as the actual 

receiving device, are shown in Fig. 14 and Fig. 15, respectively. 

 

Fig. 14. Design of the receiving device. 

 

Fig. 15. The actual receiving device. 




















