Robust and Optimal Control, Spring 2015
Instructor: Prof. Masayuki Fujita (S5-303B)

S: Flexible Beam: Signal-based H, control

Reference:

M. Fujita, F. Matsumura and K. Uchida,

Experiments on the H,, Disturbance Attenuation Control of
a Magnetic Suspension System,

Proceedings of the 29th Conference on Decision and Control,
Honolulu, Hawaii, December, 1990.
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INDA—2A

MATLAB program

m=>5.8;

M =10.36;
X1 ="5e-3;
X2 =12.3e-3;
R=57;

L =3.16;

| =0.885

g9 =938

MATLAB program

INGA—4 ETRR = [ ==K v}
E—LDOES 2| 3.8 m
(=) m 5.8 kg
(= M 10.36 kg
EBETvyD X, 50 mm
E—LDT=hH X, 123 mm
& A R BN 24 f,. 45 Hz
BHEAER R 57 Q
BHMAAVET VIR L 3.16 H
T B | 0.885 A
FHMRE 9 9.8 mi/s?

k =0.0034;
alpha = 2064;
beta = 0.327

k =0.0034 [Nm?/A?]

a=2064 [N/m]
£ =0.327 [Ns/m]




|deal Mathematical Model
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MATLAB program

Ma=(((M+2*m)/X1)*gg—alpha)/m;
Mb = 2*alpha/ m;

Mc =-((M+2*m )/ (m*1))*gg ;

Md = 2*alpha/ M ;

Mf = -4*alpha/ M ;

Mh=-R/L;

Mj=1/L;

Ap=[0 O 1 0 O0;
0 O 0 1 0;

Ma Mb -beta/m 2*beta/m Moc;
Md Mf 2*beta/M -4*beta/M O ;
0 O 0 0 Mh]
Bp=[0;0;0;0; Mj]
Cp=[10000]

Dp=[0 0 O;
0

0
1/m 0 O;
0 1I/M O;
0 0 1/L];
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B[ H1ETE, AIERAITE

2 3 4
co=|B, AB, A2, AB, AB]

p

2 3 |
OB=|c, C,A, C,A2 C,A® C,A‘

rank(CO) =5
rank(OB) =5

HIE R (&, RIHI{E, AIERAITHD

MATLAB program

CO = ctrb(Ap,Bp);
CO_rank = rank(CO)
OB = obsv(Ap,Cp);
OB_rank = rank(OB)
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mEREMRIA
P(s)=C,(sl —A))™B,
~13.3(s+0.0631+ j28.2)

P(s) =
(8= s +84.3)(s_84.2)(5 +18.0)(s + 0.0686 = |28.9)
TR ET IREIE—F
5 RDIEHHFAZER (LTI VRTL)THY, TLERREIZR
1 MATLAB program
8.42 %10, L P sys = pck(Ap,Bp,Cp,Dp):
—6.86x10 £ j28.9%x10 P ss=ss (Ap, Bp, Cp, Dp) :
—1.80 %10, zpk(P_ss)
—8.43x10, P_pole = pole (P_ss)
P_zero =zero (P_ss)
:ljﬁll\\

_6.31x107%+ j2.82x10 MATLAB 6.5 H
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MATLAB program

omegal=logspace(-3,3,150);
bode ( P_ss, omegal ) ;
pzmap (P_ss)

30— @

{2248 [deg]
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10—3 10 - 10 102 100 0 100
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IR EH W, (s)

L w, ()=

k

Vv

W, (s) =w, (s)| 1], [1+
1

f,=0016, f,=05 k =9.76x10°

MATLAB program

fv1=0.016;

fv2=0.5;

kv=9.76e3;

Wv1 tf = tf([1],[1/(2*pi*fv]l) 1])
Wv2_tf = tf([1],[1/(2*pi*fv2) 1]);
Wv_tf = kv* wvl tf * wv2_tf;

S S
1+
]

[Wv_tf nWv_tf d] = tfdata(Wv_tf,’v’);
Wv_sys = nd2sys(Wv_tf_n,Wv_tf d);

Wv k=[111],
bodemag(wv_tf,omegal)

10 10!

@ [rad/sec]

Bl EH W, (s)

10°
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BlREE AW, (s) ol
k,,| 1+ > 1> 142 m
278, 278, 27 6 N

W, (s) = ¢80

1+ > 1+ > 1+ > |t

fLi =001 f,, =005, =30, 0 S

f — . — . — L S BT T S

w4 5 O’ fW5 8 0’ fW6 100 10—3 10—1 101 103

MATLAB program

fw1=0.01; fw2=0.05; fw3=3.0;

fw4=5.0; fw5=8.0; fw6=100.0; kw=5.21e-7;
Ww1 tf = tf([1/(2*pi*fwl) 1],[1/(2*pi*fw3) 1]);
Ww2_tf = tf([1/(2*pi*tw2) 1],[1/(2*pi*fw4) 1]);
Ww3_tf = tf([1/(2*pi*fw6) 1],[1/(2*pi*fw5) 1]);
Ww_tf = Wwl tf * Ww2_tf * Ww3_tf * kw;

[Wv_tf nWv_tf d] = tfdata(Wv_tf,’v’);
Wv_sys = nd2sys(Wv_tf nWv _tf d);

bodemag(Ww_tf,omegal)

@ [rad/sec]

FUREHFIE W, (s)
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_ - 6, =66.0,
g 0 0 O :
0|0 0 0 0 0, =0.35
10 0 6, O 0, =0.91,
0 0 0 6, 6, =0.70,
e — *
==
:=o—9~1¥:;& P MATLAB program
p=8.0x10" theta 1 =66.0;
theta 2 =0.35;
% = -
1224 H ] theta_3=10.91;
) _ | theta_4=0.70;
1 00 0 OfTheta= diag ( [ theta_1; theta 2; theta 3; theta 4] ) ;
H o O 1 0 O 0O]|rho=8e-5;
910 0 1 0 0|/ Hg=[10000;01000;00100;00010];
0 0 0 1 0]
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MATLAB program * MATLAB 7

Psi_ss = ss(Ap,eye(5),eye(5),zeros(5));

systemnames = 'Psi_ss Bp Cp Dp Wv _tf ...
Wv_k Ww_tf Hg Theta rho';

Inputvar ="'[ w; v; control |';

outputvar ='[ Theta; rho; -Cp-Ww_tf]’;

Input_to Psi ss="[Bp+Dp];

input_to_Bp ="[ control |';

input_to Cp ="[ Psi_ss |

input_to Dp="[Wv_KT];

input_to Wv tf="[v];
input_to Wv_k ="[ Wv_tf |,
input_to Ww _tf="Tw];
input_to Hg ="[ Psi_ss1]’;
input_to_Theta="[Hg];
Input_to_rho ="[ control ];
G_Ss = sysic;

minfo(G_ss)
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MATLAB program

Psi_sys = pck(Ag,eye(5),eye(5),zeros(5));

systemnames = 'Psi_sys Bp Cp Dp Wv_sys ...
Wv_Kk Ww_sys Hg Theta rho’;

Inputvar ="'[ w; v; control ]';

outputvar ='[ Theta; rho; -Cp-Ww_sys]'’;

Input_to Psi sys="[Bp+Dp];

input_to_Bp ="[ control |';

Input_to Cp ="[ Psi_sys];

input_to Dp="[Wv_KT];

input_to Wv sys="Tv];
input_to Wv_k ="[Wv_sysT];
input_to Ww _tf="Tw];
input_to_ Hg ="[ Psi_sys ]’;
input_to_Theta="[Hg ];
input_to_rho ="[ control |’;
sysoutname = 'G_sys';
cleanupsysic = 'yes';

Sysic;
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a2kA—7 K(s)
—3.72x10" (s +84.42)(s +50.27)(s + 31.42)(s +18.85)(s +18.01)

()= (5+3732)(s +14.75)(s + 3.314)(s + 0.007571)
’ (5+0.689 + j28.9)(s +2.40+ j2.17)
(5+616+ j479)(s+53.1+ j31.0)(s+0.412 + |29.3)
-
B 3730 _IIETEETELEDR o
' T 120,
_14.75, Y 100
~3.314, g
—0.007571, 10
_616+ j479, = 270
~53.1+ j31.0, = 180l
_0.412+ j29.3 0l

10° 10 10* 10°
@ [rad/sec]
O kO—5 K(s) 23



MATLAB program

[K_ss,Cloop_ss,gam] = hinfsyn(G_ss,1,1,’"gmax’,1,’gmin’,1);

[K_sys,Cloop_sys,gam] = hinfsyn(G,1,1,1.0,1.0,0.01)
[K_AK B,K C,K D] =unpck(K_sys);
K ss=ss(K_AK B,K C,K D);

zpk(K_ss)
[K_pole,K zero] = pzmap(K_ss);
bode(K _ss,omegal)
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BIL—J 1= ERE KA 159 [dB]
RI¥ES#S  37.6 [deg]

MATLAB program "72’(‘/37%%5&%& 250 [rad/sec]
L_ss =P _ss™K_ss; I 4A 3% 2= B i 3% 9.25 [rad/sec]

bode(L_ss,omegal);
[ Gm, Pm, Wgc, Wcp ] ...

= margin( L_ss);
Gm = 20*1og10(Gm);

| R E| |[deg]

N B
~N OO
o O

10’3 10 10* 10°

@ [rad/sec]
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MATLAB program

nyquist (L_ss)

20 |
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X NSk JLENHT

R JLER
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FAIL—T 2 D45 MATLAB program

W _3.72x10° —6.28x10°, T = feedback( L_ss,1);
—2.79x10% £ j2.71x10° e p POt 1)
AIXLUT T 2. 71X 1V, close_z =zero(T)
-8.44x10", —7.24x10", pzmap( T )

~6.92x10" + j2.89x10",
~-2.08+ j2.82x10", —3.52+ j8.13, —8.07 £ j3.18,
—-5.03x10, —1.80x10, —3.14x10, —1.01x107", —3.14, —1.89x10",

0 30 X ®
_________________ o e
O B IR F & @ . O X 8 w
“““““““““ o - X
—300 . ; _130 ; X e
—4000 —2000 1000 -4 -2 0 1

0
FIIL—TRDEB-F R FAIL—T 2018 - F = (Hi KB4



FIL— 2 D4 E rob_stab_ss = Cloop_ss(1:5,2);

MATLAB program Rob stab_sv = sigma(rob_stab_ss,
[Cloop_A,Cloop _B,Cloop C, omegal);
Cloop_D] = unpck(Cloop_sys); semilogx(omegal,nom_perf sv)

Cloop_ss =ss(Cloop_A,Cloop_B, hold on
Cloop_C,Cloop_D); semilogx(omegal,rob_stab sv)

nom_perf ss= Cloop _ss(1:5,1);

_ figure
nom_perf sv =sigma(nom_perf _ss, omegal);

sigma(Cloop_ss,omegal);

TAT

10° 10! 100 100 %o 10t 10t 10°

@ [rad/sec] @ [rad/sec]

FIL—TRORERSEED,, D, FIL—T RO E R o (D)



NELWIRREERICEZHFE

R(5) = W(s)(1 +B,K(S)C,'P(s) "D, M) 1E[E R4 T/hEL
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MGERGESIC T HA/NNR ML EHEDIEE

Q(s) = K(s)(I +G(s)K(s))™

W) FHEAOSOAEEREHLT/IEL

()= {CDHW(S)} _|®H,¥(s)B,

ol

OH 'Y(s)B,

Ol

K(s)(1 +G(s)K(s)) "W, (s)

Q(s)W,, (s)
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MATLAB program

S_ss = feedback(1,L_ss);
T_Ss=S_ss* K_ss;
bodemag(T_ss,omegal)

10 10*

@ [rad/sec]
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(1) E—LFREBDEE M #10.36 [kg]H 5 9.63[Kg] =T 5.
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S ERELEHEE: M = 9.63 [kg] EAMERSE: M =9.63 [Kq]
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(2) E—LrhREOEE M % 10.36 [kg] »5 8.06 [kg] (=3 5.

RFfE [S]

T TRIEL IR § B BRI
S ERRERHIE: M =8.06 [kg]
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(3) E—LrhREOEE M % 10.36 [kg] »5 11.51[kg] (23 5.

RFfE [S]

RF T RIEL IS T BB
5 EIRBEELEPIE M =11.51 [Kg]
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(4) ERARIOEE m % 5.80 [kg]h'd 6.82 [kg] 1255,

0 1 2 3 4 5
RFfE [S]
ATV TR ELI X T B ERGE
BEKAEREHME: m=6.82 [Kg]
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