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Multi-Degrees of Freedom H- Controller Design for the

Inverted Pendulum to Fix Position

Student * Yi-Feng Tung Advisor : Dr.  An-Chen Lee

Institute of Mechanical Engineering

Natural Chiao Tung University
Abstract

In modeling the controlled plant,the'mathematical model is at best the approximation to
the actual system. This motivates the authors to:design a controller which is able to accept
the uncertainty produced by the mathematical model to enhance the performance of the
controller in acceptable tolerance range. In this moenograph, the concept of the “normalized
left coprime factorization” to design a H_ controller is therefore adopted for considering
problem of uncertainty of the model system. The purpose for applying the H_ controller in
this paper is to tolerate the modeling error and further maintain a stable control performance.
After that, the “Loop shaping design procedure” method is in use to design the controller. In
this work, the experimental objective of the H_ design will be the inverted pendulum system.
By looking into the performance of the inverted pendulum system, the authors will discuss

feasibility, advantages and disadvantages of the control theory.
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Parameters

Descriptions

M

4 # 2 & & (Mass of cart) : 0.8Kg

m

FHARAE 2 & (Mass of pendulum) : 0.21 Kg

FIEAL 2 — * & & (Distance to pendulum center

of mass) : 0.9/2 m

& Ay #w ik FE (Acceleration of gravity) @ 9.8 ’Vj

S

i i3 46 E M (Armature resistance)  4.2Q

5% 48 E B (Armature inductance) @ 2.64mH

% 3% ) 45°% #(Torque constant) : 0.18 N m/

n
A

i

V- sey
rad

R E #) % E ¥ #(Back emf voltage constant) : 0.18

B 3 AR bk e K AU & (Inertia) ¢ 0.007 Ng-m?

B 3E AR b AR T 4R 3(Viscous damping) ¢
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0.05 m SEV .
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3.1 coprime factorization '* % Linear Fractional Transformations

Vidyasagar # 1985 & pF#% d1 7 “coprime factorization” &k & % Jf#( < }‘% [3])°
VRT3 kAT

G=M"N (3-1)

H¢ G 5 “nominal plant”» & & < 424 %&{5“ PlED ks B E R FEE

~

RPN A M, N #-% G e “left coprime factorization”( LCF ) ¢ k¥ » » ¥ 11372

g\x'i

AR et 3 4o o

G=MN" (3-2)

Uk M, N # s G ¢ “right'coprime factorization”( RCF ) o d —*F'f e VAR s

* = N % 3302 left coprime factorization & 47 f# > ;% 5 w47 f% 5 “right coprime

v

factorization” %% % foi7f% 5 left coprime factorization E_4p fe 73

EFAPE g+ Fx 2 (uncertainty ) left coprime factorization # 77 &7 3% o i

o4 4 g H kL Tt (uncertainty )ik e G, A7 5 T oG et S

G, =(M +AM)'(N + AN) (3-3)

H P AM,AN %~ %] § 4% 2 cnfd 45 Sofic 0 & o7 & SLen? g T (uncertainty ) 5 H U4 5

[AN,AM ], <& <3 @ & f 5 48 T LR (stability margin )> & Jis & 5 567 3258+ 4f chis o
BEFT RSN PR AP T §F BRERSS S AN Tt

(additive uncertainty ) % 5t~ 4p 3k 3] # #£ T4 ( multiplicative uncertainty ) % ¥L12 %2 coprime

factorization %] # Fx T+ % 5L H 2% 4{#]{%‘] A s e T o

-12 -



P

K 4

B 3-1 4p4c 3] 7 f/x 22 (additive uncertainty ) & it

B AALZAp4cqlen2 et s G 5 ald s K G348 -

Z : Ap

411,,(}

K

B 3-2 4p 3% 3] # #x T4 ( multiplicative uncertainty ) % 5t

HP AP 2R F TN G S i K 24 d o

-13-



—> AN AM
W
Byl

» N o r““ﬁ'l

K

Bl 3-3 coprime factorization %] # Fx T+ & st

A ak B P 0 ¥ ehka s coprime factorization 3 F FE E & MeenE HE] i
G Nl de g - miﬁ}‘ #3t @ 4% normalized left coprime factorizations 7 Fx T+ > 3¢
P

S

2218 GG, -+ X T 6 cnfmBh- % feiBficy 147 o8 ¢ % g T4 (uncertainty )

7 % A=[AM,AN] -

FWwmA A r» AT A A PR A AN ;T‘JL,E!\—F‘ Pde ~

normalized left coprime factorizations # Fx T_|+.2_ {4 e ,% 4L  HEEH BT 47 5 -
A

Zl 22
™ AN AM 4
W
/] - y
"Ly N 7 4 ﬁ'l >
G,

Bl 3-4 4 » % Fa T8 4] 12 normalized LCF 47 fi% 78 4 ]

-14 -



M 4e 7 7 Fg 12 (uncertainty )R] F ] H %] (W u)?ﬁ'% (21222 0Y) R R B 3-4
HENEH S

g

z, =[P{W} (3-4)
u

H¢ P f 5 HEHA(standard plant ) > ¥ & 57 5

(3-5)

%7 k2N 4 % Linear Fractional Transformations ( f§ # LFT ) » LFT &dr 4132 %
PR EH KRR am B R T M E R F AR AT A

B FINTEF TS

B Lower Linear Fractional Transformation (- #- LLFT ) - FHE S
W 2 Z
—» G
b
u Y
K

Bl 3-5 Lower Linear Fractional Transformation %t fﬁl}%‘]

Bl® oG i Sk  KildlE wi —‘Pa‘éﬁig?]%(inputdisturbance) sz 5

i 515 ' ( output disturbance ) ; u 5 % «u% »(plantinput) ; y % /4 wuﬁ;‘ ' ( plant output ) °

-15-



BAEAR T A S T

G, |G
FLHGH IZ}KJEGM"‘GQK“ _GzzK)ile (3-6)
21

22

A0 U B LLFT 20323 2 5 irfelh 4 B £ det(1 -GpK) 20~ F(G.K)

B Upper Linear Fractional Transformation ( f#j £ ULFT ) » # ¥ £ % & °

/N e——

® 3-6 Upper Linear Fractional Transformational 7 1 ]
Hoe AT Lend Fma o

BB T A S T

G, |G
F @GH Glz } AJ =Gy, +G,A(l - G11A)71612 (3-7)
21

22

A9 U S R ULFT Bt 2 6 cofeBho 4 i & det(1-G4) %0 ~ Ry (G.A)

-16 -



3.1.1 normalized left coprime factorization £2 H 37z = 3¢

74 (3-1)% » 2 P47 f# nominal plant = left coprime factorization 173 ;8 ¥ it 72 ¥
- 50 RATfREDS NE T AP R T vE- MendT i d Vidyasagar 7 1988

EOTR (Y 2 %%[4] ) > # % “normalized left coprime factorization” » # {4 4c

B M,NeRH,_ ' (M,N)% Gz normalized left coprime factorization % r&— fif %

Y .
=

1) M ,N % G left coprime factorization ;
2) (MN)# &7 3

NN"+MM™ =1 (3-8)

R A T R il S 6 U LIRS N E L i e i SN

= RN

$ * iz48 normalized = ;% K 45§% o

Normalized left coprime factorization &7 f% = ;% d  Vidyasagar 7% 1988 & #& (4

@}’%[4]) v HfRE o At

Bk (AB,C,D)H_ % 45 G ek 5 > 4258 » BIF 12T b 50

G(s)=C(sl -A)'B+D (3-9)
Vidyasagar #%& ! normalized coprime factorization ¥ i& fg 172 & ;8 3 45 2 (8 5] ¢
[~ ~] A+HC B+HD H
1/2C R2D R2 (3-10)
2 H 2 &G
(3-11)

H =—(ZC"+BD")R"

-17-



Z £_Generalized Filtering Algebraic Riccati Equation (GFARE) %> @ R=1+DD" -

32 gHlER

3.2.1 #&5:4% T (robust stability)$7 4] % 3% 3+

FAIF R DA A FERBT * T RL RN

AN Ca—

A
G
u v
| Gy —

W 37 $ml B

f1* 3.1 A de 00 left coprime factorization # % #-%] P( standard plant )&% 7+
S RN (fpt T L e R AR A G, ) 1% LLFT 2 B B 3-7 A P T 14245 2 (3-5)

A NG-DE I G A o BB TS

* Generalized Control Algebraic Riccati Equation ( f§ # GCARE) = #2384
(A—BS'D'C)'X + X(A—BS'D'C)— XBS'B'X +C'R'C =0

Generalized Filtering Algebraic Riccati Equation (#§ = GFARE) = 423 4c7 :
(A-BS'D'C)Z+Z(A-BS'D'C)"~ZC'R'CZ+BS'B" =0
#¢ R=1+DD">Z=1+DD -

- 18-



| BB | 2R oKk —PuK) P
e TR I =R, + R, K =PyK) Py,
21 22

K(I-GK)'M™
(1 +GK(1 =GK)YHM ™

{K(I —GK)“I\]‘I}
= - (3-12)
(1-GK)"'M ™"

B g H 86548 T2 (robust stability )
FB-12)7 A B KSR~ AL G, = (M +AM) (N +AN) &

() =4 B & & 42 T RS x 7 fg ©En % 3 G( nominal plant ) ;

(b) 2\ i #7118 3] e LLET &x 25— B34 eh £ (stability margin)chif|#c > ¥ 4 7

4o T . 3

K(l-GK)'M™
(1-GKy'M™ ||

BN (3-13)A w0 TR B g 48 1248 € (robust stability )FF > JI * 84T E S left

<g’! (3-13)

coprime factorization 53 %t » ¥ #-F 3L = j2 H_ §=#c(H, norm )Hf* 3% ; » #‘ﬂkﬁiﬁﬁ

S e+ 4 e ( maximum singular value ) °

4% A0 K K-k 5L G 47 f% 5 normalized LCF 07538 BT K R4 Bk 2y &
MERESAN S AR @ ¢ AR S W * riccati equation ffE I R fp it g8k R

yo T A Y AN 2y B (N (y -iteration) 7 ;2 12 %2 Nehari extension 57 34k fE y

P54 g[1]Y o pp.37~38 2 33 -

-19-



=
o

3.2.2 12 normalized LCF 4% f# % LpFip 4| B cnfiz

% A g k4712 5 normalized LCF pF > H & % et i R 4r 4 B 5 — 42
(3-21)° H® yiEm# 1% yfpt(y-iteration)s7™> 3% & F f]* Nehari extension 717 ;% &k f

f#y o 117 2 i 44 Nehari extension 14 % y p % (y -iteration) ™ j* i¥— A 5 o
3.2.2.1 Nehari extension = ;= 4 %3

PEvi 38 > Nehari extension 972 38 € & 77 B#E# 38> R~-Q R I~ B2 fEx i
# #% 3 #c( unstable transfer function) > Q &_— 1 #& T 1§ # 5 #c( stable transfer function) »
A AP RESR Q0 @ F(RHQ ) HIHEH(H, norm)A& | Ax4F ;7 % T Uk LT

IR+Q], <e (3-14)

SPTS IR
H

Glover % 1984 # 3% 1) » & % 8 & > p¥ » Nehari extension ¥ % 51 5 4o F

inf [R+Q|, =|R"

QeRH

(3-15)

H

H ¢ RH, i 4 5 BB ghio g bt LTG0

38 (3-15)¢ § FHLF K 2 pF s AN HH L=t i (sub-optimal ) Nehari extension » @ § %

55 > pEfL 5 B i (optimal ) Nehari extension e

*

R

4 ‘

* RH, 24484 Sodcenia 87 e+ 2 T 6 (RHP) ;
RL, 24 # S Bcia® 7 &k $h( imaginary axis )+ e

* . - 4. .
Ny #A+¢ R £+ complex conjugate transpose ° ||0||H # 57 Hankel norm » %4 ~ )]?e[l] °

=20 -



3222 Jl* pp s Xk KRy @

S4 e R1]5 2 F RTINS S kR A - JE AR F AAPLE R b

= 7@'__(7/max)l§5§3»’1‘ 77§.(7min)i%é\ 7}% > '};’7%'&‘71 :

stepl @ £ 7/=yma"T+7m"“ By >p(X-Z)EFE A2 5 (X ~Z 5 riccati equation f% >

P(X-Z) % 77 X -Z e+ & (eigenvalue)4e 1)°
o2 L _ _7max+7/min a 2 2] N
Stepz'?";\—— ’Ejl]l} E%ymax_y’ynew_T "F‘%E-ynew>p(x'z)q'\?'t’\'—— ’
EAXE R AFyES SEEBLY >p(X-Z) o

Step3 @ E yry > (X Z) A 2 o Pt EER £ g ey o w3 step2 0 #H KK A S

Bl 7 E > p(X-Z) Ly §RPOEE) Ry, TR By

3.2.3 #5425 normalized LCF % %8 ¥4 B ciz

41 * Nehari extension 3 f# normalized coprime factorization /% ¥verfy 4| % pF » 3t

e A EADIIES s TGS RES Sl B AT

o
R=| . (3-16)

EEFAPH KITf2 5 K =UV ' (right coprime factorization )23 » 4] * Nehari extension

Sy sl By =1 AXZ) 0 Rd e 1% 432 & -

221 -



{_ ,I\\I‘*} |:U:| —-2N\1/2
i | <=7 (3-17)
M” V
o8 (B-14)v- i > B = (1_}/72)1/2 .
PR AR K g% A (3-13)5 i
(3-18)

<y

o0

K —1\7 -1
HL }(I—GK) M

1% Doyle % 1988&(7@“”@)* [1])#rdE e & > NPT U E D - BrEsr hy iz ©

yiin - max =1+ ﬂ’max(zx) (3-19)

# ¢ hX~ZAu 5 GCARE 2-GFARE<H2 ¢

IEIERZ RIS

Gd taa ]l &mi P - 258V RiF gy E > f1* Glover f- Mustafa & 1989 # (%

R
FE5SD# Al Eenfziz > A48 ¥ &7 &
Apg *-1 * *_] *
« _| A+BF +7/W1* ZC'(C+DF) | yW, *ZC (3:20)
B"X | -D

He 51X ~Z 4 b 5 GCARE £ GFARE 2 ; F &8 Wy 4 %] 5 ¢

F=-S"'(D'C+BX) (3-21)

W, =1 +(XZ - 7*1) (3-22)

H¥¢S=1+D'D -

%

Feywrr i e o F Wy~ X~ Z &80 > T FREEFE o i a 3% T f2 normalized

-2 -



LCF ,k S| Ben= 58 4% 123 B Algebraic Riccati Equtions tj# & £ y &> £ &
> N(3-20) 1 g AR I I F ] B K o A A gk o0 N F Rk TR G
normalized LCF » 3% {25 1 riccati equation 2_ {8 » £ @ * fp e Ak Ly @ F » 0

(3-200#F 344 & -
3.3 Loop Shaping Design Procedure 4 %2

Loop shaping design procedure #_# & # % #“Td * e & 2 2 > 4% 21 2 3% add i
%>t > ¥ normalized LCF 3 @ 3 > SV v e P o 4% £ 48 € (robust stability )frax

i ( performance )eR® 38 > f iFB i Bk SLenfE 0 TP (B DR ahe, f# o
3.3.1 Loop Shaping =z /i %

Loop shaping e+ 47 i 8 » 24 7 12411 % Bar §2( open-loop )## 45 & Heend + 2k
B k{7 B g ( closed- loop )i 45 S Bceide < Fflieild o iR AT L AR ELK
- B E ok B ik i B4 5578 2 robust stability )z it ( performance )t 1%

Koo T H LT R AT 2

(1) (i1)

' K ﬁ%» G f{ff >

Bl 3-8 BampE kAL

-23-



—» K —» G ——

r]39F'H“3’ ,J ¢u

(B 3-8 ¢ (i) (ii)A Bk 4~ A % Bk( break point) s ¢ (i)FI(ii)™ 5 59 4
s m@?] » *+ 3 (input disturbance )31 % .?fuﬁ%] T (plant output ) » H #E# S#¥ B

(1-GK)'G) » @ B x £ iciE ™ 47 5 5((1 -GK)'G) o ™ 5 — s 4 ¢ % |y » 5

ITH B B A TR

A T8 REEA P53 i
; ; ( plant input ) { plant output )
({ input disturbance) q G >
K b
w2

{ output disturbance)

B 3-10 Iggbgﬁ],\ \31314 ,,uzaﬁ%»i%frﬁﬁﬂziﬁﬁ#g%&%’_@
FIT2E BT LR g R S R AT

SESIF T I ENER RS S ERE SRR Tt 2 Ty

LEE S S Ag R R

a((1 -GK)™) d §ij &1+ 4 (output disturbance ) $] & #udij &1 (plant
output )

a((1 —KG)™) d #j » + & (input disturbance )¥| % 5.8 » (plant input )

I OEEE -7 30 o(®) % & | it -

-4 -



o (K(1-GK)™ d ﬁ%l 11+ $£ (output disturbance ) ¥ 4 .?fu@?] » ( plant

input )

1/a(K(1 -GK)™) %P e AE EE 0 A FE EE40 4 (additive )] & s

LT T AR

a((1 -GK)™'G) d ﬁ%l » *+ 3 ( controller input disturbance )3/ % .?fu@?] 4
( plant output )
1/a((1 -GK)'G) R R AR TR 0 7 R AR 4 Ak Si( additive

plant ¥4 Bd ~ 7 & X hF FRE

o(GK(I -GK)™) d 4 ﬁﬁa?] » + #& ( controller input disturbance ) ¥| 4 st

ﬁi%] 41 (' plant output )

1/5(GK (1 —-GK)™) WP AR R 0 A OFE 24 2] 4 4 multiplicative

plant)f + ¥ 3 cofiy I+ A2 R

o(K(1 -GK)'G) d $a?] » =+ #( input disturbance ) 3|45 1 ﬁﬁ%l 41 ( controller
outputy)
1/5(K(l1 -GK)'G) KPR T 0 2 A AP %k 3]k Si( multiplicative

FF AP 44 & AT sensitivity ) ~ 44 3] 3 x T 048 i & (robustness in the face
of additive uncertainty ) ~ #f v & 47 & ( complementary sensitivity ) ~ i'&ﬁ?] ek % =1 ﬁg?] A
+ 3 «0F° Z(rejection of plant input disturbances at the plant output )#7 % 3| e 45 & Feeh

Y ST

(a) & AT (sensitivity ) : & + a%ﬁa?] 41 ( output disturbance ) ¥ ,% ffuﬁﬁl 41 (' plant output )=k

7 Siffes Bt FgcE BT 4 3 3¢ o (1 -GK) ) S e

1 1 1

(3-23)

-25-




TGRSR R R P ER RSN ,TJ'{ O'(GK)>>1 ;

(b) #p4c 3| # Fx T |+ 48 i & (robustness in the face of additive uncertainty ): %%‘ d 'F ik
3.1 % eho(K(1-GK) )+ Facie B 5] » ¥ & 40T ¢

FK) 1

F(K(1 -GK)™") < ~ 324
T K -GK)) S 5 (3-24)
ITPFEGEE A R Rk FACER )] ,T*’«P\G(GK)<<1 ;
(c) #F v & 47 & ( complementary sensitivity ) : & B & B & 47 & ( sensor noise )] % mﬁ;‘J A
( plant output )endk £ S Fe2. B * FHACEE D BT 4 ,T*u{%\ 3.1 ¢ e
G(GK(1 =GK)™")s » H & 7 4eT :

1
F(GK(I -GK) ") < ——————= = 5(CGK 3-25
FOK( ~6K)™) s iy~ FIGR) (3-25)

ITPFEGE L R Rk FACER R AT ,T*’«P\G(GK)<<1 ;

(d) # Ti@?] T+ iﬁﬁ%l J1 7+ 3 R 58 rejection of plant input disturbances at the plant
output) : ¥ Fd " K& 3.1 ¢ o ((l -GK)” 'G)FF T AT AT

(1 —~GK)'G) = 5{((GK)‘1 ~1)'(GK)"'G}

~5(K ‘)—G(K) (3-26)

P i G B B e B R RS0 1 L o(GK)>> 1

He @@ E > B7 (a)~ (d)7E Efrsxcit (performance )4 - H g i35 5%

o(GK)>>1; @ (b)~ ()78 E_fr4& i 4% % robust stability )4p b » 2 i£ 2 355 5(GK)<<1 »

=26 -



dORR RN T e B A g ?; 3 B 47 148 £ 48 € (robust stability )
Feri it (performance )2_7 ¥ ¢ e & if | S 4% 4% & 48 2 ( robust stability ))I‘ € i3

i (performance )™ € » & 2. 7 R o e A ART DR A R blde- A
AR P (w e (0,m,)) » »oit (performance )&+ S & AR eIFRA > FJPL A A o pr v ILE B

o(GK)>>1 > i »cii (performance )i% £.F 41 @ &R P (we(@,,»)) > EEET

(robust stability ) F_t* # £ AR PR > Fp A A P pFET UEH o(CGK) << v 18 fEiE4E

%( robust stability )i% B F Fo Flut A ik KSR ERT Y T G hRA P

Bl 3-11 B i i énds e ( singular value ) 4] 25"

AL P B i A singular value ) § B¢ 7 & 3-110(GK) = 5(GK) 2

% o

PE 3 L) (0@ B A BIEE R U(0)fr(eu-e) @ F B 4 B AR

-27-



3.3.2 Loop shaping design procedure( LSPD )% - 4% &

N~

Aip &Y 5 S 4 5 LSPD % 5Nk 3t

% % 4t
ﬂﬁ)év,ﬁ wbL Y

ot
’S‘IL‘F,
e
\_.
4
{\_

,% .

ek

woud TRl AL

——th —» (3 —rwz

Gs

Bl 3-12  shaped plant

4e A TF weightings 2 8 60 38 G = 7 shaped plant” > ¥ % 57 & Gy =W,GW, ; & 3
seAt 1 weightings 2. 18 47 e AR A8 7 1 B Jg 3| 4 Siacat (performance )17 2 4§

i£ 48 T ( robust stability )R 4E o p RV FEGK Wi Wo iEE 7 € % Gy A 2 PR 7

£ ¥_|+ /7 ( unstable hidden modes ) °

(b) #& i 48 ¥ ( robust stability )£ x5t (performance) :

B g H %6248 ¥ robust stability )4+ -
> Phe odrke  <<IBwIFE-H € AT weightings; R F]dc %k &
ol AR AP R R e PR RAE i 42 % robust stability) ~ »z it ( performance )14 %
£ ik B 3w B 48 2 ( robust closed-loop stability ) e
>

FE-Beo Be<e, o LPEF 323 S Bu P 2T E

- B
B K, ¥ ik Gy 2 5E4E T (robust stability ) o H & 57 i 4o

-28 -



-1

<g (3-27)

K, (1 -G,K)'M™"
(1 -GsK) "My

0

;}Sb_—;];lj‘?\;,Koo A ;"s V._,G EFI2E f#_{ir’"’: :

"W, — G W,

Gs

Kmq

@ 3-13  Loop shaped design procedure *c » $3#1] & 7 45 ]
B % g H i (performance)t :

d (3-28) A ¥ 1 e Rk - T sse (performance ) %8y 0 F1 & 4 > 7 weightings

{5 0 1 AP e B % Xooka (performance )E K BN F AT 5

K, (1 -G,K)'M ™"
(1-GK) "M |

H P ey % & i (performance )58 s EEA R A yxe =10 FIP A E S T B 4

<y (3-28)

BT AL ( perfonnance ) R 4 7/>>1 » B e<<] v & ﬁ%{fn;}% [1E= 7}% ﬂ robust stability ) g

R4 FE2ZTR

e R T FHAIEK g H #8(H, norm)A 2 B ] E/F > €5 T ki

#%( optimal solution )&/ = = :

-29.-



11% = 8max_l =Y min (3_29)

] K, (1 -G,K)'M"
(I -G.K)'M,™

o0

PP £ ax B 5 B % £ TR (maximum stability margin ) > @ $* ARty € F B B

(=¥ min) > 2 FF ¥ min & & max( maximum stability margin ) § 7 3 5 F| 8 o

(c) B2 -4 B ( final controller ) :

#F M- weighting 8 &8 244 F K, 27 F 0017 3] 8 4 hf 4] B ( final controller ) » 7

Y .

T A

(1) (i1)
i

f{“; » G 77

B 3-14 # % £ 4] B( final controller )e4 71 35 ;¢
Bk .f‘»fuﬁ%] » ( plant input ) > » 7%{5%] P(i)ehie o VR Sk ot S WK W,G 5 A &

o 58 21 (plant output ) » 4 3£ LW ¢ (ii)ehis g o 3 45 3BT AR 2 GWK W, = o )

311 207 @ 5]~ A EHenRA 0 T B P £ 7 0 shaped Jj S b » B 15 5 saen

B T

-30 -



aB | lﬁ (GW1 K. W,)

f’x"'ﬁ’x”/

(&J)
//’/

B 3-15 shaped: £2pbe > 32 B 1554 Soehd & B pciE '

FApEw ot g B 3-11 2§ 3-150 &3 Eger 429 D.C. McFarlane ¥ K. Glover 7%

Sy 2 R[0T 65 T AL

B LR AR KR E(3-27)5"

K, IR
e

<y (3-30)

o0

# ¢ (Ng,My) #_Gs ¢rnormalized LCF » ¥ Gg % = ' » B ¥ 37 144 B A (O P e i
Tﬁ%ﬁﬂ«év": :

o(Gs(jo) ~(r* =1
(K, (jw)) > (3-31)

(7 =D o(Gs(jo)) +1

231 -



2915 oGs(jo)> (" =D 5 @ § oGs(jw)>> (' =" pF o 71 iF 5

o(K (o) = (y’ -D" (3-32)

B iRy o BRI AR K TR E(3-27)5" ¢

Hﬁw}(l ~GK )M <y (3-33)

o0

AT R P e

- - (7’ =1)" +35(Gs(jo)
o(K, (Jjw)) < 3-34
K= 5 6, (o) -39

#9lE GG (o)< -B77 1 a g FG(jo) << (=) o T

(K (jo) <(r* -1 (3-35)

B fs AP izl * — i M.C. McFarlane &2 K. Glover[1]4& % 1 & 3-1 ¥ #73% F| m@?] » @?J

Dendg £ S o v ﬁjgﬁfé%]‘?]-ﬁr’l'}‘—f BT

og(K(1 -GK)™) SyE(I\ﬁS)E(\NI)E(\Nz) (3-36)
a((1 -GK) ™) < 75 (Mg )e(W,) (3-37)
F(K(1 =GK)'G) < y5(Ng)c(W,) (3-38)
5((1 -GK)'G) Sc_f(\yl\lal)(—rl_:aN)z) (3-39)
(1 —-KG) ™" <1+ 35 (Ng)c(W,) (3-40)
(G(1 —-KG)'K) <1+ y5(M¢)c(W,) (3-41)
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# ¢ (Ng,M) £ Gs ¢ normalized LCF > @ C(s) %% 5 &(e)/o(e) » + RN S

Y] FEHRE -

FZFPAPALTAPAR R DAHDGER e Y AP RE S

observer 474 B 11 2 ¥Hip| B # k seank it 2 5b o
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__';iE# % |H—'—EE:P!@

i e observer 54| BiRELmE o i

4.2

4.3

4.4

eI N L ANERE NN LR 4 It

GAPEAZRY FELE > &

Q{v ¢ 3\ frﬂ‘—‘—};/m; J( ‘uﬁ“’v‘] ;3 = 5\: AR %

RN UL S TR

& ¥ % observer 474 B AmEE L ¥

FEEE HRHBUE B RER D RS

SRR LS e lE T CF I T R SR

Lty 3 A2 PP Lo

BiE s SRt B2 5 H ok A

AREA S

B A o
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41 HKHFNE

A TR B R R A WA T R Ao BT

B 4-15 GHEBART o Flr A F 2 A HBIEB I BE - S

Baav (HEEeEfLe o E%g,aw;aﬁuz@aw%ﬁ
E AR E ML R LA - § TR 2.t L Wiz I DSPH F (AP ST
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-6.6050 +2.2213i ~ -6.6050 - 2.22131 ; -2.9110 + 5.33251 ~ -2.9110 - 5.33251 ;

-0.3456 +0.32171 ~ -0.3456 - 0.32171 ; -0.1600 + 0.16051 ~ -0.1600 - 0.16051 ;
LW %G HG ERAT S Bidik HEL

-33.0250 +11.10631 ~ -33.0250 -11.10631 ; -14.5550 +26.66271 ~ -14.5550 -26.66271 ;

-1.7280 + 1.60831 ~ -1.7280 - 1.60831 ; -0.7998 + 0.80261 ~ -0.7998 - 0.8026i ;

LREEEOH BN SRS

b _ (82031995 +0.05135) ("2 +0.69125 +0.2229) (s"2 +13.215 + 48.56)(s2 + 5.8225 +36.91)
("2 +66.055 +1214)(s"2 +29.115 +922.7)(s"2 +3.456 5 +5.573)(s"2 + 1.6 5 +1.284)

2;&;";;\‘(4-28) G::l—H +H 'Gu . "';I—j\:],‘G

G _ 80.1729 (s +23.81)(s"2 +1.65 + 1.284) (22 +3:4585 +5.575) ("2 +25.655 +586.8)
"T($72 +1.65 +1.284)(s"2 +3:4568 + 5.573)(5)2.+ 66.05s + 1214) ("2 +29.11s +922.7)

B 4" B 5-11 matlab simulink %278 H- 02 2 8] 4-30 4c » H &4 Sdcis o

observer #7741 B & s 2 1‘#!{%‘] i TR TR AP S4EY B
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