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1   ºŸâ™à«¬»“ µ√“®“√¬å  “¢“«‘»«°√√¡‡§√◊ËÕß°≈  ”π—°«‘™“«‘»«°√√¡»“ µ√å
2   π—°»÷°…“√–¥—∫∫—≥±‘µ»÷°…“  “¢“«‘»«°√√¡‡§√◊ËÕß°≈  ”π—°«‘™“«‘»«°√√¡»“ µ√å

∫∑§—¥¬àÕ

®‘√–æ≈ »√’‡ √‘∞º≈ 1  ÿæ®πå ª≈—Ëßæ‘¡“¬ 2 ·≈– ¿“«‘π ®“«¬≈ 2
¡À“«‘∑¬“≈—¬‡∑§‚π‚≈¬’ ÿ√π“√’ Õ.‡¡◊Õß ®.π§√√“™ ’¡“ 30000

„πªí®®ÿ∫—π°√–∫«π°“√‡µ“Õ∫‡ªìπ°√–∫«π°“√∑’Ë ”§—≠¢Õß°“√º≈‘µ™‘Èπ à«π¢ÕßŒ“√å¥¥‘ °å‰¥√åø ´÷Ëß‡ªìπ
°√–∫«π°“√∑”§«“¡√âÕπ„Àâ°—∫°“«∑’Ë„™â„π°“√¬÷¥µ‘¥√–À«à“ß™‘Èπ à«π¢ÕßŒ“√å¥¥‘ °å‰¥√åø ‚¥¬„™âÀ≈Õ¥Õ‘πø√“‡√¥ ‚¥¬¡’
√–∫∫°“√§«∫§ÿ¡Õÿ≥À¿Ÿ¡‘·∫∫ªÑÕπ°≈—∫ (Feedback control) ∑’Ë¡’µ—«§«∫§ÿ¡·∫∫æ’‰Õ¥’ ªí≠À“∑’Ë‡°‘¥¢÷Èπ°—∫°√–∫«π°“√
§«∫§ÿ¡Õÿ≥À¿Ÿ¡‘¢Õß‡µ“Õ∫·∫∫À≈Õ¥Õ‘πø√“‡√¥∑’Ë¡’Õ¬ŸàÀ≈“¬‡§√◊ËÕß„π°√–∫«π°“√º≈‘µ§◊Õ √–∫∫¡’°“√µÕ∫ πÕß¢Õß
Õÿ≥À¿Ÿ¡‘‰¡à‡ªìπ‰ªµ“¡§«“¡µâÕß°“√ Õ“∑‘‡™àπ Õÿ≥À¿Ÿ¡‘∑’Ëæÿàß Ÿß‡°‘π °“√µÕ∫ πÕßÕÿ≥À¿Ÿ¡‘∑’Ë≈à“™â“ ´÷Ëß àßº≈°√–∑∫
„Àâ‡°‘¥§«“¡‡ ’¬À“¬µàÕ™‘Èπ à«π¢ÕßŒ“√å¥¥‘ °å‰¥√åø„π°√–∫«π°“√º≈‘µ ´÷Ëßªí≠À“∑’Ë‡°‘¥¢÷Èπ§“¥«à“¡’ “‡Àµÿ¡“®“°°“√
‡ª≈’Ë¬π·ª≈ß≈—°…≥–∑“ß°“¬¿“æ¢Õß‡µ“Õ∫Õ‘πø√“‡√¥∑’Ëºà“π°“√„™âß“π¡“π“π ®÷ß∑”„Àâ§à“µ—«·ª√¢Õßµ—«§«∫§ÿ¡·∫∫
æ’‰Õ¥’∑’Ë„™âÕ¬Ÿà‰¡à‡À¡“– ¡  àßº≈„Àâª√– ‘∑∏‘¿“æ„π°“√§«∫§ÿ¡Õÿ≥À¿Ÿ¡‘‰¡à‡ªìπ‰ªµ“¡§«“¡µâÕß°“√ ¥—ßπ—Èπ„πß“π«‘®—¬π’È ‰¥â
π”‡ πÕ‡∑§π‘§°“√√–∫ÿ‡Õ°≈—°…≥å (System identification) √à«¡°—∫«‘∏’°“√µÕ∫ πÕß∑’Ë‡À¡“– ¡∑’Ë ÿ¥ (Response
optimization) ‡æ◊ËÕÀ“§à“ —¡ª√– ‘∑∏‘Ï¢Õßµ—«·ª√„π·∫∫®”≈Õß∑“ß§≥‘µ»“ µ√å·≈–«‘‡§√“–Àå°“√µÕ∫ πÕß¢Õß
°√–∫«π°“√‡µ“Õ∫·∫∫À≈Õ¥Õ‘πø√“‡√¥ ‡æ◊ËÕ„™â„π°“√ÕÕ°·∫∫µ—«§«∫§ÿ¡·∫∫æ’‰Õ„Àâ¡’§«“¡‡À¡“– ¡·≈– “¡“√∂
§«∫§ÿ¡Õÿ≥À¿Ÿ¡‘¢Õß√–∫∫„Àâ∑”ß“π‡ªìπ‰ªµ“¡§«“¡µâÕß°“√ ·≈–π”‡ πÕ‡∑§π‘§°“√§«∫§ÿ¡·∫∫ª√—∫µ—«‰¥â ∑’Ë “¡“√∂
ª√—∫§à“µ—«·ª√¢Õßµ—«§«∫§ÿ¡Õÿ≥À¿Ÿ¡‘¢Õß‡µ“Õ∫·∫∫À≈Õ¥Õ‘πø√“‡√¥‰¥â∑ÿ°‡§√◊ËÕß„Àâ¡’°“√µÕ∫ πÕß‡ªìπ‰ªµ“¡§«“¡
µâÕß°“√ ”À√—∫°√–∫«π°“√º≈‘µŒ“√å¥¥‘ °å‰¥√åø ‚¥¬„™â·∫∫®”≈ÕßÕâ“ßÕ‘ß∑’Ëª√—∫µ—«‰¥â (Model Reference Adaptive
System: MRAS)
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Õâ“ßÕ‘ß∑’Ëª√—∫µ—«‰¥â
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 ”À√—∫‡µ“Õ∫·∫∫À≈Õ¥Õ‘πø√“‡√¥„π°√–∫«π°“√º≈‘µŒ“√å¥¥‘ °å‰¥√åø
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Analysis and Design Adaptive Control for an Infrared Oven
in Hard Disk Drive Manufacturing Process

 Nowadays, infrared oven heating process is an important process in hard disk drive (HDD) industry.

The infrared ovens are used to heat adhesive material for attach parts of hard disk drive. PID controller with

feedback signal is used to control heating process of the infrared ovens. Most of the infrared oven control

systems have an important problem in temperature control because of physical change of infrared oven.

Overshoot of temperature response and increasing of delay time are result from the problem. If the infrared

oven control systems cannot control temperature of the process, it will lead to damage of the products. The

problem may be caused from improper parameters of PID controller which are used for temperature control

in infrared oven process. This paper presents system identification technique with response optimization

for determination of system model parameter coefficients. This research analyzed response of the infrared

oven process and design PI controller for optimization system responses. Also present an adaptive control

technique based on Model Reference Adaptive System (MRAS) which can control every infrared oven in

the HDD manufacturing process.

Keywords : Heat Transfer / System Identification / Response Optimization and Model Reference

Adaptive System

Abstract



«“√ “√«‘®—¬·≈–æ—≤π“ ¡®∏. ªï∑’Ë 33 ©∫—∫∑’Ë 3 °√°Æ“§¡ - °—π¬“¬π 2553 237

1. ∫∑π”
°√–∫«π°“√º≈‘µ™‘Èπ à«π¢ÕßŒ“√å¥¥‘ °å‰¥√åø  ”À√—∫

‚√ßß“πÕÿµ “À°√√¡Œ“√å¥¥‘ °å‰¥√åø ´÷Ëß¡’°√–∫«π°“√
ª√–°Õ∫™‘Èπß“π‚¥¬„™â°“«‡æ◊ËÕ¬÷¥µ‘¥·≈–¡’°“√Õ∫°“«
„Àâ·Àâß‚¥¬„™â‡µ“Õ∫·∫∫À≈Õ¥Õ‘πø√“‡√¥ ´÷Ëß®”‡ªìπµâÕß
§«∫§ÿ¡Õÿ≥À¿Ÿ¡‘¢Õß°“√Õ∫„ÀâÕ¬Ÿà„π™à«ß T1 - T2 ÌC ‡ªìπ
‡«≈“ ts «‘π“∑’ æ∫«à“°√–∫«π°“√§«∫§ÿ¡Õÿ≥À¿Ÿ¡‘∑’Ë‰¡à¡’
ª√– ‘∑∏‘¿“æ ®–∑”„Àâ‡°‘¥Õÿ≥À¿Ÿ¡‘∑’Ëæÿàß‡°‘πµ“¡∑’Ë°”Àπ¥
 àßº≈„Àâ‡°‘¥§«“¡‡ ’¬À“¬‡°‘¥¢÷Èπ°—∫µ—«™‘Èπß“π ®“°¢âÕ¡Ÿ≈
°“√«—¥Õÿ≥À¿Ÿ¡‘¢Õß‡µ“Õ∫·∫∫À≈Õ¥Õ‘πø√“‡√¥∑’Ë„™âÕ¬Ÿà„π
 “¬°“√º≈‘µ®”π«π 3 ‡§√◊ËÕß ¥—ß· ¥ß„π√Ÿª∑’Ë 1 æ∫«à“
Õÿ≥À¿Ÿ¡‘¢Õß‡µ“Õ∫∑ÿ°‡§√◊ËÕß¡’§à“ÕÕ°πÕ°™à«ß∑’ËµâÕß°“√
Õ—π‡π◊ËÕß¡“®“°°“√æÿàß‡°‘π¢ÕßÕÿ≥À¿Ÿ¡‘

√Ÿª∑’Ë 1  º≈°“√µÕ∫ πÕßÕÿ≥À¿Ÿ¡‘¢Õß‡µ“Õ∫
·∫∫À≈Õ¥Õ‘πø√“‡√¥®”π«π 3 ‡§√◊ËÕß

ªí≠À“∑’Ë‡°‘¥¢÷Èππ—Èπ ‡°‘¥®“°§à“µ—«·ª√¢Õßµ—«§«∫§ÿ¡
·∫∫æ’ ‰ Õ ¥’ ∑’Ë ‰¡à ‡À¡“– ¡µàÕ ¿“æ¢Õß‡µ“Õ∫·∫∫
À≈Õ¥Õ‘πø√“‡√¥ ≥ ªí®®ÿ∫—π ®÷ß àßº≈„Àâª√– ‘∑∏‘¿“æ„π
°“√§«∫§ÿ¡Õÿ≥À¿Ÿ¡‘‰¡à‡ªìπ‰ªµ“¡§«“¡µâÕß°“√ ∫∑§«“¡
π’È ‰¥âπ”‡ πÕ«‘∏’°“√√–∫ÿ‡Õ°≈—°…≥å‡æ◊ËÕÀ“§à“ —¡ª√– ‘∑∏‘Ï
¢ Õ ßµ— «·ª√ „π·∫∫®”≈Õß∑“ ß§≥‘ µ»“ µ√å ¢ Õ ß
°√–∫«π°“√‡µ“Õ∫·∫∫À≈Õ¥Õ‘πø√“‡√¥ ·≈–„™â‡∑§π‘§
°“√µÕ∫ πÕß∑’Ë‡À¡“– ¡∑’Ë ÿ¥„π°“√ÕÕ°·∫∫§à“µ—«·ª√
¢Õßµ—«§«∫§ÿ¡·∫∫æ’‰Õ¥’ æ√âÕ¡∑—Èß‰¥â √â“ß‚ª√·°√¡∑’Ë
 “¡“√∂ª√—∫§à“µ—«§«∫§ÿ¡·∫∫æ’‰Õ ”À√—∫‡µ“Õ∫·∫∫

Õ‘πø√“‡√¥‰¥â∑ÿ°‡§√◊ËÕß „Àâ “¡“√∂§«∫§ÿ¡Õÿ≥À¿Ÿ¡‘¢Õß
√–∫∫„Àâ‡ªìπ‰ªµ“¡«—µ∂ÿª√– ß§å ‚¥¬„™â·∫∫®”≈ÕßÕâ“ßÕ‘ß
∑’Ëª√—∫µ—«‰¥â ∫∑§«“¡π’Èª√–°Õ∫¥â«¬ 8  à«π  à«π∑’Ë 2
‡ªìπ°“√∑∫∑«πß“π«‘®—¬∑’Ë‡°’Ë¬«¢âÕß  à«π∑’Ë 3 °“√À“
‚§√ß √â“ß·≈–°“√√–∫ÿ‡Õ°≈—°…≥å√–∫∫·∫∫ªÑÕπ°≈—∫
¢Õß·∫∫®”≈Õß∑“ß§≥‘µ»“ µ√å¢Õß°√–∫«π°“√‡µ“Õ∫
·∫∫À≈Õ¥Õ‘πø√“‡√¥  à«π∑’Ë 4 °“√ÕÕ°·∫∫µ—«§«∫§ÿ¡
‚¥¬«‘∏’°“√µÕ∫ πÕß∑’Ë‡À¡“– ¡∑’Ë ÿ¥ ·≈–°“√ª√—∫§à“
µ—«§«∫§ÿ¡„Àâ¡’°“√µÕ∫ πÕß‡ªìπ‰ªµ“¡§«“¡µâÕß°“√
 ”À√—∫°√–∫«π°“√º≈‘µŒ“√å¥¥‘ °å ‰¥√åø ‚¥¬„™â·∫∫
®”≈ÕßÕâ“ßÕ‘ß∑’Ëª√—∫µ—«‰¥â  à«π∑’Ë 5 π”‡ πÕº≈°“√∑¥≈Õß
·≈–º≈°“√®”≈Õß ∂“π°“√≥å  à«π∑’Ë 6 ‡ªìπ √ÿª·≈–
¢âÕ‡ πÕ·π–

2. °“√∑∫∑«πß“π«‘®—¬∑’Ë‡°’Ë¬«¢âÕß
°“√»÷°…“«‘‡§√“–Àå‚§√ß √â“ß·≈–°“√µÕ∫ πÕß

¢Õß°√–∫«π°“√∑”ß“π¢Õß‡µ“Õ∫‡æ◊ËÕÀ“·∫∫®”≈Õß
∑“ß§≥‘µ»“ µ√å ‚¥¬„™âÀ≈—°°“√°“√∂à“¬‡∑§«“¡√âÕπ
∑’Ë»÷°…“‡°’Ë¬«°—∫°“√æ“§«“¡√âÕπ °“√π”§«“¡√âÕπ
·≈–°“√·ºà√—ß ’∑’Ë‡°‘¥¢÷Èπ [1-2] Õ¬à“ß‰√°Áµ“¡ °“√À“
·∫∫®”≈Õß∑“ß§≥‘µ»“ µ√å¢Õß°√–∫«π°“√∑”ß“π
¢Õß‡µ“Õ∫‚¥¬«‘∏’°“√√–∫ÿ‡Õ°≈—°…≥å√–∫∫·∫∫ªÑÕπ°≈—∫
(Closed-loop Identification) „π°“√µÕ∫ πÕß
∑“ß§«“¡√âÕπ [3-6] ‡æ◊ËÕÀ“§à“ —¡ª√– ‘∑∏‘Ï¢Õßµ—«·ª√
„π·∫∫®”≈Õß∑“ß§≥‘µ»“ µ√å¢Õß°√–∫«π°“√‡µ“Õ∫
∑’Ë ‡À¡“– ¡∑’Ë ÿ¥„π°“√ÕÕ°·∫∫µ—«§«∫§ÿ¡Õÿ≥À¿Ÿ¡‘
·∫∫ª√—∫µ—«‰¥â [7-11]

3. ·∫∫®”≈Õß∑“ß§≥‘µ»“ µ√å¢Õß°√–∫«π°“√
‡µ“Õ∫·∫∫À≈Õ¥Õ‘πø√“‡√¥
3.1 ‚§√ß √â“ß·∫∫®”≈Õß∑“ß§≥‘µ»“ µ√å

°√–∫«π°“√‡µ“Õ∫·∫∫À≈Õ¥Õ‘πø√“‡√¥¡’¢π“¥
30 x 19.6 x 62.5 π‘È« ¡’™ÿ¥§«∫§ÿ¡°“√®à“¬°√–· ‰øøÑ“
„Àâ°—∫À≈Õ¥Õ‘πø√“‡√¥ ¿“¬„π‡µ“Õ∫¡’‡∑Õ√å‚¡§—ª‡ªî≈
∑”Àπâ“∑’Ë«—¥Õÿ≥À¿Ÿ¡‘ ·≈–™ÿ¥§«∫§ÿ¡°√–∫«π°“√‡µ“Õ∫
¥—ß· ¥ß„π√Ÿª∑’Ë 2
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ºŸâ«‘®—¬„™â°Æ°“√Õπÿ√—°…åæ≈—ßß“πæ‘®“√≥“°“√∂à“¬‡∑
§«“¡√âÕπ¢Õßµ—«™‘Èπß“π„π°“√ √â“ß·∫∫®”≈Õß∑“ß
§≥‘µ»“ µ√å¥—ß· ¥ß„π√Ÿª∑’Ë 3

√Ÿª∑’Ë 2  ·ºπ¿“æ· ¥ß‡µ“Õ∫·∫∫À≈Õ¥Õ‘πø√“‡√¥

√Ÿª∑’Ë 3  ·ºπ¿“æ°“√∂à“¬‡∑§«“¡√âÕπ¢Õß™‘Èπß“π

‡¡◊ËÕÕ—µ√“°“√‡æ‘Ë¡¢÷Èπ¢ÕßÕÿ≥À¿Ÿ¡‘¢Õßµ—«™‘Èπß“π‡∑à“°—∫
§«“¡√âÕπ ÿ∑∏‘∑’Ë‰À≈‡¢â“¡“„πµ—«™‘Èπß“π®–‰¥â

(1)

‡¡◊ËÕ m - ¡«≈¢Õß™‘Èπß“π
CP - §à“§«“¡√âÕπ®”‡æ“–¢Õß™‘Èπß“π
T - Õÿ≥À¿Ÿ¡‘¢Õß™‘Èπß“π
t - ‡«≈“

·≈– qrad, qconv, qab ·≈– qdist ‡ªìπ§«“¡√âÕπ (heat flow)
∑’Ë‰À≈‡¢â“¡“„πµ—«™‘Èπß“π §◊Õ

qrad - radiation heat flow
qconv - convection heat flow
qab - radiation absorbed heat flow
qdist - disturbance heat flow

°“√·ºà√—ß ’§«“¡√âÕπ (Radiation)
 ¡¡ÿµ‘„Àâ§«“¡√âÕπ·ºà√—ß ’ÕÕ°®“°Àπâ“µ—¥¢Õßµ—«

™‘Èπß“πÕ¬à“ß ¡Ë”‡ ¡Õ µ≈Õ¥∑—ÈßÀπâ“µ—¥ À√◊Õ§à“æ≈—ßß“π
°“√·ºà√—ß ’§«“¡√âÕπµàÕÀπà«¬æ◊Èπ∑’Ë§ß∑’Ë ·≈–¢π“¥Àπâ“µ—¥
 à«π∑’Ë·ºà√—ß ’¢Õßµ—«™‘Èπß“π¡’¢π“¥‡≈Á° ¥—ßπ—Èπ§«“¡√âÕπ
∑’Ë Ÿ≠‡ ’¬®“°°“√·ºà√—ß ’§◊Õ

(2)

‡¡◊ËÕ  - Stefan-Boltzmann constant = 5.67 x 10-8

Wm-2K-4,  - Emissivity ·≈– Ar - æ◊Èπ∑’Ë à«π∑’Ë·ºà√—ß ’
¢Õßµ—«™‘Èπß“π

°“√æ“§«“¡√âÕπ (Convection)
°“√·≈°‡ª≈’Ë¬π§«“¡√âÕπ‚¥¬«‘∏’°“√æ“§«“¡√âÕπ

√–À«à“ßº‘« —¡º— Õ“°“»¥â“ππÕ°¢Õßµ—«™‘Èπß“π°—∫Õ“°“»
‚¥¬√Õ∫ §◊Õ

(3)

‡¡◊ËÕ h - convection heat transfer coefficient, Aa -
æ◊Èπ∑’ËÀπâ“µ—¥∑’Ë —¡º— Õ“°“» ·≈– Ta - Õÿ≥À¿Ÿ¡‘¢Õß
Õ“°“»‚¥¬√Õ∫

°“√¥Ÿ¥´—∫°“√·ºà√—ß ’ (Radiation absorbed)
æ≈—ßß“π§«“¡√âÕπ∑’Ë‰¥â√—∫®“°À≈Õ¥Õ‘πø√“‡√¥ (P)

·≈–§«“¡√âÕπ®“°ºπ—ß¢Õß‡µ“Õ∫ qwall §◊Õ

(4)

‡¡◊ËÕ F - View factor
P - Power input (lamp)

®“° ¡°“√∑’Ë (1) ®–‰¥â

(5)

®“° ¡°“√∑’Ë (5) ‡ªìπ ¡°“√‰¡à‡ªìπ‡™‘ß‡ âπ·≈–æ∫«à“
‡∑Õ¡∑’Ë‰¡à‡ªìπ‡™‘ß‡ âπ§◊Õ ArT 4 ÷́Ëß “¡“√∂ª√–¡“≥
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 ¡°“√‡™‘ß‡ âπ‰¥â‡¡◊ËÕ°”Àπ¥„Àâ
Operating point = T-

‚¥¬°“√„™â Taylor series ®–‰¥â«à“

(6)

¥—ßπ—Èπ®“° ¡°“√∑’Ë (5) ®–‰¥â

 ¡°“√∑’Ë (6) À“√µ≈Õ¥¥â«¬ ( Ar 4 T
- 3 + hAa) ·≈–

‡¡◊ËÕ°”Àπ¥„Àâ

·≈–

¥—ßπ—Èπ®“° ¡°“√∑’Ë (6) ®–‰¥â

(7)

 ¡°“√∑’Ë (7) ‡¢’¬πÕ¬Ÿà„π√Ÿª Laplace transforms ‚¥¬„Àâ
‡ß◊ËÕπ‰¢‡√‘Ë¡µâπ T (t) = 0, T

. 
(t) = 0 ®–‰¥â

(8)

°”Àπ¥„Àâ

·≈–

(9)

(10)

‡¡◊ËÕ G(s) „π ¡°“√∑’Ë (9) §◊Õøíß°å™—Ëπ∂à“¬‚Õπ∑’Ë· ¥ß
§«“¡ —¡æ—π∏å√–À«à“ßÕÿ≥À¿Ÿ¡‘¢Õß™‘Èπß“π·≈–æ≈—ßß“π
∑’Ëµ—«™‘Èπß“π‰¥â√—∫ P(s) ·µà°√–∫«π°“√‡µ“Õ∫‡ªìπ
°√–∫«π°“√∑’Ë¡’‡«≈“‰√âº≈µÕ∫ πÕß (Delay time) √à«¡
Õ¬Ÿà¥â«¬ ¥—ßπ—Èπª√–¡“≥‰¥â«à“

(11)

‡¡◊ËÕ K - Õ—µ√“¢¬“¬ (Gain),  - §à“§ßµ—«‡«≈“ (Time
constant) ·≈– d - §à“‡«≈“‰√âº≈µÕ∫ πÕß ¥—ßπ—Èπ ¡°“√
∑’Ë (8) ®–‰¥â

(12)

º≈°“√µÕ∫ πÕß¢ÕßÕÿ≥À¿Ÿ¡‘∑’Ë¡’µàÕÕ‘πæÿµ·∫∫¢—Èπ∫—π‰¥
‚¥¬Õÿ≥À¿Ÿ¡‘‡√‘Ë¡µâπª√–¡“≥ 35 ÌC ∑’Ë∫√‘‡«≥µ—«™‘Èπß“π
¥—ß· ¥ß„π√Ÿª∑’Ë 4

√Ÿª∑’Ë 4  °“√µÕ∫ πÕß¢ÕßÕÿ≥À¿Ÿ¡‘∑’Ë¡’µàÕÕ‘πæÿµ·∫∫¢—Èπ∫—π‰¥

®“°≈—°…≥–°“√µÕ∫ πÕß∑’Ë‡°‘¥¢÷Èπ  ¡¡ÿµ‘„Àâ°“√
‡ª≈’Ë¬π·ª≈ß¢ÕßÕÿ≥À¿Ÿ¡‘‡ªìπ‡™‘ß‡ âπ „π¢—ÈπµÕπ¢Õß
°“√ª√–¡“≥§à“µ—«·ª√·≈–°“√µÕ∫ πÕß¢Õß√–∫∫
·∫∫Õ‘πæÿµ·∫∫¢—Èπ∫—π‰¥§◊Õ

(13)
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‡¡◊ËÕ T(t) - Õÿ≥À¿Ÿ¡‘∑’Ë«—¥∑’Ëµ—«™‘Èπß“π,Tp(t) - Õÿ≥À¿Ÿ¡‘¢Õß
§«“¡√âÕπ∑’Ë‰¥â√—∫®“°À≈Õ¥Õ‘πø√“‡√¥ ·≈– Tr(t) - Õÿ≥À¿Ÿ¡‘
∑’Ë‡æ‘Ë¡¢÷Èπ¡’≈—°…≥–·∫∫ Ramp

æ‘®“√≥“§«“¡ —¡æ—π∏å¢Õßøíß°å™—Ëπ∂à“¬‚Õπ ¡°“√∑’Ë
(12) ·≈– (13)  “¡“√∂‡¢’¬πÕ¬Ÿà„π√Ÿª Laplace transform
®–‰¥â

3.2 °“√√–∫ÿ‡Õ°≈—°…≥å¢Õß√–∫∫°√–∫«π°“√
‡µ“Õ∫·∫∫À≈Õ¥Õ‘πø√“‡√¥
 ”À√—∫°“√√–∫ÿ‡Õ°≈—°…≥å¢Õß√–∫∫°√–∫«π°“√

‡µ“Õ∫·∫∫À≈Õ¥Õ‘πø√“‡√¥ ®–„™â ”À√—∫√–∫∫ªî¥∑’Ë¡’
µ—«§«∫§ÿ¡·∫∫æ’‰Õ ¥—ß· ¥ß„π√Ÿª∑’Ë 5

√Ÿª∑’Ë 5  ·ºπ¿“æ√–∫∫§«∫§ÿ¡¢Õß°√–∫«π°“√‡µ“Õ∫
·∫∫À≈Õ¥Õ‘πø√“‡√¥∑’Ë¡’µ—«§«∫§ÿ¡·∫∫æ’‰Õ

‚¥¬∑’Ë T(s) - Õÿ≥À¿Ÿ¡‘¢Õß™‘Èπß“π, Tref(s) - Õÿ≥À¿Ÿ¡‘∑’Ë
µâÕß°“√, To(s) - Õÿ≥À¿Ÿ¡‘®“°À≈Õ¥Õ‘πø√“‡√¥ ·≈– Ta(s) -
Õÿ≥À¿Ÿ¡‘Õ“°“»

‚¥¬∑’Ë µ—«§«∫§ÿ¡·∫∫æ’‰Õ§◊Õ

„π°“√ª√–¡“≥§à“µ—«·ª√¢Õß°√–∫«π°“√„π√–∫∫
ªî¥∑’Ë¡’µ—«§«∫§ÿ¡·∫∫æ’‰Õ ·≈–°“√µÕ∫ πÕß¢ÕßÕÿ≥À¿Ÿ¡‘
∑’Ë‡æ‘Ë¡¢÷Èπ¡’≈—°…≥–·∫∫ Ramp √à«¡¥â«¬ ‚¥¬„™â«‘∏’°“√
Nonlinear least squares  ”À√—∫°“√ª√–¡“≥À“§à“
µ—«·ª√∑’Ë ‡À¡“– ¡∑’Ë ÿ¥®“°º≈°“√∑¥≈Õß¢Õß°“√
µÕ∫ πÕß¢Õß√–∫∫ ‡æ◊ËÕπ”‰ª«‘‡§√“–ÀåÀ“·∫∫®”≈Õß
∑“ß§≥‘µ»“ µ√å

(15)

L-1 (.) - Inverse Laplace Transform
°“√«‘‡§√“–ÀåÀ“·∫∫®”≈Õß∑“ß§≥‘µ»“ µ√å¢Õß

 ¡°“√∑’Ë (15) ‚¥¬«‘∏’ Nonlinear least square ‡æ◊ËÕ
ª√–¡“≥§à“µ—«·ª√ K, ·≈– d ‚¥¬µ—«·ª√∑’Ë‡À¡“– ¡
®–µâÕß∑”„Àâº≈µà“ß°”≈—ß ÕßπâÕ¬∑’Ë ÿ¥ (least square
error: LSE)

(16)

‚¥¬∑’Ë n §◊Õ ®”π«π¢âÕ¡Ÿ≈¢ÕßÕÿ≥À¿Ÿ¡‘®“°°“√«—¥ ·≈–
T̂ (t)  §◊Õ ™ÿ¥¢âÕ¡Ÿ≈¢ÕßÕÿ≥À¿Ÿ¡‘®“°°“√«—¥ ®“° ¡°“√∑’Ë
(16) ®–‰¥â

‡¡◊ËÕ

‚¥¬∑’Ë k §◊Õ®”π«π√Õ∫¢Õß°“√§”π«≥  ”À√—∫∫∑§«“¡π’È
‰¥âª√–¬ÿ°µå„™â«‘∏’°“√ Nonlinear least squares ¢Õß
‚ª√·°√¡ MATLAB

4. °“√ÕÕ°·∫∫µ—«§«∫§ÿ¡ ”À√—∫°√–∫«π°“√
‡µ“Õ∫·∫∫À≈Õ¥Õ‘πø√“‡√¥

4.1 °“√ÕÕ°·∫∫µ—«§«∫§ÿ¡·∫∫æ’‰Õ
º≈°“√√–∫ÿ‡Õ°≈—°…≥å ”À√—∫√–∫∫ªî¥∑’Ë¡’µ—«

§«∫§ÿ¡·∫∫æ’‰Õ ®–„™â§à“µ—«·ª√‡©≈’Ë¬‡ªìπ§à“ —¡ª√– ‘∑∏‘Ï
¢Õß·∫∫®”≈Õß∑“ß§≥‘µ»“ µ√å¢Õß°√–∫«π°“√‡µ“Õ∫
·∫∫À≈Õ¥Õ‘πø√“‡√¥‡æ◊ËÕπ”‰ª„™â „π°“√ÕÕ°·∫∫µ—«
§«∫§ÿ¡·∫∫æ’‰Õ ´÷Ëß “¡“√∂‡¢’¬π·ºπ¿“æ√–∫∫§«∫§ÿ¡
¢Õß°√–∫«π°“√‡µ“Õ∫·∫∫À≈Õ¥Õ‘πø√“‡√¥„π√–∫∫ªî¥
∑’Ë¡’µ—«§«∫§ÿ¡·∫∫æ’‰Õ¥’¥—ß√Ÿª∑’Ë 6

®–À“

(14)
‚¥¬∑’Ë

·≈–
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√Ÿª∑’Ë 6  ·ºπ¿“æ√–∫∫§«∫§ÿ¡·∫∫ªî¥¢Õß‡µ“Õ∫
·∫∫À≈Õ¥Õ‘πø√“‡√¥∑’Ë¡’µ—«§«∫§ÿ¡·∫∫æ’‰Õ

 ”À√—∫°“√ÕÕ°·∫∫§à“æ’‰Õ ß“π«‘®—¬π’È„™â«‘∏’ Response
optimization ¢Õß‚ª√·°√¡ MATLAB ‡æ◊ËÕ§”π«≥À“
§à“æ’‰Õ∑’Ë‡À¡“– ¡ ‚¥¬°“√°”Àπ¥√Ÿª·∫∫°“√µÕ∫ πÕß
¢Õß —≠≠“≥ output ∑’Ë¡’µàÕÕ‘πæÿµ·∫∫¢—Èπ∫—π‰¥„Àâ¡’
Percent Overshoot ‰¡à‡°‘π 5%, §à“ Rise Time πâÕ¬
°«à“ 4 «‘π“∑’ ·≈–§à“ Settling Time πâÕ¬°«à“ 6 «‘π“∑’
´÷Ëß‚ª√·°√¡ MATLAB ®–„™â«‘∏’ Gradient Descent
‡æ◊ËÕÀ“§à“µ—«·ª√¢Õßµ—«§«∫§ÿ¡æ’‰Õ§◊Õ Kp ·≈– Ki

·≈â«π”§à“æ’‰Õ∑’Ë‰¥â ‰ª∑¥≈Õß°—∫‡§√◊ËÕß‡µ“Õ∫·∫∫À≈Õ¥
Õ‘πø√“‡√¥ ‡æ◊ËÕ«‘‡§√“–Àåº≈µÕ∫ πÕß¢ÕßÕÿ≥À¿Ÿ¡‘

°“√À“§à“µ—«·ª√¢Õßµ—«§«∫§ÿ¡æ’‰Õ∑’Ë‡À¡“– ¡∑’Ë ÿ¥
®“°º≈°“√µÕ∫ πÕß‚¥¬«‘∏’ Gradient descent ·∫∫¡’
‡ß◊ËÕπ‰¢∫—ß§—∫ (Output constraint) ‡æ◊ËÕÀ“§à“µ—«·ª√ Kp

·≈– Ki  ”À√—∫øíß°å™—π«—µ∂ÿª√– ß§å§◊Õ

‚¥¬∑’Ë xk §◊Õ Kp ·≈– Ki , Ti - §à“Õÿ≥À¿Ÿ¡‘¢Õß·∫∫®”≈Õß
·≈– Tc - §à“Õÿ≥À¿Ÿ¡‘∑’Ë Output constraint

«‘∏’ Gradient descent ‡ªìπ√–‡∫’¬∫«‘∏’¢—Èπæ◊Èπ∞“π
¢Õß°“√·°âªí≠À“§à“‡À¡“–∑’Ë ÿ¥ ‚¥¬æ‘®“√≥“ gradient ¢Õß
øíß°å™—π«—µ∂ÿª√– ß§å ∂â“‡§≈◊ËÕπ®ÿ¥§”µÕ∫‰ª„π∑‘»∑“ß¢Õß
§à“ gradient ®“°®ÿ¥‡√‘Ë¡µâπ„¥Ê °“√‡§≈◊ËÕπµ”·Àπàß¢Õß
º≈‡©≈¬„π∑‘»∑“ß≈∫ gradient ®– àßº≈„Àâ°“√≈ß≈¥¢Õß
§à“øíß°å™—π«—µ∂ÿª√– ß§å¡“°∑’Ë ÿ¥

4.2 √–∫∫§«∫§ÿ¡ª√—∫µ—«‰¥â™π‘¥Õâ“ßÕ‘ß·∫∫®”≈Õß
„π°“√ª√—∫§à“ —¡ª√– ‘∑∏‘Ï¢Õßµ—«§«∫§ÿ¡·∫∫æ’‰Õ

¢Õß°√–∫«π°“√‡µ“Õ∫·∫∫À≈Õ¥Õ‘πø√“‡√¥∑’Ë “¡“√∂
∑”ß“π‰¥â°—∫∑ÿ°‡§√◊ËÕß ®–„™â«‘∏’°“√ Lyapunov,s Direct
Method „π°“√ √â“ßÕ—≈°Õ√‘∑÷¡§«∫§ÿ¡·≈–ª√—∫§à“
 —¡ª√– ‘∑∏‘Ï¢Õßµ—«§«∫§ÿ¡·∫∫æ’‰Õ ‡æ◊ËÕ„Àâ√–∫∫¡’°“√
µÕ∫ πÕß¢ÕßÕÿ≥À¿Ÿ¡‘‡ªìπ‰ªµ“¡·∫∫®”≈Õß∑’ËÕâ“ßÕ‘ß
¥—ß√Ÿª∑’Ë 7

√Ÿª∑’Ë 7  ·ºπ¿“æÀ≈—°°“√∑”ß“π¢Õß MRAS

°“√§«∫§ÿ¡Õÿ≥À¿Ÿ¡‘°√–∫«π°“√‡µ“Õ∫·∫∫À≈Õ¥
Õ‘πø√“‡√¥∑’Ë‡ªìπ·∫∫ªÑÕπ°≈—∫·≈–¡’µ—«§«∫§ÿ¡·∫∫æ’‰Õ
‚¥¬„™â·∫∫®”≈ÕßÕâ“ßÕ‘ß∑’Ëª√—∫µ—«‰¥â ´÷Ëßµ—« Adjustment
‡ªìπÕ—≈°Õ√‘∑÷¡∑’Ë√—∫§à“ output ¢Õß‚¡‡¥≈ (ym), §à“
output ¢Õß Plant (y) ·≈–  —≠≠“≥§«∫§ÿ¡ (u) ®–∑”
Àπâ“∑’Ëª√—∫µ—«§«∫§ÿ¡·∫∫æ’‰Õ¢Õß√–∫∫ ‡æ◊ËÕ„Àâ√–∫∫
¡’°“√µÕ∫ πÕß‡™àπ‡¥’¬«°—∫·∫∫®”≈Õß∑’ËÕâ“ßÕ‘ß °”Àπ¥
„Àâ°“√ª√–¡“≥§à“‡«≈“‰√âº≈µÕ∫ πÕß¢Õß·∫∫®”≈Õß
∑’ËÕâ“ßÕ‘ß ¥—ßπ’È

‡¡◊ËÕ d̂    §◊Õ§à“‡«≈“‰√âº≈µÕ∫ πÕß¢Õß·∫∫®”≈Õß∑’ËÕâ“ßÕ‘ß
øíß°å™—π∂à“¬‚Õπ¢Õß Plant §◊Õ

(17)
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øíß°å™—Ëπ∂à“¬‚Õπ¢Õß·∫∫®”≈Õß∑’ËÕâ“ßÕ‘ß §◊Õ

‚¥¬∑’Ë

®—¥√Ÿª ¡°“√∑’Ë (17) ·≈– (18) „ÀâÕ¬Ÿà„π√Ÿª¢ÕßÕπÿæ—π∏å
Õ—π¥—∫ Õß‰¥â¥—ß ¡°“√∑’Ë (19) ·≈– (20)

·≈–

 ¡°“√∑’Ë (19) ≈∫ ¡°“√∑’Ë (20) ®–‰¥â

(18)

(19)

(20)

‚¥¬∑’Ë

(21)

°”Àπ¥„Àâ Lyapunov Function §◊Õ

‚¥¬∑’Ë 1 ·≈– 2 §◊Õ Õ—µ√“°“√ª√—∫µ—«
æ‘®“√≥“Õπÿæ—π∏å¢Õß Lyapunov Function

(23)

®“° ¡°“√∑’Ë (21) ·≈– ¡°“√∑’Ë (23) ®—¥√Ÿª ¡°“√ ®–‰¥â

(24)

®“° ¡°“√∑’Ë (24)  ¡¡ÿµ‘„Àâ  ˆ , K  K̂ ·≈– d  d̂
¥—ßπ—Èπ

(25)

‡¡◊ËÕ (26)

(27)

®–∑”„Àâ

®“° ¡°“√∑’Ë (28) ®–∑”„ÀâÕπÿæ—π∏å¢Õß Lyapunov
Function ‡ªìπ Negative Semi-Definite √–∫∫∑’Ë √â“ß
¢÷Èπ®–¡’‡ ∂’¬√¿“æ·∫∫ Global Stability

(22)

(28)
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√Ÿª∑’Ë 8  º≈°“√µÕ∫ πÕß¢Õß√–∫∫ªî¥∑’Ë¡’µ—«§«∫§ÿ¡æ’‰Õ
·∫∫ No. 1 ∑’ËÕÿ≥À¿Ÿ¡‘ 80 ÌC

√Ÿª∑’Ë 9  º≈°“√µÕ∫ πÕß¢Õß√–∫∫ªî¥∑’Ë¡’µ—«§«∫§ÿ¡æ’‰Õ
·∫∫ No. 2  ∑’ËÕÿ≥À¿Ÿ¡‘ 85 ÌC

√Ÿª∑’Ë 10  º≈°“√µÕ∫ πÕß¢Õß√–∫∫ªî¥∑’Ë¡’µ—«§«∫§ÿ¡æ’‰Õ
·∫∫ No. 3 ∑’ËÕÿ≥À¿Ÿ¡‘ 90 ÌC

µ“√“ß∑’Ë 1  º≈¢Õß°“√√–∫ÿ‡Õ°≈—°…≥å∑’ËÕÿ≥À¿Ÿ¡‘ 80 ÌC

µ“√“ß∑’Ë 2  º≈¢Õß°“√√–∫ÿ‡Õ°≈—°…≥å∑’ËÕÿ≥À¿Ÿ¡‘ 85 ÌC

µ“√“ß∑’Ë 3  º≈¢Õß°“√√–∫ÿ‡Õ°≈—°…≥å∑’ËÕÿ≥À¿Ÿ¡‘ 90 ÌC

5. º≈°“√∑¥≈Õß·≈–°“√®”≈Õß ∂“π°“√≥å
5.1 º≈¢Õß°“√√–∫ÿ‡Õ°≈—°…≥å¢Õß√–∫∫

º≈°“√√–∫ÿ‡Õ°≈—°…≥å ”À√—∫√–∫∫ªî¥∑’Ë¡’µ—«
§«∫§ÿ¡·∫∫æ’‰Õ ®–∑¥≈Õß∑’ËÕÿ≥À¿Ÿ¡‘ 80, 85 ·≈– 90 ÌC
‚¥¬·µà≈–Õÿ≥À¿Ÿ¡‘®–¡’°“√ª√—∫§à“µ—«·ª√æ’‰Õ∑’Ë·µ°µà“ß°—π
3 ·∫∫
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‡æ◊ËÕ„Àâ ‰¥âº≈µÕ∫ πÕß¢ÕßÕÿ≥À¿Ÿ¡‘∑’Ëµà“ß°—π„π·µà≈–
°“√µÕ∫ πÕß¢ÕßÕÿ≥À¿Ÿ¡‘∑’ËµâÕß°“√¥—ßº≈∑’Ë· ¥ß„π√Ÿª 8,
9 ·≈– 10 ·≈–º≈°“√ª√–¡“≥§à“µ—«·ª√¢Õß√–∫∫∑’Ë
Õÿ≥À¿Ÿ¡‘ 80, 85 ·≈– 90 ÌC ¥—ß· ¥ß„πµ“√“ß∑’Ë 1, 2 ·≈– 3

æ‘®“√≥“§à“µ—«·ª√„π·∫∫®”≈Õß∑“ß§≥‘µ»“ µ√å
¢Õß°√–∫«π°“√‡µ“Õ∫·∫∫À≈Õ¥Õ‘πø√“‡√¥∑’Ë ‰¥â®“°
º≈°“√∑¥≈Õß∑—ÈßÀ¡¥¡“À“§à“‡©≈’Ë¬¢Õß∑ÿ°Õÿ≥À¿Ÿ¡‘
§◊Õ K = 5.369,  = 3.513 sec ·≈– d = 0.983 sec
®“°π—Èπ‡ª√’¬∫‡∑’¬∫º≈°“√µÕ∫ πÕß√–À«à“ß·∫∫®”≈Õß
∑“ß§≥‘µ»“ µ√å∑’Ë ‰¥â°—∫§à“Õÿ≥À¿Ÿ¡‘∑’Ë«—¥‰¥â ∑’Ë¡’µàÕÕ‘πæÿµ
·∫∫¢—Èπ∫—π‰¥∑’Ë 85 ÌC ¥—ß· ¥ß„π√Ÿª∑’Ë11

√Ÿª∑’Ë 11  °“√µÕ∫ πÕß¢Õß√–∫∫ªî¥∑’Ë¡’µ—«§«∫§ÿ¡·∫∫æ’‰Õ
‚¥¬„™â§à“‡©≈’Ë¬µ—«·ª√¢Õß√–∫∫∑’Ë 85 ÌC

µ“√“ß∑’Ë 4  §à“‡©≈’Ë¬¢Õßµ—«·ª√¢Õß√–∫∫

5.2 º≈°“√ÕÕ°·∫∫µ—«§«∫§ÿ¡·∫∫æ’‰Õ
º≈°“√√–∫ÿ‡Õ°≈—°…≥å ”À√—∫√–∫∫ªî¥∑’Ë¡’µ—«

§«∫§ÿ¡·∫∫æ’‰Õ ®–„™â§à“µ—«·ª√‡©≈’Ë¬„πµ“√“ß∑’Ë 4
‡ªìπ§à“ —¡ª√– ‘∑∏‘Ï¢Õß·∫∫®”≈Õß∑“ß§≥‘µ»“ µ√å
¢Õß°√–∫«π°“√‡µ“Õ∫·∫∫À≈Õ¥Õ‘πø√“‡√¥‡æ◊ËÕπ”‰ª

„™â„π°“√ÕÕ°·∫∫µ—«§«∫§ÿ¡·∫∫æ’‰Õ ‚¥¬«‘∏’°“√À“§à“
∑’Ë‡À¡“– ¡∑’Ë ÿ¥ §à“µ—«·ª√¢Õßµ—«§«∫§ÿ¡æ’‰Õ∑’Ë ‰¥â§◊Õ
Kp = 0.38, Ki = 0.13 ‡¡◊ËÕ Tr = 50 ÌC ¥—ß· ¥ßº≈
°“√µÕ∫ πÕß¥—ß√Ÿª∑’Ë 12

√Ÿª∑’Ë 12  º≈°“√µÕ∫ πÕß¢Õß°“√ÕÕ°·∫∫µ—«§«∫§ÿ¡
·∫∫æ’‰Õ  ”À√—∫‡µ“Õ∫·∫∫À≈Õ¥Õ‘πø√“‡√¥

5.3 º≈°“√§«∫§ÿ¡·∫∫ª√—∫µ—«‰¥â™π‘¥Õâ“ßÕ‘ß
·∫∫®”≈Õß
„π°“√∑¥ Õ∫√–∫∫§«∫§ÿ¡·∫∫ª√—∫µ—«‰¥â™π‘¥

Õâ“ßÕ‘ß·∫∫®”≈Õß¢Õß°√–∫«π°“√‡µ“Õ∫·∫∫À≈Õ¥
Õ‘πø√“‡√¥°—∫µ—«§«∫§ÿ¡·∫∫æ’‰Õ ‚¥¬„™âÕ—≈°Õ√‘∑÷¡∑’Ë
 √â“ß¢÷Èπ¥â«¬«‘∏’ Lyapunov's Direct Method ‡æ◊ËÕ∑”
Àπâ“∑’Ëª√—∫§à“µ—«§«∫§ÿ¡·∫∫æ’‰Õ¢Õß√–∫∫‡æ◊ËÕ„Àâ√–∫∫¡’
°“√µÕ∫ πÕß‡ªìπ‰ªµ“¡·∫∫®”≈Õß∑’ËÕâ“ßÕ‘ß∑’Ë¡’µàÕÕ‘πæÿµ
·∫∫¢—Èπ∫—π‰¥ ´÷Ëß‡ªìπ√Ÿª·∫∫°“√µÕ∫ πÕß∑’ËµâÕß°“√
‚¥¬°”Àπ¥„Àâº≈°“√µÕ∫ πÕß¡’§à“ Percent Overshoot
‰¡à‡°‘π 5%, §à“ Rise Time πâÕ¬°«à“ 4 «‘π“∑’ ·≈–§à“
Settling Time πâÕ¬°«à“ 6 «‘π“∑’ ·≈–∑¥≈Õß∑’ËÕÿ≥À¿Ÿ¡‘
80 ÌC ·≈– 90 ÌC  ‚¥¬·∫∫®”≈ÕßÕâ“ßÕ‘ß®–¡’§à“ K̂ = 5.369,
ˆ = 3.513 sec ·≈– d̂   = 0.983 sec ·≈–µ—«§«∫§ÿ¡
·∫∫æ’‰Õ¡’§à“ Kp = 0.38, Ki = 0.13 ´÷ËßÕ—≈°Õ√‘∑÷¡∑’Ë„™â
ª√—∫§à“¢Õßµ—«§«∫§ÿ¡·∫∫æ’‰Õ¡’§à“‡√‘Ë¡µâπ¢Õßµ—«§«∫§ÿ¡
Kp = 0.38, Ki = 0.13 ·≈–Õ—µ√“°“√ª√—∫µ—« 1 = 0.00005
·≈– 2 = 0.00001

°“√∑¥≈Õß§√—Èß·√° ‰¥âæ‘®“√≥“∑’ËÕÿ≥À¿Ÿ¡‘ 80 ÌC º≈
°“√µÕ∫ πÕß¢ÕßÕÿ≥À¿Ÿ¡‘¢Õß Plant ‡∑’¬∫°—∫·∫∫
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®”≈ÕßÕâ“ßÕ‘ß·≈–°“√ª√—∫§à“µ—«·ª√¢Õßµ—«§«∫§ÿ¡æ’·≈–
‰Õ¢Õß‡µ“Õ∫‡§√◊ËÕß∑’Ë 1 · ¥ß¥—ß√Ÿª∑’Ë 13 ·≈– 14
µ“¡≈”¥—∫ ·≈–‰¥â∑¥ Õ∫°—∫‡µ“Õ∫‡§√◊ËÕß∑’Ë 2 º≈°“√
µÕ∫ πÕßÕÿ≥À¿Ÿ¡‘·≈–°“√ª√—∫§à“µ—«·ª√¢Õßµ—«§«∫§ÿ¡
æ’·≈–‰Õ · ¥ß¥—ß√Ÿª∑’Ë 15 ·≈– 16 µ“¡≈”¥—∫

√Ÿª∑’Ë 13  °“√µÕ∫ πÕßÕÿ≥À¿Ÿ¡‘¢Õß‡µ“Õ∫‡§√◊ËÕß∑’Ë 1

√Ÿª∑’Ë 14  °“√µÕ∫ πÕßµ—«§«∫§ÿ¡æ’‰Õ¢Õß‡µ“Õ∫‡§√◊ËÕß∑’Ë 1

√Ÿª∑’Ë 15  °“√µÕ∫ πÕßÕÿ≥À¿Ÿ¡‘¢Õß‡µ“Õ∫‡§√◊ËÕß∑’Ë 2

º≈°“√µÕ∫ πÕßÕÿ≥¿Ÿ¡‘¢Õß‡µ“Õ∫·∫∫Õ‘πø√“‡√¥
‡§√◊ËÕß∑’Ë 1 ∑’ËÕÿ≥À¿Ÿ¡‘ 80 ÌC „π√Õ∫·√° (Cycle 1) ¡’
µÕ∫ πÕß∑’Ë™â“ (settling time 8.4 «‘π“∑’) ·≈–¡’Õÿ≥À¿Ÿ¡‘
‡√‘Ë¡µâπ∑’Ë 52 ÌC À≈—ß®“°Õ—≈°Õ√‘∑÷¡∑”ß“π‰ª∂÷ß Cycle 9
µ—«§«∫§ÿ¡‰¥âª√—∫§à“‡ªìπ Kp = 0.347, Ki = 0.131 ®π
≈—°…≥–°“√µÕ∫ πÕß¢Õß√–∫∫‡ªìπ‰ªµ“¡·∫∫®”≈Õß
Õâ“ßÕ‘ß ·≈–°“√µÕ∫ πÕßÕÿ≥À¿Ÿ¡‘¢Õß‡µ“Õ∫·∫∫
Õ‘πø√“‡√¥‡§√◊ËÕß∑’Ë 2 „π Cycle 1 ≈—°…≥–°“√æÿàß‡°‘π
¢ÕßÕÿ≥À¿Ÿ¡‘ 15.62% °“√µÕ∫ πÕß∑’Ë™â“ (settling time
10.2 «‘π“∑’) ·≈–¡’Õÿ≥À¿Ÿ¡‘‡√‘Ë¡µâπ∑’Ë 34 ÌC ‡¡◊ËÕÕ—≈°Õ√‘∑÷¡
∑”ß“π®π∂÷ß Cycle 9 §à“µ—«§«∫§ÿ¡‰¥âª√—∫§à“‡ªìπ
Kp = 0.274, Ki = 0.118 °“√µÕ∫ πÕß¢Õß√–∫∫‡ªìπ‰ª
µ“¡·∫∫®”≈ÕßÕâ“ßÕ‘ß‡™àπ°—π ¥—ß√“¬≈–‡Õ’¬¥°“√µÕ∫ πÕß
Õÿ≥À¿Ÿ¡‘¢Õß‡µ“Õ∫·∫∫Õ‘πø√“‡√¥∑’ËÕÿ≥À¿Ÿ¡‘ 80 ÌC
· ¥ß„πµ“√“ß∑’Ë 5

√Ÿª∑’Ë 16  °“√µÕ∫ πÕßµ—«§«∫§ÿ¡æ’‰Õ¢Õß‡µ“Õ∫‡§√◊ËÕß∑’Ë 2

µ“√“ß∑’Ë 5 º≈°“√µÕ∫ πÕßÕÿ≥À¿Ÿ¡‘¢Õß‡µ“Õ∫
·∫∫Õ‘πø√“‡√¥ ∑’Ë 80 ÌC
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„π°“√∑¥≈Õß§√—Èß∑’Ë Õß‰¥â∑¥ Õ∫∑’ËÕÿ≥À¿Ÿ¡‘ 90 ÌC º≈
°“√µÕ∫ πÕß¢ÕßÕÿ≥À¿Ÿ¡‘¢Õß Plant ‡∑’¬∫°—∫·∫∫
®”≈ÕßÕâ“ßÕ‘ß·≈–°“√ª√—∫§à“µ—«·ª√¢Õßµ—«§«∫§ÿ¡æ’·≈–
‰Õ¢Õß‡µ“Õ∫‡§√◊ËÕß∑’Ë 1 · ¥ß¥—ß√Ÿª∑’Ë 17 ·≈– 18 µ“¡
≈”¥—∫ ·≈–‰¥â∑¥ Õ∫°—∫‡µ“Õ∫‡§√◊ËÕß∑’Ë 2 º≈°“√µÕ∫
 πÕßÕÿ≥À¿Ÿ¡‘·≈–°“√ª√—∫§à“µ—«·ª√¢Õßµ—«§«∫§ÿ¡æ’
·≈–‰Õ · ¥ß¥—ß√Ÿª∑’Ë 19 ·≈– 20 µ“¡≈”¥—∫

º≈°“√µÕ∫ πÕßÕÿ≥¿Ÿ¡‘¢Õß‡µ“Õ∫·∫∫Õ‘πø√“‡√¥
‡§√◊ËÕß∑’Ë 1 ∑’ËÕÿ≥À¿Ÿ¡‘ 90 ÌC „π Cycle 1 ¡’µÕ∫ πÕß∑’Ë™â“
(settling time 7.3 «‘π“∑’) ·≈–¡’Õÿ≥À¿Ÿ¡‘‡√‘Ë¡µâπ∑’Ë 58 ÌC
≈—°…≥–°“√µÕ∫ πÕß¢Õß√–∫∫‰¥âª√—∫‡ª≈’Ë¬π‡ªìπ‰ªµ“¡
·∫∫®”≈ÕßÕâ“ßÕ‘ß ‡¡◊ËÕÕ—≈°Õ√‘∑÷¡∑”ß“π∑’Ë Cycle 6 µ—«
§«∫§ÿ¡‰¥âª√—∫§à“‡ªìπ Kp = 0.343, Ki = 0.126 ·≈–°“√
µÕ∫ πÕßÕÿ≥¿Ÿ¡‘¢Õß‡µ“Õ∫·∫∫Õ‘πø√“‡√¥ ‡§√◊ËÕß∑’Ë 2 „π
Cycle 1 ¡’≈—°…≥–°“√µÕ∫ πÕß∑’Ë™â“ (settling time 8.2
«‘π“∑’) ·≈–¡’Õÿ≥À¿Ÿ¡‘‡√‘Ë¡µâπ∑’Ë 34 ÌC ‡¡◊ËÕµ—«§«∫§ÿ¡
‰¥âª√—∫§à“ Kp = 0.266, Ki = 0.112 ∑’Ë Cycle 9 ®–∑”„Àâ
°“√µÕ∫ πÕß¢Õß√–∫∫‡ªìπ‰ªµ“¡·∫∫®”≈ÕßÕâ“ßÕ‘ß
‡™àπ°—π √“¬≈–‡Õ’¬¥¢Õß°“√µÕ∫ πÕßÕÿ≥À¿Ÿ¡‘¢Õß‡µ“Õ∫
·∫∫Õ‘πø√“‡√¥ ∑’ËÕÿ≥À¿Ÿ¡‘ 90 ÌC ¥—ß· ¥ß„πµ“√“ß∑’Ë 6

√Ÿª∑’Ë 17  °“√µÕ∫ πÕßÕÿ≥À¿Ÿ¡‘¢Õß‡µ“Õ∫‡§√◊ËÕß∑’Ë 1

√Ÿª∑’Ë 18  °“√µÕ∫ πÕßµ—«§«∫§ÿ¡æ’‰Õ¢Õß‡µ“Õ∫‡§√◊ËÕß∑’Ë 1

√Ÿª∑’Ë 19  °“√µÕ∫ πÕßÕÿ≥À¿Ÿ¡‘¢Õß‡µ“Õ∫‡§√◊ËÕß∑’Ë 2

√Ÿª∑’Ë 20  °“√µÕ∫ πÕßµ—«§«∫§ÿ¡æ’‰Õ¢Õß‡µ“Õ∫‡§√◊ËÕß∑’Ë 2
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µ“√“ß∑’Ë 6 º≈°“√µÕ∫ πÕßÕÿ≥À¿Ÿ¡‘¢Õß‡µ“Õ∫·∫∫
Õ‘πø√“‡√¥ ∑’Ë 90 ÌC

º≈°“√µÕ∫ πÕß¢ÕßÕÿ≥À¿Ÿ¡‘¢Õß°√–∫«π°“√‡µ“Õ∫
·∫∫À≈Õ¥Õ‘πø√“‡√¥∑—Èß Õß‡§√◊ËÕßπ—Èπ ‡ªìπ‰ªµ“¡À≈—°°“√
¢Õß√–∫∫§«∫§ÿ¡ª√—∫µ—«‰¥â™π‘¥Õâ“ßÕ‘ß·∫∫®”≈Õß §◊Õ
√–∫∫®–æ¬“¬“¡ª√—∫§à“µ—«·ª√¢Õßµ—«§«∫§ÿ¡æ’·≈–‰Õ ‡æ◊ËÕ
∑”„Àâ°√–∫«π°“√‡µ“Õ∫∑—Èß Õß‡§√◊ËÕß¡’°“√µÕ∫ πÕß
‡™àπ‡¥’¬«°—∫·∫∫®”≈ÕßÕâ“ßÕ‘ß‰¥âÕ¬à“ß¡’ª√– ‘∑∏‘¿“æ ·≈–
 “¡“√∂„™âß“π‰¥â°—∫‡µ“Õ∫·∫∫À≈Õ¥Õ‘πø√“‡√¥≈—°…≥–
‡¥’¬«°—π∑ÿ°‡§√◊ËÕß

6.  √ÿª·≈–¢âÕ‡ πÕ·π–
∫∑§«“¡π’È ‰¥âª√–¬ÿ°µå„™â«‘∏’°“√√–∫ÿ‡Õ°≈—°…≥å ”À√—∫

À“§à“µ—«·ª√¢Õß·∫∫®”≈Õß∑“ß§≥‘µ»“ µ√å¢Õß
°√–∫«π°“√‡µ“Õ∫·∫∫À≈Õ¥Õ‘πø√“‡√¥‚¥¬«‘‡§√“–Àå
°“√µÕ∫ πÕß¢Õß·∫∫®”≈Õß‡ª√’¬∫‡∑’¬∫°—∫¢âÕ¡Ÿ≈
∑¥≈Õß„π√–∫∫ªî¥∑’Ë¡’µ—«§«∫§ÿ¡·∫∫æ’‰Õ‚¥¬„™â«‘∏’°“√
Nonlinear least squares ÷́Ëß§à“µ—«·ª√∑’Ë‰¥â®“°°“√√–∫ÿ
‡Õ°≈—°…≥åπ—Èπ‡ªìπ§à“µ—«·ª√‚¥¬ª√–¡“≥ ®“°º≈°“√
∑¥ Õ∫æ∫«à“§à“µ—«·ª√¢Õß·∫∫®”≈Õß∑’Ë‰¥â®“°°“√√–∫ÿ
‡Õ°≈—°…≥å¥—ß°≈à“«π—Èπ  “¡“√∂π”¡“„™â„π°“√ÕÕ°·∫∫
µ—«§«∫§ÿ¡·∫∫æ’‰Õ‚¥¬«‘∏’µÕ∫ πÕß∑’Ë‡À¡“– ¡∑’Ë ÿ¥ ∑’Ë„Àâ
º≈°“√µÕ∫ πÕß¢ÕßÕÿ≥À¿Ÿ¡‘‡ªìπ‰ªµ“¡§«“¡µâÕß°“√

§à“µ—«·ª√¢Õß√–∫∫∑’Ë ‰¥â®“°°“√√–∫ÿ‡Õ°≈—°…≥åπ—Èπ
‡ªìπ§à“µ—«·ª√‚¥¬ª√–¡“≥ ´÷Ëß‰¥â¡“®“°°“√∑¥≈Õß

∑’Ë™à«ßÕÿ≥À¿Ÿ¡‘∑’Ë 80-90 ÌC ·≈– “¡“√∂π”‰ª„™â„π°“√
ÕÕ°µ—«§«∫§ÿ¡·∫∫æ’‰Õ∑’Ë‡À¡“– ¡„π°“√§«∫§ÿ¡Õÿ≥À¿Ÿ¡‘
„π™à«ß¥—ß°≈à“« ¥—ßπ—Èπ∂â“µâÕß°“√ÕÕ°µ—«§«∫§ÿ¡·∫∫æ’‰Õ
¥’∑’Ë‡À¡“– ¡„π°“√§«∫§ÿ¡Õÿ≥À¿Ÿ¡‘„π™à«ßÕ◊ËπÊ µâÕß∑”
°“√∑¥≈Õß∑’Ë™à«ßÕÿ≥À¿Ÿ¡‘π—ÈπÊ ·≈–„™â„π°“√ª√–¡“≥
§à“µ—«·ª√ ‡æ◊ËÕ„Àâ ‰¥â§à“µ—«·ª√¢Õß√–∫∫∑’Ë‡À¡“– ¡„π
°“√ÕÕ°·∫∫æ’‰Õ„π™à«ßÕÿ≥À¿Ÿ¡‘∑’ËµâÕß°“√ ®“°»÷°…“
·≈–«‘ ‡§√“–Àåº≈°“√µÕ∫ πÕß¢ÕßÕÿ≥À¿Ÿ¡‘æ∫«à“
°√–∫«π°“√‡µ“Õ∫‡ªìπ°√–∫«π°“√∑’Ë¡’‡«≈“‰√âº≈µÕ∫ πÕß
ª√–¡“≥ 1 «‘π“∑’ ´÷Ëß∂â“ “¡“√∂≈¥‡«≈“‰√âº≈µÕ∫ πÕß
‰¥â°Á®– “¡“√∂≈¥‡«≈“¢Õß°√–∫«π°“√Õ∫‰¥â ´÷Ëß®–∑”„Àâ
Õ—µ√“°“√º≈‘µ™‘Èπß“π‡æ‘Ë¡¢÷Èπ „πß“π«‘®—¬π’È ‰¥â»÷°…“√–∫∫
§«∫§ÿ¡ª√—∫µ—«‰¥â™π‘¥Õâ“ßÕ‘ß·∫∫®”≈Õß¢Õß°√–∫«π°“√
‡µ“Õ∫·∫∫À≈Õ¥Õ‘πø√“‡√¥‚¥¬„™âµ—«§«∫§ÿ¡·∫∫æ’‰Õ
‚¥¬„™âÕ—≈°Õ√‘∑÷¡·∫∫ª√—∫µ—«‰¥â®“°«‘∏’°“√¢Õß Lyapunov's
Direct Method ∑”Àπâ“∑’Ëª√—∫µ—«§«∫§ÿ¡·∫∫æ’‰Õ¢Õß
√–∫∫‡æ◊ËÕ„Àâ√–∫∫¡’°“√µÕ∫ πÕß‡ªìπ‰ªµ“¡·∫∫®”≈Õß
Õâ“ßÕ‘ß´÷Ëß‡ªìπ√Ÿª·∫∫°“√µÕ∫ πÕß∑’ËµâÕß°“√ º≈°“√
∑¥≈Õßµ—«§«∫§ÿ¡æ’·≈–‰Õ¡’°“√ª√—∫µ—«‡æ◊ËÕ∑”„Àâ°“√
µÕ∫ πÕß¢Õß Plant ¡’≈—°…≥–°“√µÕ∫ πÕß„°≈â‡§’¬ß
°—∫·∫∫®”≈ÕßÕâ“ßÕ‘ß‰¥âÕ¬à“ß¡’ª√– ‘∑∏‘¿“æ ·≈–«‘∏’°“√
°“√§«∫§ÿ¡∑’Ëª√—∫µ—«‰¥â™π‘¥Õâ“ßÕ‘ß·∫∫®”≈Õß “¡“√∂
„™â§«∫§ÿ¡Õÿ≥À¿Ÿ¡‘¢Õß°√–∫«π°“√‡µ“Õ∫·∫∫À≈Õ¥
Õ‘πø√“‡√¥∑ÿ°‡§√◊ËÕß„Àâ¡’°“√µÕ∫ πÕß‡ªìπ‰ªµ“¡§«“¡
µâÕß°“√

7. °‘µµ‘°√√¡ª√–°“»
ß“π«‘®—¬π’È ‰¥â√—∫°“√ π—∫ πÿπ®“°»Ÿπ¬å«‘®—¬√à«¡‡©æ“–

∑“ß¥â“π°“√º≈‘µ¢—Èπ Ÿß„πÕÿµ “À°√√¡Œ“√å¥¥‘ °å‰¥√åø ·≈–
»Ÿπ¬å‡∑§‚π‚≈¬’Õ‘‡≈Á°∑√Õπ‘° å·≈–§Õ¡æ‘«‡µÕ√å·Ààß™“µ‘
 ”π—°ß“πæ—≤π“«‘∑¬“»“ µ√å·≈–‡∑§‚π‚≈¬’·Ààß™“µ‘ ·≈–
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