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■ 1 � A I E � H � 7 ( ) � � � 3 F � � ? I � 0 �  + , � % � � �

J 2 �  	
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■ 2 ? � $ � � D 9 R + r � @ B �  > � 3 1 � A I E � � $  E � �

� � N + �  	 �  + 3 D 9 R + r � � $  E � � � � �u� er = e� yR ) �1r + 1R� e = ur+ yR ) e = rRr +R �ur + yR� (2)
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■ % � � � � ? � I � + 3 2 ? � �  	 $ � � 3 F = � � � % � �yu = � Rr + r+RA (4)
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�ArRr+R+ yu
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■  B � : 9:989� 9:8819:881 � 1:09%
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_x(t) = dxdt ; �x(t) = d2xdt2
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/ � 1 � B � 4 � � 3 � J 5 7 � 9 . � � B � � $ � � � � 9 � �
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■ 6 � � f � S � v � � T � H U $ V $ � W R � I � �

■ X Y Z [ \ ] ^ �

_ � ` a $ S � � b � $ c � d e � f g 4 7 � h � i j k 5 7



5 3 7 $ 4 K M A � J � � B

15 / 284
■ x(t) 1 � 0 � f(t) 1 � I T � 2 � � � � h � � � � �

■ ? 3 F � 	 
 � � �
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■ M � %  �  " ! K � � � � ? ! f(t)� �  ! y � %  � � 0
■ 2 8 � � @ � k 8 � � � �

■ %  M � � �  � A O 1 f +Mg �Ky � $ � � - � �

M �y = f(t) +Mg �Ky(t) ) �y + KM y(t) = 1Mf(t) + g (6)

■ / � 3 F k 5 7 1 � 0 y(t) � 4 � � * 3 i j k 5 7 � 9 � �

yfMK M Mg
Ky
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■ L B E ! > � � 1 F J � < � � � � g � 4 � ! 0 $ � � I � � � � �

■ 	 L ! 
 � � � � � � $ � � � 1 F J � < T � $ � � � T 
■ � � ! �  f = 0 � ! �  � � � � H �  � � 9 � � � � T � � � 0�y = y � y0 � � � � 1 F J � < � N � � � � � �
■ � 9 � � � � � � 0 � y0 � � � � ! Mg = Ky0 � @ N � � � ��y = �y

� @ N � � � ! J � < M �y = f(t) +Mg �Ky(t) T �M �y = f(t) +Ky0 �Ky(t) ) M��y = f(t)�K�y��y + KM�y(t) = 1Mf(t) (7)

■ 7 O ! �  � � � 9 � � T � � � 0 �y � � � � � ! �  � 1 F J �

< T � � � � � 
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■ M1 � M2 & 2 $ ( 4 6 ?  � @ � ( � > 8 � 6 � � � ( �
■ 4 � @ $ : ) � M � H � M $ K B / � M1 ) M2 4 $ � � � % � � ' N

< & 2 � ( 4 � � � � ' F �  ) J 8 ' 5  � ( 	 
 & C 0

M1�x = D( _y � _x) +Ks(y � x)�Kw(x� r) (8)M2�y = �D( _y � _x)�Ks(y � x) (9)

yx
Kw(x� r) Ks(y � x)D( _y � _x)

Ks(y � x)D( _y � _x)
M2M1
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■ � � � � ! � � � � % � � ) 	 � � � � ) % � �

■ �(t)! 
 � 3 ) � ! 3 I / � 2 $ ( � � �

■  � K B

� @ � � � � � J � �(t) = J ��(t)

� � � � � K � �(t) = K�(t)

� � � D � �(t) = D _�(t)
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■ � � � � ! D 9 R ) % � � � 	 C 
 % + � L

D 9 Rv(t) = Ri(t) % + � Lv(t) = Ldi(t)dt % � � � 	 Ci(t) = C _v(t)
i Cvi R i Lvv

■ � � 
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iR(t) = 1Rv(t)iC(t) = C _v(t)iL(t) = iL(0) + 1L Z t0 v(�)d� �
+viR iL CR L iCi "

■ � % � � � � $ � N K B � M � � 
 !

i(t) = iR(t) + iC(t) + iL(t) = 1Rv(t) + C _v(t) + 1L Z t0 v(�)d�

■ > < $ N � � H � � � @ � � � 
 ! : = E � � $ # 3 H � J D < �

� � ! �v(t) + 1RC _v(t) + 1LCv(t) = 1C di(t)dt (10)



1 = 1.2

25 / 284

2 ? � < � 1 ; A I 4 
 O � $ � � ! A I G � 
 F I D 9 � = � � B � �

� � ! 1 ; A I 4 F I � N � � � N 5 � � 0 v � � � � 0 
 9 � � 
 � !

� N y � 1 ; A I 4 $ � N � 0 	 � � ! � $ > B J D 
 � � � ! � $ 
 O

� @ � 4 $ L 3 � 2  � � 	 � < � !
CRu yv i+�



1 = 1.1 $ 2 E

26 / 284
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■ E 5 � O ' � � � � ? $ H : M � � � 1 : E � v � < � �

v(t) = K!(t) ) i(t) = u(t)� v(t)R = u(t)�K!(t)R (11)

■ 5 3 I J :� � � � � ? < � � 	 � � O ��(t) = Ki(t)
■ � � � �(t) = J _! +D!(t) = Ki(t) (12)

■ 
 (11) � (12) � B / � � � � � � � � # 3 
 J � �  � F �

_! + K2 +RDJR !(t) = KJRu(t) (13)
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■ # � M J ? F 	 $ � F � �  '

�y + KM y(t) = 1Mf(t) (14)

■ � $ # 3 
 J � �  � # 3 
 J � �  � E 2 � 4 � �
■ � $ � � � M C 	 � Q _y(t)( C J ) � 
 / � M x1 = y M x2 = _y � � � !

■ � � � M �  x2 = _y = _x1 � � _x1(t) = x2(t)

� � M _x2 = �y 5 � � F � �  � � # 3 $ 
 J � �  � F � � � !

_x2(t) = �KMx1(t) + 1Mf(t)

■ 
 / � � � � � � � Q x1; x2 � % � � � $ � � � � � !
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■ � � � $ > B � % � � O � � � � �

x(t) = � x1(t)x2(t) �

� = � � M � � $ F � $ O 	 # 3 
 J � �  �

_x(t) = � 0 1�KM 0 �x(t) + � 01M � f(t) (15)
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 � � % � � O � 4 � � # 3 
 J � �  � = � � !

■ � $ 
 � �  � � � J D � � � � ! x(t) � � �  � � � � � � !



> B J D <

31 / 284
■ > B x(t) 2 R n ! F � u(t) 2 Rm ! = � y(t) 2 R p � ; � @ 7 �_x(t) = Ax(t) +Bu(t) (16)y(t) = Cx(t) +Du(t) (17)

� $ � ! (A;B;C;D) � E � � � 8 � ; � � Q 9 N � � � !

■ > B $ Q n � % � � � $ < � � � � !

■ � $ 
 � � 
 � 4 	 � I 
 � � � � � � � � � � � !� _xy � = � A BC D � � xu � (18)

■  � � � J � � M � � 8 @ 7 % � � � � � ! E � � > B % � � % � A

� � !  (16) � I 
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_x(t) = Ax(t) +Bu(t)y(t) = Cx(t) +Du(t)



> B $ A $ J

33 / 284
■ > B � D < � 	 � � $ � ! � � > B � E � � A � I M � � � !
■ > B $ � ! � � � � � 1 F � @ � # 3 � O 	 H � � D < � I � � � �

I M : � � � � ? � � � !

■ 	 
 K � � 4 � � � > B � D < � 	 � � $ �
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■ , - � � � � 	 
 � / � � A � �z = [z1 z2 z3 z4℄T = [x _x y _y℄T) _z1 = z2; _z3 = z4; _z2 = �x; _z4 = �y
■ 1 F � D  / �

_z2 = �Ks +KwM1 x� DM1 _x+ KsM1y + DM1 _y + KwM1 r= �Ks +KwM1 z1 � DM1z2 + KsM1z3 + DM1 z4 + KwM1 r_z4 = KsM2x+ DM2 _x� KsM2y � DM2 _y= KsM2z1 + DM2 z2 � KsM2z3 � DM2 z4
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■ : 8 � 9 ( ) * 	 & $ � � � � � � D  � � � � � � 9 , - � D 

_z =
2664 0 1 0 0�Ks+KwM1 � DM1 KsM1 DM1x40 0 0 1KsM2 DM2 �KsM2 � DM2
3775 z +
2664 0KwM100
3775 r (19)

� F * ) � !

■ = ; T V � < B � � 0 y(t) � y = [0 0 1 0℄z (20)
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# < M E ? F 7 � , - � D  	 F � !

M1M2
y1y2 K1K2 D u

$ � � 9 1 F � D  �M1�y1 = u�K1(y1 � y2)�D( _y1 � _y2)M2�y2 = K1(y1 � y2) +D( _y1 � _y2)�K2y2

T � � * ) � !
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F = � $ 1 F J D  M1�y1 = u�K1(y1 � y2)�D( _y1 � _y2)M2�y2 = K1(y1 � y2) +D( _y1 � _y2)�K2y2

	 @ M $ � �

�y1 = �K1M1y1 + K1M1y2 � DM1 _y1 + DM1 _y2 + 1M1u�y2 = K1M2y1 � K1 +K2M2 y2 + DM2 _y1 � DM2 _y2

, - � ? 	 x1 = y1; x2 = y2; x3 = _y1; x4 = _y2

� � � �



1 = 1.3 $ 2 E

38 / 284

_x1 = _y1 = x3_x2 = _y2 = x4_x3 = �y1 = �K1M1x1 + K1M1x2 � DM1x3 + DM1x4 + 1M1u_x4 = �y2 = K1M2x1 � K1 +K2M2 x2 + DM2x3 � DM2x4

� � � � 7 
_x =

2664 0 0 1 00 0 0 1�K1M1 K1M1 � DM1 DM1K1M2 �K1+K2M2 DM2 � DM2
3775x+
2664 001M10
3775u
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■ % � % � � � ^x(x) = L[x(t)℄ = Z 10 x(t)e�stdt (21)

■ % � % � � � � � K 8 

L[1(t)℄ = 1sL[Æ(t)℄ = 1L[e�at℄ = 1s+ aL[sin!t℄ = !s2 + !2L[os!t℄ = ss2 + !2
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■ X(s) = L[x(t)℄ � $ � � $

L �Z t0 x(�)d�� = 1s ^x(s) (22)L[ _x(t)℄ = s^x(s)� x(0) (23)L[�x(t)℄ = s2^x(s)� sx(0)� _x(0) (24)L �dkx(t)dtk � = sk^x(s)� sk�1x(0)� s2 _x(0)� � � � � xk�1(0) (25)

L[tx(t)℄ = �dX(s)ds (26)L[e�atx(t)℄ = X(s+ a) (27)
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■ � � ! % @ 8 � � $ � 6 F N � < B 4 � � 7 � � � C L � $ $
■ = � B E 	 v(0) = 0 � � $ � 
  	 % � % � � � $ �M _v(t) +Dv(t) = f(t)) (Ms+D)^v(s) = ^f(s)
■ � � � ? � � N � F N � % � % � � � � H

G(s) = ^v(s)^f(s) = 1Ms+D (28)

■ � J J D  	 I 
 � $ F � N � 7 � Laplae � � �  � � ? � 7 � �

� 
 � � 0 $ � M � � � � � � � �

■ � � � ? � F � N � � � � � � � � � � < ? �  " 	 # & � � ' � '

( � ) * + , - . / 1 D 	 2 � �
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■ 0 H � � F N u(t)� � N y(t) � � � � � � E C 4 ? �

G(s) = ^y(s)^u(s) (29)

	 � � $ � � �

■ B F � N 7 � > 9 � E C � N �^y(s) = G(s)^u(s) (30)

� K � $ � ? � � G(s) 	 D 5 
 � � �
■ � � � ? ( � � ) � D 5 � $ J �  � � � � � � ? � F N ( � N � � 7

� � � I � � � 	 � � � � � F I 
 � � = � � ( � N � � 7 � I 8 �

� $ � $ � =  � � � � � ? I 8 	 � 1 � = � 
 � � � ( 2 D � � $

� � ' � ' ( � C � 
 � � $ �
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■ DC � ! � � 1 F J D <

_!(t) + K2 +RDJR !(t) = KJRu(t)
■ � = � > 7 � 2 	 � < � N J � Laplae � � $ � (

s^!(s) + K2 +RDJR ^!(s) = KJR ^u(s)
■ @ M $ � ( � E 0 F N � $ 3 B E � N & 	 � � � � ? �^!(s)^u(s) = K=JRs+ (K2 +RD)=JR (31)

( � � �
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■ LCR � � � � $ � � J J D <

�v(t) + 1RC _v(t) + 1LCv(t) = 1C di(t)dt
■ N J � $ $ � Laplae � � � � �

s2^v(s) + 1RCs^v(s) + 1LC ^v(s) = 1Csi(s)
■ @ M $ � ( � � � ?

P (s) = ^v(s)^i(s) = s=Cs2 + s=RC + 1=LC (32)

� F � �
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■ = � 
 � x(0) = 0 � � ( 	 
 � J � < � Laplae � � � �_x(t) = Ax(t) +Bu(t)s^x(s) = A^x(s) +B^u(s)) (sI � A)^x(s) = B^u(s)) ^x(s) = (sI � A)�1B^u(s)
■ 
 $ � � K < � ^y(s) = C^x(s) +D^u(s) � � F � �^y(s) = [C(sI � A)�1B +D℄^u(s)

■ F � N 4 � � � � � G(s) = C(sI � A)�1B +D (33)
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■ � � $ � � � % � � � 
 � J � < � M � $ � � � � � � � � � � � <

< 	 7 ; 	 $ � �

G(s) = C(sI � A)�1B +D = C adj(sI � A)det(sI � A)B +D
■ 5 � � � � � � � M � $ � � > 9 � B 1 � � 
 � J � < � � � � ' (

� 2 G � 2 � � ' � ' ( � � 8 ( � � �

■ 
 � 6 4 	 8 � � � � 
 K � 0 $ ! � 5 > � 2 @ �  2 � � � = 7 �

� � �

■ � � � � � � MATLAB � � � �

[a,b,,d℄=tf2ss(num,den) � � � � � � � � J � <  [num,den℄=ss2tf(a,b,,d,iu) � � J � " � � � � � �  
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■ J M � � � � 0 � � � � 	 � 
 � J � " � M � � �  !

■ E N ? � !

L � � � B < � � � � � F � u � 2 �  � � � � � � ? � � � � 3 �

� B < � � C y � @ � �  � �

mg

M Vu
H

θ

y

■ H � V ! B < � ? � �  " # & ' 8 � 1 D ' 8 ( �



E N ? ; ! J � 1 F

48 / 284
■ ? � @ C < � ( 2 � � � y + l sin � � = � � � l os � � $  ! � � � �

H = m d2dt2 (y + l sin �) = m�y +ml�� os � �ml( _�)2 sin � (34)V �mg = m d2dt2 (l os �) = ml[��� sin � � ( _�)2 os �℄ (35)

■ B < � � �  � � ' D "M �y = u�H ) M �y +m�y +ml�� os � �ml( _�)2 sin � = u (36)

mg

M Vu
H

θ

y
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■ � � ! � � ( K B � 2 � 	 N ( 4 @ : I 7 � 
 � � ( �  N �
■ � � ! � � ( K B � ; �  � � � �  � � � � � B < � < � m ( J ?

� � � � A � �M �y � �m�y � � � � 
 " � M � $  !
■ �  � � < � m �  " � � � � � � (mg sin � �m�y os �)l � �  ! ?

� ( 4 @ � ! � � � � ml2 � $  ( � � � � � � ( ' D " �ml2�� = (mg sin � �m�y os �)l (37)

� �  ! � � � � � � � ( � � 	 � � � � � � � 	 ( 
 � ' D " �

$  !

mgm�y
HV �
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■ � � 	 7 ( & � � � � � � $ � ( 
 � C � N � $  � �

M �y +m�y +ml�� os � �ml( _�)2 sin � = uml2�� = (mg sin � �m�y os �)lV �mg = ml[��� sin � � ( _�)2 os �℄_�0 = _y0 = 0; ��0 = �y0 = 0 � � y0; �0 � F � u0 � 7 ; �  �u0 = 0; y0 arbitrary; 0 = mg sin �0l ) �0 = 0; �

� 5 �  !

■ > B � � � � � & � � � F � $ � � 0 0 � � � !

■ J M � � � � 3 � � 2 � � � � � 2 � ? � � ? � $  � � ? 2 � @ �

�  � � � 0 L �  !
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■ E N ? � � 
 � � @ 8 L � � ? � � ? � � N �  � � � � & � � �_y0 = y0 = _�0 = �0 = 0; u0 = 0 � �  !

■ $ ( 6 K � 
 � � � � (3 	 ) � (3 ) � 	 � = � � > � �
■ sin � � � � os � � 1 � � � # < 0 � ( 9 ( _�)2 � �( _�)2 � ��� � L ; �

�  !

■ � 	 6 � ( % � � �V �mg = ml[��� sin � � ( _�)2 os �℄ ) V = mgM �y +m�y +ml�� os � �ml( _�)2 sin � = uml2�� = (mg sin � �m�y os �)l) M �y = u�m�y �ml��; l�� = g� � �y

■ � 	 6 � � � �
�y = �mgM � + 1Mu; �� = (M +m)gMl � � 1Mlu
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@ 7 6 � � � E N ? ; ( > B ' D < $ 5 � � ! � � � � > B � � $x1 = y; x2 = _y; x3 = �; x4 = _�

� 
 � !

�y = �mgM � + 1Mu�� = (M +m)gMl � � 1Mlu
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� � _x1 = x2; _x3 = x4

$ � �

_x2 = �y = �mgM � + 1Mu = �mgM x3 + 1Mu_x4 = �� = (M +m)gMl � � 1Mlu = (M +m)gMl x3 � 1Mlu

% � � � 7 <2664 _x1_x2_x3_x4
3775 =
2664 0 1 0 00 0 �mgM 00 0 0 10 0 (M+m)gMl 0
3775
2664 x1x2x3x4
3775+
2664 01M0� 1Ml
3775u



B # > 9 � 2 @ ! % � � � $ F � $ C �

54 / 284
■ K � � � � @ 7 	 � 
 � � 2 @ 8  � 2 4 �  � 6 � N E � � � � �

�  < � � � � � L � � !

■ � � � � � � �  I 8 $ % " & � � � 8 ' ( ) M O $ M * � � � � 7

+ , � � - A � � . � � / � !

■ n 0 1 � m 3 5 � p = 5 � � � J D <� _xy � = � A BC D � � xu � (38)

/ � � � : ; � � � 0 ? G n � / � p�m � H P Q RG(s) = C(sI � A)�1B +D

� S T � � � U V 0 1 W X Y � � � � Z [ � � \
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1. ;  1 E � 7 �

■ Q R � ? 4 ?

■ @ J � � J K

■ % � % & � � � $ � J K2. 2 ( ) 

� � � 0 � � � � A �3. 2 4 � 

� D ? 9 + � � � � : 8 � �4. 6 � N E5. ;  1 E < B � � 	 � 66. ;  1 E � < � N E
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■ & % % H J J D < � N ! dxdt = ax

� ? J � K � * � �dxx = adt ) Z t0 dxx = Z t0 adt

) ln x(t)� lnx(0) = at ) ln x(t)x(0) = at

) x(t)x(0) = eat ) x(t) = eatx(0)

■ * � � ? 4 ? � � � � � � �
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■ % � � � � � � J D < � * . � ? 4 ? � 4 7 � � � $ �

■ eat � 
 " % E 3 !
eat = 1 + at+ 12!(at)2 + � � �+ 1k! (at)n + � � � (39)

■ Q R � � � D !
eAt = I + At+ 12!(At)2 + � � � + 1n! (At)n + � � � (40)

■ Q R � ? 4 ? �  < !(1) eA�0 = I(2) eA(t+s) = eAteAs(3) �eAt��1 = e�At(4) deAtdt = AeAt = eAtA
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■ eAt � D � < � N � � Laplae � � � � �

L[eAt℄ = 1sI + 1s2A+ 1s3A2 + � � � (41)

■ 9 : < (sI � A)(1sI + 1s2A+ 1s3A2 + � � �) = I (42)

� M � � � ! L �eAt� = (sI � A)�1 � = � � \
■ $ � � ! Q R � ? 4 ? � 0 < � : � �eAt = L�1 �(sI � A)�1� (43)

■ � � � � ! Q R � ? 4 ? � � Laplae � � � � � � � � G � 	 � \
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■ � � J D < _x(t) = Ax(t) (44)
■ Q R � ? 4 ? $ @ < (4) � $ � ! x(t) = eAtv G � $ < $ 0 H * � / � \

3 G _x(t) = deAtdt v = AeAtv = Ax(t)
■ = 4 � � x(0) $ . � � v = eA0v = x(0) � � � $ � ! � � J D < $ *x(t) = eAtx(0) (45)
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■ 0 H * $ D ? � � K � F = � 	 � \ � � � ! 3 5 $ 1 6 � N 3 5 1 E

$ 7 ? G x(0) + � x(0) + w(t) � � � � � � Z T ! � � J D < (38) $

* � x(t) = eAt(x(0) + w(t)) ) w(0) = 0 (46)

� � � \

■ � � � � � J D < _x = Ax+Bu � ' 3 � � � � � $ � � w(t) � �

� � \ AeAt(x(0) + w(t)) + eAt _w(t) = AeAt(x(0) + w(t)) +Bu(t)) _w(t) = e�AtBu(t)) w(t) = Z t0 e�A�Bu(�)d�

) x(t) = eAtx(0) + eAt Z t0 e�A�Bu(�)d�
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■ � � J D < (38) $ 0 H *

x(t) = eAtx(0) + Z t0 eA(t��)Bu(�)d� (47)

■ � � ! = 4 � � � $ � B # 9 � 3 5 � $ � B � 9 $ O � $ � � � � \

� � $ W X % � � 	 $ � � � 
 � ! = � � �  $ 8 M � � � � � \

■ = 4 > � � x(0) = 0 $ � � $ 1 E � N � � 1 E � � � (� < B � 9 )
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■ = 4 > � ! x(0) = [1 0℄T ! � N ! u(t) = Æ(t)(C 0 % � � � � )
■ ! =pK=M � � � � ! > � J D < $ 7 � 9 � $

A = � 0 1�!2 0 � ; B = � 01M �

� = � � !

■ $ � � !
(sI � A)�1 = � s �1!2 s ��1 = � ss2+!2 1s2+!2� !2s2+!2 ss2+!2 �

■ � Laplae � 4 � � � �

eAt = L�1 �(sI � A)�1� = � os!t 1! sin!t�! sin!t os!t �
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■ � � � < (47) � B � � � 7 ; � � � ! > � $ � �

x(t) = eAtx(0) + Z t0 eA(t��)Bu(�)d� (48)

= � os!t�! sin!t �+ 1M Z t0 � 1! sin!(t� �)os!(t� �) � Æ(�)d�

= � os!t+ 1M! sin!t1M os!t� ! sin!t � (49)

� 5 � � ! � � � ! @ J � 7 ; � % � � % � ? 9 � 	 
Z t0 f(�)Æ(�)d� = f(0)

� � � � !
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< � @ 7 % � � 	 � 2 � 5 $ $ !

_x = � 0 1�1 0 �x; x(0) = � 01 �

� � ! MATLAB � � 4 > � x(0) = [0 1℄T � � � � 7 ; � ! 2 � 2 � H 3

 $ !
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� $ (sI � A)�1 = � s �11 s ��1 = 1s2 + 1 � s 1�1 s �

� � �
^x(s) = (sI � A)�1x(0) = 1s2 + 1 � s 1�1 s � � 01 � = 1s2 + 1 � 1s �

$ � � x(t) = � sin tos t � ; t � 0

MATLAB % � � � 	 ! hm21.mA=[0 1;-1 0℄; %7 � 9 � � � Nx0=[0;1℄; %� 4 > �initial(A,eye(2),eye(2),zeros(2,2),x0) %� 4 C � � � 7 ;
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■ 8 < (47) � M � � � � � 	 ! > B � � � � � 
 � Laplae � 4 � � �

7 ; � � � � � �  � ! < : ! > B J D < (38) � Laplae � 4 � � � !s^x(s)� x(0) = A^x(s) + B^u(s)) (sI � A)^x(s) = x(0) +B^u(s)) ^x(s) = (sI � A)�1x(0) + (sI � A)�1B^u(s) (50)

� F = � � � !

■ � � � 5 Laplae � 4 � � � � � > B � 2 x(t) � 7 ; �  � !

■ � � N � � ! ^u(s) = L[Æ(t)℄ = 1 $ �

^x(s) = (sI � A)�1(� 10 �+ � 01M �) = � ss2+!2 + 1M 1s2+!21M ss2+!2 � !2s2+!2 �

5 Laplae � 4 � � � � A � � � 2 � 5 � � !
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@ 7 % � � �

_x = � 0 1�2 �2 �x+ � 11 �u; y = [1 2℄x

� C 0 � � � % = N � � � 5 $ $ ! � � � ! x(0) = 0 � $ � !

■ � $

(sI � A)�1 = � s �12 s+ 2 ��1 =
� s+ 2 1�2 s �s2 + 2s+ 2

■ E � 4 �
G(s) = (sI � A)�1b = [1 2℄

� s+ 2 1�2 s �s2 + 2s+ 2 � 11 � = 3s� 1(s+ 1)2 + 1
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■ $ � � ^y(s) = G(s)^u(s) = 3s� 1(s+ 1)2 + 1 1s
■ I J J � E 3 ^y(s) = as + bs+ (s+ 1)2 + 1
■ 7 � � 7 ; a = lims!0 s^y(s) = lims!0 3s� 1(s+ 1)2 + 1 = �12

0 J ! (b; ) = (1=2; 4) � < < � 7 � H 3 $ � $ � F � � � !3s� 1s(s2 + 2s+ 2) = �1=2s + bs+ s2 + 2s+ 2 = �(s2 + 2s+ 2)=2 + s(bs+ )s(s2 + 2s+ 2)
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■ = � �

^y(s) = �1=2s + (s+ 1)=2(s+ 1)2 + 1 + 7=2(s+ 1)2 + 1) y(t) = �12 + 12e�t os t+ 72e�t sin t

1 � L B 2.2 � � � ! hm22.mA=[0 1;-2 -2℄;B=[1 1℄';C=[1 2℄;step(A,B,C,0) %� � � % � � $ 7 ;
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< � @ 7 % � � � � 4 $ � @ L � � � $ !

_x(t) = � 0 11 0 �x(t) + � 01 � u(t); y(t) = [1 1℄x(t)

(a) x(0) = 0! u(t) � 1; t � 0 � > 9 , � $ > B x(t) � � � $ Laplae J 4

� 5 $ , � � � � = N y(t) � � � $ 5 $ � � � ! � � , � � F � � � �

� � D $ H 3 � $ !

! 2 � � (a)
(sI � A)�1 = � s �1�1 s ��1 = 1s2 � 1 � s 11 s �

$ �
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^x(s) = (sI � A)�1b^u = 1s2 � 1 � s 11 s � � 01 � 1s= 1s(s2 � 1) � 1s � = " 1s(s�1)(s+1)1(s�1)(s+1)
#

= " �1s + 1=2s�1 + 1=2s+11=2s�1 + �1=2s+1
#

) x(t) = � �1 + 12et + 12e�t12et � 12e�t � ; t � 0

$ � � ! = N � y(t) = x1(t) + x2(t) = �1 + et

� � � ! y � e�t � 9 $ 4 � � � ! (hm24.m)
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■ % � � � $ � � $ � A D $ � � ! F N � � � � � � ? 9 $ K � � � $

� � � � � � I M � $ � ! % � � � � I � ? 9 � $ 
 � > B � $ � �

� � � � � � � ! � $ % � � � � > B $ G 0 � � � �  � I M � $ � !

� 5 1 G 0 � 	 � � � � � 4 > B x(0) = x0 ! 
 � ; 9 tf > 0 �  = C

> B xf � B � ! < (38) � 2 � x(tf ) = xf $ � � $ $ � � $ � 
 3 � F Nu(t) � � : $ � � ! < (38) � % � � � $ � � � (A;B) � � � � � $ � $

� � ! � � � � � > 9 � � � � � � $ � $ � � !
x1

x2
0

x0
xf
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� M 1 0 2 � L B � E � � $ � !(1) (A;B) � � � �(2) � � � 9 N C � 9 % � � � �C = � B AB � � � An�1B � (51)(3) 9 N [A� �I B℄ � G 0 � � 2 C � B � � 9 % � � � �(4) A � $ 
 � � 8 
 C � � � � � 9 N [A� �I B℄ � 9 % � � � �

■ � � � @ � > B J D < � � � 9 N (A;B) � � � 	 � $ �

■ 
 � (2) � � < � % � � � � B � � ; �  $ � ! � � ! 
 � (3)! (4)

� A 9 N � � � � � B 3  � 3 � � � � � � B $ � � % � � � � 4 �

� � M �  $ 	 ! � O E 3 � $ 	 M � � � � !
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� � � � � � � � � $ � ! � � � @ $ 3 G � $ � !

A = � 0 1�KM 0 � ; B = � 01M �

4 C � � ; � < < $ F � !

C = [b Ab℄ = � 0 1M1M 0 � ; [A� �I B℄ = � �� 1 0�KM �� 1M �

■ � � � 9 N 	 L � � � 9 % � � � � � 
 � !

■ 8 � � � $ � 	 !  � � 9 � @ � � � � � � !  	 � 9 % � � � � �

� � � $ � !

■ � � 
 � � � � � � � � � � � � > B 6 � I � � � � � � 
 � � � �

J � ! � � � � 	 � � �  9 " � � L � � � 
 � !
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J B 1 G 0 � t > 0  � $ � � < � E 2 4 � � @ � � � !G(t) := R t0 eA�B �eA�B�T d� > 0 , C � 9 % � � � �

J B 2 rank C = k < n � � � � < < � K 	 � 
 � 9 N T � � : � � !

A = T � A1 A120 A2 �T�1; B = T � B10 �

	  � � A1 2 R k�k ; A2 2 R (n�k)�(n�k) � 
 � � (A1; B1)  4 � � � � �

9 N C1 = [B1 A1B1 � � � Ak�11 B1℄ 	 9 % � � � � k � ; � !
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■ % � � � ! � � � @ � > B � G 0 � = 4 C � � G 0 � � � C $ � �  

0 � � � � � � � M 5 � � $ � !(2))(1)! L B (2) � @ � � � � � � J B 1� � G(tf ) > 0 � 
 � !u(�) = �eA(tf��)B�T G�1 (tf ) �xf � eAtfx0�

� � � � � � � > B 	

x(tf) = eAtfx(t0) + Z tf0 eA(tf��)Bu(�)d� (52)

= eAtfx0 + Z tf0 eA(tf��)B �eA(tf��)B�T d� �G�1 (tf ) �xf � eAtfx0�= eAtfx0 +G(tf )G�1 (tf ) �xf � eAtfx0�= xf
� � � ! � � � � � � � � 
 � !
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(1))(2)! 5  � L B (2) � @ � 	 � $ � � � vT eA(tf��)B = 0 � K 	 �v 6= 0 � 
 � ! � � � � < (52)  : � � vT � � $ � �vTx(tf ) = vT eA(tf�t0)x0

� � � ! x0 = 0 � � � � x(tf ) = v 	 > < � K 	 � � $ ! � � � � � x(tf )

� xf = v  E C � � � $ ! � � � � I � � � � � � ! �
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% � � � _x = � 0 12 �1 � x+ � 01 �u; y = [1; 0℄x

� � � � @ � D $ � !

! 2 E � � � � 9 N � � ; � � �

C = [b Ab℄ = � 0 11 �1 �

% � � � � � 
 � ! � � � � � � � � 
 � !
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■  � � % � � � � D N 7 9

G1(s) = s+ 1s+ 2 ; G2(s) = 1s+ 1 1s+1s+1s+2u yy1 = u2
■ $ � $ � � > B J � <G1 : _x1 = �2x1 + u; y1 = �x1 + uG2 : _x2 = �x2 + u2; y = x2
■ u2 = y1 = �x1 + u � _x2  B F � � � M � � � � % � � � � �� _x1_x2 � = � �2 0�1 �1 � � x1x2 �+ � 11 � u; y = x2 (53)
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■ � � � 9 N C = [b Ab℄ = � 1 �21 �2 �

� � � � $ 1 < n = 2 � � � � � � � � % � � � $ I � � � � � � !

■ K < ! > B x2 � x1 � : z = x2 � x1 $ H J J � <_z = �z (54)

� K 	 � � � � ! > <  F N � � � � > B $ 0 @ � � � � � � � � � z

� F N � � � � � � � !

■ � � 	

D N 7 9 � 
 9 � # � L � % � � � � 6  � � L � % � � � �  E �

F � � � � � � � 6  E A ; � 5 � � % � � � � � $ I � � 8 � � � !
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■ F � F � @ � M � � � $ � % � � � � � N 7 9

G1(s) = G2(s) = 1s+ 1 u y++1s+11s+1 y1y2
■ � � � = N $ y = y1 + y2 � � � � � ! $ � $ � � > B J � <G1 : _x1 = �x1 + u; y1 = x1; G2 : _x2 = �x2 + u; y2 = x2

■ � � � ! % � � � � � � > B J � <� _x1_x2 � = � �1 00 �1 � � x1x2 �+ � 11 � u; y = x1 + x2 (55)
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■ � � 8 9 N C = [b Ab℄ = � 1 �11 �1 �

� � � � $ 1 < n = 2 � � � ! � � � � � % � � � � I � � 8 � � � !

■ K < ! > B x2 � x1 � : z = x2 � x1 $_z = �z (56)

� K 	 � ! F N � � 8 � � � � !

■ � � �

� N 7 9 � � � $ � % � � � � 6 D � 6 � ; $ 
 9 ! � � � � � I �

� 8 � � � !) � � 	 � F 0 � < # B � F � � � � % � � 	 
 � �  � A : � A =

� � � � ! � E � : � J � � � � � 8 > � 0 C � � !
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■ > B $ < M � � 8 � � � $ = � > B � � � � > J � I 2 7

2 � 8 � � � � L � 9 � � � F Nu(�) = �eA(tf��)B�T G�1 (tf ) �xf � eAtfx0�
■ � � � ! 	 : � 
 � � � � ?  $ > B � � � � � $ � � ! % � � � �

= N � $ � � � ! � � ! % � � � � F N � � C � � � ! � � � ! � C

� F = N > J � � > B $ ; = � � � � � = � � � !

D 5 2 G 0 � M 8 � t1 > 0 � � � ! 6 � [0; t1℄ � � $ � F N u(t) � = Ny(t) � � = � �  x(0) = x0 $ ! 0 " # & � � � � � ! % � � � (38)! �

� ' ( (C; A) ) * + , (observable) � � � � ' � - . � � � ' / 1 " ( !

% � � � � � ' ( (C; A) ) 3 * + , (unobservable) � � � � ' � -
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D M 2 0 � $ L B ( E � � � � -(1) (C; A) ( 2 4 �(2) 2 4 � 9 N O ( N % � � � �
O =

26664
CCA...CAn�1

37775 (57)

(3) � � � $ � 2 C " � � ! 9 N
� A� �IC �

( N % � � � �(4) A $ � � � $ 8 � C � " � � ! 9 N
� A� �IC �

( N % � � � �(3) (AT ; CT ) ( 2 @ �
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� & = N $ J 0 y � � � - � $ � � !

A = � 0 1�KM 0 � ; C = [1 0℄

� �

O = � A � = � 1 00 1 � ; � A� �IC � = 24 �� 1�KM ��1 0
35

■ 2 4 � 9 N ( L � � " 9 % � � � � � � � -

■ 8 � � ( � N L � � N L ( @ � 	 
 � $ � � ( � N % � � � � � � � -

■ � � � ! '  � $ � � � � � 2 4 � � ' � � O $ � � -
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O ) N % � � � � , Go(t) := R t0 �CeA��T CeA�d� > 0 (t > 0)(1)((2)! � � � ! ? 

w(t) := y(t)�Du(t)� C Z t0 eA(t��)Bu(�)d� (58)

$ � $ - y � u ( � C � $ � ! � $ ?  ( � C $ � $ � � � - < " ! = N

y(t) = C �eAtx0 + Z t0 eA(t��)Bu(�)d��+Du(t)) w(t) = CeAtx0
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� $ < $ N J " : � �
�CeAt�T $ � $ � @ � � � �

Go(t1)x0 = Z t10 �CeAt�T w(t)dt (59)

) � � � � - L B (2) ) � 
 � � � � ! Go(t1) ( � B � � � - � � " ! >

< $ 1 J ( � C � � � � � ! x0 ) ! 0 " 5 � � -(1)((2)! � " ! L B (2) ) � 
 � � ' � � !Cv = 0; CAv = 0; � � � ; CAn�1v = 0

� K � � v 6= 0 ) � 	 � � - 
 < � Cayley-Hamilton $ & M � �CeAtv = C[f1(t)I + f2(t)A+ � � � + fn(t)An�1℄v = 0; 8 t
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� � � ! = 4 �  x(0) = v " � $ �

y(t) = C �eAtv + Z t0 eA(t��)Bu(�)d��+Du(t)

= C Z t0 eA(t��)Bu(�)d� +Du(t); 8 t > 0 (60)

� � � - x(0) = v ) = N y " 8 � � ' � ' � � ! y � � 5 � � � � ) � �

� ' -

■ I 2 4 B �  $ 
 < ( ! . � ) = N 1 E " 8 � � ' � � " � � -
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% � � � _x = � 0 12 �1 � x+ � 01 �u; y = [1; 0℄x

$ 2 4 B @ � D $ � -

! 2 E � 2 4 B 9 N � 7 ; � � �

O = � A � = � 1 00 1 �

% � � � � � � � - � � � ! 2 4 B � � � -
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1s+1 s+1s+2u yy1 = u2

■ > ? $ < $ F � � % � � � � D N � 9 $ � � � � � �G1 : _x1 = �x1 + u; y1 = x1G2 : _x2 = �2x2 + u2; y = �x2 + u2
■ x = [x1 x2℄T � � � ! u2 = y1 = x1 � � 9 � 7 � M � � � ! % � � �

	 
 � > � J � <
_x = � �1 01 �2 �x+ � 10 � u; y = [1 � 1℄x (61)

� � � � � 
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■ 2 4 B 9 N O = � A � = � 1 �1�2 2 �

� � � � $ 1 < n = 2 � � � � � ! � � % � � � � I 2 4 B � � � 

■ 
 < ! ? $ � > � � z1 = x1 ! z2 = x1 � x2 $ � � � > � J � <_z1 = �z1 + u; _z2 = �2z2 + u; y = z2 (62)z1 $ z2 = y � 	 
 � � � ! z1 = x1 $ = N � � 4 B � � � � 

■ � � �

F � � % � � � � D N $ � 9 � � > 9 ! � H L � % � � � � 6 � � H

L � % � � � � � E � 6 � E A ; � � � � ! % � � � 	 
 $ I 2 4 B

$ � �
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u y++1s+11s+1 y1y2
■ � � % � � � � > � J � < (x = [x1 x2℄T )

_x = � �1 00 �1 �x+ � 11 �u; y = [1 1℄x (63)

■ 2 4 B 9 � O = � A � = � 1 1�1 �1 �

% � � $ 1 < n = 2 � � �  � � � � � % � � � $ I 2 4 B � � � 
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■ > � x2 � x1 � B $ � $ � � O z1 = x1 + x2 � : z2 = x1 � x2 � ? $

� > � � $ � M � � � � � � � � 

■ ? $ � > � J � <_z1 = �z1 + 2u; _z2 = �z2; y = z1 (64)

■ = N $ > � z2 � 8 � � ! $ � � z2 � z1 � F � @ $ � � 	 
 � M $ �

� � � ! z2 $ 4 � � > J $ D @ E $ � � @ E $ � = N $  $ � � � 

� � � % � � � � > � � 4 � � � � � $ � � � � 

■ � � �

� � 7 9 � � F � � % � � � $ 6 D � 6 � ; � > 9 ! 	 
 � � � I 2

4 � $ � � 
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< � @ 7 % � � � $ 4 � � � L $ E $ � 

_x(t) = � 0 11 0 �x(t) + � 01 � u(t); y(t) = [1 1℄x(t)

(a) x(0) = 0! u(t) � 1; t � 0 � > 9 , � � > � x(t) � � E � Laplae J 4

� 5 � , � � � � = N y(t) � � E � 5 � � � �  � 	 , � � F � � � E

� � D � H 3 � � (b) 2 � 8 � � 2 4 � � � � � � �  � � � ! (a) 9 � F � � � E � 0 �

$ � � � � � M 	 � 
 � � � () F N u � � = N y � � �  C 4 ? � 5 � � 
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(b) 2 � 8 9 � $ 2 4 � 9 � � 7 ; � � $

C = [b Ab℄ = � 0 11 0 � ; O = � A � = � 1 11 1 �

� � � ! 2 � 8 � � � � ! 2 4 � � � � ! y(t) � � E � � 6 �1 � I 2 4

� � � � � $ � ? � � � � ! � � � $ �  C 4 ? � � � 8 � � $ � � � � !()
G(s) = (sI � A)�1b = [1 1℄

� s 11 s �s2 � 1 � 01 � = s+ 1s2 � 1 = 1s� 1

6 �1 � � 
 � � � � � !
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■ � � x(t) � � � 9 � T � ? � � � � z(t) $ C � 4 $ �z(t) = Tx(t) (65)

■ z(t) $ 4 � � � � � D <� _zy � = � TAT�1 TBCT�1 D � � zu � := � A BC D � � zu � (66)

■ 9 E < (XY Z)�1 = Z�1Y �1X�1 � �C(sI � A)�1B +D = CT�1(sI � TAT�1)�1TB +D= CT�1(T (sI � A)T�1)�1TB +D = C(sI � A)�1B +D

� $ $ ! (A; B; C; D) � G(s) � 	 
 $ � � !

■ < (65) � : I J 4 � � �  � $ � � � ! T � J 4 9 � $ � � � � !
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J N % � � � � � $ � � � � � � C � 4 $ � < � � � J 4 $ � �z1 = x1 + x2z2 = x1 � x2 ) � z1z2 � = Tx = � 1 11 �1 � � x1x2 �

� A BC D � = � A BC D � = � TAT�1 TBCT�1 D � (67)

� 7 < (TAT�1)i = TAT�1 � TAT�1 � � � TAT�1 = TAiT�1 � �C = TC; O = OT�1 (68)

D M 3 % � � � � 2 � 8 � $ 2 4 	 � � A ; J 4 $ � � � I J 
 � � !
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D 5 3 A � 8 M C $ G(s) � 	 
 (A;B;C;D) � � $ � � ! � � 	 
 � 2

@ � � � 2 4 	 � $ � ! A � 8 M C $ E � 9 N G(s) � 6 $ � � !

■ E � 9 N � 6 $ � � ! 	 
 � 6 	 $ 
 J � � �  � $ $ � 0

■ A � 8 M C � 	 
 � 6 $ � � �  � � � N F � 1 � $ � 

^x(s) = (sI � A)�1x(0) = adj(sI � A)det(sI � A)x(0) (69)

■ A $ @ � 
 � � � � 4 	 
 � � � 8 M C � �  $ � ! � � � E � 9 N

$ 
 � � ! 	 
 � 6 $ E � 9 N � 6 � I � � � � � � � � �

� � < � % � � � 
 � ! A � 8 M C � � �  E � � ? $ 
 � � � � �

G(s) = 24 1 0 10 1 11 1 0
35 = 2s� 1
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■ # F = � 7 � > 9

G(s) = n(s)d(s) = bm+1sm + bmsm�1 + � � � + b2s+ b1sn + ansn�1 + � � �+ a2s+ a1 (70)

■ J � B � < d(s) � : pi (i = 1; : : : ; n) � E � � ? G(s) � 6 $ � d(pi) = 0 ) G(pi) =1 (71)

� � � ! E � � ?

G(s) = 5s+ 3s2 + 2s+ 5 = 5(s+ 0:6)(s+ 1)2 + 4

� 6 � p1 = �1� j2; p2 = �1 + j2 
 �  �
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■ 6 � % � � � � ; 4 1 � � � � @ $ 7 D � � 

� � � ! % � � �
G(s) = 24 a b 1�b a 01 0 0

35 = s� a(s� a)2 + b2 (72)

� 6 � a� jb 
 � � ! � � % � � � � 1 � � eat os bt 
 �  �
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■ 6 � < I a  � � $ � ! % � � � � 1 � � � � $   ! a  @ � � 

$ H ; $  � � � ! � � � B � � < I � � � � 
 7 �  �
■ 6 � 5 I � 1 � � ? F � G ? 
 � � ! 5 I  � � � �  � � � ! C 0

; 4 � � �  ? F � 2 ?  A �  � (pole resp.m)
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Figure 1: 6 � 0 	 $ 1 � (: � b = 2� ! 1 � a = �1)
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TAT�1 = J = diag (J1 � � � Jm) ; Ji =
2664 �i 1�i . . .. . . 1�i
3775 (73)

� � � ! �i � � N A � 8 M C � �  � = � � ! N F � 1 � �x(t) = eAtx(0) = T�1eJtTx(0); eJt = diag �eJ1t � � � eJmt� (74)

eJit = e�it
266664
1 t � � � 1(ri�1)! tri�11 . . . .... . . t1

377775 (75)

B � < � � � ; ? 4 ? � J  � � � H ; B �  �  � � B � � $ � � ! 1

� � � � @ � 6 � < I � � � � 7 �  � $  8 �  �
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■ N �  6 $ F � � = M � 3 G � � � ! 1 � � � � � � � � � � � 1 6

$ � � � �  �

■ # F = � 7
G(s) = n(s)d(s) = bm+1sm + bmsm�1 + � � � + b2s+ b1sn + ansn�1 + � � �+ a2s+ a1 (76)

■ J ; B � < n(s) � : zj (j = 1; : : : ;m) � E � 4 ? G(s) � � 	 $ � �n(zj) = 0 ) G(zj) = 0 (77)


 � � ! E � 4 ?

G(s) = 5s+ 3s2 + 2s+ 5 = 5(s+ 0:6)(s+ 1)2 + 4

� N � � z = �0:6 � �  �
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■ J M E � � ! N � � � � $ � � $ � @ � $ ; � !


 � � !

G(s) = � A BC 0 � = 24 a b 1�b a 01 0 0
35 = s� a(s� a)2 + b2 (78)

� � � 	 = 4 > B 
 x(0) = [0;�1=b℄T � � � ! ;  t = 0 � � F �u(t) = eat (^u(s) = 1=(s� a)) 
 0 2 � � � � ! � � �^y(s) = C(sI � A)�1x(0) + C(sI � A)�1B^u(s)= � 1(s� a)2 + b2 + 1(s� a)2 + b2= 0

� � � ! F � � � � � � � A � � � � � � !
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N � z = a � F � � 8 M � < � ? � � M 2 � � � !s� a � H J 4 s � % % � �a � � N 7 9 � $ � ! eat � F � � � $ 0 2 $

� � ! N � � � � � � � � O 
 � � � � N � � � !s�a 0eat aeat
�aeat

■ F � � � eat � ; � 
 E C 4 � � N � � F 	 � $ �
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1 F � � 7 � E C 4 �

G(s) = bm+1sm + � � � + b2s+ b1sn + ansn�1 + � � �+ a2s+ a1 ; bm+1 6= 0; n � m (79)

$ � � 	 ! J J B 9 < � J ; B 9 < � < � � r = n�m � 0 � E C 4 � �

� � � � 8 � � � !


 � � ! G(s) = 5s+ 2s3 + 2s2 + 3s+ 4

� < � � � r = 3� 1 = 2 � � � ! � � � �

s2G(s) = s2 5s+ 2s3 + 2s2 + 3s+ 4


 H N � D C 9 lims!1 s2G(s) = 5 $ ; � !
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■ s 
 H J 4 � $ � � � ! � � � � � $ < � � 2 H J $ 	 � 	 � 	 F �


 D @ 8 � � � � $ 0 L � � !

■ > B 6 4 _x = Ax+ bu; y = x (80)

A = 24 0 1 00 0 1�4 �3 �2
35 ; b = 24 001
35 ;  = [2 5 0℄

� � � # 3 H J � � 3 H J � � � � �_y =  _x = Ax+ bu (81)�y = A _x+ b _u = A2x+ Abu+ b _u (82)b = 0; Ab = 5 � � � � y � � 3 H J $ F � u 
 � 	 � 	 8 � � !
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■ > B 6 4 < 8 _x = Ax+ bu; y = x (83)

$ M � � # F � � 7 $ � � 	 � ! < � � � < � $ K $ � @ � r � D 5

� � � � 
 � � � !b = Ab = � � � = Ar�2b = 0; Ar�1b 6= 0 (84)

■ < � � 
 N � � � E C 4 � $ � � 	 s!1 � � � � ! G(s)! 0 � �

� ! � � 0 L � s =1 $ G(s) � � � 1 � $ � � � N � � M 2 � � �

� 
 � � � !

■ � � � ! � � � r � 	 C 
 � � r � �  � � � � ; � � D 5 � � !

■ M � N � � � � n� r � � � ! � � N � � M � N � � � � 9 7 � 6 �

� � 0 � � � ! A � � � � � M � � � � 0 � ! � � � � � F � � $ � !
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■ � � z = �a�!n � ; � E C 4 �

H(s) = !2n �1 + 1a�!n s�s2 + 2�!ns+ !2n ; a 2 R (85)

■ % � � � � � (a = 1; 4;1;�1;�4)
0 2 4 6 8 10
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0.5
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0.5
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� � �
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■ F D

◆ a > 0 $ > 9 ! a � � � � � � � � 2 � N � B � � !

◆ a < 0 $ > 9 ! jaj � � � � � 	 
 = 4 C 3 � 5 ? � (L I � 
  �

$ � � ) � @ � 	 !

■ D � E � � � J � s � H � � � � $ � � 	 � 
 $ � L � 	

H(s) = H0(s) + 1a�!n � s�H0(s); H0(s) = !2ns2 + 2�!ns+ !2n (86)

� � 7 H0(s) $ % � % � � � � y0(t) 
 � 	 
 ! H(s) $ % � % � � �

y(t) = y0(t) + 1a�!n _y0(t) (87)
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■ D � E � � (� $ � )� y0(t) � = 4 $ � � B � B E � N � > � � ! � $

H � �  B � � ! � � � ! jaj � = � � � � � 
 � a � @ � � � � B �

� � � 2 � N � � $ 	 
 ! I � � � � � ? � � � $ 	 � !

0 2 4 6 8 10
1

0.5

0

0.5

1

1.5

2

t [sec]

a=1 

a=4

� � �
a=-4

a=-1

■ M � 	 � ! % % � � $ � �  6 � � � 7  	 � $ �  � � ! � � � B

� � 1 6 
 � � 	 ! (ord2 zero.m)
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■ � � % % � � $ � D � ! � � � � % % � � F I $ ? 9 $ M 3 � � < �

� � � � � 5 O 
 ! � $ � 	 $ �  
  � � � �  2 � 	 !
■ � � x(t) ! � N u(t)! = N y(t) $ � � J � �_x(t) = Ax(t) +Bu(t) (88)y(t) = Cx(t) +Du(t) (89)

� 
 �  E � E � � C � �G(s) = (A; B; C; D) (90)

� � � 	 � 	 � � % % � � � � � � � � 	 !
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■ � D � � � � $ < � � � J >

◆ � = N � D �

◆ � � $ � D �

■ � D � $ � �

◆ 6 � � 	 � �

◆ % � � 
 � � � % � $ � D H � K
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■ � � � 0 D @

◆ % � % � � G � $ M 3 � N � � 2 
 � � � ! = N � H ; 
 � � 	 �

◆ 
 8 % � % � � B � � �  � � 4 K E � � M

■ �  � ! � � � � � $ � � � � ? $ � � % � � G � $ M 3 � N u � 2

� � � � ! = N y � M 3 � � � � � � � � � �
■ � 3 E D 5If ju(t)j �  <1 8 t; then jy(t)j �M <1 8 t (91)

yu Gx(0)
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D M 4 # � = N 7 G(s) � � = N � D � � � � 	 $ I � = J � � $Z 10 jg(t)jdt <1 (92)

� � � � � � � � � � ! g(t) = L�1[G(s)℄

$ C 0 % � � � � 1 E 9 � � � � �

■ C 0 % � � � � 1 E � @ B � J $ � ; � I � � ! 	 � 
 � �
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= N y(t) $ � $ 9 $ � J � � � � � � �

^y(s) = G(s)^u(s) ) y(t) = Z t0 g(�)u(t� �)d� (93)

ju(t)j �  8t � � � !

jy(t)j = ����Z t0 g(�)u(t� �)d� ���� � Z t0 jg(�)j � ju(t� �)jd�

� Z t0 jg(�)jd� � Z 10 jg(�)jd� (94)

=  � !
R10 jg(t)jdt � M 3 � � � ! y(t) � M 3 �
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5 � ! � N � < $ F � � � $ � A $ � � �

u(�) = g(t� �)jg(t� �)j ) ju(�)j = jg(t� �)jjg(t� �)j = 1 (95)

� $ = N $

y(t) = Z t0 g(�)u(t� �)d� = Z t0 g(�) g(�)jg(�)jd� = Z t0 jg(�)jd�

) jy(t)j = Z t0 jg(�)jd� (96)

� � � � � � % � � 0 D � � � � � !

jy(1)j <1) Z 10 jg(t)jdt <1
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D 5 41. � � � � (9 N )G(s) $ � � � $ 6 � I $ < � � ; � � � ! G(s) $ 	

D 
 � � � � � �2. G(s) $ � � � $ 6 � � � > $ < � � ; � � � ! G(s) $  A � 	 D 


� � � � � �3. G(s) � � � 
 � H I $ < � � ; � 6 � � � � � ! � 	 D 
 � � � � � �

■ � � ! � � � 0 � � � � � � $ � 0 � 
 � � � ! � 0 � � � � � � $

� � � � � � 0 � � � � � � 
 $ � � �
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■ � � � � G1(s) = 1(s+ 2)(s+ 5)

$ 6 � p = �2; �5 
 � � ! 0 � 
 � � �

■ � � � � G2(s) = 1(s� 2)(s� 5)

$ > 9 ! 6 � p = 2; 5 
 � � $ 
 ! � � � 0 � 
 � � �

■ � � � � G3(s) = 1(s+ 2)(s� 5)

$ 6 � p = �2; 5 
 � � ! � 0 � 
 � � � � $ � ! � � � 0 � 
 $

� � �
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D M 5 @ � 7 � F = N 0 � � $ � � � � � ? (9 N ) � 0 � � � E 2 


� �( � � ) 	 
 ! G(s) � 6 � � J  � � > 9G(s) =X is� pi + d ) g(t) =X iepit + dÆ(t); t � 0 (97)

6 � pi = ai + jbi � � � � � epit = eaitejbit 5 � jejbitj � 1 � ; � �Z 10 jg(t)jdt � Z 10 hX jijeait + jdjÆ(t)i dt (98)

(ja+ bj � jaj+ jbj � M � � )ai � � � � I � � � ! > < � 1 � �

jdj+X jij�ai <1
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5 $ ! N � � a1 � 0 � � � ! ea1t � H ; � � $ � ? $ � � � 
 ! � � @ JR10 ea1tdt � H ;  �  	 � �

	 � ! � J � � 6 � � � > 9 ! N � � p = a+ jb � 2 � 6 
 � � � �G(s) = 1(s� p)2 + 2s� p + rest ) g(t) = 1tept + 2ept + rest (99)

B 1 9 � @ J � � � � � � � � � � a < 0 � � � � !Z 10 ��tept�� dt = Z 10 ��teat�� dt = Z 10 teatdt = 1a2 <1

� � � ! � J � � 6 � � � > 9 
 	 % 
 � �  1 E � � � @ J � � 3 � �

� ! F = N 0 � 
 � � �
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■ 0 � %  � � G(s) = 1=(s+ 1)2 � C 0 % 
 � �  1 Eg(t) = te�t; t � 0

� � � ! Z 10 jg(t)jdt = Z 10 te�tdt = 1 <1
■ � 0 � � � � ? G(s) = 2=(s� 1)(s+ 1) � C 0 % 
 � �  1 Eg(t) = et � e�t; t � 0

L $ $ $ @ J Z T0 jg(t)jdt = eT + e�T � 2

� T !1 � � � $ H ; � � �
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%  � � G(s) = s=(s2 + !2) $ � 2 � F N u � 0 �  � � � � = N y � 5

$ � � � � 7 � $ $ � � 8 � � $ �(a) u(t) = 1(t) (b) u(t) = sin!t

! � E � (a) ^u = 1=s � �

^y(s) = ss2 + !2 ^u(s) = 1s2 + !2 ) y(t) = 1! sin(!t); t � 0

(b) ^u(s) = !=(s2 + !2) 5 � L[tf(t)℄ = �dF (s)ds � �

^y(s) = ss2 + !2 !s2 + !2 = !s(s2 + !2)2 = �12 dds � !s2 + !2�) y(t) = 12t sin(!t); t � 0

F N � � 3 
 � � $ 	 9 $ 
 ! = N � H ; � � � M � � G(s) � � < > $

6 � ; � $ $ � (hm31.mdl)
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■ < � %  � � ! 3 I F N � u(t) � 0 � � � � @ � %  � �_x(t) = Ax(t); x(0) 6= 0 (100)

■ G � � = 4 � � $ � � � � � � 1 E � 8 E $ � � � � � � ! � � � �x(1) = limt!1 x(t) = 0 (101)

� � � ! � 	 x(t) 
 � D � � � � �  �
■ � � � 0 � � � = 4 � � $ � � � 1 E � � � � J � � � 	 � � � � �
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D M 6 < � %  � � � � � � 0 � � � � � $ � I � = J > 7 � ! 9 N A

� � $ � � 8 � C � � � < I � ; � � � � � � �

x(t) = T�1eJtTx(0); t � 0 (102)

eJt = " eJ1t . . . eJmt
#; eJit = e�it

2664 1 t � � � 1(ri�1)! tri�11 . . . .... . . t1
3775

■ 0 � � 	 < I � H � � 8 � C � � � � ! � � � 8 E � � � � � � � �

 � = 4 � � � I 
 B : � � � � ! � � � 0 � � � � �

■ 5 $ ! <(�i) < 0 � $ � limt!1 e�it = 0 5 � � < � � � � � � � � �

limt!1 tje�it = limt!1 tje��it = limt!1 jtj�1��ie��it = � � � = limt!1 j!(��i)j e�it = 0
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■ 3 � $ � � � �

_x(t) = Ax(t) = � 0 1�KM 0 � x(t)
■ A 9 N � 8 � C !

det(sI � A) = ���� s �1KM s ���� = s2 + KM ) � = �jrKM

■ 8 � C � < I $ � � � � ! � � %  � � � I 0 � � � � �

■ � � � % 
 � (K ; ) $ � � � ! � � $ � 	 $ � � � �  J M 8 > � 0

C 
 � �
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■ 8 ? 7 � D > 0 � % % � � � � � � � � � � J D <

_x(t) = Ax(t) = � 0 1�KM � DM �x(t)
■ A 9 N � F @ B 9 <

jsI � Aj = s2 + DMs+ KM
■ : � � D2M � 12q( DM )2 � 4KM � � � �
■ ( DM )2 � 4KM < 0 � � � � � A � 	 � 
 ! �  � � � � � � < � � � � �

� �  � > � 	 � � � � < I $ 
 $ � � � � � � � � � ! 0 � � � � �
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� � < M % � � � 	 � � � 6 � 5 $ ! � � 0 � @ � D $ � �

_x = � 0 12 �1 � x; x(0) 6= 0

! 2 E � F @ B 9 <���� s �1�1 s+ 1 ���� = s(s+ 1)� 1 = s2 + s� 1

F @ : p1;2 = �1�p1 + 42 = �1�p52

I 0 � 6
p5�12 � ; � ! � � � I 0 � � � � � (hm36.m)
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■ 6 	 � � > 7 � � ! F @ B 9 < � 2 � � 6 � 5 $ � I M $ � � � � �

� � ! % � � � � < � $ 9 � > � ! � � ; � � � � � � � �
■ 	 � ! � C � ; 	 	 � � 5 $ � 
 � $ � � � � � � ! F @ B 9 < 	 L

� � � % � !  � � � > � 	 � B 1 � � � � �

■ Routh-Hurwitz � J � �

F @ B 9 < � 7 � � � � : � 0 � @ � � �

� � 7 B 9 < p(s) = sn + a1sn�1 + � � � + an�1s+ an (103)

� : � 
 � � � � � � � � � � $ � > 7 � � 2 � � � 	 � � �

 " # & a1 > 0; a2 > 0; : : : ; an > 0

 " = ' # & Routh ( � ) N * � M A � + � � @ � � � ,



Routh Ip(s) = sn + a1sn�1 + � � � + an�1s + an
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sn 1 a2 a4 � � �sn�1 a1 a3 a5 � � �sn�2 b1 b2 b3 � � �sn�3 1 2 3 � � �... ...s2 p1 p2s1 q1s0 r1

b1 = � 1a1 ���� 1 a2a1 a3 ���� ; b2 = � 1a1 ���� 1 a4a1 a5 ����� � �1 = � 1b1 ���� a1 a3b1 b2 ���� ; 2 = � 1b1 ���� a1 a5b1 b3 ����� � �...r1 = � 1q1 ���� p1 p2q1 0 ����
■ B 1; 2 9 � p(s) � 7 � � < � � 9 $ = 	 0 � � � 8 � 	 B 1 9 ! B 2

9 	 F  � � 
 � � : �  � ,
■ B 3 9 � 2 � i 9 * � j H * � M A � � ; + � � 	 ! � � D A � � � �

9 � � < 
 � � � 1 N * � j + 1 N * � : � � 9 N < � M $ � ,
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■ � ; 	 : � M A � I B + � � � ! 0 � J � ,

■ $ � 	 ! < � 
 � � C �  � $ � �Routh � � 1 N � " A � � 9 � 2 � ? = 3 1 H L � � ?

■ � � � ! +; �; + � � � � � � � 	 
 � # � � � � � � � , �  
 !

@ � � � � ) � ! � � � @ � ) � � � � 	 
 � � � � � � ,

■ Routh-Hurwitz � 	 � � 0 � @ � � � � = �1. I M > 7 � % � � � � ! K � $ � �  � ; $ � ,2. Routh ( � : � ! I M = � > 7 � % � � � + � ,
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< � B 9 < � : � 0 � @ � D � �p(s) = s4 + 9s3 + 28s2 + 38s+ 24(= (s+ 3)(s+ 4)((s+ 1)2 + 1)))
■ I M > 7 $ L � � � K B $ � � $ �

■ Routh ( �

s4 1 28 24s3 9 38 0s2 23:78 24s1 28:91 0s0 24

b1 = �19 ���� 1 289 38 ���� = 23:78

b2 = �19 ���� 1 249 0 ���� = 24

1 = � 123:78 ���� 9 3823:78 24 ���� = 28:91

d1 = � 128:91 ���� 23:78 2428:91 0 ���� = 24

■ ) N * $ + � � @ � � � ! + � � � : $ 3 � H � � � � ,
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■ PI(H N � � ) � 8 � � 9 � � , % % � � P (s) � J � � K(s)�

P (s) = 1(s+ 1)(s+ 2) ; K(s) = KP + KIs = KP s+KIs (104)

■ � � ! % � � F @ B 9 < �p(s) = MP (s)MK(s) +NP (s)NK(s) = (s+ 1)(s+ 2)s+KP s+KI= s3 + 3s2 + (KP + 2)s+KI (105)

■ Routh ( �s3 1 KP + 2s2 3 KIs1 KP + 2�KI=3 0s0 KI

�13 ���� 1 KP + 23 KI ����= 3(KP + 2)�KI3
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■ � � � ! � � ! % � � 0 � � � � � � � I M = � > 7

KI > 0; KP + 2� KI3 > 0
■ % % � !  � 0 � H 0

KI > 0; KP > KI3 � 2 (106)

KI

KP
�2 6o
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% � � ! � � � � � $ 0 D � � K � M $ � , < $ B 9 < $ : � + � � I $

� 	 � ; 
 � � � 5 $ � � K $ C $ H 0 �  � � �p(s) = s3 + 3s2 +Ks+ 1

� 2 E � � M > 7 � � K > 0� � � � % � � � $s3 1 Ks2 3 1s1 K � 13 0s0 1 �13 ���� 1 K3 1 ���� = 3K � 13

� � � � � � � � 0 D > 7 $

K > 0; K � 13 > 0 ) K > 13

� � � �
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6 p � I 3 $ � � 8 B >
P (s) = 1s� p; a � p � b; b > 0

$ � � � � PI J � � K(s) = K(1 + 1=s) � 0 D 2 � � � � � � ! % � $

F @ B 9 < � D � � � � � � � � � H N % � � K % � � � B � � > 7 �

F � �

� 2 E � M � � � � E C 4 ?

P (s) = 1s� p; K(s) = Ks+ 1s

� 	 � � � ! % � $ F @ B 9 < $p(s) = s2 + (K � p)s+K

� � � �
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Routh-Hurwitz 0 D H J B � � 	 � 0 D > 7 $K > p; K > 0

� � 	 � p $ H 0 � 9 N � � � 0 D H 0 $K > b

� � � �
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■ � � ! � � � � � 8 $ 5 6 $ L E 	 L I C D = 
 3 M � � � � � � �

� � �  � �

◆ � � C � � ! J � 7 $ J � N (� � ) � L I C � 0 � � � � � �

◆ � � � � ! 4 6 $ � � 1 � (3 M ) � � � � � �
■ � � � 	  " � & ' � � �

■ ( ) � � * + , - � . � 	 / � ; 2 9 E � : < � � � �

■ ; 2 9 E 	 � � � ? A 9 E � F H 9 E � K O 2 � P � �

PK� ue ydr
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1. F H 9 E

■ F H 8 : � D �

■ F H 8 : � A 6 = 52. ? A 9 E

■ 4 K ; �

■ 4 � # < 7

■ I 2 � $ N E ! 6 � 1 �

■ � % � � � B 9 @3. 3 � ! � � 8 � J � ! � � 8 � H �
■ L I C � 8

■ 3 M � 8

■ � � � I 3 $ � � B � 	 
 � + � @
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■ L I 5 F � 6 ; !

t

r(t)
■ , + � � � � B � N !

t t tr(t) r(t) r(t)



B I E $ � � % ? 9

141 / 284
■ + , � � � � r(t) = k; t � 0

■ % % � � � r(t) = kt; t � 0
■ @ 8 G � � r(t) = k sin!t; t � 0
■ C 0 + , � � � � 1(t): k = 1 � � P � + , � � � �

■ % % � � � 	 kt � 1(t)� @ 8 G � � 	 k sin!t � 1(t) � = � � � � � P 	 !
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■ 3 M � � L � $ 0 � � P �

◆ 8 G � 0 F �  	 : $ E 	 � P � = � � . � � C � 0 F �  	 �

� 	 + , � � � � � 9 � 	 � � � � P 	

◆ 0 F � 2 � � � 2 � � 	 � P � K � � 
 6 5 D � 	 % % � � � �

9 � 	 � � � � P 	

◆ G � � 	 
 � . � � 0 F ? � � < 4 � < 4 � � J 2 � 	 � � � @

8 G �  � � � 	 � � � � P 	

■ � � � � � � � � � � � � � & ' � 	 !
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■ F D ! ; 4 � � � � 7 � � � N � � B  � � � � 	 � �

■ Laplae J 


L[1(t)℄ = 1s ; L[t � 1(t)℄ = 1s2 ; L[sin!t � 1(t)℄ = !s2 + !2 (107)

■ G 0 � � � � � � Laplae J 
 �  � � � � 1 E � � � � � � � � �Laplae J 
 � � � � � � �  � � � � � � � � � � !

■ � � 0 L � � > 5 � � � � � � � � � � � � � I � � � � � !

■ < G ? � � � � �  " ! # & ' ( ) * + 9 , - # & ' . J + / 2 3

!dB 6 8 :
� � = A C H � A
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■ ; 4 $ = J � 7 � � � � � % � � � � N 1 Elimt!1 y(t)

$ � � � � � 8 � � � !
0 4 � 	 
 	 � 
 000 � 	0 � 
0 � 0 � 40 � �0 � �0 � �0 � �0 � �		 � 		 � 
	 � 	 � 4	 � �

t
t r

s
M p 5 �

■ � � � � 1 E � � 2 � � � � � C @ � � � � � � � � 7 $ � � � � �

� �  " � � !



D > = N $ E C 4 ? % � � $ 4 7

145 / 284

� M 8 0 � � C � ? G(s) � F N $ u(t) = os(!t)1(t) � � � � � �t!1 � � � � � N y(t) � < � � � � � � � !limt!1 y(t) = jG(j!)j os(!t+ \G(j!)) (108)

( > L ) G(s) $ 0 � � � � � � �  � � � � 1 E g(t) � Fourier J 
 �F [g(t)℄ = R10 g(�)e�j!�d� = G(j!) � � � ! 	 � � G(j!) � 6 : I � 
 �

� � jG(j!)jej\G(j!) � � � � ! � � � os(!t) = <(ej!t) 5 �limt!1 ej!t = ej!t �  � � �

limt!1 y(t) = limt!1Z t0 g(�)u(t� �)d� = limt!1Z t0 g(�)<(ej!(t��))d�

= <�ej!t limt!1Z t0 g(�)e�j!�d�� = < �ej!tG(j!)�= jG(j!)j< �ej(!t+\G(j!))� = jG(j!)j os(!t+ \G(j!))
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� � 8�  � � % � � � � � C � ? � < 8 E � 5 $ � � � $ � � � �1. � : ? = 9 f!1; !2; : : : ; !Ng �  02. 6 8 : F N ui(t) = os!it � 0 2 � � � � � N � B �yi(t) = Ai os(!it+ �i) ) jG(j!i)j = Ai; \G(j!i) = �i3. fjG(j!i)j;\G(j!i)g � 9 � � � � � � � � � ? G(s) � 5 $ �

�� � �� � � �� � � �!

!�(!)A(!)
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< $ % % � � G(s) = 10s+ 10 ; u(t) = os(10t)

� � � � ! � N 1 E � 0 2 $ � � � 5 	 � !

^y(s) = 10s+ 10 ss2 + 102 = �12 1s+ 10 + 12 ss2 + 100 + 12 10s2 + 100) y(t) = �12e�10t + 12 os(10t) + 12 sin(10t)

! 12[os(10t) + sin(10t)℄ = p22 os(10t� �4 )

� J ! G(j!) $ ! = 10 � � � � � � � � 	 A � < $ � � � 
 � !

G(j10) = 10j10 + 10 = 1p2ej artan 1 = p22 e�j �4

� � � ! � � D � � 
 � � � � !
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■ 1(t) = os(0 � t)1(t) $ @ � N � $ � ! C 	 % % = A ? 9 � ! = 0 $ M

8 : � � � � 
 � ! � $ � � % % = A 1 E � < $ � � � 
 � !limt!1 y(t) = jG(j0)j os\G(j0) (109)

■ 3 � u(t) = os(!t)1(t) $ G(s) $ � � � N � � � � 0 1 6 � D 8 � �

� � ! F � � : � � � � � � � � jG(j!)j � 2 � � � � !

■ % % = A 3 � � B � � � ! D � : � � � jG(j0)j � 2 � � � � !

ju(j!)j
jG(j!)j

!

dB
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J � 3 ? 9 f(t) $ t � 0 � D 5 � � � � $ � ! � $ Laplae J 4 ^f(s) $ �

� � � � � � � � � ! � $ � � ! limt!1 f(t) = 0 $ � $ $ I M = 	 
 � $^f(s) � 0 D � 
 � � � � � � !( > L ) = 	 @  : � C $ D � � � 	 � !limt!1 f(t) = lims!0 s ^f(s) = 0

I M @  ^f(s) � � � � � 
 $ � ! � 	 	 � � E 3 � � � ! 2 � ^f(s) � �

� � � � 1 H L � � � ; � � ! � � � B 1 � � � 	 	 � $ � Laplae � 4

$ � � � 	 $ � � � N 0 � $ � � � � � 
 � $ � !  " # N � $ % & � �


 � ! � � # limt!1 f(t) = 0 ) ^f(s) is stable
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■ % % � � F N u(t) = 1(t) � > 9 

^u(s) = 1s yu Gx(0)

� � � ! 8 � � � 0 � ; � ! ^y(s) = G(s)^u(s) � � D � � 	 � $ ! G(s)

� N � � ^u(s) � I � D � � 
 5 " � � �  � � � � ! � � # ! G(s) $G(j0) = 0

� K � � � � �  � � � � !

■ @ � G F N u(t) = sin(!t)1(t) � > 9 G(j!) = 0

� � � � � � � �  � � � � !
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� � C  r(t), � � 8 :  e(t) = r(t)� y(t)r 7! e � E � � ? � Her(s)! � � C % � � � R(s) � � 	 �^e(s) = Her(s)R(s) (110)

■ J M 7 � � 9 $ 4 @ � ; � � $ � 3 � � � " � � 2 � � � � ! � � �

$ ! 	 % 
 � � � N $  ; � 
 % � � 9 � � � � 	 � � � � � � � !

� � > B � � # $ � $ # � � � 	 � � � � � 	 !

■ " � " ! � � � � � D � > B � 8 : limt!1e(t) � � � " � � !

■ A 6 � �  M � � � $ � N � � � C � � � � 0 � � �  �

�r yPKe u
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■ � � � � � � L(s) = P (s)K(s) (111)
■ � � C � � � � 8 : 	 � � J � � � E � � ?

Her(s) = 11 + L(s) (112)

■ % 
 � � > � � � C � B 
 	 � � 8 : � � � � � 	 > �

jHer(j0)j = ���� 11 + L(j0)����� 1 ) jL(j0)j � 1 (113)


 �  � ! 3 � � � � = � � 9 � � < G � � � � ; � I M � � 	 �

■ � < G ? ! � @ � G � � C � B 
 	 � � 8 : � � � � � 	 > �jL(j!)j � 1 (114)
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% 
 � � � 9 � � � � � 
 	  $ � Her(j0) = 0 � I M � $ � �Her(j0) = 11+L(j0) = 0 , L(j0) =1 , L(s) � s = 0 � � � ; �) � � � � � � L(s) � � � C % � � R(s) = 1=s � ; � � � � I M

■ J M � M M ! y(t) � L(s) � � N � � � ! L(s) � N � < B 
 	 � � � �

8 : e(t) � � F 	 
 	 � � � y(t) � 0 D C � 0 ; � � 	  $ � � L(s)

� � 5 � � � % � J  � � 	 5 9 � � 	 � @ � 4 � I M � � � �

■ P (s) � 8 E N E � ; � � � !

� I � D � �  $ � � � � � D N E � � � 4 K(s) � � � � � � 
 �

� � � � � � � $ � � L(s) = P (s)K(s) � @ � 4 � ;  � � � � � �

� � � = � �  " # & ? ' � ( ) � � � * � � �
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1s L(s) yr �
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D � 9 � � = � � � ! � � # � 7 � � I � D � 2 D $ � � 	 
 � L � C

� �  � � R(s) = NR(s)=MR(s) � � � 4 A � � D � $ � � � � � � �(1) � 6 ( ) � < � � � � 
 � � � � R(s) � � � � � 0 � � � � B >P (s) � N E � ; � � � � � � � �(2) (1) � � � � @ N � � � � � 6 ( ) � < � $ � 
 � � � � � ! & � �

� L(s) � 1=MR(s) � ; � � � �  " = J & ' � �

�r yPKe u
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(1)! 4 � J 2 � ; � �

P = NPMP ; K = NKMK ) L(s) = N(s)M(s) = NPNKMPMKNP � MR � 6 D � 0 � (s� �); Re(�) � 0 � � � � 9 � F I 	 
 @ � 


� � � � 0 � � MK(s) � 0 � & A  & � � � � � � � � N(s) � 0 �(s� �) � � � � L(�) = 0 � � � � $ � � �

Her(�) = 11 + L(�) = 1

� � � � s = � � N E � � 
 � � � � � � �

^e(s) = Her(s)R(s)^e(s) = Her(s)NR(s)MR(s)

� � 	 
 � � � � � ( ) 8 : � N � < B � � � �
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(2)! L(s) = N(s)=M(s) � � � � 4 � J 2 $ � � � ( ) 8 : � Laplae J

4 � ^e(s) = 11 + L(s)R(s) = M(s)M(s) +N(s) NR(s)MR(s)MR(s) � : � $ $ � � 1 H L � ' � 
 � � ^e(s) � 	 
 2 $ � 
 � � �M(s) � 0 � & MR(s) � > 5 � � � � � � � � � � ) � � � M(s) �MR(s) � � � � � �  " = J & ' � �

■ F I �  � 8 M � B � = � 7 � B � � � @ N $ � � 
 � � � � � � 9

F I �  � � C = � L � C � �  � � � � � & � � * � � = � � � 	


 � � � � �  � � � ; � � � �
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■ @ 8 L Ey1(t) � r1(t) = sin!t � � y2(t) � r2(t) = 1(t) � A 6 D �  $ �

P (s) = � P1 0�P1 P2 � ; K(s) = � K1 00 K2 �
�K2 P2 y2r2Æ �1s

!s2+!2 �Æ r1 y1P1K1e1
e2

u1
u2
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■ D � 8 :

^e1(s) = 11 + L1 !s2 + !2 ; ^e2(s) = 11 + L2 1s � �1 + L2 ^y1 (115)

e1(1) = 0 � 
 � � L1(s) � 1=(s2 + !2) � � 
 $ �  " � ' � �

0 J � ^y1(s) � 1=(s2 + !2) � � � � & � e2(1) = 0 � � > $ � 
 � �L2(s) � 1=s � � & � $ � 1=(s2 + !2) � � 
 � � � � � � � � �

■ � � � � A B � � ! % � � � L(s) = P (s)K(s) � F I �  �� 1=(s2 + !2) 00 1=s(s2 + !2) � (116)

� � 
 $ � � � � � � �
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duK P y�

■ � � d(t) � = N y(t) � � � C 4 ?

Hyd(s) = P (s)1 + P (s)K(s) (117)

■ % � � % � � � � $ � � � � 	 jHyd(j0)j � 1 
  " � � � �(1) jP (j0)j � 1 ' � � 	 (2) jK(j0)j � 1
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■ (1) jP (j0)j � 1 $ K $ � @ 8 B > 	 8 < � 	 � � � � � : � � � � �

� � � � @ 8 7 � � $ � L E 	 L I C D � � 	 � � D 
 G ? � 0 � @

� G ? 9 �  E � $ D � � � $ � � F � � 0 � % ! % � � �jLj = jPKj $ = J � $ � � � M 
 	 � � � � � � @ 8 B > 	 0 H � D


 G ? � 0 � � � � � � $ � � � � � � �  � � � � �

■ 0 J � (2) � � � jK(j0)j � 1

	 @ 8 4 � B � � M 5 � 	 � � % ! % � � � $ � $ � � ;  " # & �

' ( ) * � < 8 2 + � 	 � �

■ F  � � 3 
 G ? ! � @ � G � � $ � , � � � 	 �jK(j!)j � 1

� � - . / ( �
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■ 3 M � % � % 
 4 C � � 9 � � � 1 � $ � N D � � E ) * � � � G 	

� $ ( �

■ 2 ? � 
 � �  � @ ) * � � � � � / � � � � 8 4 K(s) � 3 M " F

� ? 9 : � � 3 M " � ; � � � � " � / � � � B 3 M � � � � 	 � �

� ' � - . ' * ' ( !

■  � � � � 8 4 " 3 M � % � # D(s)(F I % � # ) � � & � M " ' � !

u d y� K(s) P (s)
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� � � � % � > � 3 M � � � 	 � $ � � � � 8 4 K(s) " 3 M � % � #D(s) = 1=s � � � ' � - . ' * ' ( � " � < $

P (s) = NP (s)MP (s) ; K(s) = NK(s)MK(s) (118)

■ � N � E �

^y(s) = P (s)1 + P (s)K(s)D(s) = NP (s)MK(s)MP (s)MK(s) +NP (s)NK(s) � 1sy(t)! 0, ^y(s) 0 D / � � NP (s)MK(s) � � E � I 0 D 6 p = 0 � �

� � ' � - . ' * ' ( ! / � � �NP (0)MK(0) = 0 , NP (0) = 0 or MK(0) = 0 (119)
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duK P y�

■ P " � E z = 0 � � & ) � K " p = 0 � � & ! 8 E � E � � & � 8 B

> � 5 ' � � � � 8 4 � @ J 4 � � � � ' � - . ' * ' ( !

■ � 8 B > � � E � 3 M % � # � 6 " F $ � � " ' - . � � - * � 6 �

	 ( � D(s) � 6 � � 8 4 � � � � - . / ( ! � � 0 L � ! � 8 B >

� � E � 3 M � � 	 � � K � � ' � � ( ' ( !

■ � � D  � � 9 � 8 B > P (s) � F I % � # " ' - . ! � 8 4 K(s)

� � � � � I M � ' ( � � B � � ! 3 M 	 � � � 9 � 8 4 K(s) � F

I % � # � � � � ' � - . ' * ' ( ! � � � ( � C 0 !
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D � 10 2 ? � � � � N � � ! � � % 	 7 " F I 0 D � ' � $ 2 D $ � !


 � ! 3 M % � # � D(s) = ND(s)=MD(s) $ � ! � � I 0 D $ $ � ! � �

� ! � 8 B > P (s) � � E $ D(s) � 6 " � 0  � $ 2 D $ � ! � � $ � !

� � � � 3 M � 1 � � 	 � $ � ! $  � � y(t)! 0 � < � $ � � � � !

� 8 4 K(s) " 1=MD(s) � � & � $ " I M = J � ' � !duK P y�
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? < � J # ! � 7 � $ � � !

P (s) = 1s+ 1 ; K(s) = ks2 + 41. J # ! � 7 � 0 D 2 � � � k � H 0 � 5 � � !2. r(t) = 0 ! d(t) = sin 2t (t � 0) � $ � ! 3 M � D � � E � y(1) = 0 $

 � � $ � < � !3. r(t) = sin 2t; d(t) = 0 (t � 0) � � 9 ! limt!1(r(t)� y(t)) � 7 ; $ �

� $ � � � � D � � N limt!1 y(t) � 5 � � !

PK� ue ydr
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(a) F @ B 9 <p(s) = (s+ 1)(s2 + 4) + k = s3 + s2 + 4s+ k + 4

$ % � � � # � % � 0 D H J K � $ ! 0 D > 7�4 < k < 0(b) % � % � � 4 � : = C D M � � � $ � !

^y(s) = P1 + PK ^d(s) = 1s+11 + k(s+1)(s2+4) 2s2 + 4 = s2 + 4p(s) 2s2 + 4 = 2p(s)) y(1) = lims!0 s^y(s) = lims!0 2p(s) = 0
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() F M �

^e(s) = 11 + PK ^r(s) = 11 + k(s+1)(s2+4) 2s2 + 4 = 2(s+ 1)p(s)) e(1) = lims!0 s^e(s) = 0) limt!1 y(t) = r(t) = sin 2t

@ 8 4 K � F I % � # " ' � � � ! � � D  $ 3 � = � N J " � � � !(hm41.mdl)
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? < � J # ! � 7 � $ � � !

P (s) = 1s(s+ 1) ; K(s) = k

1. J # ! � 7 � 0 D @ $ J > $ � % � � k � H 02. d(t) = 0; r(t) = 1(t) � $ � � D � D � 8 : e(1)3. r(t) = 0; d(t) = 1(t) � $ � � D � � N y(1)

$ 5 � � ! � � � ! (b)! () � 7 2 � � � � 9 ; � � !

PK� ue ydr



1 = 4.2 $ 2 E

170 / 284

(a) F @ B 9 < p(s) = s(s+ 1) + k = s2 + s+ k

$ % � � � % � � � 0 D H J K � $ ! 0 D > 7k > 0(b) % � % � � 4 � : = C D M $ � � $ � !

^e(s) = 11 + PK ^r(s) = 11 + ks(s+1) 1s = s(s+ 1)s2 + s+ k 1s = s+ 1s2 + s+ k) e(1) = lims!0 s^e(s) = 0
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() F M �
^y(s) = P1 + PK ^d(s) = 1s(s+1)1 + ks(s+1) 1s = 1s2 + s+ k 1s = 1s(s2 + s+ k)) y(1) = lims!0 s^y(s) = lims!0 1s2 + s+ k = 1k 6= 0

% ! � % � � L = PK � @ J 4 $ � � � � � % � � ? 9 � A 6 D � � �

� ! 0 J � @ 8 4 K � @ J 4 $  � � � � % � � 3 � $ 4 � � = 5 � �

 � ! (hm42.mdl)
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■ � � � � ! % � % � $ � N $ D � C � < B $ � 
 � $ ? I

■ L � C D � � 3 � M @ � � 	 
 � � � � N $ $ � �  D � C � < B $

� � � $ � 5 � � � � � � D � C � < B $ � � � $ 9 � � � N $ > �

� � � � 5 � � � � !
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■ � % � � � � � � � � � $ � �

◆ N $ > $ � ; � tr ! � N y(t) $ D � C $ 10% � � 90% � N $

> $ � $ � � � � ; �

◆ @ D ; � ts ! D � C 6 K $ � � � � � D � � � � H 0 (� � �5%

$ M � � ) � < B $ � � � � � � � ; �

◆ 9 � � � N Mp ! � N $ : B C ymax � D � C $ A 	 : ymax � 1(D � C $ k 6= 1 $ � � (ymax � k)=k � 	 � ! $ 	 
 $ � D � C �

� $ A 	 � � $ : B C )
■ � � � � �  � 8 � � � � $ � L � < $ ? � � � � � !

■ � � � � � � � � � � � � � � � � � � ! % �  " � # E 1 & � ' G

� ( � )
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■ @ G � � � % % % � $ � � � ! � � F � 6 $ 0 � � $ 	 
 � � � � 9

�  )

■ � H � 	 � % � � � 	 � � � � @ G � � � � � � ! � � 	 
 � J � �

� � � � H � 	 � � � � � � � � � 	 � )

■ � � � � B  � > � � % � � � 6 � 5 < � � 3 � � � � � 	 � J A 6

� 5 < � � 1  N �  � � � 6 � � 	 � � 5 < � �  � � 6 � " # &

� 8 � �  ) 5 < � � 1  N � ' 6 � ( ) � * + 6 � ( ) , � � - .

� / 2 � 8 � � : = � D � I K L O � ; � P Q R = S T U � ( ) V *

+ 6 � ( ) D � W D X  )

■ Y Z S � [ < � � % � � � � � � ! � \ ( ) � 	 
 � ] ^ _ � ` � 	


 V a < � � % � � b 	 c S d � � \ e f �  )



9 < 7 vs 4 = # < 7

176 / 284

N ! � � F � � E C 	 ? � % � % � ( ) b $ � � : V e = )

G1(s) = 8s2 + 4s+ 8 ; G2(s) = 80(s2 + 4s+ 8)(s+ 10)
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■ M � ! G2 b 6 �10 � $  � � * + 6 �2� jp2(G1 � 6 D d $  ) ,

f V 5 < � � N ^ S =  ) ` � 6 b ,  ( ) V * + 6 � ( ) , f # G

� : $ D - b / 2 �  � D � = K 4 b > � S c � � !

■ ? < � b V
G2(s) = 8s2 + 4s+ 8 � 1s=10 + 1 � 8s2 + 4s+ 8 = G1(s)

` � � W V [ � � ? P 0 D @ f N � d � D $  !

■ % � % � ? 9 b V [ � � ? @ ] � * + I ] Q � �  � � � � � E C �

E C 	 ? � [ � � ? F @ b , Z S 7 �  ! ` ^ V � G2 \ G1 � % � %

� ( ) b B : � e = M � D $  ! (dominant.m)
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H(s) = !2ns2 + 2�!ns+ !2n (120)
■ � ! 8 ? 7 � � !n ! � M < G � � 6 !p1;2 = ��!n � j!np1� �2 (121)

■ F D ! - E Q ; ' $ � c � d [ � � % � � V H(j0) = 1 D $ 

■ : = C � � M , f � H(s) b � 0 � � % � � U Q � 2 c ' \ X � � � T

U V y(1) = lims!0 s^y(s) = lims!0 s�H(s)1s = H(0) = 1 (122)

\ e f � � � % � � U b A � 	 Y D X  !
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■ � = # � � � � � 	 
 � �  � � � � � � � !

tr � 1:8!n (123)Mp = e� ��p1��2 (124)ts � 3�!n (125)

■ 9 � 2 � N Mp � 8 ? � ? � � � � 0 B � � ! � � > � � � � Mp �  

� � !

■ � � !n � @ � 6 � < I � B � " � & ' ( � �!n � > � � � � ) � * 4ts � C ( + � !
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" Mp � ts � M $ � � � � � � � � 	 
 � C � H 0

� � �(Mp) = j lnMpjp�2 + j lnMpj2 (126)

�!n � 3ts (127)
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■ $ � � < (127) � � F � � J A 6 � < I �

<(p1;2) = ��!n � � 3ts (128)

� K � " + � � � + � + � !

■ # � � 6 � 6 : � � � 	p1;2 = ��!n � j!np1� �2 = !nej(���); � = aros �

■ aros � � � � 8 > � ? + � 
 � < (126) � � 3 E � �� � �p := aros �(Mp) (129)

� K � " + � � � + � + � !
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N $ � � 3 E �p = 45o � 8 ? � ? �(Mp) = 0:707� � $ � Mp = 5% � B

 � � ! $ � � � � � 8 � 6 G C � � � @ 7 K 
 L � � !

�4:6=ts
�p

Im
Re0
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tr � 0:6[se℄� Mp � 10%� ts � 3[se℄ � K � � � � !n � 7 $ � !
■ $ � Mp = 10% � B  � � 8 ? � ? �

�(Mp) = j ln 0:1jp�2 + j ln 0:1j2 � 0:59


 � � ! � � � � � � 0:59 � + � !

■ � � � � � > � � * 4 � ) D * 4 � � � � �

!n � 1:8tr � 3; �!n � 3ts � 1

� � 0:59� !n � 3 
 � � � � �!n � 1 � < F E � K � " � �

■ � � 	 
 � � H 0 � � 0:59; !n � 3
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" � = # � � � � � z = �a�!n � � � ' � � C � ?

H(s) = !2n �1 + 1a�!n s�s2 + 2�!ns+ !2n ; a 2 R (130)
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� = # � � � H 3 � � � � � � F D � � � !

■ ) D * 4 � $ � � � J 2 ' + � !

■ a > 0 � > 9 � a � � " � $ � 9 � 2 � N � B � � ! a� 1 � � � � =

� �  � � 6 � !

■ a < 0 � > 9 � jaj � � " ( � � � = 4 C � 
 5 ? � � @ � � !

M � � � # � 
 	 L : 
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H(s) = !2n�1 + 1a�!ns� (s2 + 2�!ns+ !2n) ; a � 1 (131)
■ � � > � � * 4 � D ( + � � a! 1 � � � � � 1 6 � 8 C

■ $ � � � 4 = 7 � � N � E � � � 	 � 
 # � � � 7 �  � � � � $ �

� N � � � C 
 � � � � 
 � � ! (ord2 pole.m)
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■ A 7 � � � 	 � N � t = 0 6 K 
 : = C � I � � � 
 � � (y1)
■ B 7 � � � 	 � N � t > 0 
 : = C � I � � � 
 � � (y2)

G1(s) = 8(1� s)s2 + 4s+ 8 ; G2(s) = 8(2� s)(1� s)(s+ 2)(s2 + 4s+ 8)
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A � % � ! � � N � � � � �

■ � � 2 � N 	 � J � = � � ; 	 � � � 
 % � ! � � > F
■ � � � � � F  � � � 
 � J � % � ! � � > F

■ � � � � 5 	 � � � 8 �
steelhub.o.jp � �
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D M 11 0 � E C 4 ? H(s) � H(0) 6= 0 � K 
  �  � � � � � � 
H(s) � � � < N � � � � � � � % � 	 
 � E � � � � � � � � �

D M 12 0 � E C 4 ?

H(s) = K (s� z1) � � � (s� zm)(s� p1) � � � (s� pn) = N(s)M(s) ; K > 0; n � m

�  ? 8 � � � < N � � ; � � 
 % � 	 
 � E � A 7 � � � � ; � ! 6 ?

8 � � � < N � � ; � � 
 % � 	 
 � E � B 7 � � � � ; � !

D M 13 � � � � ! � � 	 % 7 � � � � � ! 
 � � � L(s) = P (s)K(s)

� � � < � � ; � 
 � J � � � �  " � � #  & ! � � # ' 
 = ( � %

� 	 
 1 ) * � ' 2 � N � � � & �
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L � C $ � = ( 	 � � J � ! 
 E C 4 ? H(s) � < G ? F � � � H * 2 ?

� � � * � & !

10
−2

10
−1

10
0

10
1

10
2

10
−4

10
−3

10
−2

10
−1

10
0

10
1

|H
(j

ω
)|

ω [rad/s]

ω
B
 

■ D < G ? * � � � � � � � 	 
 # � 
 D 0 � � � F �  ; � !
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^y(j!) = H(j!)^u(j!) (132)
■ � � � � # � < G ? B 0 � � = ( � F ( * � $ � C � & !
■ = ( � F ( * � C � & B 0 ! F ( � % � ! j^u(j!)j2 � H J  2 * D 2

� & � � � < G ? B 0 jH(j!)j � 1p2 (133)

■ � � � I ! < �  K � � < G ? !BjH(j!B)j = 1p2 � �3[dB℄ (134)

L � $ * � ! � !B 	 � 
 � (133) � @ � N � !

■ � � � � � N � " � � ; 4 *  � � � & ! tr � 1!B
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� ! 
 � � � � L(s) = ks(s+ 1)

� $ & � � � � ! � � 	 % @ 8 7 * � � � � 1 ) B E # � � � � � 4 � 

D � � � !(a) r(t) = 1(t) � # ' � = ( y(t)  � ; � � k = 0:25; 1; 5 * � � � 


� 	 � � � !(b) r $ � y � � � J � ! 
 E C 4 ? Hyr(s) � Bode 	 ?  k = 0:25; 1; 5

* � � � 
 � 	 � � � � � � � !B  5 
 � !()  " * 4 � � � = ( 1 ) B E # � � � � � 4 �  D � � ! (hm49.m)
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� �

■ L � C D =^y(s) = H(s)^r(s); H(s) = 1

■ 3 � � @^y(s) = G(s) ^d(s); G(s) = 0
	 


■ L � C D =

Hyr(s) = PK1 + PK 6= 1

■ 3 � � @
Hyd(s) = P1 + PK 6= 0


 	 2 G 	 � �

■ L � C D =j^r(j!)j  B � � � � � Hyr(j!) � 1 ) y(t) � r(t)

■ 3 � � @j ^d(j!)j  B � � � � � jHyd(j!)j � 0 ) y(t) � 0
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■ 3 � ! L � C $ F D ! D < G @ �  B � � � � $ � � � F � � � 1

■ 3 � 1 � � @ $ � : ! 3 � < G 	 
 � �  9 � B 0 � J � !  � C 4

	 $ < G 	 
 � �  � � � � � � � �^y(j!) = Hyd(j!) ^d(j!)
◆ j ^d(j!)j  B � � B 0 � � jHyd(j!)j  > � $ � �

◆ j ^d(j!)j  > � � B 0 � � jHyd(j!)j B � B � $ � � � � 	 �

!dB @ 8 �
� � �  � � � 

ju(j!)j
jG(j!)j

!

dB
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■ F N 3 � � 8

jHyd(j!)j = ���� P (j!)1 + P (j!)K(j!) ����� 1 , jP (j!)K(j!)j � jP (j!)j, jK(j!)j � 1 (135)

■ L I C D = � D = � : $ � � � � � � E 2 � Her(s) = 11+PK

jHer(j!)j = ���� 11 + P (j!)K(j!) ����� 1 , jP (j!)K(j!)j � 1 (136)

■ 4 K � � � � K(s) $ D 0 
 � � $ = � � 9 � � � M  � �

PK� ue ydr
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PKo u ydr
� � !  7

PK� ue ydr n

J � !  7
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■ 0 � : > � A $  � � % P (s) $ � $ < 	 :   > 0 > 9 � � 8 4

Ko(s) = P�1(s) 1(�s+ 1) ; � > 0 (137)

  � � ! $ � 
 	 2 G �

■ � � !  7 � C 4 	 �
L(s) = P (s)Ko(s) = 1(�s+ 1) (138)

� $ = � > � � � � 	 � 
 � B 0 � � � � � L I C � D = $ � � �

■ �  � �  � � %  : > � A $ � � � � � � !  � 8 � $ � � � �

!1=�jL(j!)j1
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■ J � !  � 8 � � � � $ � C 4 	

H(s) = P (s)K(s)1 + P (s)K(s) (139)

■ F $ 0 � : > � A � < 	 : $ 2 � $ � � $ � � !  7 � F $ � C 4 	

$ < 8 � � � � � � H(s) = 1=(�s+ 1)  � 5 ; � � � � 8 4 �  �

� ! � � C 4 	
K(s) = P�1(s) 1(�s+ 1) � 1 ; 0 < �� 1 (140)

� � � �

■ � � � � � $ � 8 4 K(s) � % � � � � n(t) $ 1 6 $ � � � � � �
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■ � � ! � 7 F N uo(t) � J � ! � 7 F N u(t) $ H 3

^uo(s) = Ko(s)^r(s) = P�1(s) 1(�s+ 1) ^r(s)^u(s) = K(s)1 + P (s)K(s) [^r(s)� ^n(s)℄ = P�1(s) 1(�s+ 1) [^r(s)� ^n(s)℄

F � � P�1(s) � 9 < � ? 0 $ 9 � � � � $ ; � � � $ A I � � � 	 
 �

■ = N 1 E � ^y(s) = H(s)[^r(s)� ^n(s)℄ (141)

� � ^n(s) � B � � < G ? B 0 $ � � � D  @ � $ 4 � $ � � � �

■  � � � 0 � : > � A 7 � � � � � $ � � � � � � � � � � � � > 9 �

� � ! � � 8 � M � � � � � 8 � � �



3 M @ 8 ! 3 M $ B D � � � � > 9

200 / 284
■ � � ! � 7 $ > 9 � ^yo(s) = P (s)K(s)^r(s) + P (s) ^d(s) (142)

� � � � � � = N J : ^yod(s) = P (s) ^d(s) � @ $ � �
■ J � ! � 7 $ > 9 �

^y(s) = P (s)K(s)1 + P (s)K(s) ^r(s) + P (s)1 + P (s)K(s) ^d(s) (143)

� � � � � = N J : � ^yd(s) = P ^d=(1 + PK) $ � � �

PK� u ydr
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■ N < $ = N 4 $ � 7

^yd(s) = 11 + P (s)K(s) ^yod(s) (144)

K(s) $ � � % $ > $ � � � 1=(1 + PK) $ � � % � D 8 � � �kydk � kyodk

� � � � � � $ � � �

■  � � � J � ! � 7 $ J � � � $ 1 6 $ � � � � � �

■ M � ! � � ! � � � 	 ? 9 � � � � � � 
 � � 4 @ E � H 1 � � �

PK� u ydr
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■ % � % � ! � � � A ; � � � � A(s)! � 	 � � � � 	

PK� u ydr AF�
■ 3 � � � 7 ! ^yod(s) = P (s)[1� A(s)F (s)℄ ^d(s) (145)

■ A(s) $ < ? : �  $ 
 � � F (s) = A�1(s)=(�s+ 1) 
 �  �

^yod(s) = P (s) �1� 1(�s+ 1) � ^d(s) (146)

�! 0 
 � � 
 � 9 � < G ? B 0 � � � � � � � � = 5 � � � �
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■ J � � � 7

◆ F $ � � A ; � ; � 
 �

^yd(s) = P (s)1 + P (s)A(s)K(s)[1� A(s)F (s)℄ ^d(s)

= 11 + P (s)A(s)K(s) ^yod(s) (147)

� � � J � � � @ 8 � M  � � � �
◆ � � � � � � $ A ; � 9 � � � � � � � � � 	 � � � � � $ 1 6

� M � � > �

^yd(s) = P (s)1 + P (s)A(s)K(s) ^d(s) (148)

9 � B 0 � � � � � � $ J � � � E C � ? $ � � % � D 	 M � �

� 
 � � � 
 � $ � � � � M @ @ � � N � �
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■ 0 H � � � � � � % � � B  
 � � = N 
 � � M � � � D �  	 �

■ F N � � 
 > � ^y(s) = P (s)[^u(s) + ^d(s)℄ (149)

◆ 4 K 7 ! P�1(s) � � D  � � � 
 > �^d(s) = P�1(s)^y(s)� ^u(s) (150)

◆ J 7 ! � � � 	 � � � � (P�1(s) �  � � � � 
 � 
 � )^d(s) = 1(�s+ 1)rP�1(s)^y(s)� ^u(s) (151)

r � E C � � P (s) 
 < � :
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■ 1 ; A � 4 
 N � � � � � � � 	 
 � @ 8 � ; � 
 A � �  � 
 A �

8 : � jymaxj � jyminjjyminj = 104u� 103u103u = 900% (152)

� � 9:9893 � 9:88139:8813 � 2:9% (153)

� � � D � � � � � D � � A � �  � � < � � � 	 � 
 � � � � �

■ J � �  
 J �  � � � � � � � � � � � � 	 � � � � 	 �

Au y�+
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■ K � $ � ! � � 6 4 � � � 	 � D � 
 4 K E 	 J K 
 @ L � 	 �  �

E � � ! � � 
 ; � � � � � � � � 	 
 � 
 J K � � � � � � � 	 


� � � � � � 	 
 M � � F E = N � � � � 	 
 � 
 J K 
 � � 	 �

■ < 
 � � J � � $ M � � � 	 � 8 � � 
 � D � 
 9 � 	 �_x(t) = Ax(t) +Bu(t) (154)y(t) = Cx(t) (155)

� �  ! x 2 R n; u 2 Rm; y 2 R p $ � 	 �
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1. � � � � � � 	 
 � � � � 0 D �

■ # � = N 7 � 6 G C

■ B � = N 7 � 6 G C

■ 6 A � � ; ?2. � � � � 	 � � � � � � D3. = N � � � 0 D � ! � � � � � � 	 
 � � � � � � 	 � J 9 7
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■ 2 D ! � � x $ � � � � D � � �

■ � 8 � N !

u = Fx; F = 264 f11 � � � f1n... . . . ...fm1 � � � fmn
375 (156)

� � 0 D � J K � 	 
 � �  � � � � � 8 � � ! 7 ? 9 N F � 	 


� �  � � � � � � � � 8 � � � �

■ � � � � 7 � � � J � � !_x = Ax+Bu = Ax+BFx (157)) _x = (A+BF )x (158)

■ F I 0 D @ � A+BF � 0 D @ � � � � � � � � 0 � ! � � $ � G �

	 � � � � � � � �  F � " # J K � & � � @ L � � �
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■ � � � � ! 4 � � � � � � � 7 � 6 
 M � A �  ! < : � � � � � 6

$ $ � 	 � � � � � � % � � � � 	 
 � �  F 
 � � �) � � J � � � � J K

■ 6 � � � � � A 9 N � F @ B 9 � � � $ � � ! � � � � 6 $ ; D � �

� � ! F @ B 9 � � � � � �

N � � ! n < 8 � � � � � � $ � 6 $ fp1; � � � ; png � ; D � � � � !

B 1 � � F @ B 9 � � < � � � � � � �p(s) = (s� p1) � � � (s� pn)
■ 0 J ! � � � � 7 � 7 ? 9 N $ A+BF � � � � � $ � F @ B 9  �

� " # � & � � p(s) = det(sI � (A+BF ))
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N < $ E $ � � � & � � � � � � � � � J ? s � 4 � � 9 E  � F �det(sI � (A+BF )) � (s� p1) � � � (s� pn) (159)

■ >  N � 7 ? � H 3 � � � F � M A � 4 � � n 8 � O � J D  � F � �

■ 1 � � 7 � 	 9 ! F � 1� n � 9 % 
 
 � � $ � M A ? $ n � � � ! 2

$ B : � � � � 0 0 2 � � & �

■ m  � 7 � 	 � F � m� n � 9 N � � � ! M A ? � m� n 8 � � �

� ! 2 $ B : $ � � $ � 2 � 0 0 � � � � �



6 G C K

211 / 284
■ F @ � � @ < ! J A � � � ; & � � $ � 6 L � � � � $ � ; & � $ �

� ! = � � 	 � = J E � � 4 � � � & � � ! � $ r = � � � � � � ! �

� r = � � � � �

■ $ � � ! � D � � � 8 M C � 9 � � � 	 B 
 � B > � � � & � � � �

� � 0 � ! �  � � � � � � � � $ � � � � � �  � � � � � �Im
Re0� �

�
��



6 G C $ > 7

212 / 284

N ! < � I � @ 8 � � � � � 6 G C � & � � 9 # � �

A = � 1 10 �2 � ; b = � 10 �f = [f1 f2℄ � � � � ! A+ bf � F @ B 9  

det � s� (1 + f1) �(1 + f2)0 s+ 2 � = (s� 1� f1)(s+ 2)

� � � � (1 + f1; �2) � � � � 3 � � � 6 �2 � � � % � � � � 	 
 � J

# � & � � � � � � ! � � � � � � � 6 � � � % � � � � 	 
 � � 0 � �

 � � � � �

D M 14 A+BF � � � � � � 0 � �  � � � � 	 � ! (A;B) � 2 @ 8 �

� � & 
 � � � � �
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(A; B) � I 2 @ 8 � $ � � � 9T s.t (J B 2)

A = T � A1 A120 A2 �T�1; B = T � B10 �

� 0 � F � � � � F = FT = [F 1 F 2℄ � � � 


A+BF = T � A1 +B1F 1 A12 +B1F 20 A2 �T�1) det(sI � A�BF ) = det(sI � A1 � B1F 1) det(sI � A2)A2 � � � � � � � � � 0 F � � � � �
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J B 4 < � (A; b; ; 0) � � 1 $ � E C 4 ? !

(sI � A)�1b = �nsn�1 + �n�1sn�2 + � � � + �2s+ �1sn + ansn�1 + � � � + a2s+ a1 (160)

(A; b) � 2 @ 8 � $ � � � ! < � � K � $ � 4 9 N T � � : $ � 	

A := T�1AT =
2666664
0 1 0 � � � 00 0 1 � � � 0... ... ... . . . ...0 0 0 � � � 1�a1 �a2 �a3 � � � �an

3777775 (161)

b := T�1b = [0 0 0 � � � 1℄T (162) := T = [�1 �2 � � � �n�1 �n℄ (163)
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■ 2 @ 8 9 N C = [b Ab � � � An�2b An�1b℄
■ F @ B � � $ � ? � 9 N � � � $ �p(s) = sn + ansn�1 + � � � + a2s+ a1

U =
2666664
a2 a3 � � � an 1a3 a4 � � � 1 0... ... ... ... ...an 1 � � � 0 01 0 � � � 0 0

3777775 (164)

■ � 4 9 N T T := CU
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# < 8 $ % � � �

_x = 24 1 1 �20 1 10 0 1
35 x+ 24 101
35u

� 2 @ � � = 7 $ � 4 $ � 	

■ 2 @ � 9 N � � ;
C = [b Ab A2b℄ = 24 1 �1 �20 1 21 1 1

35

� � � # � 	 � 	 
 � � ! 3 � !  � � 2 @ � � $ � 	
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■ 3 � !  � F @ B � �det(sI � A) = s3 � 3s2 + 3s� 1


 $ a1 = �1; a2 = 3; a3 = �3 � $ � 	

■ < � � 2 @ � � = � $ � 4 $ � � 4 9 N

T = C 24 a2 a3 1a3 1 01 0 0
35 = 24 4 �4 1�1 1 01 �2 1
35) T�1 = 24 1 2 �11 3 �11 4 0
35

) T�1AT = 24 0 1 00 0 11 �3 3
35 ; T�1B = 24 001
35
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>> A=[1 1 -2;0 1 1;0 0 1℄A = 1 1 -20 1 10 0 1>> B=[1 0 1℄'B = 101>> C=[B A*B A^2*B℄ %2 @ � 9 NC = 1 -1 -20 1 21 1 1
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>> poly(A) %F @ B � � $ � ;ans =1 -3 3 -1>> T=C*[3 -3 1;-3 1 0;1 0 0℄ %� 4 9 NT = 4 -4 1-1 1 01 -2 1>> inv(T)*A*Tans =0 1 00 0 11 -3 3
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>> inv(T)*Bans =001
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D M 15 � � � � _x = Ax+ bu (165)

$ � � � ! > B % � ! � � � � u = fx (fT 2 R n) � � ; 	 � 
 � � 	 $

I M = J � 7  ! (A; b) � 2 @ � � $ � � � 	

■ 3 � !  � F @ B � �det(sI � A) = sn + ansn�1 + � � �+ a2s+ a1

■ ; 	 $ � � � !  � F @ B � �sn + nsn�1 + � � � + 2s+ 1

■ > B % � ! � � � � � � �f = [a1 � 1 � � � an � n℄T�1 (166)
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= J @ � < $ 	 (A; b) � 2 @ � � = � (A; b) $ � 4 � !fT = f = [f 1 � � � fn℄ � $ �T�1(A+ bf)T = A+ b f

=
2666664
0 1 0 � � � 00 0 1 � � � 0... ... ... . . . ...0 0 0 � � � 1�(a1 � f 1) �(a2 � f2) �(a3 � f3) � � � �(an � fn)

3777775

� � � ! E � det(sI � T�1XT ) = det(T�1(sI �X)T ) = det(T�1)det(sI �X) det(T ) = det(sI �X) � ; � � ! < � � F � � � 	det(sI � (A+ bf)) = det(sI � (A+ bf))= sn + (an � fn)sn�1 + � � �+ (a1 � f 1) (167)
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det(sI � (A+ bf)) = sn + (an � fn)sn�1 + � � � + (a1 � f1)

; 	 $ � � � !  � F @ B � � �sn + nsn�1 + � � � + 2s+ 1

� $ � � ! � ? � H 3 $ � � � $ 
 $f = [a1 � 1 � � � an � n℄

� F � � � 	 
 � � ! > B % � ! � � � � � � � f = fT�1 = [a1 � 1 � � � an � n℄T�1 (168)

� $ � 	
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■ � � � � � � � � 2 @ �

A = � 0 1�KM 0 � ; b = � 01M �
■ A+ bf $ 8 � C � (p1; p2) $ � 	 $ � f = [f1 f2℄ � B : $ � �

■ 8 � C $ 	 5 � � 9 E � � � N 	 !det(sI � (A+ bf)) = (s� p1)(s� p2)) s2 � f2Ms+�KM � f1M� = s2 � (p1 + p2)s+ p1p2

■ 
 J 3 � $ � � � H 3 $ �  � O N � D �  0 � 2 � F � !f2M = p1 + p2; KM � f1M = p1p2) f = [K �Mp1p2; M(p1 + p2)℄
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@ 7 % � � �

_x = � 0 10 0 �x+ � 01 � u; y = [1; 0℄x

(a) $ $ � $ > B � B 	 � 
 �  
 , > B % � ! � � � � u = fx $ 
 �

� , � � !  � $ � � �1; �2 $ � 	 � � � . % � ! � � � � � � � f

� 5 � 
 .
! 2 E � (a) > B % � ! � � � � � $ F @ B � �

A+ bf = � 0 10 0 �+ � 01 � [f1 f2℄ = � 0 1f1 f2 �) jsI � (A+ bf)j = ���� s �1�f1 s� f2 ���� = s2 � f2s� f1= (s+ 1)(s+ 2) = s2 + 3s+ 2) f1 = �2; f2 = �3(hm56.m � < 9 � � � � hm56 sf.mdl � < 9 )
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� � !  � � �2;�1� j1  $ � 
 $ $ > B % � ! � � � � � � � � 
 !

_x = 24 1 1 �20 1 10 0 1
35 x+ 24 101
35u

■ 3 � !  � F @ B � �det(sI � A) = s3 � 3s2 + 3s� 1


 $ a1 = �1; a2 = 3; a3 = �3 � � � !
■ J 4 9 N ( A $ � � � ; : � )

T = C 24 a2 a3 1a3 1 01 0 0
35 = 24 4 �4 1�1 1 01 �2 1
35
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■ ; 	 $ � � � � !  � $ F @ B � �(s+ 2)(s+ 1� j)(s+ 1 + j) = s3 + 4s2 + 6s+ 4

� � $ � 1 = 4; 2 = 6; 3 = 4  $ � !

■ > B % � ! � � � � � � � (p assign.m)f = [a1 � 1 a2 � 2 a3 � 3℄T�1 = [�15 � 47 8℄
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>> poly(A)ans =1 -3 3 -1>> poly([-2 -1+i -1-i℄)ans =1 4 6 4>> f=[-1-4 3-6 -3-4℄*inv(T)f =-15 -47 8
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D M 16 m � � � _x = Ax+Bu

$ � � � � A+BF $ 8 � C � G � $ � 	 � 
 � > B % � ! � � � � � �

� F 2 Rm�n � B : $ � � � $ I M = J � 7  � (A;B) � 2 @ � � � � �

 � � � !
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■ � � % � $ 9 N K � � � �

■ � � J 4 u = Kx+ gv

� ; $ �  $ 
 $ � % � � � � 2 @ � $ � � � � $ J 4 $ � !_x = (A+BK)x+ bv
■ < $ � � $ � � � � $ � G C � v = fx � < 8 $ � � !

■ : = E $ � F = K + gf (169)

� � � $ % � ! � � � � � � � � M � � !

■ � � � $ � � $ � � � � $
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■ < � � � $ J > ! � � 5 � � � 0 	 0 � $ � N � N $<(pi) � ��; 8 i

◆ 2 E 1 E $ � I (� M @ ) $ $ � � e��t � $ � !
◆ e�3 � 5% � � � $ � � @ D 	 4 ts $ �ts � 3 � K 
 $ !

◆ ts � M � � � � � � % �  � � � $ � � 3=ts � � � � !

■ � � $ � � $ � � ! 5 � � < � � � � � $ �  � !

◆ � � � G � $ =(p) � � � � 2�==(p)  � � � � � <(p) � =(p) $

 � 0 � � � � I � e<(p)�2�==(p) � e�2� = 0:19% � 8 � $ � � � �

� � !

■ � � F  $ " O � H

◆ 6 � # & � � N ' $ ( ) $ � * � � !
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■ 0 � � A 9 � �  � ; D � � � 6 $ B : 0 $ < $ ? $ 1 $ � J � � � !

��45Æ
Im

Re0��
■ 
 � ' � 5 � � � � $ H =(p)=<(p) � � � � ' � ( � � � 8 � 7 � �

	 � � ( ) � % 
 � I � 2 � � � N � � 	 4 $ D � � � ) ' �  !

= � ) � N � � 	 4 tr � C � ' 
 � > 9 � � � H � # � � � � � I M

� � � !
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■ % �  � �JM ! � � � � � � � �  
 � k ! � E � � % � D �JL ! I 2 � � � � �  
 � D ! � � � B � G � K ; 7 �DL ! I 2 B � G � K ; 7 � !M ! � � � � E � �!L ! I 2 � E � � �s ! � E � � $ � � 3u ! � � � � 	 
 � D =  � !M
■ �  	 � > � � 
 � 	 x = [!L �s !M ℄T

_x = 24 �DLJL kJL 0�1 0 10 � kJM �DMJM
35x+ 24 1JL00
35 d+ 24 001JM
35u (170)

y = [0 0 1℄x (171)



# 4 @ 7 (% ! � 6 F 7 ) $ N

234 / 284
■ � � ; M �

0 D B � $ � E ' ) � � I 2 � � 	 
 3 � d � � 2 � � 
 � � � I 2

� � E B � !L � J � ' � � �  � � � ' 
 � !

■ % �  � � �JM = JL = 1; DM = DL = 0� k = 100!

■ > � % � � � % � 
 $ � 	 � � 6 � �4� j4; �8 � G C ' 
 � !

■ > � % � � � % � 
 � � 
F = [13:4 104 � 16℄
loadmotor

�

!M u !L d
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■ C 0 � 
 % 	 % � 	 
 3 � � 4 � � =  1 E

0 0.5 1
−0.3

−0.2

−0.1

0

0.1

0.2

0.3

0.4

0.5

(motor plae.m)
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■ > � % � ! � % � 
 � ;  $ � � � � ) � > � � � 
 � (D > � 9 2

� � ! � 	 
 � $ � � ) $ �  � � � � � � � � � � � � l B � @ 8

K � � � �  !

■ � � $ � L � � > � � M � � = F � � J � �  $ � � � � > � � � 


� $ � � � � > � � � � !

■ = � � � D > �  = N � @ 8 � N � � � � � � � � � % � 	 
 � $ >

� � ?  C �  = � � " K # � � � � !

■ > � � ?  � � � 	 & ' ( ) � * + , - . � / � � � !
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_x = Ax+Bu+ L(Cx� y) (172)
■ � 0 � � % � � ! � $ 4 K � M

◆ @ 8 B > $ � � @ 	 
 � � � � � � 	 
 �  � � ?  C x 	 : �

� � (1 J � = $ � � $ 9 )

◆ % � � ! � $ � N Cx � � C $ @ 8 B > $ � N y $ � �  � � ?

 C 	 � � � � (1 J � # 9 )
■ � N L � * + , - . � �  � / � " �
■ & A ; $ " D ' _x = (A+ LC)x+Bu� Ly (173)
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■ � � � � e = x� x (174)x! x, e! 0 	 $  ! � � � � $ < 
 � � 	 9 � "  � � �

■ e(t) $ � � @ �_e = _x� _x= Ax+Bu+ L(Cx� Cx)� (Ax+Bu)= (A+ LC)e (175)

■ G 0 $ = 4 � � e(0) � B � � e(t)! 0 � 	 � � � � ! (A+ LC) $ �

� @ � I M � � = J  � � �
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D M 17 � 0 � � % � � ! � � $ � � ! A+ LC $ 8 � C 	 G 0 � ; � 

� � % � � ! � % � � L 2 R n�p � B : � � � � $ I M = J > 7 � !(C;A) � 2 4 �  � � � �  � � �

■ (A+ LC) $ 8 � C � % � � ! � 6 � � � �

■ (A+ LC) � (A+ LC)T = AT +CTLT � � 	 8 � C 	 
 � � � ! $ �

� (C;A) $ 2 4 � @ � (AT ; CT ) $ 2 @ � @ � E   � � � � � � !

L � � �

� � � � ! � � � � � � 	 � � � ! % � � ! � $ � � � $ � � 
 6 G � K

� 0 H J � � � � $  ! � $ J K � � � � � L � � �
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■ % � � ! � 6 � fr1; � � � ; rng � G � � �

■ % � � ! � $ � @ B 9 'det(sI � (A+ LC)) � (s� r1) � � � (s� rn) (176)

N J $ � ? 	 H 3 � � � L $ M A � 4 � � n 8 $ O � J D ' � F � �

■ # = 	 
 $ > 9 ! O � J D < � 2 � � �  2 � � ;  � � �

■ B = 	 
 $ > 9det(sI � (A+ LC)) = det(sI � (AT + CTLT )) (177)

� � � � � !

◆ A = AT ! B = CT ! F = LT � $ � � � � � � ! � � � � % � � �

� $ � � � � � �  F � � ;

◆ L = F T � � �  � � � ! � % � � � 	 � �
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■ � � � ! � $ L E � � � � � � � � � � � � ! � � � � � < 8 $ � �

� � � � � �

■ � $ � � � � ! � � � � C $ ? C � $ < 
 � = J � B � � 	 � �  	

� 	 � � � � � ! % � � ! � 	 
 � > �  � ! � � � � 7 	 
 � � �

= J � 5 � � � N � � � � � � � � � �

■ � � � � � ! � 6 $  � $ � � � � � ! � � � � 
 $ 6 $ 2 � 5 G �

� � � � � � � � � ! � � � $ ; "  � � � Im
Re���

� � �
� � � � ! � � � � 6� � � ! � 6
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@ 7 % � � �

_x = � 0 10 0 �x+ � 01 � u; y = [1; 0℄x

$ M � � � � � � � .(b) = 	 � � $ B D $ � � � 	 , F 0 < 8 � � � ! � � ; 
 � � � x(t) �

? D � �  . � � � ! � 6 $ �4; �5 � � � � � � � � � ! � � � �

� � .
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(b) � � � ! � � F @ B 9 <

A+ l = � 0 10 0 �+ � l1l2 � [1 0℄ = � l1 1l2 0 �) jsI � (A+ l)j = ���� s� l1 �1�l2 s ���� = s2 � l1s� l2= (s+ 4)(s+ 5) = s2 + 9s+ 20) l1 = �9; l2 = �20

= 
 � ! � 8 � 	 � 0 � � � � � � � $ � � �_x = (A+ l)x+ bu� ly = � �9 1�20 0 �x+ � 01 � u+ � 920 � yu = fx = �[2 3℄x(hm56.m � < � � � 	 � ! hm56 obsf.mdl 
 < � )
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■ I 2 � % � � 
 � � � $ � � : F � � � ! � � � ! � < � 3 B E !M


 B D � � � !M 
 M  � � � � ! 	 
 � � � � �

■ � � � ! 	 6 ! �12� j19; �24

■ 5 
 
 � � � � ! 	 ! � � � L = [�73:2 8:8 � 48℄
■ =  > B x(0) = [1 0 0℄T � � � � ? D 8 � � 1 � (motor plae.m)e1 � e3 � � � � � !L ! �s ! !M � ? D 8 � � � � �
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1

e 1

−0.04
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0

e 2

0 0.1 0.2 0.3 0.4 0.5
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■ � � � ! 	 � ? D � � > B 
 M  � > B % � ! � 	 � �u = Fx+ v (178)


 ; � � � � � ! ? � v � 3 I 	 � � � N (� � $ ! L � C � � ) 


� � �

■ 	 
 7 ! > B % � ! � 	 � � � � � � ! 	 
 ; 
 � � 8 � �

++v yu
xF

@ 8 B >

� �  ! �� � � � ! � � � �
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■ ? D 8 � $ e = x� x � � � � � ! (x; x) � B $ � � J % ! � 7 � > B


 (x; e) � A � $ � $ � 	 � �

■ u = Fx+ v 
 _x = Ax+Bu � B � � � �_x = Ax+BFx+Bv = (A+BF )x+BFe+Bv

$ � 
 < _e = (A+ LC)e � 
 � � � � ! J % ! � 7 $ F � � � �� _x_e � = � A+BF BF0 A+ LC � � xe �+ � B0 � v (179)

■ J % ! � 7 � 6 = > B % � ! � 	 � � � � � � ! 	 � 6 � O = 9

det � sI � (A+BF ) �BF0 sI � (A+ LC) �= det(sI � (A+BF )) det(sI � (A+ LC))
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■ � � � � !

> B % � ! � 	 � � � � � � ! 	 $ � � � � 0 D � � � � � � � � $

� �  � $ ! A % � � � � 0 D � � � � 	 
 � ! > B % � ! � 	 � �

� � � � � � � ! 	 � � � � F 
 � � � � ! � ! � 9 �  � �

■ � � � ! � � � � � � 
 	 � � �  ! > B % � � � 	 � � � � � � �

	 � 2 E 1 � 
 B � � � � � � L � C � 3 � � � � � 1 � � � � � �

� � � > � �  " � # � & ' 2 E 1 � � ( ) � � * + � � , & � � � "

■ �  $ ' L � C 1 � � - 9 ' � . / 1 � @ 3 4 � 5 C ( ) � J % � �

5 C � ? � 5 C ( ) � � � " = 6 7 ' � . / 1 � : < � ;  0 D < I

0 D ( ) G � 	 H ' J % � � K G L O � � � P � H Q N 1 � � 
 R �

� S T � � � , & ' ,  6 7 L O � 9 O 2 P U < V W � G � � & � 7

� 
 X "

■ @ 3 4 � K Y � . / 1 � ( ) G Z [ $ \ � $ �  H ] $ � � , � � �

�  � ' 3 � 1 � � � � ^ ) , & : _ � ;  K ( ) Z [ � ` $ � �  "
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■ � � � 7 � � � ' A � � Y � � � � > B % � � � 	 � � H � � � �

	 � G J 9 � � J % � � 7 � �  7 ' C 0 � / % % � � 1 % � 3 � H

2  � H O � Q N 1 � � ? � � X � � � " (motor plae.m)
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■ > B � � � � 	 
 � u = Fx

G �  � � 	 _x = Ax+Bu+ L(Cx� y) (180)

� � � $ � H _x = (A+BF + LC)x� Ly
■ � � ' y 7! u � � � Q � � � � � 	 
 � @ 3 4 �

K(s) = � A+BF + LC �LF 0 � (181)

■ � � � > B � � � � 	 
 � H �  � � 	 G � H � � � � Q � � � � �

	 
 � @ 3 4 Y � � �
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■ : � $ � @ 8 M O � ! � E @ 8 � � � @ 8 L � 	 ! 
 � �  � @ 8 $

� 0 � � � � 4 � � � � � 7 $ � � � � � � C � � � � �
■ � � � � � 7 � � � !  " � � & ' $ @ 8 ( G � ) * + $ � � , - K

� � � � � � � ! J . � 
 / � 1 D ( 3 5 � ) * + � 6 [ � 9 ; �

� � �

■ < L =

◆ 
 � �  � 1 D + $ � � @ 8 ? � $ A � � F H 9 I � N � P � Q

R S R � T U $ V W � �

◆ X � � � - Y G 9 " Z ! ( G � ) * + L \ � � � F H I � N � P

� ) * + $ � � , � ] ^ _ � ! ` a � b c + _ � � � , - d e $

� � �

■ f g $ � ! � � - Y G $ � � � , � h $ � � � 1 D + @ 8 ? � I �

N � P + � � � @ 8 M O � i j 9 k l � S R $ � � �

■ _ " � ! J . � 
 / � m n o p q r s > B t u q r ! v w � x F H y

@ 8 / � q r , z { � R � � X | A � �
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1. S H + � � � � 	 
 � / � � �

■ @ 8 ( G � I 2 $ � � � � I 2 4 ?2. @ 8 ? � I � N � P +

■ 1 D 9 @ 8 B > � � 9

■ S H � 9 � 93. x F H y / � q r � @



0 H 2 % � ! � � � � 9 @ $ F �

� � G I 2 $ $ � 	 �
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■ x 4 ( / L \ � @ 8 ; M

◆ 
 �  . � 3  d - 
 � � � E B y !L � � � � 1 6 � � � 9 -

" ! !L � L � C r � D = _ W �

■ @ 8 � � � � N � 
 � � � E B y 8 : r � !L $ � � ! � D ? � !M ,

� � 9 ; � � � �

■  . � 3  d X 
 � �  � � @ 8 � N u , � � ; � � N $ � � �

■ �  3  ( X � " � L � C ) # & � I 2 $ � � � 7 � o ' � ( � ! ) �

� � � N V � K - * j , 9 � �

G
K

z
y

w
u

� ��-
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G
K

z
y

w
u

� ��-

■ G! % � � � $ I 2 ; M (I 2 N � = � ) � � � � 4 ( � 0 H 	 
 � � 

■ K ! @ 8 ?

■ I � � � z ! @ 8 � G � � � � � � � � ( � � N � � � �

■ B D � � y ! @ 8 ? � � N ( � � � � � � � � � � � � � N � D = 8

: ) � � � �

■ 3 M w ! @ 8 � G � � � � � � ( � 3  � N � � � �

■ " # F � u ! & � ' ( ) * + , - � � ; . � � � �
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■ G(s) � � = N 4 7 !G

K
z

y
w

u
� ��-

� ^z(s)^y(s) � = G(s) � ^w(s)^u(s) � (182)^u(s) = K(s)^y(s) (183)

■ � � 	 � 
 � 2 �  * � � � � � B , � � � � � = N $ � � @ 8 ? K

� � N � � � � I � 	 � % � � � � = N � � � � $ � 8 � � � �

■ �  � � # < M E " � L & C D ' @ 8 � > ( � @ 8 ) * � � N � D '

+ : r � yP (yP � % � � � � = N ) � � � � , , � � - � � = N y $

� � �

■ . � � / < M E " � > ( � � = N � ? 1 � � � � [r yP ℄ $ � � �
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■ L & C � % � � ! WR(s)

■ � � = N ! @ 8 L � � D ' + : � � � � $ > � $ � � , $ � � � � � �

D ' + : z = r � y $ � � �

■ 3 � ! L & C % � � � � � � � � � N w
■ � � = N ! (r; yP )

■ � = N 4 7
WR --- - -6- -gqq � yPzw r u

K
�� �--
G wuyPrzPK
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■ % � � ! x = [!L �s !M ℄

_x = 24 �DLJL kJL 0�1 0 10 � kJM �DMJM
35x+ 24 1JL00
35 d+ 24 001JM
35u

yP = [0 0 1℄x

■ � � = N ! � � � � E D ' + : z = r � x1 = [�1 0 0℄x+ r

■ � � = N ! y = [r yP ℄( / < M E @ 8 )
■ 3 � ! w = [r d℄

■ P (s)! [w u℄ � � [z y℄ . � � 
 � 2 � � � � � E C 9 N� ^z^y � = P (s) � ^w^u �
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■ P (s) � 5 $ J ! . � ! < � � - , 7 ? 9 N , � 1 � � � �_x = Ax+ b12d+B2u; yP = 21x

� � �
_x = Ax+ [0 b12℄ � rd �+B2u = Ax+B1w +B2u

z = [�1 0 0℄x+ r = C1x+ [1 0℄ � rd � = C1x+D11w

y = � ryP � = � 0yP �+ � r0 � = � 021 �x+ � 1 00 0 � � rd �= C2x+D21w

� P (s) � > B J D � � 	 � �
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■ � � $ ! L & C � F � @ � 9  � � $ $ ! L & C � % � % � WR(s) !

� % � 3 � � % � % � WD(s) � � $ �

■ , � � � � = N 4 7^r(s) = WR(s) ^w1(s); ^d(s) = WD(s) ^w2(s) (184)

� B � � � � ! : = � [w1 w2 u℄ 7! [z y℄ � 
 � 2 � � � �

G(s) = P (s)24 WR(s) WD(s) 1
35 (185)

� � � � � �
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■ 
 � 2 � � � � � ! � � � � � � � � $ 	 � � ! ? 1 4 � 7 ( 4 7 �

? 1 � % � % (= $ ) � � � � 3 B � � � � � � � � 	 � � � � �

P WRWD uw2w1rdzy
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24 _xzy
35 = 24 A B1 B2C1 D11 D12C2 D21 0
3524 xwu
35 (186)

. � ! 
 � 2 � � � � � E C 9 N � � N
� wu �

� = N
� zy � � < 8 $ 1 $

� < � � - $ � 3 	 � � $ �
G(s) = � G11 G12G21 G22 � (187)

G
K

z
y

w
u

� ��-
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G
K

z
y

w
u� ��-

■ 3 M w $ � I 2 = � z � � � � % ! � E C 9 NHzw(s) = G11 +G12K(I �G22K)�1G21 (188)

z = G11w +G12u; y = G21w +G22u; u = Ky) u = KG21w +KG22u) u = (I �KG22)�1KG21w = K(I �G22K)�1G21w) z = �G11 +G12K(I �G22K)�1G21	w
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� M 18 (A; B2) � 2 � � ! (C2; A) � 2 � = � � � � 	 � � � 
 F ! L

� � � � � A+LC2  A+B2F � � � $ � � 9 N � � � 
 � � � �  � H

� � � � � G(s) � F I � � � � � � � � � � � � � �  � ? � y $ � u

� � � E C 9 N � � � � ! � �  " � 


# & '  Q(s) � ( ) * < + � , - G . � � � 9 N � � � 


M
Q

u
�

y
�

� ��- M(s) = 24 A+ B2F + LC2 �L B2F 0 I�C2 I 0
35
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= J @ ! Q(s) = (AQ; BQ; CQ; DQ) � < 8 � � $ � � % ! � 7 � A 9 N

� � ; � � � � � � � � � � 


K(s) = 24 A+B2F + LC2 �B2DQC2 B2CQ B2DQCQ � L�BQC2 AQ BQF �DQC2 CQ DQ
35

� " � Hzw = F`(G;K) � B F � � �  � % ! � 7 � A 9 N

A = 24 A+B2DQC2 B2F �B2DQC2 B2CQB2DQC2 � LC2 A+B2F + LC2 �B2DQC2 B2CQBQC2 �BQC2 AQ
35

� 24 A+B2F B2CQ B2F � B2DQC20 AQ �BQC20 0 A+ LC2
35 (189)

� � 9 N � 	 � $ � � � � � � 
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I M @ ! G . � � � � � � � K(s) $ I � � � � � * Q0(s) � � $ �K(s) = F`(M;Q0) � = � � � � � � � � � $ 
 � � �  � � < $ � Q0(s)

� 5 ; ' �  � � � � @ � 3 $ � � 
 � ? � F = � 4 7 � �� ^u^� � = M(s) � ^y^� � ; ^u = K(s)^y (190)� ^�^y � = ^M(s) � ^�^u � ; ^� = Q0(s)^� (191)

MQ0
�� �-
y��u ^MK
�� �- �uy�
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� " � � < $ � ^M(s) �
^M(s) = � II �M�1(s) � II � (192)

5 % � � � � 8 < � � $ � M�1(s) � ; � � �

^M(s) = 24 A �L B2�F 0 IC2 I 0
35 (193)

■ ^M(s) � G(s) � F $ (2, 2) � � � � � , - $ �  K(s) � � � � � � �

 " � 
 � � �  Q0(s) := F`( ^M; K) � � � � * � 
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7 1 G(s) $ � � � � � � �  � � � � � � � � � � � � �K(s) = Q(I +G22Q)�1 (194)

� I � � 
 # & '  Q(s) � ( ) * < + � ; - G . � � � 9 N � � � 


( � 	 ) � � � �  F = 0; L = 0 � � � � � �  7 ? 9 N M(s) �

M(s) = � 0 II �G22(s) �

� * � 
 � � � K(s) = M11 +M12Q(I �M22Q)�1M21 = Q(I +G22Q)�1

� � 	 � $ 
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■ D > � � � � � ! � 	 � � 7 � G22(s) = �P (s) � � � � � # � $ � P (s) $ � � � � � � � � � � � � � � 8 < �K(s) = Q(I � PQ)�1 (195)

� * � 


PK� ue ydr
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■ P � � � � '  P (0) 6= 0 � � � 
 � � � � > � 3 M d � A 6 E � � 5

� � � � � � � � � � � � � $ 
 duK P y�

■ 3 M 1 � � Laplae J 4 !

^y(s) = P1 + PK ^d(s) = P1 + PK 1s

� � � � � � � 8 < K = Q=(1� PQ) � B F � � �

^y(s) = P (1� PQ)1s (196)
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■ Laplae J 4 � : = C � M � � �y(1) = lims!0 s^y(s) = P (0)[1� P (0)Q(0)℄ = 0

P (0) 6= 0 * � $  < < $ I M
Q(0) = 1P (0) (197)

■ 3 � � A 6 � 5 $ � � � � � � � � � !�K = Q1� PQ : Q stable and Q(0) = 1P (0)� (198)

K(0) = lims!0 Q1� PQ !1 (199)

* � $  K(s) � @ J � 1=s � , - 




? C �

270 / 284

� � � � P (s) = 1(s+ 1)(s+ 2)

� � � ! P (0) = 1=2) Q(0) = 2 � � � � � � > � 3 � � A 6 � 5 $ � $

� � � � � - �

K(s) = 2(s+ 1)(s+ 2)s(s+ 3) ; when Q = 2

� * $ �
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P (s) = 5=(s+ 5) $ F N � u(t) ! = N � y(t) $ � $ � � $ 0 D 2 @ 8 4

K(s) = Q1� PQ; Q(s) = s+ 55(as+ b) ; a; b > 0

$ y(t) � L I C 1(t) � A 6 � �  � # $ � � � � : � e(t) = r� y $ � $ �

� # ! % � � � $ � B 4 7 � ' � ^u(s) = K(s)^e(s) � � $ �(a) J % ! % 7 $ � � � � � ? � 	 � �(b) Q(s) � � $ � � � � : $ 
 % 
 � J 4 ^e(s) � I � �() A 6 � � e(1) = 0 � * $ # � � (a; b) $ K # � � � > 7 � F � �(d)   � ! kek2 � 0:1 � * $ # � � (a; b) $ K # � � � > 7 � F � �(e) � 5 $ > 7 ()! (d) � � � � K � � $ (a; b) �  � A � � � ! � 1 �

$ @ 8 4 K(s) � � ; � � �



2 E

272 / 284

(a) � � � � � ?

�r yPKe u

(b) � � � :
^e(s) = 11 + PK ^r(s) = 11 + P Q1�PQ ^r(s) = (1� PQ)^r(s)

()e(1) = 0, ^e(s) $ 0 D $ � $ $ � ! PQ = 1=(as+ b) $ � $ $ � � �

$ $ � ^e(s) = �1� 1as+ b� 1s = as+ b� 1s(as+ b)

I 0 D 6 p = 0 � A ; � � $ � � � ! b = 1 $ � � � � �  � � �
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�  $ ! $ $ � � � � � : $ 1 � � 0 2 $ � $ $ � $ �

^e(s) = aas+ 1 = 1s+ 1=a ) e(t) = e� 1a t; t � 0

(d)a � 0:02 � < � �  J $

kek22 = Z 10 e2(t)dt = Z 10 e� 2a tdt = a2 � 0:12

(e)(a; b) = (0:02; 1) � � � � ! PI � = 4 � F $ �

Q(s) = s+ 55(0:02s+ 1) = 10(s+ 5)s+ 50) K(s) = 10(s+5)s+501� 5s+5 10(s+5)s+50 = 10(s+ 5)s = 10 + 50s(hm64.mdl)
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? < $ (# F = N ) @ 8 7 $ % � � % > $ 3 M d(t) = 1 (t � 0) $ 0 2 � �

� � $ � � � ! @ 8 � � P (s) � 8 E $ N E � ; � � � �(a) $ $ 3 M $ � � $ = N 1 � $ y(1) = 0 � � $ � � $ ! 0 D 2 @ 8 4

$ � � � � � � @ 8 4 K(s) � @ 	 
 � � � � � !  � � 
 � ! � �

D ? Q(s) = q $ � D � � 9 � $ � � $ �(b) P (s) = 1=(s+2) $ � � ! � � $ � � � K � � $ @ 8 4 K(s) � � � � �duK P y�
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(a)y(1) = 0, ^y(s) $ 0 D � � � $ � � � � �

^y(s) = P1 + PK ^d(s) = P1 + P Q1�PQ ^d(s) = P (1� Pq)1s

$ 0 D M @ � � 1� P (0)q = 0 ) q = 1P (0)

$ � � � K(s) = q1� P (s)q = 1P (0)� P (s)(b)P (s) = 1=(s+ 2) � �

P (0) = 12 ) q = 2 ) K(s) = 21� 1s+22 = 2(s+ 2)s = 2 + 4s(hm66.mdl)
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K Pr yPu e�d
■ � � L � ! 3 M d(t) � 1 6 $ � � � $ � � % � � � = N y(t) $ L I Cr(t) $ D 	 
 
 �

■ � 2 = N ! D 	 � : e(t) = r(t)� y(t) (200)

■ � � B � � >  J � � ! _x = Ax+Hd+Bu (201)yP = Cx (202)



# < M E @ 8 7 $ 9 B 2 @

277 / 284
■ 0 H � % � ! � � � � 7 $ E � $ � � � � 3 M $ w = [r d℄� � D = N

$ y = [r yP ℄

■ (F;L)! AF = A+BF � AL = A+ LC $ � D $ � � >  % � ! � � �

� � 	 � � 
 � � ! � � 	 �

■ [r d℄  � e � � � J � ! % � C � N ![Ter(s) Ted(s)℄ = N11(s) +N12(s)Q(s)N21(s) (203)

� � �
N12(s) = �C(sI � AF )�1B; N21(s) = � I 00 C(sI � AL)�1H �

N11(s) = �I; �N12(s)F (sI � AL)�1H � C(sI � AF )�1H�
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■  � � � � ! � Q $ (r; yP ) � < 8 $ 9 � 
 � J 3 � �Q(s) = [QF (s) �QB(s)℄ (204)

■ J � ! % � C � N $ � � � � < � � � $ � �Ted(s) = �N12(s)QB(s)C(sI � AL)�1H �N12(s)F (sI � AL)�1H�C(sI � AF )�1H (205)Ter(s) = I +N12(s)QF (s) (206)

■ Ter(s) $ QF (s) � � $ 0 B � � !
■ Ted(s) $ QB(s) � � $ 0 B � � !

� � � � � Ter(s) � Ted(s) $ F N $ @ 	 � � � !
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■ % � � � $ � D � > 9 F = 0; L = 0 � $ � � !

■ 0 2 � � C 4 ? $ C �Pu(s) = C(sI � A)�1B; Pd(s) = C(sI � A)�1H
■ J � ! % � C 4 ? Ted(s) = Pu(s)QB(s)Pd(s)� Pd(s) (207)Ter(s) = I � Pu(s)QF (s) (208)

$ � N � 
 � � 3 � C � N $ < � � 9 B � F N @ 	 � G @ $ 0 A L �

$ 8 � � !
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G22 = [0 P ℄T ; P (s) := C(sI � A)�1B � �

■ � � 4
K := [KF �KB℄ = [QF �QB℄1 + [QF �QB℄G22 = [QF �QB℄1� PQB (209)

■ � � M E 7 � 0 H � � (P0 � � � 4 � C � % � � � % � � P $ I � )

QF QB P0 P yPu dr

�



# < M E @ 8 $ < A (0 D $ # F = N 7 )
281 / 284

■ F DP = P0 � � � � QB(s) � � N ? 9 � N � � � � % � ! � � % � � � 4KB(s) � �  � � � � ! � � � � � r 7! yP � � C 4 � !HyP r(s) = P (s)QF (s)
■ % � � � % � � �

J � ! % � C 4 � $ K � 	 
 % � � M(s) $ 0 C 
 � � !

PQF = M ) QF (s) = M(s)P (s) (210)

■ % � � M(s) $ B � � � L > 7M(s) $ % � � � P (s) � I � D N � $ ; � � � �  � � � 
 !
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MPM KB P yPu dr
�

■ � G (r 7! u � � C 4 � )
Hur(s) = MP +MKB = MP +M QB1� PQB= MP 1� PQB + PQB1� PQB = QF1� PQB= KF
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■ % � � � ( D 8 � )

P (s) = 2s2 + s+ 4 ; � = 14 ; !n = 2
■ L I � 1 E % � � ( 8 � $ 9 � � � � )

M(s) = 2s2 + 3s+ 4 ; �� = 0:75; !�n = 2

■ % � ! � � % � @ 7 (D 4 E )

QB(s) = P�1 1(�s+ 1)2 ) KB(s) = s2 + s+ 42�2s(s+ 2=�)S(s) = 11 + PKB = 1� PQB = 1� 1(�s+ 1)2 = �s(�s+ 2)(�s+ 1)2
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■ % � % I � $ � � L B

■ � � � � @ �

■ � M � � 	 ! �

■ 6 � N 0 G C

■ % � % 
 � @ �

■ �  ...


