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[a,b,c,d] = 1linmod(’pid_bode’);

[num,den] = ss2tf(a,b,c,d);

printsys(num,den)

w = logspace(-1,5,100); ’%angular frequency
[mag,phase] = bode(num,den,w);

f=w’/(2*pi); % frequency

magdb = 20*1logl0(mag) ;
subplot(2,1,1),semilogx(f,magdb)

xlabel (’Frequency[Hz] ’) ,ylabel(’Gain dB’) ,grid
subplot(2,1,2),semilogx(f,phase)

xlabel (’Frequency[Hz]’) ,ylabel(’Phase deg’),grid
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clf,plot(outsignal.time,outsignal.signals.values(:,1),’r-=7, ...
outsignal.time,outsignal.signals.values(:,2),’b-")

xlabel(’time’) ,ylabel (’output’)
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3. MATLABOOUOOOOOOOOOOOOOOODOOOOOOOOOOODOOOOO0OOODOOoooOOooo
4. NCDOOOOOOOOOOOOOOOOO0O0O0O0O00000000000000000O0

5. NCDO O DO OO Optimization0 0 000 Parameters 10 0000000000000 OOOODOO
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7. Start OO0 0OOOOOOOOO
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0000¢=1w=1,L=100000000000PIDO0O0O0OOOCO0O0O0OOO0O0O0O0O K,,K;, Kq
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Plant

Controller
omega0 o
2 +omega0*zeta.s+omega0*omegal d NCD
OutPort 1

NCD Outport

=

Scope

Initialize plant parameter

O 20: Nonlinear Control Design Simulink O

MOOODOparaset_ned.mO00O0 000000000000 O0O0O0O00O0O0OCOO0DOOCOODOCOOODOO
gooood

% Plant parameter setting

omegal = 1;
zeta = 1;
L=1;

Kp = 0.1;
Ki =0.1;
Kd = 0;

ooooNCDODOOOOOOODOOODOOO0ODOOODOODOOODOOOOOODOOOODOOODDOOD
Optimization0 OO0 0DO0O00O0OOOOOOOOOOOOOOOODOOOODOOOODOOOODOOOO
0000000000000 0O00O0000000 Optimizaiond 0000 Uncertainty 10000000
gboobooboobooboooobooboooboobooooboobooboobooboobooooboOoooo
gobogooaod

Setting up constraint window ........ done

Processing uncertainty information.

Uncertainty turned off.

Setting up call to optimization routine.

Done plotting the initial response.

Start time: O Stop time: 100.

There are 202 constraints to be met in each simulation.
There are 3 tunable variables.

There are 1 simulations per cost function call.

f£-COUNT MAX{g} STEP Procedures
5 0.445675 1
10 0.1264 1 Hessian modified
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15 0.104722 1
20 0.0557529 1
25 -0.00920171 1 Hessian modified
26 -0.00999975 1 Hessian modified

Optimization Converged Successfully
Active Constraints:

110

149

>> Kp

Kp =
0.2796

>> Ki

Ki =
0.2599

>> Kd

Kd =
0.1599
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. 0000ooooboobooboobooboooboooon
4. 00o00O0O0O0oOO0bOOOoDOOobDOobObOOobOOobon

1.00000000000000000DO (0000000000000 0DOO0OU0OOOoDOOOOOD
obobooobooooboobooboobooobobooobooobooooboboooboos.coobooooooon
000000000000 0000002.0000000000000000 (2.000000000OO
0000000000000Q00O0O0Oo0)04.000000000000O0DOO0OOCOOOOOOOOODO
oboob3.040000000000PIDODOOOOOOOOOODODODODODODODODOD
gboooooorpiDOO0O0COO0OODODOO0IO0000O0DOO0ODOODOODOOOOOOOOODODOO
gbooooboooobooboooobobooboobobooooo20b000a0

1. 0000000 pPIDOOOOOOO

2.0000000
ooo0o00oQoOoO0O0O00000oOoOoOOO00O0O0OOoOO0OOOOOoooODAIDOOOOO
ooooogd

O0000O0O000O0oO00o0oooOoooooooo
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5 UubbooubbbuoouobbbuooobbouoobobLog
godd

gobooboboooooooboooooboobooobooboobOooooboobooboooog
Ooo0ooooooooooooe, lo,11j0000000000O0O0O0O0OO0O00O0OD0O0OOODOOO
gbobooobobobobooobobobobobaoooboobobobonoooooboban
gbooooood

000000000000 0000O000O G(s)

o G A| B B
G(s) = H 2= Ci | Dii Dq» (56)
Ga1 G
Cy | Do 0
DDDDDDDDDpDDDDDDK(S)
A. | B,
K(s) = . 57
(s) ) (57)
goooo w e

O 22: Generalized plant and its compensator.

0000000000000000T,,(s) 0000000000

Tzw(s) = -7:1(G7 K)
A + BQDCCQ BQCC B1 + B2DCD21
= BCC2 AC BCD21 - (58)

C1+ D12D.Cy  D12C.

Di1 + D12D.Doyy

O000w=000000000000000G(s)0K(s)DOODOODODOOODODDOOODOOOOOO
0000000000000 000000000000000 A-00000 A,,00000000000
000000000000 0000000A,,,0000000

A+ ByD.Cy BC,

A, =
” B.C, A,

00000000000000000000000000000000
(58) 00000000
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gboboboobooboabobobobbobooboabooboboboab

411 412 Bfl
T.w(s)=| Aar Az | B (59)
& G| D
goboooobooboobobooboooo

Ay = A+ ByC.X +B,D.Cy

A = -BC.

Ay = X(A+ ByD.Cy) — A X + XByC.X — B.Cy

Ay = A. - XBC.

By = Bi+ByD.Dy

B, = X(By + B2D.D3;y) — B.Dyy

G = O+ Di(CeX + D.Cs)

Cy = —DpsC.

D = D+ Dy;DcDoy.

obobooooboooooobooooboboooobooooooboboooog

Ay = X(A+ ByD.Cy)
—A.X + XBy,C.X — B.Cy =0, (60)
All 00 5

AQQCDD,

0000000000 Xooooooooo(A.,B.,C.,D,) 0000000000000 OnR=p000
,LD.=00X=17,0(60000000000000000000000000O0O0O0OOOOOOODOO0O

Ac =A+ B2Cc - BCC27
C.s.t. A+ ByC, is stable,
B.st. A — B.C, is stable.

000000000 observer-based controller 0 0 0 0O 0O

0000000000000 oo0ooD00o0oooo0oD0ooooDO0ooooooo0dp>nd
00000On00000DO0O0ODOO0DOO0ODOO0O0OO00ODOO00ODO0O0O0p>n00000000000O0O
Oooooooopoooo0ooooooooooo

Acii Aciz | Ba
K(s)=| Aci Ac | Be (61)
Ccl CC2 ‘ Dc

O000Aq; € R, Awp € R~ 0OoQ0O00000

I, 0 0
T = X, I, 0
Xo 0 I,
= 77!

)
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000o0o(eo)0oooooooooooo
X1(A+ B2D.Cy) — Ac11 X1 + Ac12 X
+X1(B2Ce1 X1 + B2Ca Xo) — By Ca =0
Xo(A+ B2D.Co) — Aco1 Xy + Acaa Xo
+X2(B2Ce1 X1 + B2CaXo) — BeaCo =0
gobooooooboood
A1 = A+ ByD.Cy — B Cy + BaCo,
A1 = —Bals,
00000 (62)0 (63)000
X, =1, X,=0
oooooooooooooobooo 7., 0000000000

A A, A, | By
0 Az, Ay, | By,

T.uw(s) = - A X
0 Asz,, Az, | Ba,
G O Cw | D
oo
A1 = A+ By(D:Cy+ Cap)
Ap, = —ByCa
Ap, = —BCo
Ay, = A+ (B2D.— Ba)Co
Apy, = Az — ByCs
Az, = =BGy
Apryy = Aca
By = Bi+B:D.Dy
B21 = Bi+ (B2D. — Be1)Do
By, = —BeaDx
C1 = Ci+ Di3(D.Co+ Cer)
Cyy, = —D1Cu
Cs, = —Di2Ces
D = D+ DiD.Dsy

(64)

gbobobobooooooooooooooooobobooboOobOobobOobOobobOoboban

goo
Aclg = BQCCQ (26 /12212 = 0)
A+ BQ(DCCQ + Ccl) :gad
A + (BQDC - Bcl)CZ g
Aq9o t stable.
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gooooooooooooooooooooooooooooon
A+ (ByD. — B:1)Cyo+ BoCew ByCeo | B
K(s) = —B2Cs Aco | Beo
Can Co | D.

O0000Bg O Cey O A+ (ByDe — B.y)Cy0 A+ By(D.Co+Ce) 0000000000000 A00
0000000000
000 K,0000, Hy O Fp0

Dc2 = Dc _KO
Hy = B3D.— By
FO = DCQCQ +Cc17

gbooooboobooobooboobooboboobooboooboobooboooonog

K(s) = Fi(K(s),Q(s)) (65)
[ A + HoCs + BoFy | —Hy By
K(s) = Fy Ko I (66)
i —Cy I 0
[ Aws | B,
Q(S) _ 22 2
L Cc2 Dc2
AK = A+ BQKOCQ
oooao
Ap000
FO s.t. AK + BQF()D oo
HO s.t. AK + HOC2D oo
oooa

K(s)OOOO Q(s) e RH. ,O0O0OODOOOUOOOOO0ODOOOOOO(6) 0000000 OOOOO
000000000000 00000000000000000 (61) 00000000 (6) 000000
000O0oo (61) O LFTOO (65)000000000000O0OO0OO0OOODO0O0OOLFTOOOOOO
000000000000 KeODOOODOOODO Youla parametrization 0 0 OO0 0O O

OOOLFTODO (65) 00000000 (6) 00000000000 O0O0O0O0O0O0OODOOOOODOO
0000000000 KyOFRODHOODODDODOOOODOOOQ((s)D0o000oooooooooooooo
005 000000000000000OMoored 00 [7,[8]0000,Q(s)00000000OO

A, B.Cs B.
Q = B>C, A+ ByD.Cy —Hy + B> (Dc — Ko)
C. —Fy+(D.—Kj)Cs ‘ D. - Ky

0 (67)

oooo A, B.,C.,,D.0000000000000000FK,Q)DOOO0O0O0O0000
Ad Bd
Cy | D4
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gbobobooabooabooaboaoo

A + BoFy + HyCoy — BZ(DC — Ko)Cg B->C.

Ad = _BCC2 Ac
H()Cg — BZ(DC — Ko)Cg BZCC
—ByFy + By(D, — K)C
B.C,
A+ ByD.Cy

—Hy + B2(D. — Ky)
Bd = Bc

—Ho + B2(D. — Ko)
Cd = FO — (Dc - Ko)CQ Cc —Fo + (Dc - Ko)CQ ]
Dy = D..

Ax + BoFy, Ak + HoC, 0O OOOOOOOO0O0oooo
I 0 —-I

T=|10 1 0

0 0 I

DDDDD[I[I[I[I[I[ID[I[II:JDDI:JI:J}'[(IN(,Q)[IDDDDDDDDDDDDDDDDD

[ Ap 0
. A B.
F(K,Q) = 2
Aps | —Hy + By(D. — Ko)
L Cr | D.
[ A B
- | ¢ | D.
0000Afp,Ap,A,C, 0000000
Ap = [.AK-+Laﬁb 0 0]
Afg - |: B CQ C 0 ]
Af3 = |:H002—B2D Ko)Cg BZCC AK+H()C2]
o = [%—1) — K)C Cco}

O000O000Q(s)0(67) 0000000000000 O0O0O0OOO

A. | B.
C. | D,

000000000000 A(G,FAK,Q) =F(G,K)0 (580000007, 000000000000
00000000 T,,0 A-00 AgD Q(s)0 A-0000000000000000000000000
000000000 Q(s) € RH, 000000000000000Q(s) € RH,,O0OO (65000000
000000000000000000000000000000

K(s) = (69)
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O00000ooDDooO0D Ky ODODDOOUOOHy, =0, Fpb=00000000000000000000
gboobooboooboobobooboboooobooooon

K(s) = FlKy(s),Q(s)) (70)
= Ko+ Q(s)(I + Ca(sl — Ag) ™" BQ(s)) ™" (71)
oooo
Ag | 0 B
K,(s) = 0 | Ky I
—Cy | I 0

goboooobooboooboooboooboooboOoo0oobOoobooooOooboboOoooboooon
0000000000000 000D two-stage compensator (1|0 000000000000 0OOOO
00000 Q(s)in RH,,00OOODOO0O0O0D00000000000000000000C,=1,000
goboooboboooboooooooboobooooooooboooboooboboooooooboooon
002,30 00000K(s)00000000000DOO0O0CODO 2300000000000 O00O0O0ODO
obooooobooobooboooooboooobobooooboobobooboobobooboDbo

_ z _ w
G(s)
> Ky >0 4
y+
0 > Q(s)
) G
+
G22(S) < +
> KO

0 23: Closed-loop system with a stabilizing controller based on a static output feedback.
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6 PID+QOOO0O0O0

6.1 PIDUODOOODOO
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O0oooooooo[7,2)000000000o0o0o0ooooooooooooPIDOOOOOO
Ooo0oo0oooUoUooO20o0o0oooooPIDO0OOOOOODOODOOOOOOOOODOOO
gboboboboboobooboooooboooboooOooboOobOobOOoOobOobOobOOobOobOobOoban
ooo0ooobOoOOoobOoOooooopPIDOO0ODOOOODOOOOOOODOOOODOOOODOODODOOO
0000000 o2000PIDOOOOOI7OPID+QUOODOO0OO2000PIDO0OOOOOOOO
O0o00o0o0oooooooooo o

6.2 PID+QUOUOOODOOOOO

PID+QUOCCCOCOCOCOCOOOO0OO0O0O0O00O0O0OO0O0O0O0O0OOOOOOOOOOOOOOOOOO
oooooooooooooprPiDOOODODODOOO0O0O0O0O0OO0O0OOOOOODOODOO0OOOOO0OO
goomooooobooooooooobooooobooooboobobooobbooboobooobooobooon
oboooooooboboooboooobobobooorPpPIDO0OO0ODOODODOOOOOODODOO
gooooooUoooooooooooooooooooooooOooOQoOooooOO0OoOoOoogooooo
oo0o0O0O0000O0ooooOoOo0ooooooooooOoOoPID+QOOOOOOOOOODOOOOOO
ooo

o PID+QUIOIOODOODOOO0OODDOOPIDOODOOCOOOOODODOOOOOOODDODODO QOO
ooooooooooooorpib0ooooOobDODOODDODODOODOOOODOOOOODOOOOO

e PID+QUOO0D0O0D0ONDODOONOODOONDODNOONDODNOONDNODNDODONODO
« 00000000QOD0D00N0DN0DN0DN0ON0ON0ON0N0NN0NDN0NDN0N0NNONNNNNNnn;
0000000000000 H,OOOODODOOOODOOO
6.3 PID+QUUIOODOOOOO
00000MIMOOOODO0OOOO0O0O
y(s) = Gs(s)uls) (72)

obo00yeR™MweROOD0OO0O0DOOODOODOODOOODODOOOODOOODOODOO

6.0 [+, &
oooooobooorpPIDOO0OCOODObDOOOO
w(e) = ~(Kpt Krs o+ = 2)(s) ~ r(s) (74
= —{(Kp+ 2Kp) + K1y - TKp——)
(y(s) ~ r(s)) (75)
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O00O0Or(s) 0000, Kp, K1, Kp O R*™O000000OO0OO
oooopPIDOODOOOODOOOOODOOOODOOOOOOOOOOOOOOOODOOOODOOO

yl(S

Ya(s) = | y2(s) | = Gp(s)y(s) (76)
y3(s)
In,

Gp(s)=| 1iI, (77)
7o lm

0000000000000 00000100000G.(s)000oooo

O000Gs(s) D0 00PIDOOO0OOOOOODOG,(s)D0 0000000000000 0OOooooo
boboboboboobooboobooooobooobooboOobOobOOoOobOOobOOobOOobOobOoboban

goo
[ ea(S) ] = Gag
Ya(s)

A, | Bi B
Gag(s) = Ci | Dii D2 (81)
Cy | Doy 0

O00O0e,(s) 00000000000 0w(s)D 000000000 DO0OOOOOOOOODOOOOOOO

+
»Y11
5 1 S U
w1 g ) 31
—> A | B
Y1 Ws €2
| c|D | B
u > l »-U22
> > >
»Y12
1
> >
w3 Ts+1 Y32

O 24: An example of generalized plant for an SIMO plant.

000000000 G,.,(s)0000000000000000000000000 A, + ByKoCo0O
000000000000 0000000 Ky OOODOODOOOO0OOO0OO0O00Ou(s) = Koya(s)D MIMO
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00D00G(s)000000PIDODO00O0D0OO0O0O0O0DO000000000000O Gay(s)0000
000000LTI0000000000000000000000000000 [11]0

K(s) = F(K(s),Q(s)) (82)
Ag | 0 B

K(s) = 0 |Ko I
—Cy | I 0

Ax = A, + B2K(Cs

0000Q(s) 0000 RH,OOOOOOOOOOOODOO0OOOOOOOPID+QOOOOOODOODO
gbooooobooooo

Wi
+
+ R+
y+
O
A—
+y
O— n(s)
+ X d(s) +
S T
plant mod
| K() I<

O 25: Closed-loop system of an SISO plant using PID+Q controller.

0000000 G,,(s)000000000000000000000000000G.(s) 00000
gboooobooooooboooobobooooona

Ka(s) = K(s)Gp(s) (83)

OD0D00K,(s)0 Q(s)=00000PIDO0O0DOOODOOK(s)0LFTOD0000000000000
0000O0PIDOOOO0OOOOONONODDOOOOOONONONDNDONOO0O0ONONONONDNONO0000000n
000000000000 0000000000PID+QO000000000000000001000
000PID+QO0000DO00000ONDNO00000O0N00000OPID+QO00000000
000000 K,0 Q(s)000000000000000000000000

o KpUDOUODODPIDOODOODODODOOOODODODODDOODODODODODOODODOOOODOODOOO
gbooaod
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e (s)0I00DDO0OUDODDOOUOUOUDOUODOUOOUOOUOODOODUDOOOOOOD
goooooo

Zs

=
©

>
'

+ qs A)+

K,

Y

0 26: Closed-loop system with PID+Q controller.

6.4 UO0O0OOODO

goooooooOoopbooooooooOooooooPID+QUODOODOOOOODOOOODO2TOO
ooobOoO0o0O0O0O0o000oooooo000g0r,000000DDODO00O270000 ps,7rs, 25 ,9s O
gbooooboooooooboo

(I — KoGp(5)Gs(5))(zs —qs) =0
zs = KoGp(s)ps + Q(s)Gp(s)Gs(3) (25 — gs)
ps = —Ts + Gg(8)2s

gboobooboobOobooobobobOobbodz =g 0000000O00OO0OODOOOO0OOOO0
good

ps =—(I — GS(S)KOGP(S))ilrs (84)

oooooprPID+QUO0O000O0ODOOOOOOOOOODODODODOOOOOPIDOODOOOCODOOOOO
0000000000000 0000O000000CC0OPIDOOD Ke,OOOOOOODOOODOOOO Q(s)
0000000000000 0000000000Q(s)D00bO0o0UooO0oUooooon

6.5 UOOOOOU

oooooprPIiDOOO0O0ODOOOO0O0DODOOOOOODOOOOODODOOOOOODDOOOO
oOooooooo0oooooo0ooooooooooooooooDoooOooooDooOOoPID+QOO
000000000000 Q(s)D0000000000000000000000OO00oUOoOo
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G, (s) P8 G (s)

Nominal
plant

>
<
+
O
—~
»
~—

ooboboooooboooooo GS(S)DDDDD

Gils) = Gu(s) (1 + A(5))

Zs

[+
>
[+

O 27: Closed-loop system of nominal plant with PID+Q controller.

(85)

000O0G,(s) 0 (73) 000000 A(s) 000000000000000000000000G,(s) 0
0000D00G,.(s) 000000000

Go(s) = Ga(s) + Ga(s)A(s)

0000000000000 280000
00000O0000p,rqe000000000000000

Q(s)z + Ko(r + Ga(s)p)
Q(s)z + KoGa(s)g
r+Ga(s)(p—q)

p

q

z

000000 pO0D00O00O0O,T,(s),0000000

good

Tpr(s) = Si(s)(Ko + Q(s) 50 (5))

Si(s) = (I—KoGa(s))™
So(s) = (I —Gals)Ko)™

(86)

O0000000000K,O0ODODOO0O0O000 Gu(s)00000000000,020000000000
gbo200000000b0000o0o0a

1(T1(s) + Ta(s)Q(s)T5(s)) Als)lle <1,
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B Gals)
+
> Y
Ko 0+
v+
EE_Z—> Q(s)

K,

Y

O 28: Closed-loop system with multiplicative uncertainty.

Tpr (s)

Y

Go(s)

O 29: Collapsed block diagram.

gboooobooooooboooobobooboobooooon

Ti(s) = (I—KoGa(s)) 'KoGal(s)
Ty(s) = (I —KoGal(s)) "
T3(s) = Go(I—KoGa(s))™ .

go00oooooooooonooono
AGw)] < [W(w)l, 0<w < .
DDDDDDDDDDD(87)DDDDDDDDDDDHOO[IDDDDDDDDDDDDDDDDDDDDDD
(T3 () = Ta(5)Q(s)Ta ()W (8)]|oo < 1 (88)
DDDQ:QOKODDDDTl(s):KOTg(s)I:JEJEJEJDDDDDDDDDDDDDDDDDDDDDDDD

Ti(s) — Ta(5)Q(s)T3(s)
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= (I =T2(s5)Qo(s))Ko(s)T3(s)
= (I =T5(s)Qo(s))T1(s)
gooooooo
I = T5(s)Qo(s)l|lee <1, (89)

Ooo0oooooooooooOoOooooooooooPIDOOOOOCOOOOOOOOPID+QOO
0000000000000 00000000000 (88)0(89)Diuo0ouoooooooooooo
gbobobooabooaboaboaobood

6.6 UOOUOOODO

DDDDDDDDDGS(S)DDDDDDDDDDDDDD3ODDDDDDDDD

Gy (s) P8 G.(s)

Perturbed Zs
plant

Gy (5) f—8—] Gi(s) |3

qs At

0 30: Closed-loop system of perturbed plant with PID+Q controller.

030000000 ps,rs,2¢s 100000000000000

ps = —Ts+ és(s)zs
zs = KoGp(s)ps + Q(5)Gp(5)(Gs(5)2s — Gs(5)gs)
ze—qs = (I —KoGp(s)Gs(5) ™ KoGp(s)Gs(5)A(s)z

oooooooor,0000p,000000077,,,, 0000000000
T,. = —[I—GS{I—QTgA}*HKOGp]_1 (90)
= —[I-Gu(s)V(5)KoGp(s)] " (91)
DDDDV(S)DDDDDDDDDDD
V(s) = (I +A(s)(I — Q(s)T5(s)A(s))
0O0V(s)~I00000000000000000000000000000000000000

V(s) =1 = (I +V(s)Q(s)T5(s))A(s)
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(T = V(s)Q(s)T5(s))W (s)Wa(s)lloc < (92)
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1000000000000000000(92)0000000000000000000000OOOOO
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7.1 PID+QUOUOOOO0OOOOOOO
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(2) D00DU0O0oOoO0OODOoOoOoOoUOooOOoo
(3 bOOoU0OOoOoOoUooOoOOo

gboooboobooobooboboooobooboooboooooobooooboboooboboon
PID+QUOOOD0OOO0OOOOOOO KyOQ(s)DOOOODODDOOOODODOOOO0OOOoooo

e KyOOOODOPIDOOOODOODODODOODDOOODOOODOODODOODODOOODOOOO
gooood

e (s)0I00DD0OUDODDDOOUOUOUDOUODOUOOUOOUOODOODUDOOODOOOD
goooooo

1. 0100000000: 000000000000
(T2 (s) — Ta(s)Q(s)Ts(s)) W (5)lloo <1 (93)

0000 Q(s) e RH,,OOODOOUOUOODOOOO,0000A(s) 0000000000000
gbooooood

T (s) = (I—KoGa(S))ilKOGa(s)
Tp(s) = (I—KoGa(s)™
T3(s) = Ga(l—KoGa(s)™".

good
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2.0200000000:00000000 Q@ =QeKeO0DO0OQ0O

I = Ta(s)Qo(5)lloe < 1, (94)
00000000000000000000000000PIDODOOOOOOONDOO0O
PID+QUO0000000D00000D0OCO
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gbgbooooooboboboboboboboboooooobobobobooooaaon
v« 10V(s)DOODOODOODOO0OO0O0OO00O00000Q((s)Doooooooo

(L = V(s)Q(s)T5(s)) Wi (s)Wa(s)[loo <

0O0D00Wy(s),Wa(s) 00000000000000000000 V(s),Wa(s) 0000000
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gboboboooobboobobobobooboboooooobobooboobobobooooon
gbobobobobooboobooooboooooobOooOoobooooboobOobOobOOobOOobOobOobon
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M+m —mlcosf 7 ¢ 0 T ml sin 662 au
5 I |+ ) = (95)
—ml cosf ml 0 0 ¢o 0 mgl sin 6 0
M  :mass of the cart; m  :mass of the wire and the load;
l :length of wire; a  :input-to-force gain;

c1  :cart viscus-friction coefficient; ¢,  :joint viscus-friction coefficient;

g :acceleration of gravity.

0000 »00000,0000000000w000000000000000000002000
00 (r,8) =(0,000 (r,6)=(0,7) 00000000000000000000000000000O00OO
(r,§) = (0,m000000000000000000000O0O-000006000000000 G220
OO0 RS232C00000000000000000000000000000000O0OO000O3100
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7.3 Uooooboboood

000000000000 0O000O0O00O0O0O0O0OOOdso01/600000200000000
gb20000000000020000000000000O00O00OO00O00OOODOOODOOOOOOOO
oobOoO0O0oo00ooOo0ooO0oo0o0oOoO0OooO0o0DOoD00oDOoDOoObOOoOoODOODORS232CO
19200bps 00 0O00OOO0DODOOCOOOOOOOODOOOOOODOOOODOOOOODOOOOODDOOO
0000000000000 00000 1/3000000000000 40000000000 5% -10%
0000000000000 0000on [44]0
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O 31: Experimental system configuration.

goboooboboooboooooboooobooboboooooboooobooooobooobooobooaon
gbooobooboo200b00b000b0O00bOo0bOo0oobOOoobooboo0oboobboooooobooon
gbgboooboboooogboobobobobooboobooooboobobobobbobooooaon
goooooo

M :0.64[kg); m  :0.045[kg];

l :0.32[m]; a :0.98[N/V];

c1 :9.8[Nsec/m]; ¢z :3.58 X 10~*[Nmsec/rad];
g :9.8[m/sec?]

00000000 (x1,22) =(0,m0000000000O0O00OOOOOOD ADOOBOOOCOOOO
gbooooood

0 0 1 0
a4 0 0 0 1
B —2.7408 x 10 0 —8.1831x 1072 —4.1326 x 10!
| —34977x 1071 0 —1.5097 x 107* —1.5069 x 10!
[0
5 0 o= Looo|
4.1326 0100
| 1.5069
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e JO0DOUDOOODODODODLODOODODOLOOPDOOLOOODOODODOOODOODODOODO
oooooooooobooooDooOooOooDoLEoooooooOoooDooobooo

e PDOOOODDOODOOOODOOOODOOOODOOOODOD

e JO0ODODDOOOOOPIDODOOOOOOOOOCOODPID+QLOOOOOOOOOODOOOPD+Q
gobooboboooooboooobooooooboobooooboon

LQODOO0O0OLQOOO00O0D0000K,0000000000000
Kq:[—4.5985><101 4.2823 x 10" —4.3019 x 10*  3.7837 x 10* |,
00000000000000000000

100 0 0 O

e 0 100 0 O

J= / (zT T + 10u?)dt
0 0 0 10 0

0

0 0 10

LQUOOK,0PDOOOOOOOOOOOCOOOPDOOOOOOOOOOOODOOOOOOOOGODOO
00000 Ax)00000000000ooo

—9.7162 x 10, —1.0000 x 10%, —1.6436 x 10*
—5.1352 x 10~ % £ j4.9340 x 10°, —5.2557 x 10~ 1.

O000w,we,ws0ODOD0OOOO0OO0O003200000000000w;, #zi,andy;, 0000000
gbooooood

w1y : an input disturbance;
Wy, W3 : set point values;

21, 29 : controlled signals;
Y1,Y2,Y3,ys - augmented outputs.

7.5 ODOOO0OOODOOOO

We try to design two controllers using the MATLAB LMI toolbox. One is a robust stabilizer derived
from the robust stability condition, the other is a controller with better robust performance than the
PD controller derived from the nominal performance recovery condition. The time-constant of the D

controller 7 is equal to 0.01 [sec]. Setting the frequency weight Wi (s) as

2.1L
Wi (s) = T+s1 L =0.005,

we get a robust stabilizer with 15th order by solving both of the robust stability conditions. However,
we cannot get a stable free parameter ()(s) since each of the free parameters has a zero pole.

Therefore, we pay attention to the nominal performance recovery condition. Setting the same fre-

100
s+100°

quency weight Wi (s) as the robust stabilizer, and Wa(s) = V(s) =1 and v = 1, we get a stable
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O 32: Generalized plant.

free parameter with the following poles:

—2.0000 x 103, —1.9304 x 10%>, —9.8664 x 10*
—1.0000 x 10%, —9.1983 x 10° £ j4.9061 x 10°, —2.7925 x 10~* £ j4.9093 x 10°.

***0 00000000 *** Since the obtained PD+Q controller is of 15th order, the controller is needed
to reduce its order for applying to the experimental equipment. The balanced model reduction method
is used to get a reduced-order PD+Q controller. Using MATLAB functions balmr.m and schmr.m, we
can find the 3rd order controller that stabilizes the closed-loop system. The reasons why we select 3rd

order controller are as follows:
e PIDOO0OOOOODOOODOODOODOOOOODOO
e Pentium 166MHz MS-DOSO OO0 UOODOOOOOOOOOOOODOOOO

The obtained reduced-order continuous-time controller is described as

2(t) = Acz(t) + Bey(t)
u(t) = Cez(t) + D.oy(t)
[ —1.5681 x 10! —5.2971 x 10} —1.5632 x 10!

A= 2.0920 x 10>  —8.1944 x 10! 4.6990 x 10°
1.0435 x 102 2.4616 x 101 —1.1585 x 10!

[ —6.3569 x 10° —8.7319 x 10°
B, = | —8.2948 x 10! —8.4283 x 10!
24771 x 102 1.9455 x 102

C. = [ —1.8848 x 10! —2.1630 x 10!  9.2400 x 10°
D. =

[ _ 45985 x 10 —4.3019 x 10* | .

The bilinear transform is used to discretize the continuous-time controller. This transform can be com-

puted by using the MATLARB function bilin.m that computes several state-space bilinear transformations
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such as Tustin, prewarped Tustin, etc. Selecting the Tustin transform and the same sampling time
T = Gl—o[sec] as that of the Video Tracker, we get the following reduced-order digital controller:

zlk + 1] = Aqz[k] + Baylk]

ulk] = Caz[k] + Daylk]

[ 5.9410 x 107! —6.7852 x 10! —2.1361 x 10!
Ag=| 48021 x 1072 2.2209x 1071  3.7937 x 102
| 1.3541 x 10° 1.7481 x 10° 7.2548 x 10!
[ —6.7654 x 10°  1.7104 x 10°

By =| —9.2278 x 10! —9.6041 x 10!

2.7381 x 102 1.7653 x 102

Cy = [ —7.7388 x 10~2  1.0446 x 10~2  7.9787 x 102

D= ~2.6395 x 10" —2.7701 x 10!
Assuming that the system is perturbed such that

wire length I = 14 0.8sin5t;
time delay L = 0.391,
we simulate the closed-loop responses of the nonlinear equation (95) with the following two controllers:
e PD controller ;Q(s) =0
e full-order PD+Q controller (14th order)
e reduced-order PD+Q controller (3rd order) ; the nominal performance recovery condition

where z1(0) =1 and z(0) = 0.

Figures 33, and 34 are the Bode gain diagrams of the PD controller, and the reduced-order continuous-
time PD+Q controller, respectively. In each figure, the solid line shows the gain diagram of the transfer
function from the angle to the input voltage, and the dotted line shows of the transfer function from the
position to the input voltage. OO0 OO O0OOOOOOOOO

O 33: Bode gain diagram of PD controller.
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O 34: Bode gain diagram of reduced-order continuous-time PD+Q controller.

Figures 35 and 36 show the angle responses and the position responses for the full-order continuous-
time PD+Q controller, and the reduced-order digital PD+Q controller, respectively. **0 000000
OOoOoooogoo***

gooooooboooooboooooao
comparison PD+Q control between PD control with time delay
comparison PD+Q control between PD control without time delay

Our PD+Q controller is much more robust to the time delay and the variation in the wire length than
the PD controller.

OoOooPID+QUOO0O00O0OCOOO0ODOOUOODOOOOODOOOO

76 OO0

In the experiment, the rigid pendulum is replaced with a flexible wire, the sampling period is 1/60[sec],
and the RS232C transfer rate is 19200 [bps]. Since the experimental equipment cannot winch the wire, we
use three wires with fixed length. (000000000000 O00O0O0) Each wire is 10[cm], 20[cm], and
30[cm] long. Figure 38 shows the responses of the tip angles without controller, with the PD controller,
and with the reduced-order digital controller when the wire length is 10[cm]. Figures 39 and 40 show
the responses of the tip angles when the wire length is 20[cm] and 30[cm], respectively . The PD+Q
controller has the advantage of the robust performance to the wire length.

goooood
goooobobobooood
gooooboboooooooooo
PID+QO 000
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O 35: Angles of wire with PD controller and with full-order continuous-time PD+Q controller, and with
reduced-order digital PD+Q controller.
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0 36: Positions of cart with PD controller and with full-order continuous-time PD+Q controller, and
with reduced-order digital PD+Q controller.
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PD controller
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0 37: Inputs with PD controller and with full-order continuous-time PD+Q controller, and with re-
duced-order digital PD+Q controller.
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0 38: Tip angles without controller, with the PD controller and with PD+Q controller when the wire
length is 10 cm.
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wire length = 20cm
0.4 T T

03 : 1

02 : ml

01l : : digital PD+Q
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0.2 - : .

-— .
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-0.4 |

0 39: Tip angles of wire without controller, with the PD controller and with PD+Q controller when the

wire length is 20 cm.
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031 . 7
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angle[rad]

<~ without controller
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O 40: Tip angles of wire without controller, with the PD controller and with PD+Q controller when the

wire length is 30 cm.
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8§ PD4+QUUIUIUOLUDDODUO0O0OOOUOOUULDOObOUOOOGO
HEN

8.1 UUUpoD

We design a PD+Q controller — a kind of the PID+Q controller — to stabilization of a parallel-link-
robot manipulator as an example of MIMO nonlinear mechanical systems. We adopt the model of the

two-parallel-link manipulator given by Namerikawa et al. [38]. The dynamic model of the manipulator-

plus-actuator is obtained as follows:

M(q)§+ D(q,9)d + 9(q) = af(v) (96)
O

V) = fl(U1) _ 9
o= [ 500 |- | ¢

SHEEN

where ¢; is the i-th link angle, v; is the control voltage of the i-th actuator and f(v) represents the
actuator nonlinearities. We adopt the physical parameters of the two-parallel-link manipulator as in
Table 1[38] and the following nominal plant model:

Moq. + Doq = av (97)
My = mi; 0 Do = d1 0 '
0 moo 0 d22

We take an internal model as the above nominal plant model.

O 1: Parameters of two-parallel link manipulator

mi 3.68 x 1073
Mas 2.99 x 1073
mys | —8.22 x 107° cos(q2 — q1)
ma1 | —8.22 x 1075 cos(qz — q1)
di1 9.25 x 1073
dos 9.25 x 107°
dip | 822 x 107 °¢ysin(ga — q1)
do1 | —8.22 x 10=%¢; sin(gz — q1)

g1 4.64 x 102 cosqu
g2 —1.88 x 1073 cos ¢»
«a 6.89 x 102
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82 PDOUOODOODO

Supposing that the target position ¢4 is given and considering a setpoint control problem in which the
posture of the robot manipulator is allowed to approach asymptotically the target state (gq,q) = (qa,0)
from any initial state [36], we use the central controller as the PD controller without the nonlinear

compensation as follows:

1 .

vo= A-Kug+ Kyl —a)} (98)
K, = diag{3x10%3x10*},
K, = diag{1x10*1x10*}

The high gain PD feedback is robust for the parameter uncertainties such as M, 0D and dg, but not for
the input nonlinearities. Therefore, we design the PD+Q controller to stabilize the perturbed systems

for the following cases:
e Case 1 : first-order modeling error such as ignored motor dynamics,
e Case 2 : first-order low-pass filter in D-term,
e Case 3 : input nonlinearities such as backlash or saturation.

We can get the solution Q(s) using MATLAB LMI toolbox after converting (88) to the generalized plant
and checking whether the free parameter )(s) is stable or not. Figure 5 shows the feedback configuration
of the manipulator with PD+Q controller via SIMULINK where the signals are defined as

qd1; qa2 : target-position signals
e1, e : error signals
q1,92,41,95 : augmented outputs
V1, U2 : control input.

Through the simulation, we found out that our PD+Q controller is effective except for Case 3. In the
next subsection, we will show the simulation results in Cases 1 and 2.
8.3 UUUOO0O0OOO0O0

PD Controller
Defining y(t) as

q(t)
3(t)
yt) =1 7 :
q1 (t)
& (1)
the PD controller is obtained from (98) as
vo(t) = Koy(t)
—1.4522 —0.04
K, = 10° 5 0 0.0436 0 .
0 —1.4522 0 —0.0436

The First Robust Stability Condition
The first robust stability condition (FRSC) is expressed in the following form:

(T2 (s) = Ta(s)Q(s)T3(s) 7 W (s)lloo < 1
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The design parameters v, Wi (s) and L are selected as

7 =1
10—52.1Ls 0
WI(S) = Letl _ Ls
0 1073k
L = 0.0001

Since the obtained PD+Q controller is of 10th order and the free parameter is of 6th order, the controller
is needed to reduce its order for applying to the experimental equipment. The balanced model reduction
method is used to get a reduced-order PD+Q controller. Using the MATLAB function balmr.m, we can
find a PD+Q controller with a 2nd order free parameter that stabilizes the closed-loop system. The

resultant reduced-order free parameter is described as

A. | B.
Q(s) = 4’706 D.
2(t) = Acz(t) + Be(4(t) — y(t))
v1(t) = Cez(t) + De(y(t) — y(t))

o _ | Lamssx 104 0
‘ 0 —1.2759 x 10*
5 _ | 35964 x 103 0
c 0 —3.6011
—2.5195x 10> 0
0 2.5175
~4.3911 x 103 0
C, =
0 4.3938 x 10°
D, — 000 0|
0000

where §(t) is the output of an internal model in the PD+Q controller. The output of the obtained PD+Q

controller v(¢) is given by
v(t) = vo(t) +vi(t)

Adding a free parameter and an internal model to an established PD controller operating a plant attains
the implementation of a PD+Q controller since the PD+Q controller can be constructed as the sum of
a PD controller and a robust compensator as in the above equation.

THE SECOND ROBUST STABILITY CONDITION
The second robust stability condition (SRSC) is expressed in the following form:

(1 = T2()Qo(s))v ' W (s)llee <1

The design parameters v, Wi (s) and L are selected as

v =1
10—5 2.1Ls 0
Wi (S) — Ls+1 e
0 10 0.1s+1
L = 0.0001
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The resultant reduced-order free parameter is described as

v1(t) = Cez(t) + DKo (§(t) — (t))
3

e [ —0.1253 x 10~ 0
T 0 —0.0512 x 1073
s _| 0 o877
© | 106.0135 0
o _ [ 0 -106.0135
© | 1918747 0
p.=|2 %],
0 0
PERTURBED PLANTS
e Case 1: each of modeling errors of the actuators is assumed to be gga—g. The SIMULINK config-

uration of the perturbed plant is shown in Figure 42.

e Case 2: each of D-terms with the first-order low-pass filters is assumed to be ﬁ. The SIMULINK
configuration of the perturbed plant is shown in Figure 43.

CLOSED-LOOP RESPONSES
The list of the figures of the error responses e1(t) = g1 — qa1 and e2(t) = g2 — a2 in Case 1 and Case 2 is
in Table 2 when each of the controllers with FRSC and SRSC is implemented. In these simulations, it is

assumed that the initial conditions are
71(0) = g2(0) = g3(0) = g4(0) =0
and the setpoint values of ¢; and ¢ are
qa1 =2, qa2 =1

We can see from the simulation results that the PD+Q controller becomes more useful method for robust

stabilizer design.

O 2: List of figures.

Perturbed plants | FRSC | SRSC
Case 1 0 44 O 45
Case 2 O 46 O 47
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O 41: System configuration of the robot manipulator with PD+Q controller via SIMULINK.

1 — (D
D output_qL
inputvi 0.055+1
Modeling Error l—] output_g2
1 output_dot_q1
input_v2 0.05s+1
Modeling Errorl output_dot_g2

Parallel link robot

O 42: Perturbed plant in Case 1 via SIMULINK.
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O 43: Perturbed plant in Case 2 via SIMULINK.
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O 44: Error responses e; (top left) and es(top right) in Case 1 by PD controller, and e; (bottom left) and
e2(bottom right) in Case 1 by PD+Q controller using FRSC.
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O 45: Error responses e; (top left) and es(top right) in Case 1 by PD controller, and e; (bottom left) and
e2(bottom right) in Case 1 by PD+Q controller using SRSC.
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O 46: Error responses e; (top left) and es(top right) in Case 2 by PD controller, and e; (bottom left) and
e2(bottom right) in Case 2 by PD+Q controller using FRSC.

PD controller PD controller

el
= o - [N
e2
~ " o - N

0 0.5 1 15 2 0 05 1 15 2
time[s] time[s]
PD+Q controller PD+Q controller
2 2
1 1
g 0 g0
1 -1
-2 -2
0 0.5 1 15 2 0 05 1 15 2
timels] time[s]

O 47: Error responses e; (top left) and es(top right) in Case 2 by PD controller, and e; (bottom left) and
e2(bottom right) in Case 2 by PD+Q controller using SRSC
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