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î̄Ċ5āº Ɨ ƷƳǽ ǴǩƘǢǭ ǰǽŦ Ɯǎơ ǧƸƢǲŧǾǢǼ ƹƘǝǻ ƗƸƛǻ ƽǾǬƢƾƘǵǻ ǙǾǎƱƸǼ SISO  ƷǸǊƭ ƷƳǖǭƘǱǾǲǼ ƸƢǭƗƷƘřǻ Û ǴƕƗƷƗǭǼƳǸǁƽ .Ǿ ǬƢƾǙǾǎƱƸǼ  Ƙƛ

ƹƘǝ ǧƴǭ ƹƗ ǳƳƘǞƢƽƗǻ ūƘŧƘơǼ ) ǸǲūǸƽT-S (ǧƴǭƹƘƽǻ ǭǼƳǸǁ . ƼŚƽǽǧƸƢǲŧ ŦƹƘǝ ǳƴǲǲŧǻ ƜǎơǾǢǼ ǲƢƜǭǼ ) ǔƩƸǭ ǧƴǭ ƸƛMRASƗƸƛ (ǻ ƳƷǽƛƘǼ 
ƽǾ ǔƩƸǭ ǧƘǲŬƭƗƸǍǼ ǭǼƳǸǁƘǵƸƢǭƗƷƘř .ǻ ǧƸƢǲŧǳƴǲǲŧ ǴƛƟƷǸǅ  ÛǌƱƸƛ ƷƳƸǵ ǴǒƮǩ ǨƛƘǡ ǴƜƽƘƮǭ ƗƸƛ .ƠƽƗǻ ƽ ƸǵǾƳǷƷǷ ǔƩƸǭ ǧƘǲŬǻ  ÛƳǷƴƮǭ

ƠǩƘƭƘǵǻ ƽǾ ǬƢƾǴƛƷǸǍ ƜǱƘƪǭǼ ƠǩƘƭƘǵǻ ƳƷ ƗƷ ǔƩƸǭ ǧƴǭǽƛƘǼ ǭǼƴǲǲŧƗ ƷƳ .ǽ ǴǩƘǢǭ ǰǮǩ ƗƴƢƛƗǼ ǮƲơ Ǭǩ Ǵƛ ǫǸƽǸǭǾ ƸƢǭƗƷƘř ǰǮǖơǾǬǽǴƢǝƘÛ  Ƿ ƫƸǎǭ
 ƟƘƜƥƗǭǼƳǸǁ ƼŚƽ .ƗƸƛǻ ǱƗǸǡ ƙƘƲƢǱƗǾǧƸƢǲŧ ǰÛ ƜǎơǾƘř ƟƘƜƥƗ Ƿ ǠǽƷƗƴǻ ǪŧǼ ƽǾǬƢƾ ƹƗ Ɨǽ Ǭǩ ǰǳƳƘǞƢƽƗ ǭǼƳǸǁƘř ƟƘƜƥƗ .ǽƷƗƴǻ ŬǩƗƷǸǽƜǎơ ǬƢǾǢǼ Ƙƛ 
ƳǸƩǷ ǖǭƘǱǾǲǼ ƸƢǭƗƷƘřǻ ƽǾǬƢƾÛ ǴƕƗƷƗ ǳƴǁ .ƠƽƗ ǳǷȆǕƗƸƛǽǰƗƸƛ Ûǻ ǷƳ ǴƢƽƳ ƽ ƹƗǾǬƢƾƘǵǻ ǎƱǼ ƳƸƛƷƘŧƸřÛ ǴƛǮƲơ Ǭǩ ŦǮŧǾ ƸƢǭƗƷƘř ǰǮǖơǾǬǽǴƢǝƘÛ  

Ɯǎơ ǧƸƢǲŧǾǢǼ ƭƗƸǍǼǳƴǁ .ƠƽƗ ǧƸƢǲŧǳƴǲǲŧ řǾƳƘǶǲǂǻ ƗƸƛǻ ƽǾ ǬƢƾǙǾǎƱƸǼ ƭƗƸǍ ƻǸŨǖǭ ǧǷƴǱƘřǼ  ǳƴǁ ǷƜǁǾǴƹƘƽǻ  ƘƛǫƸǱƗƺǝƗƷ  ƚǪƢǭƗƸƛǻ 

ƽƷƸƛǼ  ƳƸŨǪǮǕǧƸƢǲŧǳƴǲǲŧ  ǴƕƗƷƗǭǼƳǸǁ.  

āÁvÿwăć íöĊºć5 Ǭǩ ǮƲơǾ ÛƸƢǭƗƷƘř ǰǧƴǭƹƘƽǻ ƹƘǝǻ ūƘŧƘơǼ ) ǸǲūǸƽTSƜǎơ ǧƸƢǲŧ Û(ǾǢǼ ) ǔƩƸǭ ǧƴǭMRASƽ Û(ǾǬƢƾƘǵǻ ǙǾǎƱƸǼ SISO Û

ǖǭƘǱǾǲǼ ƸƢǭƗƷƘřǻ. 
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Abstract:  In this paper, a fuzzy adaptive control for SISO nonlinear systems is presented. The nonlinear system is modeled using 

Takagi-Sugeno (T-S) model. Then, a fuzzy adaptive control based on reference model (MRAS) is designed to track reference signal. 

The parameters of the controller are calculated on-line at each instant. For each bounded input reference signal, the states of the system 

follow the states of the reference model. In this paper, first a lemma called extended estimation lemma is introduced and proved. Then, 

to select the control law, adaptation law and to prove the overall system stability, this lemma is used. The stability proof of the adaptation 

algorithm with system parametric uncertainty is presented fully. Moreover, for two very popular linear systems, using the extended 

estimation lemma, adaptive controls are designed. The proposed controller is designed for inverse pendulum nonlinear system and the 

performance of the controller is verified with MATLAB software. 

Keywords: Parameter estimation lemma, takagi-sugeno fuzzy model (TS), adaptive control based on model reference, nonlinear SISO 

systems, parametric uncertainty. 
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,( Ăùºêù 

Ǵƛƾƭ ƷǸǍǼ ǧƸƢǲŧƜǎơ ǳƴǲǲŧǾǢǼǧƸƢǲŧ ÛǳƴǲǲŧƗǻ ǸƢƛ Ǵŧ ƠƽƗ ƴǱƗ
ǚơ Ǵƛ ưƽƘř ƷƳ ƗƷ ƿƷƘƢǝƷǾǾƳ ƸǽǭƘǲǾƗƸǝ Ŧǽ Ƿ ƴǲƿƘǂƢǙƗƘǵǚơ ÛǾǾƸ  .ƴǵƳ

Ƴ ƹƗ ƘǭƗǽǪǮǕ ƴǼ ǧƸƢǲŧƜǎơ ǳƴǲǲŧǾǢǼǧƸƢǲŧ ÛǳƴǲǲŧƗǻ ƷƘř Ƙƛ ƠƽƗƘǵƸƢǭƗǻ 
ǒǲơ ǨƛƘǡǾ Ƙƛ ǳƗƸǮǵ ǬǱƘŨǭǾǼǮƾ ƗƸƛǻ ǒǲơǾǲš ÛƘǵƸƢǭƗƷƘř ǬǾ ǰ
ǧƸƢǲŧǳƴǲǲŧƗǻ ǴƛǩƳǾǱƘŨǭ ƳǸƩǷ ǨǾƾǒǲơ ǬǾ ÛǬăȅǸǮǖǭ ǙǾǎƱƸǼ Ƿ ǚƢǭǾ Ƹ
ǯƘǭƹƘƛ .ƠƽƗ 

ƾƛǾƷƘǻ ƽ ƹƗǾǬƢƾƘǵǻ ƳǽǭƘǲǾŨǼ Ƙƛ ǴŧǽƢƾǼ ƗƷƗƳ ƴǱǸǁ ǧƸƢǲŧǻ 
ƘǵƸƢǭƗƷƘřǻ  Ǵŧ ƴǲƢƾǵ ǫǸǪǖǭƘǱǽ ƘƠƛƘƥ ƴǲƢƾǵ  Ƿǽ ƘǴƛŬƢƾǵƋǼ ǚơǾǾ Ƹ

ǭǼƗƸƛ .ƴǲǲŧǻ  ÛǧƘƦǭƟƘƛǷƷƘǵǻ ǴƛƘƩǳƴǲǲŧƘƩ ūƷƺƛ ǫƘƾƩƗ ƠƽƗ ǰŨǮǭǼ 
 Ƙƛ ƗƷǫƸƩƘǵǻ ƽ .ƴǲǲŧ ǨǮƭ ǫǸǪǖǭƘǱǾǬƢƾƘǵǻ  Ƙƛ ƠƽƗ ǰŨǮǭ ƟƷƴǡ
ƗƸǁǽǎǼ ǚơ Ǵŧ ƴǲǁƘƛ ǴƩƗǸǭǾǾƹ ƟƗƸǽƳƘǻ ƶř ƟƷǸǅ ƷƘƛ ƷƳǽǧƸƢǲŧ .ƳƸ 
ƜǎơǾǢǼ ǽƗƸƛ ƿǷƷ Ŧǻ  ǧƸƢǲŧƗǽǰǲšǾǰ ƽǾǬƢƾ ƘǵƠƽƗ .Ɨǽǳƴ ǅƗǪǼ  ƷƳ

Ɯǎơ ǧƸƢǲŧǾǢǼ ƗǽƘǵƸƢǭƗƷƘř Ǵŧ ƠƽƗ ǰǻ ƽ ǫǸǪǖǭƘǱǾ ƻƘƽƗ Ƹƛ ǬƢƾ
ƽǾǧƘǲŬƘǵǻ ǳƹƗƴǱƗūǾƸǻǳƴǁ ǴƛƟƷǸǅ ) ǌƱƸƛǴƛǫƘŬǲǵ(ǮƲơ ÛǾ ǰ ǳƳƹ

ƳǷƷǷ ƟƘƜƽƘƮǭ ǫƘƪǱƗ ƷƳ Ƿ ƴǱǸǁǻ ƘǵƸƢǭƗƷƘř ƹƗ ǧƸƢǲŧǻ ǮƲơǾ ǰǳƳƹǳƴǁ 
ƗƸƛƘǲƛ .ƳǸǁ ǳƳƘǞƢƽƗǽ ǰǭǼǯƗǸơ ƽǾƜǎơ ǧƸƢǲŧ ǬƢƾǾǢǼ  ƗƷǽŦ ƽǾ ǬƢƾ
ǮƲơ Ƙƛ ǧƸƢǲŧǾ ǰǴƛǫƘŬǲǵ  ƘǵƸƢǭƗƷƘřƸǒǱ ƷƳ  ƠǝƸū]ĥ-Ĥ.[ 

ǪǅƗ ƿǷƷ ǷƳǼ ƗƸƛǻ  ǰƢƱƘƽǧƸƢǲŧǳƴǲǲŧƘǵǻ ƜǎơǾǢǼ .ƳƷƗƳ ƳǸƩǷ 
ǽŨǼǴƛ ǫǸƽǸǭ ƿǷƷ Û Ɯǎơ ǧƸƢǲŧ ƿǷƷǾǢǼ Ƴ Ƿ ǔƩƸǭ ǧƴǭǽƸŬǻǁǷƷ ÛǼ 

Ǵƛ Ǵŧ ƠƽƗǒǲơƳǸƱ ƿǷƷǾƽ .ƠƽƗ ǛǷƸǖǭ ǬǾƜǎơ ǬƢƾǾǢǼ ǔƩƸǭ ǧƴǭ 
ǽŨǼ  ƹƗǧƸƢǲŧƘǵƸūǻ ƜǎơǾǢǼ  ǬǶǭƠƾǵ ƙǸǪǎǭ ƳƸŨǪǮǕ ǯƋ ƷƳ Ǵŧ Û

ǖƩƸǭ ǧƴǭ ƚƾƭƸƛǼ ƽ Ǵƛ ǴŧǾǭ ƙǸǪǎǭ ưƽƘř ǯƘǭƸǝ ǧƘǲŬǼƛ ÛƴǵƳǾ ǯƘ
ǭǼƳǸǁƳ ťǸǪƛ .ǽƽ ǫƗƸūƘǾƜǎơ ǧƸƢǲŧ ǬƢƾǾǢǼ ǨŨǁ ƷƳ ǔƩƸǭ ǧƴǭ Ĥ 

 ǯƘǂǱǳƳƗƳ ǳƴǁ ƠƽƗ ]ĥ.[ 
 

 
 ôîÉ, 5¹ ëĀözĉÅ ÷v¾ñwĊ{Ö£ ó¾¤þí ø¤ÆĊêĈ Ü«¾ù óºù 8-7 

 

 ƷƳǀǵǷŤřƘǵǻ ǫƘƪǱƗǳƴǁ ƷƳ ǭƹǾǴǲ Ɯǎơ ǧƸƢǲŧǾǢǼ ƽǾǬƢƾƘǵǻ 
ǙǾǎƱƸǼ ăȅǸǮǖǭ ǽǎƱ ǧƴǭ ŦǼ ǚơ ƘƛǾǾ ƸǒǱ ƷƳ ƘǵƸƢǭƗƷƘř Ǭŧ ƟƗƸǝƸūǴƢ 
ǳƴǁ Ɯǎơ ǧƸƢǲŧ ƤƮƛ ƷƳ .ƠƽƗǾǢǼ ƹƘǝǻƛ ÛǾƸƢǂ ƘǞƢƽƗ Ƹƛ ǯƘǢǢƮǭ  ƹƗ ǳƳ
ƽǾǬƢƾƘǵǻ ƿǸƱƷǽƠƲČ ŧƎơǾƴ ƴǱƷƗƳ ƗƸƛ Ƿǻ řǾǴƛ ǯǸǱƘǡ ƠǝƸǂƳƸŧƹǷƷ ǯ

ƷǸƖơ ƘǵƸƢǭƗƷƘřǻ ǁƺǚǩ ƴǭ ǧƸƢǲŧǼč )SMCǲŨơ Ƙƛ ƗƷ (ǾƹƘǝ Ŧǻ ŧƸơǾ ƚ
ǭǼƴǲǲŧ ]ħ-Ħ[. ƷƳ ]Ħ[ ƠǩƘƭ ƷƗƳƸƛÛ  ǳƳƸŧ ǧƘƜǱƳ ƗƷ ƳǸƱ ǔƩƸǭ ƷƗƴǢǭ

ǩǷ ƠƽƗǼ ƗǽƗƸŬǮǵ ǰǼǽ ǴƛƟƷǸǅ ƷƳ .ƠƽƗ ǳƳƗƴǱ ƯƷ ǨǭƘŧ ƘǶǱǽǱ ƠǾ ƺ

ƘǎƱǻ ƗƸŬǮǵǼǽ ăȆǭƘŧ  .ƠƽƗ ǳƴǂǱ ƸǞǅǬǵǲšǾǰ ƽǾ ǧƸƢǲŧ ǧƘǲŬƳŷǮƕƗ 
ƛǾ ǰƷƗƴǢǭ ǷƳ ǚơǾǾ ƸǭǼƴǲŧ ƗƷƗƳ Ƿǻ ǭ ƿƘǂƢǙƗǼƷƳ .ƴǁƘƛ ]ħ[ 

ǧƸƢǲŧǳƴǲǲŧ ƹƘǝǻ ƜǎơǾǢǼ ƴǭ ǁƺǚǩǼ ƭƗƸǍǼǳƴǁ ǷƷ Ƹƛǻ ƽǾƾ ǬƢ
 ƻǸŨǖǭ ǧǷƴǱƘřƜǁǾǴƹƘƽǻ ƘǶǱ ƷƳ Ƿ ƠƽƗ ǳƴǁǽ ƠƠǩƘƭƘǵ ǴƛǔƩƸǭ ƷƗƴǢǭ 

 ƗƸŬǮǵǳƴǁƴǱƗÜ ǩǷǼ ǴƢŨǱƗǻ  ǨƛƘǡ ǴŧǨǭƎơ  ƠǕƸƽ ƠƽƗƘřǾǽ ǰƗƸŬǮǵǼǽ 
.ƠƽƗ 

ƱƸƛǼ ƳǽǴƛ ǯǸǱƘǡ ǯƘǢǢƮǭ ƹƗ ƸŬ ǨǡƗƴƭ ƿǷƷ Ƙƛ ƗƷ ƘǵƸƢǭƗƷƘř ǯƳƸŧƹǷƷ
ƢǂūƹƘƛ ƟƘǖƛƸǭǼ )RLS Û (ǽǲŨơ ƘǾǲƢƜǭ ŦǼ ǢƢƾǭ) ǔƩƸǭ ǧƴǭ ƸƛǾ Ǭǽ Ƙ

ǙǾǢƢƾǭƸǾ ǫƘƪǱƗ (ǬǳƳƗƳƴǱƗ]ĩ-Ĩ[.  ƗƷ ǔƩƸǭ ǧƴǭ ƿǷƷƗǷǽƠ Ƹŧ  Ƿ
 ǧƘƽ ƳǷƴƭ ƷƳ ǀǱƗƷƘŨǮǵĤĬĨī ƴǱƳƸŧ ǴƕƗƷƗ ]Ī[ ƷƳ .]ī[ Ɯǎơ ǧƸƢǲŧǾǢǼ 

 ǳƴǕƘǡ ƹƗ ǳƳƘǞƢƽƗ Ƙƛ ǔƩƸǭ ǧƴǭMIT ƗƸƛǻ ƽ ǧƸƢǲŧǾ ǸơƸř Ƿ ŗǸơ ǬƢƾ
ƭƗƸǍǼ ǳƴǁ .ƠƽƗ ƗƸƛǻ ƭƗƸǍǼ ǧƸƢǲŧǳƴǲǲŧ ƜǎơǾǢǼ ƗƸƛ ǔƩƸǭ ǧƴǭǻ 
ƽǾǬƢƾƘǵǻ ǙǾǎƱƸǼ SISO ǭǼ ƹƗ ƗƴƢƛƗ ƷƳ ǯƗǸơǧƴǭƹƘƽǻ ƹƘǝǻ  ǳƳƘǞƢƽƗ

Ɯǎơ Ƿ ǧƸƢǲŧ ǯǸǱƘǡ ƙƘƲƢǱƗ ƼŚƽ ÛƳƸŧǾ Ƿ ǠƘǶǱƷƳǽƠ Ƙř ƟƘƜƥƗǽƴƷƗǻ  Ƿ
ƗƸŬǮǵǼǽ  ƹƗ ǳƳƘǞƢƽƗ Ƙƛ ƗƷ ǨǅƘƭ ǧƸƢǲŧǽǩ ǔƛƘơ ŦǾ ÛƚƽƘǲƢǭ ǛǸǱƘřƘ

ƳƸŧ ŪǲǵƘǮǵ ]Ĭ[. 

ǱƘŨǭǾƜǎơ ǬƾǾǒǲơ ƷƳ ǠǾ ǳƳƘǞƢƽƗ ǧƸƢǲŧ ǯǸǱƘǡ ƷƳ ƘǵƸƢǭƗƷƘř Ǭ
ǭǼ ƷƳ .ƳǸǁƽǾǬƢƾƘǵǻ MRASƜǎơ ǯǸǱƘǡ ÛǾ ÛǠǴƛǧƘƜǱƳ ƘǵƸƢǭƗƷƘřǼǽ 

ƽ ưƽƘř Ǵŧ ƠƽƗǾƜǎơ ǧƸƢǲŧ ƠƮơ ǬƢƾǾǢǼ  ǔƩƸǭ ǧƴǭ ưƽƘř Ƙƛ ƗƷ
ǽƗƸƛ .ƴǲǲŧ ǯƘƾŨǻ ƽƷǾƗ Ǵƛ ǯƴǽƢǱ ǰǾ ǴƪǭǼǯƗǸơ ƴǲš ƹƗǽŧ ƿǷƷ ǰ ǧƸƢǲ
ǙǾǎƱƸǼ ǨƦǭ ÛƸǒǱǽǴ ǩǾ ÛǛǸǱƘřƘǳƴǕƘǡ MIT ... Ƿ ] ƷƳ .ƳƸŧ ǳƳƘǞƢƽƗĤģ [

ŤơƗƸƢƽƗ ǷƳ ƹƗǻ ǳƴǕƘǡ MIT  ǷǳƴǕƘǡ ǩǾƗƸƛ ǛǸǱƘřƘǻ ƭƗƸǍǼ ƽǾǧƸƢǲŧ ǬƢƾ 
ƜǎơǾǢǼ ƗƸƛ ǔƩƸǭ ǧƴǭǻ ƽǾǁ ƷǸƢŧƗƷ ǬƢƾǾǮǾƘǼǽ ƘǵƸƢǭƗƷƘř Ƙƛǻ ǖǭƘǱǾ Ûǰ

ǳƳƘǞƢƽƗ ǳƴǁ ƷǸŬǩƗ .ƠƽƗǽ ǬƢǳƴǕƘǡ MIT ƘřǽƷƗƴǻ ƽǾ ǫƘǮơ ƷƳ ƗƷ ǬƢƾ
ƗƸǁǽǮǊơ ǌǾ ǰǮǱǼƴǲŧ ǩǷǼ ƷǸŬǩƗǽǬƢ Ƙř ƸƛǽƷǸƖơ Ǵǻ ǩǾǛǸǱƘřƘ ƗƸƛǻ 
ǮǊơǾƘř ǰǽƷƗƴǻ ƽǾƜƽƘǲǭ ƿǷƷ ǬƢƾǼ ǭǼƴǁƘƛƗƸƛ .ǻ ƭƗƸǍǼ Ƣǲŧ ǧƸ
ƜǎơǾǢǼ ƽǾǬƢƾƘǵǻ ǙǾǎƱƸǼ ǭǼǯƗǸơ ǽǙ ǔƩƸǭ ǧƴǭ ŦǾǎƱƸǼ ƷƳ ǱƸǒ 

] ƠǝƸūĤĤƗ ƷƳ .[ǽǰ ƭƗƸǍ ƿǷƷ ƟƷǸǅǼ Ƹƛ ƻƘƽƗ ƸǢơǽǚƢǭ ƚǾ ƸƘƛ ǯƘǭƹ 
Ǚ ǔƩƸǭ ǧƴǭǾǎƱƸǼ ƽ ǷǾ ǬƢƾ ǫƘƪǱƗǭǼƳǸǁ. Ɨ ƷƳǽǮǩ ƗƴƢƛƗ ǴǩƘǢǭ ǰǼ 

ƗƸƛǻ ǮƲơǾ ƘǎƱ ǰƢǝƸū ƸǒǱ ƷƳ Ƙƛ ƘǵƸƢǭƗƷƘř ǰǴƛƟƷǸǅ ǽǸƽǸǭ ÛƷƗƳƸƛ Ŧ ǫ
 ǴƛǮƲơ ǬǩǾ ƸƢǭƗƷƘř ǰǮǖơǾǬǽǴƢǝƘÛ  ǴƕƗƷƗǭǼƳǸǁ  ǷǴƛƘƩǻ Ɨ ƹƗ ǳƳƘǞƢƽƗǽ ǰ
ƿǷƷƘǵ ǮƲơ Ǭǩ ƹƗǾ ƸƢǭƗƷƘř ǰǮǖơǾǬǽǴƢǝƘ  ǳƳƘǞƢƽƗǼǭƳǸǁ.  ƘƛǴƛƷƘŧūǾƸǻ 
ƗǽǬǩ ǰÛ ƋƸǝǽƭƗƸǍ ƴǲǼ ǧƸƢǲŧǳƴǲǲŧ ƜǎơǾǢǼƾǭ ǳƳƘǞƢƽƗ Ǵƛ ƠƜƾǱ ÛǢƢǾ Ǭ

ƷǸƖơ ƹƗǻ ǩǾ ÛǛǸǱƘřƘǳƳƘƽƸơ ǭǼƳǸǁ ŷǝƘǊǭ ǴƛƗǽǰǴŧ Ɨǽ ǰƘǵƳƸƛƷƘŧ Ǭǩǻ 
Ƴ ǓǸǲƢǭǽƸŬǻ ǱǾ ƺǭǼƴǱƗǸơ .ƴǁƘƛ ǴƢǁƗƳ ƷƳ ]Ĥĥ[Û ǽ ŦǧƸƢǲŧǳƴǲǲŧ ƹƘǝǻ 
ƜǎơǾǢǼ ƴǭ ǁƺǚǩǼ ƗƸƛǻ ƽǬƢƾǾǻƘǵ ǙǾǎƱƸǼ ƭƗƸǍǼ  ƷƳ Ƿ ƠƽƗ ǳƴǁ
ƜǁǴǾǻƹƘƽ ǷƷǻ ƽǾř ǧǷƴǱƘř ǬƢƾǾƘƢǱ ƷƳ .ƠƽƗ ǳƴǁ ǳƳƘǽ ǳƴǵƘǂǭ ƨ
ǭǼƳǸǁ ƗƸŬǮǵ ǴŧǼǽ ƽ ƟȅƘƭǾƗƸŬǮǵ ƠǕƸƽ Ƿ ƙǸǪǎǭ ƷƗƴǢǭ Ǵƛ ǬƢƾǽǼ 
ǨƛƘǡǧǸƜǡ ǴƛƸǒǱ ǭǼƴƽƷ ǩǷǼ ƽ ƷƳǾ Ƿ ƿƘǂƢǙƗ ǴǪƖƾǭ ǧƸƢǲŧ ǧƘǲŬ
ǚơǾǾ ƟƗƸƹǽƳƘǻ  ǴǒƭȆǭǭǼƳǸǁǬǵ .ǲšǾ ǰƟȅƳƘǖǭ ƗƸƛǻ ǴƛƠƽƳǯƳƷǷƋ 
ǱƗǸǡǾƜǎơ Ƿ ǧƸƢǲŧ ǰǾř ǠǾŢǾ ǳƴƠƽƗ .ƷƳ ]ĤĦ[ ǽ ŦǧƸƢǲŧǳƴǲǲŧ ƜǎơǾǢǼ 
ƹƘǝǻ ƗƸƛǻ ǴƢƽƳƗǻ  ƹƗƽǾǬƢƾƘǵǻ ŦơƳǷƷǷǻ-ŦơƩǷƸƱǼ ƭƗƸǍǼ  ǳƴǁ
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 Ƙƛ .ƠƽƗǼƽƷƸƛ ƘƢǱǽ ƹƗ ǨǅƘƭ ƨƜǁǾǴƹƘƽǻ ƷƳ ]ĤĦ[   ǴǒƭȆǭǭǼƳǸǁ 
 ƷƳ Ǵŧ]ĤĦ[  ƗƸŬǮǵǼǽ ƘǎƱ ƴǅƷƳ Ƙƛ ƟȅƘƭǻ ǩǸƜǡ ǨƛƘǡǼ  ǴƢǝƸū ƟƷǸǅ
 ƘǭƗ ƠƽƗǴǪƖƾǭƗǻ  ǴŧǨƛƘǡǨǭƘơ ƽ ǨŨǁ ƠƽƗǾ ǧƸƢǲŧ ǧƘǲŬǭǼƘƛƴǁÜ  Ǵŧ
ƗƷƗƳǻ ǚơ Ƿ ƿƘǂƢǙƗǾǾ ƟƗƸŷƢƜƾǱ ƹǽƳƘǻ  .ƠƽƗǬǵǲšǾǰ  ǴǪƖƾǭǨƛƘǡǨǭƘơ 
Ƴǽř ƟȅƳƘǖǭ ƸŬǾŢǾǱȅǸǍ Ƿ ǳƴǼ  ƿǷƷ ƷƳǴƕƗƷƗǳƴǁ ǭǼƴǁƘƛ.  ƷƳ]ħĤ[  ƹƗ
ƽǾǬƢƾƘǵǻ ƹƘǝǻ ƭƗƸǍ ƷƳǼ ǽ ŦǧƸƢǲŧǳƴǲǲŧ Ǚ ǔƩƸǭ ǧƴǭǾǢƢƾǭƸǾ Ǭ

ǳƳƘǞƢƽƗ ǳƴǁ  ƳǸƱ ǔƩƸǭ ǧƴǭ Ǵŧ ƠƽƗǴƛƟƷǸǅ  ǻƹƘǝǭǼƴǁƘƛ  Ǵŧ
ǯƋ ǻƘǵƸƢǭƗƷƘř ƙƘƲƢǱƗ Ƿ ǼƭƗƸǍ ƗƷ řǾŢǾ ǳƴǭǼƳƹƘƽ . 

ƹƘǝ Ǡǎǲǭ ƹƗ ǳƳƘǞƢƽƗǻ  ǷƽǾǬƢƾƘǵǻ ƹƘǝǻ ǽŨǼ ƗƸƛ ƘǵƷƘŨǵƗƷ ƹƗǻ 
ǧƴǭƹƘƽǻ Ǚ ǔƛƗǸơǾǎƱƸǼ  ǧƸƢǲŧ ǷƽǾǬƢƾƘǵǻ ǙǾǎƱƸǼ ǭǼƴǁƘƛ ]Ĥĥ Û
ĤĨ[ƷƳ . ]ĤĨ [ ƹƗƽǾǬƢƾƘǵǻ ƹƘǝǻ ƭƗƸǍ ƷƳǼ ǧƸƢǲŧǳƴǲǲŧ  ƗƸƛǻ ǽ Ŧ
ǒǲơǾǬǳƴǲǲŧ Ɨ Ƙƛ ƠƽƗ ǳƴǁ ǳƳƘǞƢƽƗ ţƘƢǩǷǽ ǴƩǸơ Ƙƛ ǧƘƭ ǰǴƛƗǽŨǲǴ  ǧƸƢǲŧ
ƹƘǝǻ ǴƛƘǶǲơǼǽ ǒǲơ ƷƳ ȅƘƛ ƠǡƳ ƹƗǾǢǖơ Ƿ ǬǾ ƚƽǾǬƢƾƘǵǻ ƸƢǲŧ ǧ

Ǳ ƷƗƳƷǸƱƸƛǾƗ Ơƾǽ ǰƽǾǬƢƾƘǵ ƴǭ ǧƸƢǲŧ Ƙƛ ǁƺǚǩǼ Ɯǎơ ǧƸƢǲŧ ǷǾǢǼ 
ŧƸơǾ ƚǭǼƴǱƳƸū ]Ĥĥ[ . 

Ɨ ƷƳǽƭƗƸǍ ǴǩƘǢǭ ǰǼ ǽ ŦǧƸƢǲŧƴǲǲŧǳ ƹƘǝǻ ƜǎơǾǢǼ ǲƢƜǭǼ ƛ ǧƴǭ Ƹ
ƗƸƛ ǔƩƸǭǻ ǴƢƽƳƗǻ ƽ ƹƗǾǬƢƾƘǵǻ ǙǾǎƱƸǼ SISO ǴƛǁǷƷǼ  Ƿ Ǭǒǲǭ
 ǳƳƘƽƸǒǱƴǭ  ƹƗ .ƠƽƗǽƹƘǝ ǧƴǭ Ŧǻ ūƘŧƘơǼ ) ǸǲūǸƽTSƗƸƛ (ǻ ǧƴǭƹƘƽǻ 
ƽǾǙ ǬƢƾǾǎƱƸǼ ƗƸƛ .ƠƽƗ ǳƴǁ ǳƳƘǞƢƽƗǻ ƭƗƸǍǼ Ɯǎơ ǧƸƢǲŧǾǢǼ  ǧƴǭ

 ƷƳ ǔƩƸǭ]Ĥ[ ƽƘƽƗ ǬǩǼ ǮƲơǾƗƸƛ ƸƢǭƗƷƘř ǰǻ ǱƗǸǡ ƙƘƲƢǱƗǾƜǎơ ǰǾ Ƿ Ǡ
ǝƸǖǭ ǧƸƢǲŧǼ  .ƠƽƗ ǳƴǁƗ ƹƗǽƷƳ Ǭǩ ǰ ]Ĥĩ[  ƭƗƸǍ ƷƳǼ ǽ ŦǧƸƢǲŧǳƴǲǲŧ 

ǎƱǼƹƘƽǻ ǝ ƘƛǾƜǎơ ŦƛƴǾǢǼ ƗƸƛǻ ǽƽ ŦǾǙ ǬƢƾǾǎƱƸǼ ǞƢƽƗ ǳƴǁ ǳƳƘ
ƠƽƗ ƘƢǱ ǷǽƛǸƱ ƨǼ ǮƲơ ƷƳǾƛ ƘǵƸƢǭƗƷƘř ǰǴƠƽƗ ǳƴǭƋ ƠƽƳ .Ɨ ƷƳǽ ÛƘƪǲ
ƗǽǮǖơ  Ǭǩ ǰǾ ǳƳƗƳ ǬǭǼƳǸǁ  ǷǽƷǸŬǩƗ ŦǽƗƸƛ ǬƢǻ ǱƗǸǡ ƙƘƲƢǱƗǾŧ ǰ ǧƸƢǲ

Ɯǎơ ǷǾ Ƿ ǠǬǵǲšǾǰ Ƙř ƟƘƜƥƗǽƷƗƴǻ ƽǾǴƛ ǧƸƢǲŧ ǬƢƾƗ ŦǮŧǽǩ ǰ ƫƸǎǭ Ǭ
ǭǼƳǸǁƗ Ǵƛ ǴƩǸơ Ƙƛ .ǽǧƸƢǲŧ ǴŨǲƜǎơ ǳƴǲǲŧǾǢǼ ǽ ŦǧƸƢǲŧŧ ǳƴǲǲ
ǙǾǎƱƸǼ ǴƛƙƘƾƭ ǭǼƋǽƴ  ǷǬǵǲšǾǰ ƽƷƸƛǼ ƽǾǬƢƾƘǵǻ ǙǾǎƱƸǼ Ƴ Ʒ

Ǫŧ ƠǩƘƭǼ  ÛƠƽƗ ǨŨǂǭǴƢƽƳǻƘǵ ǅƘƱǼ ƽ ƹƗǾǬƢƾƘǵǻ ǙǾǎƱƸǼ ƷƳ 
 .ƠƽƗ ǳƴǁ ǴƢǝƸū ƸǒǱǬǶǭƸơǽǰ ƺǭǽƭƗƸǍ ƠǼ ǴƕƗƷƗǳƴǁūƳƘƽ ÛǼ Ƹƽ Ƿ ƠǕ

 ƷƳ ǨǮǕǴƛƠƽƳ Ɯǎơ ǧƸƢǲŧ ǯƳƷǷƋǾǢǼ  Ǭǩ ƹƗ ǳƳƘǞƢƽƗ Ƙƛ ǔƩƸǭ ǧƴǭ
ǮƲơǾ ǰǭ ƸƢǭƗƷƘřǼǝƘŧ ǌǢǝ ÜƴǁƘƛǼ ƗƸǁ ƠƽƗǽǢƛ ƳǸǁ Ŧš Ǭǩ ǌǾ ƳƷƗǸǭ Ǵ

 Ƿ ǧƸƢǲŧ ǯǸǱƘǡ ǴǪǮƩƹƗǽƜǎơ ǯǸǱƘǡ ƘǾ Ǭǩ ŦǮŧ Ǵƛ ǠǴƛ ƠƽƳ ǭǼƋǽ Ƿ ƴ
ƗƸŬǮǵǼǽ ƘǎƱǻ ƩǷƸƱ  ǛȆƢƱƗǼ ƋƸǝǽǮǊơ ǔƩƸǭ ǧƴǭ Ƿ ƴǲǾ ǳƴǁ ǰ
.ƠƽƗ 

ǯƘǭƹƘƽǼǵƳ Ɨ Ǵƛ ǴǩƘǢǭǽ :ƠƽƗ ƫƸǁ ǰ ǀƲƛ ƷƳĥ ǝƸǖǭ ƹƗ ƼřǼ  Ǭǩ
ǮƲơǾ Ǭǩ ÛƸǩƘŨƽƗ ƠǩƘƭ ƷƳ ƸƢǭƗƷƘř ǰǮǖơǾǬǽǴƢǝƘ  ƷƳ) ǨǭƘŧ ƟƘƜƥƗ Ƙƛ
řǾǬǵ ÛƠƽƗ ǳƴǁ ǴƕƗƷƗ (ƠƽǸǲšǾ Ǭǩ ƳƸƛƷƘŧ ǰǮǖơǾǬǽǴƢǝƘ ƗƸƛǻ ƗƸǍƭǼ 

Ɯǎơ ǧƸƢǲŧǾǢǼ ƗƸƛ ǔƩƸǭ ǧƴǭǻ ƽ ǴƢƽƳ ǷƳǾƘǮǱ Ƙƛ ǬƢƾǽƘǊǝ ǀǻ  ƠǩƘƭ
 .ƠƽƗ ǳƴǁ ǳƳƗƳ ǯƘǂǱ ǀƲƛ ƷƳĦ ǱǾƹƘǝ ǧƸƢǲŧ ƺǻ ƜǎơǾǢǼ ǲƢƜǭǼ ƛ Ƹ

ƗƸƛ ǔƩƸǭ ǧƴǭǻ ǴƢƽƳƗǻ ƽ ƹƗǾǬƢƾƘǵǻ ǙǾǎƱƸǼ  ƘƛǧƴǭƹƘƽǻ ƹƘǝǻ 
ūƘŧƘơǼ ƢǱ ÜƠƽƗ ǳƴǁ ƫƸǎǭ ǸǲūǸƽǾ ǴƪǴƛƠƽƳǳƴǭƋ ǴƛǷƷ ǧƘƦǭ ǯƗǸǲǕǻ 
ƽǾǙ ǬƢƾǾǎƱƸǼ  ƻǸŨǖǭ ǧǷƴǱƘřřǾǳƳƘƹƘƽǻ ƘƢǱ .ƠƽƗ ǳƴǁǽ ƨ

ƜǁǾǴƹƘƽǻƘǵ ƽ ƹƗ ǳƳƘǞƢƽƗ ƘƛǾǩǸǮǾ ŦǲǫƸǱƷƗƺǝƗ  ǀƲƛ ƷƳ ƚǪƢǭħ ƘǮǱǽ ǀ
 ǀƲƛ .ƠƽƗ ǳƴǁ ǳƳƗƳĨ ǱǾ Ǵƛ ƺƢǱǾǴƪūǾƸǻ  ǃƘǆƢƱƗǽ.ƠƽƗ ǴƢǝƘ 

-( ú¸£ Çÿ½Ċv¾z ¾¤ùv½w~ üć Åø¤ÆĊćwă {Ö£ ó¾¤þíĊêĈ 
ƭƗƸǍ ƷƳǼ Ɯǎơ ǧƸƢǲŧǾǢǼ ƗƸƛǻ ƱƸƛǼ ƽǬƢƾǾǻƘǵ ŦơƩǷƸƱǼ ƗƸƛǻ 
ǴƛƠƽƳ ǱƗǸǡ ǯƳƷǷƋǾƜǎơ ǰǾ Ƿ ǧƸƢǲŧ Ƿ ǠǬǵǲšǰǾ ǮƲơǾ ÛƸƢǭƗƷƘř ǰ
ǭǼǯƗǸơ ƽƘƽƗ Ǭǩ ƹƗǼ ƹǽ] ƳƸŧ ǳƳƘǞƢƽƗ ƸĤ.[ 

-(,( ú¸£ øõĊ¾¤ùv½w~ ü 
Ɨǽǰ ƗƸƛ Ǭǩǻ ƢǩƘƭǼ  ƘǎƱ Ǵŧ ƠƽƗǴƛƟƷǸǅ ] ƴǁƘƛ ƸǩƘŨƽƗĤ .[ƱƸƛ ƷƳǼ 

 ǨƕƘƾǭƽǬƢƾǾǻƘǵ Ɯǎơ ǧƸƢǲŧǾǢǼ ŦơƩǷƸƱǼƳ ÛǽǭƘǲǾ ƘǎƱ ŦƛǴǫƸǝ 
)ĤǸǱƹƘƛ ǨƛƘǡ (ǽƾǼ ǭǼƴǁƘƛ. 

)Ĥ( ()()T( ) ( )e t H p k t V tè ø= F
é ùê ú

 

 ǯƋ ƷƳ Ǵŧ)t(e ǽƽ ŦǾƩǷƸƱ ǧƘǲŬǼ  ÛƸǩƘŨƽƗ)p(H ǽƴƜơ ǔƛƘơ ŦǽǢƭ ǨǾǢǼ 
ăȆǭƘŧ ƠƜƦǭĎ )SPR Û(k ǽ ÛǫǸǪǖǭ ƠǭȆǕ Ƙƛ ǫǸǪǖǭƘǱ ƠƛƘƥ Ŧ( )tF  ƷƗƳƸƛ

 ǯƘǭƹ ǔƛƘơ ƸƢǭƗƷƘřÍ ρ  ǷV(t) ǽ ƷƗƳƸƛ ŦǨƛƘǡǳƹƗƴǱƗūǾƸǻ Í ρ  .ƠƽƗ
 ǨŨǁ ƷƳĥ Ƴ ťǸǪƛǽƗ Ƙƛ ǌƜơƸǭ ǫƗƸūƘǽǭ ǳƴǵƘǂǭ Ǭǩ ǰǼƷƗƳƸƛ ƸūƗ .ƳǸǁ 

( )tF ǴƛƟƷǸǅ )ĥǚơ (ǾǾƴǲŧ ƸÜ 

)ĥ( () () ()
.

sgnt k eV tF =- g 
 

 
 ôîÉ-¹ ëĀöz 5ĉº{£ Üzw£ ôùwÉ ÷v¾ñwĉ ôSPR ],[ 

 

Ǵŧ ǯƋ ƷƳ ‎ ǽ ÛƠƽƗ ƠƜƦǭ ƠƛƘƥ ŦǳƘŬǱƋ )t(e  Ƿ( )tF ǯƗƸŧƷƗƳ ǭǼƴǱǸǁ .
ǬǵǲšǾ ƸūƗ ǰV ǱǾ ƺǯƗƸŧƷƗƳ  ÛƴǁƘƛǳƘŬǱƋ: 
)Ħ( () 0t e t­¤Ý ­ 

-(-( ú¸£ øõĊ ¾¤ùv½w~ üúÞ£ĊøĉĂ¤åw 

Ɨǽ Ǭǩ ǰƗƸƛǻ ƢǩƘƭǼ  ƳƷƗƳ ƳƸƛƷƘŧƘǎƱ ǴŧÛ ƷƗƳƸƛǻ  .ƴǁƘƛƽ ǷƳǾ ǧƘǲŬὉὸ 

 Ƿ( )tū ǩƳƘǖǭ ǌƽǸơ Ǵŧ ƗƷǴ ƳǽǭƘǲǾŨǼ )ħǴƛ (ǌƜơƸǭ Ǭǵ ƴǲƢƾǵ ƸǒǱ ƷƳ 
ŬƛǾƸǽƴÜ 

)ħ( ()()( ) ( )E t p k t V tè ø= ê úH ū 

 ǯƋ ƷƳ ǴŧE(t) ǽƽ ŦǾƩǷƸƱ ǧƘǲŬǼ ƷƗƳƸƛǻ Í ρ  ÛH(p) ǽƸơƘǭ Ŧǽ Ƽ
ƴƜơ ǔƛƘơǽǢƭ ǨǾǢǼ Í Í ăȆǭƘŧ  ÛƠƜƦǭk ǽ ƠǭȆǕ Ƙƛ ǫǸǪǖǭƘǱ ƠƛƘƥ Ŧ
 ÛǫǸǪǖǭ( )tū ƸơƘǭǽƘǵƸƢǭƗƷƘř Ƽǻ  ǯƘǭƹ ǔƛƘơÍ Î  Ƿ)t(V ǽ ƷƗƳƸƛ Ŧ
ǨƛƘǡǳƹƗƴǱƗūǾƸǻ Î ρ  ƸūƗ .ƠƽƗƸơƘǭǽƼ ( )tū ǴƛƟƷǸǅ )Ĩǚơ (ǾǾ Ƹ
ƴǲŧÜ 

)Ĩ( () ()Tsgn( )
.

tt k EV=- gū 
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Ǵŧ ǯƋ ƷƳ g ǽƠƽƗ ƠƜƦǭ ƠƛƘƥ ŦÜ ǳƘŬǱƋ  ƠƛƘƥǭǼƳǸǁ )t(E  Ƿ( )tū 

ƗƷƗƳǻ ǯƗƸŧ  Ƿ ǳƳǸƛ ƸūƗV ǱǾ ƺǯƗƸŧƷƗƳ ƴǁƘƛÜ ǳƘŬǱƋ: 
)ĩ( () 0t E t­¤Ý ­ 

)ř ƷƳ ƟƘƜƥƗǾ.ƠƽƗ ǳƴǁ ǳƳƷǷƋ ƠƽǸ( 

-(.( ú¸£ øõ ¹¾z½wíĊ ¾¤ùv½w~ üúÞ£ĊøĉĂ¤åw v¾zć Åø¤ÆĊćwă  wz

wúýĉwÒå Èć ¢õw³ 

ǽŨǼ ƘǵƳƸƛƷƘŧ ƹƗǻ ǮƲơ ǬǩǾ ƸƢǭƗƷƘř ǰǮǖơǾǬǽǴƢǝƘ ƭƗƸǍǼ ǎơ ǧƸƢǲŧƜǾǢǼ 
ƗƸƛ ǔƩƸǭ ǧƴǭǻ ƽǾǬƢƾƘǵǻ ǎƱǼ Ǫŧ ƠǩƘƭ ƷƳǼ ǭǼ.ƴǁƘƛ 

-(.(,({Ö£ ó¾¤þíĊêĈ v¾z Ü«¾ù óºùć ÅĊø¤Æwăć wúý wzĉ È

wÒåć ¢õw³ ÷ĀÅ¾ù 

ƽǾǎƱ ǬƢƾǼ ƘǮǱ ƘƛǽƘǊǝ ǀǻ ) ƠǩƘƭĪ ƗƷ (ƸǒǱ ƷƳ ŬƛǾƸǽƴ. 

)Ī( .

x Ax Bu= + 
ǲŧ ǇƸǝǾř Ǜƴǵ ƴǾǩƸƢǲŧ ǯǸǱƘǡ ǯƳƸŧ ƗƴǼ  Ǵƛ ǯƋ ưƽƘř Ǵŧ ƴǁƘƛ

ƽǾǧƘǲŬƘǵǻ  ǯƘǭƸǝǴƛƟƷǸǅ )īƴǁƘƛ (. 

)ī( .

m m m mx A x B r= + 
ǽǎƱ ǧƸƢǲŧ ǯǸǱƘǡ ŦǼ ǭǸǮǕǼ ƗƸƛǻ ƽǾ ǬƢƾǩƳƘǖǭǴ )Ī (ǴƛƟƷǸǅ )Ĭ (

ƠƽƗÜ 

)Ĭ( Ĕ Ĕ
x r

u A x A r=- + 

 ǯƋ ƷƳ ǴŧĔAx  ǷĔAr ƘǵƸƢǭƗƷƘřǻ ǮƲơǾǲǼ  .ƴǲƢƾǵƸơƘǭ ƸūƗǽ ƸƢǭƗƷƘř Ƽ
ǴƛƟƷǸǅ )Ĥģǚơ (ǾǾƴǲŧ ƸÜ 

)Ĥģ( .
TEV=-gū 

ǯƋ ƷƳ Ǵŧ: 

mE x x= - , [ ]A Ax r= -ū , 
x

V
r

è ø
=é ù
ê ú

, ĔA A Ax x x= - ,  

)ĤĤ( ĔA A Ar r r= - , 1( ) ( )p BpI A
-= -H  

Ax  ǷAr ƳƘǢǭǽ ƸƗǽǳƴǧƋ ƘǵƸƢǭƗƷƘřǻ ǧƸƢǲŧǳƴǲǲŧ ǭǼƴǲǁƘƛ  ǷǴƛǸǅƟƷ 
ƹǽ ƸƠƽƳ Ǵƛ ǭǼƋǽƴǲ: 

)Ĥĥ( 
1T T ( )( )A A ABB Bx mm m
-

= - , 

1T T( )A BBB Br mm m
-

=  

ǳƘŬǱƋ  ƘƛǳƳƘǞƢƽƗ ǮƲơ Ǭǩ ƹƗǾ ƸƢǭƗƷƘř ǰǮǖơǾǬǽǴƢǝƘ ƢǱǾǴƪ ǭǼƳǸǁ Ǵŧ: 
)ĤĦ( () 0t E t­¤Ý ­ 

-(.(--{Ö£ ó¾¤þíĊêĈ v¾z Ü«¾ù óºùć ÅĊø¤Æwăć wúý wzĉ È

wÒåć  ¢õw³öíĈ¾£ 

ǯƘǮǵƷǸǍ  Ûƴǁ ǳƷƘǁƗ ǴŧǽŨǼ ƘǵƳƸƛƷƘŧ ƹƗǻ ǮƲơ ǬǩǾ ƸƢǭƗƷƘř ǰǮǖơǾǬǽǴƢǝƘ 
ƗƸƛǻ ƠƽƳ Ǵƛ Ɯǎơ ǧƸƢǲŧ ǯƳƷǷƋǾǢǼ ƗƸƛ ǔƩƸǭ ǧƴǭǻ ƽǾǬƢƾƘǵǻ ƱǎǼ 
ǭǸǮǕǼ ǭǼ .ƴǁƘƛƗ ƷƳǽ ǫƸǝ ƘƪǲǪŧǼƸơǻ  ǴƢǝƸū ƸǒǱ ƷƳǭǼƳǸǁ .ƽǾƾ ǬƢ
ǎƱǼ ƘǮǱ ƘƛǽƘǊǝ ǀǻ ) ƠǩƘƭĤħ ƗƷ (ƸǒǱ ƷƳ ŬƛǾƸǽƴ. 

)Ĥħ(  .
x Ax Bu C= + + 

ǲŧ ǇƸǝǾ ƙǸǪǎǭ ƴřǯƳƸŧƗƴǾ ǩƸƢǲŧ ǯǸǱƘǡǼ ƛ ǯƋ ưƽƘř Ǵŧ ƴǁƘƛ Ǵ
ƽǧƘǲŬǾǻƘǵ  ǯƘǭƸǝǴƛƟƷǸǅ )ĤĨƴǁƘƛ (. 

)ĤĨ( .
x A x B r Cm m m m m= + + 

 

ǽǎƱ ǧƸƢǲŧ ǯǸǱƘǡ ŦǼ ǭǸǮǕǼ ƗƸƛǻ ƽǾ ǬƢƾǴǩƳƘǖǭ )Ĥħ (ǴƛƟƷǸǅ 
)ĤĩƠƽƗ (Ü 

)Ĥĩ( Ĕ Ĕ Ĕ
x r c

u A x A r A=- + +
 

 ǯƋ ƷƳ ǴŧĔ
xA ÛĔ

rA  ǷĔ
cA ƘǵƸƢǭƗƷƘřǻ ǮƲơǾǲǼ  .ƴǲƢƾǵƸơƘǭ ƸūƗǽ Ƽ

 ƸƢǭƗƷƘřǴƛƟƷǸǅ )ĤĪǚơ (ǾǾƴǲŧ ƸÜ 

)ĤĪ( .
TEV=-gū 

ǯƋ ƷƳ Ǵŧ: 

mE x x= - , [ ]A A Ax r c= -ū , 
1

x

V r

è ø
é ù
=
é ù
é ùê ú

, ĔA A Ax x x= - ,  

)Ĥī( ĔA A Ar r r= - , ĔA A Ac c c= -  

AxÛ Ar  ǷAc ƳƘǢǭǽ ƸƗǽǳƴǧƋ ƘǵƸƢǭƗƷƘřǻ ǧƸƢǲŧǳƴǲǲŧ ǭǼƴǲǁƘƛ  Ƿ
ǴƛƟƷǸǅ ƹǽ ƸǴƛƠƽƳ ǭǼƋǽƴǲ: 

1T T ( )( )A A ABB Bx mm m
-

= - , 
1T T( )A BBB Br mm m
-

= ,  

)ĤĬ( 1T T ( )( )A C CBB Bc mm m
-

= - , 1( ) ( )p BpI A
-= -H  

 

ǳƘŬǱƋ ǮƲơ Ǭǩ ƹƗ ǳƳƘǞƢƽƗ ƘƛǾ ƸƢǭƗƷƘř ǰǮǖơǾǬǽǴƢǝƘ ƢǱǾ ǴƪǭǼƳǸǁ Ǵŧ: 
)ĥģ( () 0t E t­¤Ý ­ 

.( ó¾¤þí{Ö£ĊêĈ ¿wåć  Ü«¾ù óºù$MRAS #v¾zć 

ÅĊø¤Æwăć áĊÖ·¾Ĉ SISO 
ƗƸƛǻ ƭƗƸǍǼ ǧƸƢǲŧǳƴǲǲŧ ƜǎơǾǢǼ ƗƸƛ ǔƩƸǭ ǧƴǭǻ ǬƢƾǾƽǻƘǵ 
ǙǾǎƱƸǼ SISO ǼǭǯƗǸơ  ƹƗ ƗƴƢƛƗ ƷƳǧƴǭǻƹƘƽ ƹƘǝǻ  ƼŚƽ ÛƳƸŧ ǳƳƘǞƢƽƗ

Ɯǎơ Ƿ ǧƸƢǲŧ ǯǸǱƘǡ ƙƘƲƢǱƗǾ Ƿ ǠƘǶǱƷƳǽƠ Ƙř ƟƘƜƥƗǽƷƗƴǻ ƗƸŬǮǵ ǷǽǼ 
ǮƲơ Ǭǩ ƹƗ ǳƳƘǞƢƽƗ Ƙƛ ƗƷ ǨǅƘƭ ǧƸƢǲŧǾ ƸƢǭƗƷƘř ǰǮǖơǾǬǽǴƢǝƘ ǲǵƘǮǵ Ū

.ƳƸŧ ƘřǽƷƗƴǻ ƷǸŬǩƗǽƜǎơ ǬƢǾǢǼ řǾƳƘǶǲǂǻ Ƙƛ ƳǸƩǷ ƘǵƸƢǭƗƷƘřǻ ǭƘǱǖǾ ǰ
ƽǾ ƟƘƜƥƗ ǬƢƾǭǼƳǸǁ ƘǶƢǱƗ ƷƳ .Ɨǽ ÛǀƲƛ ǰƽǾǙ ǬƢƾǾǎƱƸǼ ƴǱƘř ǧǷ

 ƗƷ ƻǸŨǖǭǴƛǯƗǸǲǕ ǧƘƦǭ  ǴƢǝƸū ƸǒǱ ƷƳǭǼƳǸǁ ƘƢǱ ǷǽƭƗƸǍ ƹƗ ǨǅƘƭ ƨǼ 
ǧƸƢǲŧǳƴǲǲŧ ƜǎơǾǢǼ ƹƘǝǻ Ǵƛ ƗƷ ƸǒǱƳƷǸǭƽ ŦǮŧǾǩǸǮǾƚǪƢǭ Ŧǲ 
ƜǁǾǴƹƘƽǻ ǭǼƳǸǁ. 

.(,(¿wå óºùć ÅĊá ø¤ÆĊÖ·¾Ĉ 

Ɨ ƷƳǽ ǴǩƘǢǭ ǰǽƽ ƹƗ ǴƢƽƳ ŦǾǬƢƾƘǵǻ ǙǾǎƱƸǼ ŦơƳǷƷǷǻ-ŦơƩǷƸƱǼ 
(SISO) ǴƛǫƸǝ )ĥĤ( ƸǒǱ ƷƳ ǴƢǝƸū ǳƴǁ ƠƽƗÜ  
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Ǵŧ ǯƋ ƷƳ f  Ƿg Ǚ ǔƛƗǸơǾǎƱƸǼ ǆƲǂǭƘǱǼ ƗƷƗƳ Ǵŧ ƴǲƢƾǵǻ ǖǭƘǱǾǲǼ 
ǭǼƴǲǁƘƛ Ûd ) ƿƘǂƢǙƗǽ ŦƽǾ ǧƘǲŬǯƗƸŧƷƗƳƽ .ƠƽƗ (ǾǙ ǬƢƾǾǎƱƸǼ 
)ĥĤƳ ǧƴǭ ƹƗ ǳƳƘǞƢƽƗ Ƙƛ (ǽǭƘǲǾŨǼ ƹƘǝǻ TS  Ƙƛ ǷǴǕǸǮƪǭƗǻ ƹ ƹƗǽ ƸǧƴǭƘǵ Û
ǴƛƷǸǍǻǴŧ ƹ Ƹǵǽ Ƙƛ ǧƴǭƸǽƹƘǝ ǯǸǱƘǡ Ŧǻ ǅǸơǾ ǜǭǼƳǸǁƘǮǱ ÛǽƳƗƳ ǀ ǳ
ǭǼƳǸǁ ǯǸǱƘǡ .iƹƘǝ ǧƴǭ ƹƗ ǫƗǻ ǴƛǫƸǝ )ĥĥƠƽƗ ( ]ĤĪ[. 

)ĥĥ( 
() ()

() ()
() ()
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ijM ƘǵǴǕǸǮƪǭƘǵǻ ƹƘǝǻ Ûr ǱƗǸǡ ƳƗƴǖơǾƹƘǝ ǰǻÛ Øρ Øς ȣ  ØÎ
4  ƷƗƳƸƛ

 ÛƠǩƘƭu(t) ƳǷƷǷǻ Ûy(t) ƩǷƸƱǼ Ƿ(t) n(t),é,z2(t),z1z ǚƢǭǾƘǵƸǻ  ǫƴǢǭ
ǭǼƴǲǁƘƛ ǯǸǱƘǡ Ƹǵ ƷƳ .ǽ ǯƹǷ Ŧ(z)iw ƸǒǱ ƷƳ  ǴƢǝƸūǭǼƳǸǁ ŬƢƾƛ ǴŧǼ 
ǭ ǴƛǾǮǵƗ ǯƗƺǾǸǊǕ ǔƛƘơ ƠǽǚƢǭ ƠǾ ǫƴǢǭ Ƹz  ƷƳǴǕǸǮƪǭƘǵǻ ƹƘǝǻ ijM 
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 ƠǩƘƭ ƟȅƳƘǖǭǴƛǫƸǝ )ĥħǭ (Ǽ Ǵŧ ƴǁƘƛǯƋ ƷƳ iA  ǷiB ƗƷƗƳǻ 
ƘǵƸƢǭƗƷƘřǻ .ƴǲƢƾǵ ǫǸǪǖǭƘǱ 
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ƛ ǴƩǸơ ƘƛƗ Ǵǽǰƽ ǴŧǾǙ ǬƢƾǾǎƱƸǼ ÛŦơƳǷƷǷǻ-ŦơƩǷƸƱǼ ƸǒǱ ƷƳ 
ǴƢǝƸū ǳƴǁ Ƙǭ ƳƘǖƛƗ Ǵŧ ƠƽƗ ǄƲǂǭ Ƽř ÛƠƽƗƸơǽƼƘǵǻi  ,Ai ,Bi C 

ǴƛơƸơƚǾ  ƸƛƗƸƛn×n ̪n×1 Û 1×n ǭǼƴǁƘƛ . 
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, (1 ... 0)Bi
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Ci=

å õ
æ ö
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æ ö =
æ ö
æ ö
æ ö
ç ÷

  

.(-({Ö£ ó¾¤þíĊêĈ ¿wåć Ü«¾ù óºù 

Ɨ ƷƳǽƭƗƸǍ Ǜƴǵ ƠǮƾǡ ǰǼ ǽ ŦǧƸƢǲŧǳƴǲǲŧ ƜǎơǾǢǼ ǴƛǴǱǸūƗǻ 
 Ǵŧ ƠƽƗƘƛ ƳǸƩǷ ǖǭƘǱǾǲǼ ƘǵƸƢǭƗƷƘř ƷƳǻ ƋƸǝǽ ƷƘƢǝƷ ÛƴǲǧƸƢǲŧƴǲǲŧǳ  ǴƛƘǂǭ

ǭ ǧƴǭ ƷƘƢǝƷǔƩƸ Ƙř .ƴǁƘƛǽƷƗƴǻ ơƷǸǅ ƷƳǼ ǮǊơǾ ǰǭǼƳƳƸū  Ǵŧ
ƘǵƸƢǭƗƷƘřǻ ǖǭƘǱǾ ǰǴƛƷƴơǽƨ  ǌƽǸơǽǱƘŨǭ ŦǾƾƜǎơ ǬǾ ǠǮƲơǾǰ  ǳƳƹ
ƴǱǸǁƗƸƛ .ǻ Ɨ Ƹƛ ǴƜǪǙǽ ƹƗ ǨŨǂǭ ǰǽ ŦǧƸƢǲŧǳƴǲǲŧ ƹƘǝǻ ƜǎơǾǢǼ ǲƢƜǭǼ 

 ǳƳƘǞƢƽƗ ǔƩƸǭ ǧƴǭ ƸƛǭǼƳǸǁ ƷƳ .Ƹǵ ǴǒƮǩ ƘǵƸƢǭƗƷƘřǻ ƋƸǝǽǮƲơ ƴǲǾǰ 
ǭ ǳƳƹǼƗƸƛ Ƿ ƳǸǁǻ ƘǵƸƢǭƗƷƘřǻ ǧƸƢǲŧǳƴǲǲŧ  ǳƳƘǞƢƽƗǭǼƳƳƸūǮƲơ .Ǿ ǰ
ƋƸǝ ǧƴǭǽƹƘǝ ǧƴǭ ǌƽǸơ ƴǲǻ TS ƘǮǱǽǭ ǳƳƗƳ ǀǼƷƘƢƱƘƽ Ƙơ ƳǸǁ iA Ƿ iB 

ƹ ƳǸǁ ǴƢƱƘǲǁǽ ǴƢƱƘǲǁƘǱ ƘǵƸƢǭƗƷƘř ƗƸǽǚƢǭ ƘǾ ƸƘƛ ǯƘǭƹ .ƴǲƢƾǵ 
ǩƸƢǲŧ ǯǸǱƘǡ ƙƘƲƢǱƗ ǛƴǵǼ  ǴǮǵ Ǵŧ ƠƽƗƽǾǧƘǲŬƘǵǻ ǴƢƾƛ ǴǢǪƭ 

ƽǾǯƗƸŧ ǬƢƾƴǁƘƛ ƷƗƳ ƷƗƳƸƛ Ƿ  ƠǩƘƭx ǔƩƸǭ ǧƴǭ ƠǩƘƭ ƷƗƳƸƛ Ûmx  ƗƷ
ƳƷǽƛƘǼ ƘǮǱǽ ǔƩƸǭ ǧƴǭ .ƴǴƛǫƸǝ )ĥĩǅǸơ (Ǿ ǜǭǼƳǸǁ. 

)ĥĩ( .
x A x B rm m m m= + 

mA ƸơƘǭǽƘř Ƽǽƴǖƛ Ƙƛ ƷƗƴǻ  ǴƛƘǂǭiA Ûr ƽǾ Ƿ ǔƩƸǭ ǧƘǲŬmB ǴƛǴǱǸūƗǻ 
 ƙƘƲƢǱƗǭǼƳǸǁ  Ǵŧmx ƘǮǱǽƗƸǝ ƙǸǪǎǭ ƠǩƘƭ ƷƗƳƸƛ ǀǽ .ƴǁƘƛ ƴǲ 

.(.( ó¾¤þí ûĀýwé 

Ǫŧ ƠǩƘƭ ƷƳǼ  ǧƸƢǲŧ ǯǸǱƘǡǴƛƟƷǸǅ )ĥĪ ƙƘƲƢǱƗ ǀƲƛ Ǵƽ ǨǭƘǁ Ƿ (
ǭǼƳǸǁ: 
)ĥĪ( u k x l r q si i i i=- + - 

ǝ ǧƸƢǲŧ Ǵƛ ǋǸƛƸǭ ǧǷƗ ǀƲƛǾƹƘǝ ƠǩƘƭ Ŧƛƴǻ (PDC)  : 
ƗƸǉǽ ƚik  ƗƷ ƘǵǴƛǴǱǸūƗǻ Ƙƛǽ ƴƸǒǱ ƷƳ ƳƘǢǭ ǫƘǮơ Ǵŧ ƠǝƸūǽǷ Ƹǽ ǳŤ
ƹǽƽƸǾǬƢƾǭǸǵǸǭ ƷǸƮǭ Řš ƠǮƽ ƘǵǼ ū ƷƗƸǡǾ Ƙơ ÛƴǱƸƴƛǽǰƟƷǸǅ 
ƘřǽƷƗƴǻ ƗƸǝǽǮǊơ ƴǲǾƭƗƸǍ ƷƳ .ƳƳƸū ǰǼ PDC ƠǢƛƘǎǭ ƹƗ ǯǸǱƘǡ Ƹǵ Ƙƛ 

ƹƘǝ ǧƴǭ ǯǸǱƘǡǻ TS ǴǍǸƛƸǭ ƭƗƸǍǼ ǭǼƳǸǁ . 

 
() ()            ,1 1

               1,2, ,

if z t is M and and z t is Mi n in

then u k x i rfi i=- = »
 

)ĥī( 

()

()

()1

1

1

r

w z k xi i r
iu h z k xfi i ir

iw zi

i

==- =-

=

=

ä
ä

ä

 



ĤĩĤī /ǴǪƪǭ  ÛƺǽƸƜơ ǳƘŬǂǱƗƳ ǟƸƛ ǼƽƴǲǶǭ ƴǪƩħĪÛ  ǳƷƘǮǁħ ǯƘƢƾǭƹ ÛĤĦĬĩ                                                           ǧƴǭ ǻƹƘǝ ǼǢǾƜǎơ ǧƸƢǲŧ. . . ǔƩƸǭ 

Tabriz Journal of Electrical Engineering, vol. 47, no. 4, winter 2017                                                                                                               Serial no. 82 

ƘƩ ƘƛǽƷƗƶŬǻ )ĥī) ƷƳ (ĥħƽ (Ǿ ǴƢƾƛ ǴǢǪƭ ǬƢƾǴƛƟƷǸǅ ƹǽ ƸƠƽƳ Ǵƛ 

ǭǼƋǽƴ: 

)ĥĬ( ()
.

1

r

x h z A B k xi i i i

i

= -è øê ú

=

ä 

Ɨ Ǜƴǵ ǯǸšǽƽ ƷƘƢǝƷ Ǵŧ ƠƽƗ ǰǾ ÛƴǁƘƛ ǔƩƸǭ ǧƴǭ ƷƘƢǝƷ ǴƛƘǂǭ ǬƢƾ

) ǴǎƛƗƷ ǯƳƗƳ ǠƛƘǎơ ƘƛĥĬ) Ƙƛ (ĥĩǌƛƗǷƷ (:   

)Ħģ( A B k Ai i i m- = 

)ĦĤ( 
( )

1
T Tk B B B A Ai m i m i m

-
= -è øê ú 

         ( )
1

, ,1 1
T TB B B a a a am i m i m in mn

-
= - -è øê ú 

ǴƛƠƽƳ ǭǼƴǲǽƋ .ƘǵƸƢǭƗƷƘřǻ ὥὭρȟȣȟὥὭὲȟὦὭ  ǧƸƢǲŧ Ƿ ƴǲƢƾǵ ǫǸǪǖǭƘǱ

ƜǎơǾǢǼ ǮƲơ ǴƛǾƗ ǰǽǭ ƘǵƸƢǭƗƷƘř ǰǼƳƹƗƳƸř. 

)Ħĥ( 
1

, ,1 1k a a a aini i m mn
bi

è ø= - -
ê ú

 

ř ǳƸǶƛ ǫǷƳ ǀƲƛǾǀƽ ƷǸƱǾ:ǔƩƸǭ ǧƘǲŬ 

)ĦĦ( u l ri i= 

ƘƩ ƘƛǽƷƗƶŬǻ )ĦĦ) ƷƳ (ĥħ) ǴǎƛƗƷ ǔƩƸǭ ǧƴǭ Ƙƛ ǠƛƘǎơ Ƿ (Ħħ ǨǅƘƭ (

ǭǼƳǸǁ.  

 ()( )
.

1

r

x h z A B k x B l ri i i i i i

i

è ø= - +ê ú

=

ä 

)Ħħ( B l r B ri i m= 
 

Ɨ Ǵƛ ǴƩǸơ Ƙƛǽ ǴŨǲiB ƻǸŨǖǭƶřǽƸ ǮǱǼǝƸǍ ÛƴǁƘƛǾ ƷƳ ǰὄά
Ὕ  ƙƸǉ

ǭǼƴǱǸǁ.   

 T TB B l r B B rm i i m m= 

)ĦĨ( ( )
1

T Tl B B B Bi m i m m

-
= 

 ǫǸƽ ǀƲƛǴƛƷǸǒǲǭ ƗƺǝƗǽƗƸŬǮǵ ƠǕƸƽ ǀǼǽ  ǳƳƘǞƢƽƗǭǼƳǸǁ . 

 u q si i=- 

)Ħĩ( ( )( )11 2s Ge G x x g g e= = - = 

iq ǽ ÛƠƽƗ ƠƜƦǭ ƠƛƘƥ Ŧs  Ûƿƺǚǩ Ƭǎƽig Ƙƛ ƘǵǽƷǸǍ ƴǻ  ƴǱǸǁ ƙƘƲƢǱƗ

 ǴŧǴǪǮƩƴǲšƗǻ )ĦĪǷƸǵ (ǽƺƢ :ƴǁƘƛ 

)ĦĪ( () 1 2
1 1

n nh s s g s gn
- -= + + +- 

Ǫŧ ƠǩƘƭ ƷƳ ƼřǼ ƢǱǾ ǴƪǭǼƳǸǁ  :Ǵŧ 

)Ħī( ()
1

r

u h z k x l r q si i i i i

i

= - + -è øê ú

=

ä 

) ǴǎƛƗƷ Ǵƛ ǴƩǸơ ƘƛĥħǮƲơ Ƿ (ǾǮƲơ ǴǎƛƗƷ ÛƘǵƸƢǭƗƷƘř ǰǾ ǰƠǩƘƭƘǵ  ƗƷ

ǴƛƟƷǸǅ )ĦĬ (ǭǼǯƗǸơ ƠǁǸǱ.  

 ()
.

1

r

x h z A x B ui i i

i

= +è øê ú

=

ä 

)ĦĬ( ()
.

1

r

x h z A x B ui ii

i

è ø= +
ê ú

=

ä 

 ƘƛƸǒǱ ƷƳ  ƘǎƱ ǰƢǝƸūǴƛƟƷǸǅ e=x-ὼ ƳǽǭƘǲǾ ƗƷ ƘǎƱ ŦǴƛƟƷǸǅ: 

 ()( )( )
.. .

1

r

e x x h z A x B u A x B ui ii i i

i

è ø= - = + - +
é ùê ú

=

ä 

 ()( ) ( )( )
1

r

h z A x B u A A x B ui ii i i i

i

è ø= + - - +
é ùê ú

=

ä 

)ħģ(            () ()
1 1

i i

r r

h z A e hi i i z A x B u
i i

= + è ø+
ê ú

= =

ä ä 

ǴƛƠƽƳ ǭǼƴǽƋ  )ǨƛƘǡƸŧƵ  Ǵŧ ƠƽƗ ὃὭ ὃὭ ὃὭ  .( 
 ǳƴǵƘǂǭǭǼƳǸǁ Ƴ ǴǩƳƘǖǭ ƷƳ ǴŧǽǭƘǲǾƸơƘǭ ƘǎƱ Ŧǽ Ƽ!É  ǫǸǪǖǭƘǱ Ǵŧ

ƠƽƗÜ  ƸǵƘǑǭǼƳǸǁ .ƗƸƛƘǲƛǽ ƹƗ ǳƳƘǞƢƽƗ Ƙƛ ǰǽǲŨơ ŦǾǚơ ÛŦǾǾơƗƸǼ  ǧƴǭ ƷƳ
ƹƘǝǻ ǴƛƳǸƩǷ  ǳƳƷǷƋǭǼƳǸǁƗ Ǵƛ ǴƩǸơ Ƙƛ .ǽǰƸơƘǭ Ǵŧǽ ƼmA  ƸơƘǭǽ Ƽ
ƘřǽƷƗƴǻ  ÛƠƽƗǭǼǯƗǸơ ƗƷ ǯƋ  ƷƳǎƛƗƷǴ ƹƘǝ ǧƴǭǻ ƳƸŧ Ǭŧ Ƿ ǴǝƘǉƗ. 

 ()( )
.

1

r

x A x h z A A x B um i i m i

i

è ø= + - +ê ú

=

ä 

)ħĤ( ()( )
.

1

r

x A x h z A A x B ui im i m

i

è ø= + - +
é ùê ú

=

ä 

 ǧƘƭŸƳƴƪǭ ƳǽǭƘǲǾ ƘǎƱ ŦǴƛƠƽƳ  ǳƳƷǷƋǭǼƳǸǁ.   

)ħĥ( ()
.

1

r

e A e h z A x B ui im i

i

è ø= + +
ê ú

=

ä 

( )

0

0

0

Bi

b bii

å õ
æ ö
æ ö
æ ö
=æ ö
æ ö
æ ö
-æ ö

ç ÷

 

( ) ( )

0 1 0 0

0 0 1 0

0 1

11

Ai

a a a ainii in

å õ
æ ö
æ ö
æ ö
=æ ö
æ ö
æ ö
æ ö
- - - -æ ö
ç ÷

 

ƗƸƛǻ ƗǰǽǴŧ ǮƲơ Ǭǩ ƹƗ ǯƗǸƢƛǾ ƸƢǭƗƷƘř ǰǮǖơǾǬǽǴƢǝƘ ŧ ǳƳƘǞƢƽƗƘƛ ƳƸǽ ƴ
 ƘǎƱ ǴǩƳƘǖǭǴƛǫƸǝ ) ǴǎƛƗƷħƴƜơ (ǽ.ƳǸǁ Ǩ 

 () () () ()
1 1

r r

e t H p h z A x h z B ui ii i

i i

è ø
é ù= +
é ù
é ù= =ê ú

ä ä 

)ħĦ( () 1 11H p h A x h A x hB u h B ur rr rè ø= + + + + +
ê ú
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.(/(-({Ö£ ó¾¤þíĊêĈ ¿wåć þ¤{ùĈ v¾z Ü«¾ù óºù ¾zć 

ÅĊÃĀîÞù óÿºýw~ ø¤Æ 

) ǠƛƘǎǭĥĪ ǧƸƢǲŧ ǯǸǱƘǡ (ǴƛǫƸǝ: 

)ĩĤ( u k x l r q si i i i=- + - 

 ǴƢǝƸū ƸǒǱ ƷƳǭǼƳǸǁ .ƠƛƘƥƘǵǻ ή  Ƿή  ƸƛƗƸƛĨ  Ƿ' Ĩ  Ĥ  ƙƘƲƢǱƗ
ǭǼƴǱǸǁƳƘǢǭ .ǽ ƸƗǳƴǽǧƋ ǝ ǳƸǶƛǾƹƘǝ ƠǩƘƭ Ŧƛƴǻ )Ὧř ǳƸǶƛ Ƿ (Ǿǀ ƷǸƱ
ƽǾ ǔƩƸǭ ǧƘǲŬ)ὰ () ǠƜǍĦĤ) Ƿ (ĦĨǴƛ (ƟƷǸǅ: 

)ĩĥ( ( )
1

T Tk B B B A Ai m i m i m

-
= -è øê ú 

)ĩĦ( ( )
1

T Tl B B B Bi m i m m

-
= 

ǭǼƴǲǁƘƛƗ ƷƳ Ǵŧ ÛǽǰƗ Ǵƛ ǴƩǸơ Ƙƛ ƘƩǽǰƹƘǝ ǯǸǱƘǡ ƷƘǶš Ǵŧǻ ƙƘƲƢǱƗ ǁǳƴ 
 ÛƠƽƗǽǲǖǼ ħ r = Ƽř Ûħ ÛĦ Ûĥ ÛĤ i= ) ǠƜǍ .ƳǸƛ ƴǵƗǸƱħĪ ǯǸǱƘǡ (
ƜǎơǾ ǠǴƛƟƷǸǅ: 

)ĩħ( ()
.

Tt evf g=- 

 ƙƘƲƢǱƗǭǼƳǸǁ. 
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/( w¤ýĉ ª{ÉĊĂ¿wÅć 

ƜǁǴǾǻƹƘƽƘǵ ƽ ǰƢǝƸū ƸǒǱ ƷƳ ƘƛǾ ƠǩƘƭ ǷƳ ƷƳ Ƿ ǴǪř ǔƩƸǭ ǧƘǲŬƘƛ ƳǸƩǷ 
ƘǵƸƢǭƗƷƘřǻ ǖǭƘǱǾƘǵƸƢǭƗƷƘř Ƿ ƠƛƘƥ ǰǻ ǖǭƘǱǾǚƢǭ ǰǾ ƸƘƛ ǯƘǭƹ  (ǴƢƾǵƋ)
ǫƘƪǱƗ ǳƴǁ ƗƸƛ .ƠƽƗǻ  ǴǱƘūƗƴƩ ƠǮƾǡ ƸǵƠǩƘƭƘǵǻ ƽǾ Ƿ ǬƢƾƠǩƘƭƘǵǻ 

 Ƙƛ Ƿ ǳƴǵƘǂǭ ǔƩƸǭ ǧƴǭǽƴŨǽƘǢǭ ƸŬǽ ǴƾǭǼƴǱǸǁ ǧƸƢǲŧ ƷƳ ǴŧƘƪǱƋƹƗ .
ƜǎơǾǢǼ Ɨ Ǜƴǵ ǔƩƸǭ ǧƴǭǽƽ Ǵŧ ƠƽƗ ǰǾǢǖơ ƗƷ ǔƩƸǭ ǧƴǭ ǬƢƾǾ ƚ

ƘǎƱ Ƽř Ûƴǲŧǻ ǁƘǱǼ ƘǢǭ ƹƗǽƠǩƘƭ ǴƾƘƛ Ƙǵǽ ƴǴƛƠǮƽ ǭ ƸǞǅǾǲŧ Ǩ.ƴ 

/(,(wă¾¤ùv½w~ć ÞùwýĊ¢zw§ ü 

Ɨ ƷƳǽƘǵƸƢǭƗƷƘř ƠǮƾǡ ǰǻ ƽǾ ǬƢƾǴƛƟƷǸǅ ǖǭƘǱǾ ƸǒǱ ƷƳ ƠƛƘƥ ƘǭƗ ǰ
ǴƢǝƸū ǳƴǁƴǱƗ ÛƗƘƛǽǰƘƢǱ ƳǸƩǷǽƜǁ ƹƗ ǨǅƘƭ ƨǾǴƹƘƽǻƘǵǻ ǫƘƪǱƗǝƸūǴƢ 
ƽƷƸƛǼ ǭǼƴǱǸǁǨŨǁ ƷƳ . ħ ƠǩƘƭƘǵǻ Ø  ǷØ ƘǎƱ Ƿǻ Å  ǯƘǂǱǳƳƗƳ 
ǳƴǁ .ƠƽƗ ǯƘǮǵǨŨǁ ƹƗ Ǵŧ ƷǸǍ ħ ƽ ƠƽƗ ǄƲǂǭǾ ǧƘǲŬØ ǴƛƛǸƱǼ 
ƽǾ ǧƘƜǱƳ ƗƷ ǔƩƸǭ ǧƘǲŬǭǼƴǲŧ  ǷƢǱƷƳǾƘǎƱ Ǵƪǻ ƗƸŬǮǵǼǽ ǴƛƠǮƽ ǅ ƸǞ
ǭǾ ǨǭǼƴǲŧ ƹƗ Ƽř .ħ ǱƘƥǾ ǴØ ǴƛƷǸǍ  Ǵƛ ǨǭƘŧØ  ƗƸŬǮǵǭǼƳǸǁ ÛǽǲǖǼ 
 ƷƳsħ= t .ƠƽƗ ǳƴǁ ƸǞǅ ƘǎƱ ǨŨǁ ƷƳ Ĩ ƠǩƘƭƘǵǻ Ø  ǷØ ƘǎƱ Ƿǻ 
Å  ǯƘǂǱǳƳƗƳ ǳƴǁ ǯƘǮǵ .ƠƽƗ ƠƽƗ ǄƲǂǭ ǨŨǁ ƹƗ Ǵŧ ƷǸǍØ ǴƛƛǸƱǼ 

 ǔƩƸǭØ Ǣǖơ ƗƷǾ ƚǭǼƴǲŧ  ǷƢǱƷƳǾƘǎƱ Ǵƪǻ ƳƷǽƛƘǼ ǴƛƠǮƽ  ƸǞǅ
Ɨ ƷƳ .ƠƽƗ ǳƴǁ ƗƸŬǮǵǽƗƸŬǮǵ ƘƪǲǼǽ  ǨǭƘŧƸǢơǽ ƹƗ Ƽř ŷƜĤ ǱƘƥǾ ƟƷǸǅ Ǵ

 ƷƳ Ƿ ǴƢǝƸūsĤ= t ƳǷƷǷ .ƠƽƗ ǳƴǁ ƸǞǅ ƘǎƱǻ  ǧƸƢǲŧǴƛƠƽƳǳƴǭƋ  ƷƳ
ƗǽǱ ƠǩƘƭ ǰǾǨŨǁ ƷƳ ƺ ĩ ǭ ǳƴǵƘǂǭǼ.ƳǸǁ 

/(-(wă¾¤ùv½w~ć ÞùwýĊâ¤ù üĊ ¾wz ûwù¿ #Ă¤Æăj$ 
Ɨ ƷƳǽƘǵƸƢǭƗƷƘř ƠǮƾǡ ǰǻ ƽǾ ǬƢƾǴƛƟƷǸǅ ǖǭƘǱǾ ǰǚƢǭ ƘǭƗǾ ƸƘƛ ǯƘǭƹ 
)ǴƛƟƷǸǅ  ƸǒǱ ƷƳ (ǴƢƾǵƋǴƢǝƸū ǳƴǁƴǱƗƗƸƛ .ǻ ƜǁǴǾǻƹƘƽ ƽǾƢƾ ƷƳ Ǭ
Ɨǽ ƷƳ ƠǮƾǡ ǰǽ ǧǷƴǱƘř ǧǸǍ ƸƢǭƗƷƘř ƠǩƘƭ Ŧ)l (ƢǩƘƭ ƷƳ ǷǼ Ƴǽ ƸƢǭƗƷƘř ƸŬ

 ǧǷƴǱƘř ǫƸƩ)m( Ǳ ǫǸƽ ƠǩƘƭ ƷƳ ǷǾ ƸƢǭƗƷƘř ǷƳ Ƹǵ ƺǴƛƟƷǸǅ ǚƢǭǾ ƸƘƛ 
ǯƘǭƹ  ƸǒǱ ƷƳǴƢǝƸū ǳƴǁƴǱƗƘƢǱ .ǽ ƨǴƛƠƽƳǳƴǭƋ  ǴǱƘūƗƴƩ ƠǩƘƭ Ƹǵ ƷƳ
ƽƷƸƛǼ ǭǼƴǱǸǁ. 

$ óÿºýw~ óĀÕ ¾¤ùv½w~ #äõvlâ¤ù #Ċ ¾ûwù¿wz 
Ɨ ƷƳǽƗ Ƹƛ ǇƸǝ ƠǩƘƭ ǰǽǖǭƘǱ ƸƢǭƗƷƘř Ǵŧ ƠƽƗ ǰǾ ǰl ǚƢǭǾ ƸƘƛ ǯƘǭƹ 

 (ǴƢƾǵƋ)ǭǼƴǁƘƛ Ƙƽ ǷǽƘǵƸƢǭƗƷƘř Ƹǻ ƽǾ ǬƢƾǴƛƟƷǸǅ ū ƸǒǱ ƷƳ ƠƛƘƥ ǴƢǝƸ
ǭǼƴǱǸǁƗ .ǽǚơ ǰǾǾǨŨǁ ƷƳ ƟƗƸ Ī  ǳƴǵƘǂǭǭǼƳǸǁ. ǯƘǮǵƷǸǍ Ƴ Ǵŧǽ ǳƴ
ǭǼƳǸǁ  ǴǒƮǩ ƘơsĨ/ĥ= t  Ƿ ƠƛƘƥ ƸƢǭƗƷƘřƼř ƹƗ ǯƋ ǴƛǭƗƷƋǼ ǚơǾǾ ƸǭǼŧƴǲ 

ƘǶǱ ƷƗƴǢǭ Ǵƛ ƘơǼǽ ĨĨ/ģ ǭǼƴƽƷ ǴǭƗƳƗ ƷƳ .ƠǩƘƭƘǵǻ ƽǾ ǔƩƸǭ ǧƴǭ Ƿ ǬƢƾ
 ǷǬǵǲšǰǾ ƳǷƷǷǻ  ǧƸƢǲŧǴƛƠƽƳǳƴǭƋ Ɯǁ ƹƗǾǴƹƘƽǻ  ǳƴǵƘǂǭǭǼƴǱǸǁ. 

ǨŨǁ ƷƳ ī ƠǩƘƭƘǵǻ Ø  ǷØ ƘǎƱ Ƿǻ Å ǨŨǁ ƷƳ Û Ĭ ƠǩƘƭƘǵǻ Ø 
 ǷØ ƘǎƱ Ƿǻ Å ǨŨǁ ƷƳ Ƿ Ĥģ ƳǷƷǷǻ  ǳƴǵƘǂǭ ǧƸƢǲŧǭǼƴǱǸǁ. 

ǯƘǮǵ ǨŨǁ ƹƗ Ǵŧ ƷǸǍī ƽ ƠƽƗ ǄƲǂǭǾ ǧƘǲŬØ ǴƛƛǸƱǼ ƽǾ ǧƘǲŬ
 ǧƘƜǱƳ ƗƷ ǔƩƸǭǭǼƴǲŧ  ǷƢǱƷƳǾƘǎƱ Ǵƪǻ ƗƸŬǮǵǼǽ ǴƛƠǮƽ ǭ ƸǞǅǾǨ 

ǭǼƴǲŧ ƹƗ Ƽř .Ī/Ħ ǱƘƥǾ ǴØ  ǴƛØ  ƗƸŬǮǵǭǼƳǸǁ ÛǽǲǖǼ  ƷƳsĪ/Ħ= t 
 ƸǞǅ ƘǎƱ.ƠƽƗ ǳƴǁ ǯƘǮǵ ǨŨǁ ƹƗ Ǵŧ ƷǸǍĬ  ƠƽƗ ǄƲǂǭØ ǴƛƛǸƱǼ 
 ǔƩƸǭØ Ǣǖơ ƗƷǾ ƚǭǼƴǲŧ  ǷƢǱƷƳǾƘǎƱ Ǵƪǻ ƳƷǽƛƘǼ ǴƛƠǮƽ  ƸǞǅ

Ɨ ƷƳ .ƠƽƗ ǳƴǁ ƗƸŬǮǵǽƗƸŬǮǵ ƘƪǲǼǽ  ǨǭƘŧƸǢơǽ ƹƗ Ƽř ŷƜĤ ǱƘƥǾ ƟƷǸǅ Ǵ

 ƷƳ Ƿ ǴƢǝƸūsĤ= t .ƠƽƗ ǳƴǁ ƸǞǅ ƘǎƱ   ǨŨǁĤģ ƳǷƷǷǻ  ǯƘǂǱ ƗƷ ǧƸƢǲŧ
ǭǼƴǵƳ.  

 

 ¾¤ùv½w~ #x$ óÿºýw~ ÷¾«mâ¤ù #Ċ ¾wz ûwù¿ 

Ɨ ƷƳǽƗ Ƹƛ ǇƸǝ ƠǩƘƭ ǰǽǖǭƘǱ ƸƢǭƗƷƘř Ǵŧ ƠƽƗ ǰǾ ǰm ǚƢǭǾ ƸƘƛ ǯƘǭƹ 
 (ǴƢƾǵƋ)ǭǼƴǁƘƛ Ƙƽ ǷǽƘǵƸƢǭƗƷƘř Ƹǻ ƽǾ ǬƢƾǴƛƟƷǸǅ ū ƸǒǱ ƷƳ ƠƛƘƥ ǴƢǝƸ

ǭǼƴǱǸǁƗ .ǽǚơ ǰǾǾ ǨŨǁ ƷƳ ƟƗƸĤĤ  ǳƴǵƘǂǭǭǼƳǸǁ. 
ǯƘǮǵƷǸǍ Ƴ Ǵŧǽ ǳƴǭǼƳǸǁ  ǴǒƮǩ ƘơsĨ/ĥ= t  Ƿ ƠƛƘƥ ƸƢǭƗƷƘřƼř ƹƗ 

ǯƋ ǴƛǭƗƷƋǼ ǚơǾǾ ƸǭǼƴǲŧ  ǨǡƗƴƭ ƷƗƴǢǭ Ǵƛ ƘơĬ/Ĥ ǭǼƴƽƷ  ǓǷƸǁ ǳƷƘƛǷƳ Ƿ
ƗƺǝƗ Ǵƛǽ ǀǭǼƴǲŧ ǴǭƗƳƗ ƷƳ .ƠǩƘƭƘǵǻ ƽǾ Ƿ ǔƩƸǭ ǧƴǭ Ƿ ǬƢƾǬǵǲšǰǾ 
ƳǷƷǷǻ  ǧƸƢǲŧǴƛƠƽƳǳƴǭƋ Ɯǁ ƹƗǾǴƹƘƽǻ  ǳƴǵƘǂǭǭǼƴǱǸǁ ǨŨǁ ƷƳ .Ĥĥ 
ƠǩƘƭƘǵǻ Øρ  ǷØÍρ ƘǎƱ Ƿǻ Åρ  ǨŨǁ ƷƳ ÛĤĦ ƠǩƘƭƘǵǻ Øς  ǷØÍς  Ƿ
ƘǎƱǻ Åς  ǨŨǁ ƷƳ ǷĤħ ƳǷƷǷǻ  ǳƴǵƘǂǭ ǧƸƢǲŧǭǼƴǱǸǁ. 

ǯƘǮǵ ǨŨǁ ƹƗ Ǵŧ ƷǸǍĤĥ ƽ ƠƽƗ ǄƲǂǭǾ ǧƘǲŬØρ ǴƛƛǸƱǼ ƽǾ ǧƘǲŬ
 ǧƘƜǱƳ ƗƷ ǔƩƸǭǭǼƴǲŧ  ǷƢǱƷƳǾƘǎƱ Ǵƪǻ ƗƸŬǮǵǼǽ ƠǮƽ Ǵƛ ǭ ƸǞǅǾǨ 

ǭǼƴǲŧ ƹƗ Ƽř .Ĩ/ĥ ǱƘƥǾ ǴØρ ǴƛƷǸǍ  Ǵƛ ǨǭƘŧØÍρ  ƗƸŬǮǵǭǼƳǸǁ ÛǽǲǖǼ 
 ƷƳsĨ/ĥ= t .ƠƽƗ ǳƴǁ ƸǞǅ ƘǎƱ ǯƘǮǵ ǨŨǁ ƹƗ Ǵŧ ƷǸǍĤĦ ƠƽƗ ǄƲǂǭ 

Øς ǴƛƛǸƱǼ ǔƩƸǭ ØÍς Ǣǖơ ƗƷǾ ƚǭǼƴǲŧ  ǷƢǱƷƳǾƘǎƱ Ǵƪǻ ƳƷǽƛƘǼ  Ǵƛ
ƠǮƽ Ɨ ƷƳ .ƠƽƗ ǳƴǁ ƗƸŬǮǵ ƸǞǅǽƗƸŬǮǵ ƘƪǲǼǽ  ǨǭƘŧƸǢơǽ ƹƗ Ƽř ŷƜī/ģ 
ǱƘƥǾ ƷƳ Ƿ ǴƢǝƸū ƟƷǸǅ Ǵsī/ģ= t ƳǷƷǷ .ƠƽƗ ǳƴǁ ƸǞǅ ƘǎƱǻ ǩƸƢǲŧǼ 
ǱǾ ǨŨǁ ƷƳ ƺĤħ .ƠƽƗ ǳƴǁ ǳƳƗƳ ǯƘǂǱ 

wă¾¤ùv½w~ #©ć $ óĀÕl$ ÷¾« #mâ¤ù óÿºýw~ #Ċ ¾wz ûwù¿ 

Ɨ ƷƳǽƗ Ƹƛ ǇƸǝ ƠǩƘƭ ǰǽƘǵƸƢǭƗƷƘř Ǵŧ ƠƽƗ ǰǻ ǖǭƘǱǾ ǰm  Ƿl ǚƢǭǾ ƸƘƛ 
ǯƘǭƹ  (ǴƢƾǵƋ)ǭǼƴǁƘƛ Ƙƽ ǷǽƘǵƸƢǭƗƷƘř Ƹǻ ƽǾ ǬƢƾǴƛƟƷǸǅ  ƷƳ ƠƛƘƥ

 ǴƢǝƸū ƸǒǱǭǼƴǱǸǁǚơ .ǾǾ Ǵƛ ƠƜƾǱ ǫƸƩ ƸƢǭƗƷƘř Ƿ ǧǸǍ ƸƢǭƗƷƘř ƟƗƸ
 ǴƢǝƸū ƸǒǱ ƷƳ ǨƜǡ ƠǩƘƭ ǷƳ ǴƛƘǂǭ ǯƘǭƹǭǼ .ƳǸǁƘƛ ƳǸƩǷ ƘǵƸƢǭƗƷƘřǻ 

ǖǭƘǱǾǚƢǭ ǰǾ ƸƘƛ ǯƘǭƹ Ɨ ƷƳǽǱ ƠǩƘƭ ǰǾƘƢǱ ƺǽ ƨƜǁǴǾǻƹƘƽǻƘǵ 
ƟƷǸǅǴƢǝƸū ƽ ǰƢǝƸū ƸǒǱ ƷƳ Ƙƛ ƗƷǾ Ƿ ƿƘǂƢǙƗ ǧƘǲŬǬǵǲšǰǾ Ƿƴƛ ǯ
ƽǾƽƷƸƛ Ƿ ǳƴǵƘǂǭ ƿƘǂƢǙƗ ǧƘǲŬǼ ǭǼƴǱǸǁ. 

Ƴ ǨŨǁ ƷĤĨ ƠǩƘƭƘǵǻ Øρ  ǷØÍρ ƘǎƱ Ƿǻ Åρ  ǨŨǁ ƷƳ ÛĤĩ 
ƠǩƘƭƘǵǻ Øς  ǷØÍς ƘǎƱ Ƿǻ Åς  ǨŨǁ ƷƳ ǷĤĪ ƳǷƷǷǻ  ǳƴǵƘǂǭ ǧƸƢǲŧ
ǭǼƴǱǸǁ. 

ƘƢǱ Ǵƛ ǴƩǸơ Ƙƛǽ ƨǴƛƠƽƳǳƴǭƋ Ɨ ƷƳǽ ǴǒƭȆǭ ƠǩƘƭ ǰǭǼƳǸǁ  Ǵŧ
ƗƸŬǮǵǼǽ ǨǭƘŧ Øρ  ƹƗ ƼřĪĨ/Ħ ǱƘƥǾƗƸŬǮǵ Ƿ ǴǼǽ Øς  ƹƗ ƼřƸǢơǽ ŷƜĤ ǱƘƥǾ Ǵ
 ǟƘǞơƗǭǼƴƢǝƗƳǷƷǷ .ǻ Ǳ ǧƸƢǲŧǾ ǨŨǁ ǠƛƘǎǭ ƺĤĪ ǴƛƟƷǸǅ  ƷƗƴǢǭ Ǵƛ ǫƸǱ
ƢƛƘƥǼ ǭǾ ǨǭǼƴǲŧ. 

0( ¤ýĊĂ¬ñĊ¾ć 

ǁǷƷǼ ƗƸƛ Ǭǒǲǭǻ ƭƗƸǍǼ ǽ ŦǧƸƢǲŧǳƴǲǲŧ ƜǎơǾǢǼ ƗƸƛǻ ǳƳƗǸǱƘƱƗǻ  ƹƗ
ƽǬƢƾǾǻƘǵ ǙǾǎƱƸǼ Ɨ ƷƳ .ƴǁ ǴƕƗƷƗǽǮƲơ Ǭǩ ŦǮŧ Ǵƛ ǴǩƘǢǭ ǰǾƗƷƘř ǰ ƸƢǭ
ǮǖơǾǬǽ ÛǴƢǝƘǴƛƷǸǍ Ɯǎơ ǯǸǱƘǡ ǬǒǲǭǾ ǧƸƢǲŧ Ƿ ǠƠƽƳ Ǵƛ ǁ ǳƳƷǷƋ Ƿ ǳƴ
ǬǵǲšǰǾ ƘřǽƷƗƴǻ ƽǾ ǧƸƢǲŧ ǬƢƾƟƘƜƥƗ ǳƴǁ ƘƢǱ Ǵƛ ǴƩǸơ Ƙƛ .ƠƽƗǽ ƨ
ǴƛƠƽƳǳƴǭƋ  ƹƗƜǁǴǾǻƹƘƽƘǵ  ǳƴǵƘǂǭǭǼƳǸǁ  ǴŧƘƛ ƳǸƩǷ ƘǵƸƢǭƗƷƘřǻ 
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ǖǭƘǱǾǚƢǭ Ƿ ƠƛƘƥ ǰǾ ƸƘƛ ǯƘǭƹ ƽ ƷƳ (ǴƢƾǵƋ)ǾƩǷƸƱ ÛǬƢƾǼ ǲŧ ƹƗ Ƽř ÛǧƸƢ
Ƙřǽ ǧƘƜǱƳ ƗƷ ǔƩƸǭ ƷƗƴǢǭ Ƿ ƷƗƴǭǼƴǲŧ .ƢǱƷƳǾƘǎƱ Ǵƪǻ ƳƷǽƛƘǼ ƠǮƽ Ǵƛ 

 ƗƸŬǮǵ ƸǞǅǭǼƳǸǁ .ǬǵǲšǰǾ Ɯǎơ ǯǸǱƘǡ Ǵƛ ǴƩǸơ ƘƛǾ ǠǴƛƠƽƳǳƴǭƋ 
ƘǵƸƢǭƗƷƘřǻ ǮƲơǾƳƘǢǭ Ǵƛ ǰǽƴƩ Ƹǽǒǲơ ƴǾ ǬǭǼƴǱǸǁ. 
ǧƸƢǲŧƜǎơ ǳƴǲǲŧǾǢǼ  ÛǨǅƘƭǚơ Ǵƛ ưƽƘř ƷƳ ƗƷ ƿƷƘƢǝƷǾǾƳ ƸǽǲǭƘǾ Ŧ
ƗƸǝǽ Ƿ ƴǲƿƘǂƢǙƗƘǵǚơ ÛǾǾǭ ƸǼ.ƴǵƳ ƽƷƸƛ Ƿ ǳƴǵƘǂǭ ƘƛǼ ƘƢǱǽƘǵƷƘŧ ƨǻ 
ǪƜǡǼ Ɨ ƷƳ ǴƢǝƸū ƟƷǸǅǽǭƹ ǰǾƗ Ǵƛ ÛǴǲǽƢǱ ǰǾ ǴƪǭǼƽƷǾǬ ơ ƷƳ ǴŧǭƘǮǼ 

ƗƸŬǮǵ ǴǪƖƾǭ ƘǵƷƘŧǼǽ  ƘǭƗ ƠƽƗ ǳƴǁ ǠǢƮǭ ǔƩƸǭ ƷƗƴǢǭǴƢŨǱƗǻ  Ǵŧ
ǭǼǯƗǸơ Ɨ ƳƸŧ ǳƷƘǁƗǽ Ǵŧ ƠƽƗ ǰǽƗƸŬǮǵ ƘǼǽ ǴƛƟƷǸǅ ǝƸŬǱ ƟƷǸǅ ǨǭƘŧ ǴƢ
)ǽǲǖǼ ƘǎƱǻ ƗƸŬǮǵǼǽ ăȆǭƘŧ  (ƠƽƗ ǳƴǂǱ ƸǞǅǽƗƸŬǮǵ ƠǕƸƽ ƘǼǽ ŧ Ǭ
ǭǼƴǁƘƛǴǪƖƾǭ . Ƴǽǚơ Ƿ ƿƘǂƢǙƗ ƳǸƩǷ ƸŬǾǾƴǁ ƟƗƸǽƽ ƷƳ ƴǾǧƘǲŬ  ǧƸƢǲŧ
ǭǼƗ ƷƳ .ƴǁƘƛǽƘƢǱ Ǵƛ ǴƩǸơ Ƙƛ ǴǩƘǢǭ ǰǽ ƹƗ ǨǅƘƭ ƨƜǁǾǴƹƘƽǻ ǳƴǵƘǂǭ 
ǭǼƳǸǁ ƗƸŬǮǵ ǴŧǼǽ Ǵƛƶř ƟƷǸǅ ǨǭƘŧ ƟƷǸǅǽ ÛǴƢǝƸǬǵǲšǾǰ ƠǕƸƽ 

ƗƸŬǮǵǼǽ ƽ ǨŨǁ .ƠƽƗ ǧǸƜǡ ǨƛƘǡǾ ǴǱǸūƸǵ ƹƗ ƷǷƳ Ǵƛ ǧƸƢǲŧ ǧƘǲŬ
ǚơ Ƿ ƿƘǂƢǙƗǾǾƹ ƟƗƸǽǪŨǁ ÛƳƘǼ ƘƢǱ Ǵƛ ǴƩǸơ Ƙƛ .ƳƷƗƳ ǧǸƜǡ ǨƛƘǡ Ƿ ǫƸǱǽ ƨ
 ƹƗ ǨǅƘƭƜǁǾǴƹƘƽǻ Ɨ ǴƛǽƢǱ ǰǾ ǴƪǭǼƽƷǾǬ  ǴŧǧƸƢǲŧǳƴǲǲŧ ƢǱǾ Ƿ Ǵƪ

ǩǸƜǡ ǨƛƘǡ Ƿ ƙǸƱ ƳƸŨǪǮǕǼ .ƳƷƗƳ 
 

 
(a) 
 

 

 
(b) 
 

ôîÉ /5 $a #¢õw³wăć ὀ  ÿὀἵ v¿v Ăzć ÅĊ  Ăö~ Ü«¾ù ówþò 

$b  #Ἥ ὀ ὀἵ 

 
(a) 

 
(b) 

ôîÉ 05 $a #¢õw³wăć ὀ  ÿὀἵ v¿v Ăzć ÅĊ Ăö~ Ü«¾ù ówþò 

$b  #Ἥ ὀ ὀἵ 

 
ôîÉ 15 ¹ÿ½ÿć  ó¾¤þíu  

 
ôîÉ 2â£ 5ĊĊ ¾¤ùv½w~ ¡v¾l ûwù¿ Ăz ¢{Æý #óÿºýw~ óĀÕ$ 
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)a( 

 
)b( 

ôîÉ 3$ 5a #¢õw³wăć ὀ  ÿὀἵ v¿v Ăzć ÅĊ  Ăö~ Ü«¾ù ówþò 

$b  #Ἥ ὀ ὀἵ   ¾¤ùv½w~$l â¤ùĊ #ûwù¿ wz ¾ 

 
)a( 

 
)b( 

ôîÉ 4$ 5a #¢õw³wăć ὀ  ÿὀἵ v¿v Ăzć ÅĊĂö~ Ü«¾ù ówþò  

$b  #Ἥ ὀ ὀἵ   ¾¤ùv½w~$l â¤ùĊ #ûwù¿ wz ¾ 

 
ôîÉ ,+¹ÿ½ÿ 5ć  ó¾¤þíu $ ¾¤ùv½w~l â¤ùĊ ¾ûwù¿wz# 

 

 
ôîÉ ,,â£ 5ĊĊ ¾¤ùv½w~ ¡v¾m ûwù¿ Ăz ¢{Æý #óÿºýw~ ÷¾«$ 

 

 
)a( 

 
)b( 

ôîÉ ,-$ 5a #¢õw³wăć ὀ  ÿὀἵ v¿v Ăzć ÅĊ  Ăö~ Ü«¾ù ówþò 

$b  #Ἥ ὀ ὀἵ   ¾¤ùv½w~$m â¤ùĊ #ûwù¿ wz¾ 

 
ǮƲơ ǬǩǾǰ ƗƸƛ ƸƢǭƗƷƘřǻ ƢǩƘƭǼ Ǵƛ ƘǎƱ Ǵŧ ƟƘƜƥƗ Ƙƛ ƠƽƗ ƷƗƳƸƛ ƟƷǸǅ
Ǯǖơ ǨǭƘŧǾǬ Ɨ .ƴøøǁ ǳƳƗƳǽǰ ƘǵƳƸƛƷƘŧ Ǭǩǻ ƳǽƸŬǻ ǱǾƺ ǭǼƴǱƗǸơ  ǴƢøøǁƗƳ

ƗƸƛ ǯƋ ǴǱǸǮǱ ǷƳ Ǵŧ ƴǁƘƛǻ ƽ ǴƢƽƳ ǷƳǾǬƢƾ ǎƱǼ .ƴǁ ǳƳƷǷƋ 



ĤĩĥĦ /ǴǪƪǭ  ÛƺǽƸƜơ ǳƘŬǂǱƗƳ ǟƸƛ ǼƽƴǲǶǭ ƴǪƩħĪÛ  ǳƷƘǮǁħ ǯƘƢƾǭƹ ÛĤĦĬĩ                                                           ǧƴǭ ǻƹƘǝ ǼǢǾƜǎơ ǧƸƢǲŧ. . . ǔƩƸǭ 

Tabriz Journal of Electrical Engineering, vol. 47, no. 4, winter 2017                                                                                                               Serial no. 82 

 
)a( 

 

 
 

 
)b( 

ôîÉ ,.$ 5a #¢õw³wăć ὀ  ÿὀἵ v¿v Ăzć ÅĊ  Ăö~ Ü«¾ù ówþò 

$b  #Ἥ ὀ ὀἵ   ¾¤ùv½w~$m â¤ùĊ #ûwù¿ wz ¾ 
 

 
 

 
 

 
 

 

 
ôîÉ ,/¹ÿ½ÿ 5ć  ó¾¤þíu $ ¾¤ùv½w~m â¤ùĊ ¾ûwù¿wz# 

 
)a( 

 
)b( 

ôîÉ ,0$ 5a #¢õw³wăć ὀ  ÿὀἵ v¿v Ăzć ÅĊ  Ăö~ Ü«¾ù ówþò 

$b  #Ἥ ὀ ὀἵ   ¾¤ùv½w~$m  ÿl â¤ùĊ #ûwù¿ wz ¾ 
 

 
)a( 

 
)b( 

ôîÉ ,15 $a #¢õw³wăć ὀ  ÿὀἵ v¿v Ăzć ÅĊ  Ăö~ Ü«¾ù ówþò 

$b  #Ἥ ὀ ὀἵ   ¾¤ùv½w~$m  ÿl â¤ùĊ #ûwù¿ wz ¾ 
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ôîÉ ,2¹ÿ½ÿ 5ć  ó¾¤þíu $ ¾¤ùv½w~m  ÿl â¤ùĊ ¾wz ûwù¿# 
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~Ċ¢ÅĀ 5ú¸£ øõ ¡w{§vĊ ¾¤ùv½w~ üúÞ£ĊøĉĂ¤åw 

 
ǲŧ ǇƸǝǾƘǮǱ ƴǽƘǊǝ ǀǻ ) ƠǩƘƭħ (ǴƛƟƷǸǅ ƹǽ:ƴǁƘƛ Ƹ 

)ĩĨ( ( )
.
x Ax b k V

TE c x

ë
î= +
ì
î =í

ū 

 ǴŧƘƪǱƋƹƗƴƜơ ǔƛƘơǽ ǨH(p) ÛSPR ǰǮǩƘŧ Ǭǩ ǠƜǍ ÛƠƽƗ-ǽǷǸƛǸŧƘǽ ŠP 

 ǷQ ƸơƘǭƼǽǻƘǵ ǖǭ ǯƷƘǢƢǭ ƠƜƦǭǾ ƴǱƷƗƳ ƳǸƩǷ ǰǴƛƷǸǍǻǴŧ:  

)ĩĩ( 
TA P PA Q

Pb c

+ =-

=
 

ǲŧ ǇƸǝǾǩ ǔƛƘơ ƴǾ ǛǸǱƘřƘǽ ǔƛƘơ ŦŧƗǾŸƴ  ƠƜƦǭǴƛƟƷǸǅ ƷǴǎƛƗ 

)ĩĪ( ( ) ( ),
kT TW x x Px tr= +
g

ū ū ū 

ƴǁƘƛÜ  ǠƢǂǭƋƽ ƳƗƴƢǭƗ ƷƳ ǯǾƹƗ ƠƽƗ ƟƷƘƜǕ ǬƢƾ: 

. . . . .T T
kT TW x Px x P x tr

å õ
æ ö

= + + +
æ ö
æ ö
ç ÷

g
ū ū ū ū               
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T T T T T Tx A P PA x kV b Px kx Pb V
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å õ
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)ĩī( ( ) ( )2

2
kT T T T Tx A P PA x kE V tr EV
å õ

= + + + -æ ö
ç ÷

f g
g
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 Ǵƛ ǴƩǸơ ƘƛǷǼūŤǽǻƘǵ trace  
)ĩĬ(   ( ) ( )tr AB tr BA= 

)Īģ(  foranyA, n nB ³     ( ) () ()tr A B tr A tr B+ = + 

)ĪĤ(  1foranyx, ny ³                    ( )T Ttr yx x y= 

ƢǱǾ ǴƪǭǼƳǸǁ: 

 ( ) ( )
.

2 2 trT T T TW x A P PA x E V k EV= + + -ū ū 

 
                        

2 2T T Tx Qx kE V kV E=- + -ū ū   
)Īĥ(                                                  0Tx Qx=- ¢ 
ƗƸƛƘǲƛǽǊǡ ǠƜǍ ǰǾƘř ǴǽƷƗƴǻ ǩǾƽ ǛǸǱƘřƘǾ ǬƢƾƸǖơǽǜǳƴǁ ƘřǽǪŧ ƷƗƴǼ 
 .ƠƽƗǬǵǲšǰǾ )ī) Ƿ (ĬƗ (ǽ ƙƘƪǭǼƴǲŧ  Ǵŧū  ǷE ǯƗƸŧƷƗƳ ǪŧǼ ƴǲǁƘƛ . 

 ƸūƗ(t)W ǯƗƸŧƷƗƳ ƴǁƘƛ Û
.
x ǱǾ ƺǯƗƸŧƷƗƳ ǭǼƳǸǁ ÛƢǱƷƳǾǴƪ 
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¿ĉĀý¾ĉÄwă 

1 Affine 
2 Sliding mode control 

3 Strictly positive real 

                                                 


