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0 2.12 A PD feedback loop and its equivalent first order delay system with dead time
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T=vVD (2.44)
D, <0000
T=0 (2.45)
L=x1-T (2.46)

0000000000000000000000000 0.21300000 P(s)DK;0 000
0O KT LT, 000MAXIMAOOOOODOOOO O.21400000
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P(s)" =p, +p;S+Pp,s’ +pys’ o
K;, x
e
Yes
p=0.1 p=1
(1+p)*
p,(po +Ky) 2 — P
T (p+p/2)
fini
Kf
v
p, + KTy, 1—x) _
po + K¢ : where
p, _Kf(Tfini)z(l_K)K _ % = T + Ly
Py +K; ] %o = Tl +Lini2 /2
v
Ko L
po +K;
< D,>0 > where D, =y-2y,
No
yes
T, = \ Dx Ty =0
Lini =y, — T, Lii =%

0 2.13 Program flow for finding initial conditions of T, K, T and L
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load{"mnewkton™) ;

fpprec @ 6;
newtonepsilon :float (10" (-fpprec+5));

Ef:1.6;

ka:0.01;

Ep:-1;

Lp:2;

T1:0;

TZ2:-11.7;

T3:11.9;

T4:0;

T5:0;

TE:0;

T7:0;

TE:0;

zeta:0;

if T1 = O

then pitaylor((1+T2*z)1* (1+4T3*%=)* (L+4T4*=2)* (L+2%zeta*T5*=+ (T5+%s) “2) *eup (Lp*=)/ (1+4T6%=s)/ (L+4T7*=)/ (1+T78*=) /Kp, =, 0, 4)
elze prtaylor (Tl*s* (14T2*2)* (14T3*%=)* (14T4*2) * (1+2*Zeta*T5*=+ (Th*2) “2) *eup (Lp*=2) / (1+T6*2) / (1+4T7+*=)/ (1+T8*=2) /Kp, =, 0, 4) ;

pl:float (coeff(p,=, 001
pl:float (coeffip, =, 1)1
p2:fleat (coeff(p, =, 200
p3:float (coeffip,=,3)]
p4:fleat (coeffp, =3, 4)]
if pl < O

then ro:0.1

aelze ro:l:

Tfi:float {(sqrt (p2* (p0+EL) * (l+ro) "2/ (rotro™2/2) ) -pl) /KL) ;

chil: float { (pl+EE*TEi* (1-ka) )/ (pO+KEL) ) ;

chiZ: float ( (p2-KE*TEA*TELi* (1-ka) *ka)/ (pO+KE) ) ;

Ti: if (chil®Z2-2#*chiZ) >0 then fleoat (=qrt {chil"2-2*chiZ)) elge 0;

Li:float (chil-Ti);

E:float (1/ (pO+KEL) ) ;

f1:T+L-E* (pl+KEf*Tf* (1-ka) ) ;

£2:T*L+L 2/ 2-K* (p2-KEATE*2* (1-ka) *ka) ;

f3:T*L2/ 24073/ 6-K* (p3+EE*TE 3% (1-ka) *ka™2) ;

mnewton ([£1, £2, £3], [T, L, Tf], [T1,L1,Tf1]);:/* mnewkbton (FunclList,VarList, Guse=z=zList) */;

e ome e me we

0 2.14 Program of solving T¢, K, T and L by using MAXIMA
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234 0000 P(s)00000000DOCOOODOOOOOOOODOOO

0000000000000 PDOOOO0O0O0O0O0000000000000000000000
PDOO0O0O000O0O0O0O0OOOOOOOOOOOOO0000000000O0O0O0OOOOMD-PID
000000000000(231)000 (233)00000 K;=000000(247)000 (2.49) O

gooogo
1

= = 2.47
=P (2.47)
T+L
— = 2.48
K D1 (2.48)
TL+ L*/2
— = 2.49
K D2 (2.49)
000 D,0 (250)00000000
Dy = (p2/po)* = 2p1/po (2.50)
D,>00000
T =Dy (2.51)
D, <00000
T=0 (2.52)
KOLOOOOOOOO
K =1/po (2.53)
L=pi/po—T (2.54)

00000000 P(s)b0O0OO0OOO p;,(:=0,1,2)0000000000000000 1000
gboboboobooooooboooooooboooooooooboooooboooooboobonDo
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23,5 PDOUOOOOODOOODOODOO

000000 PDOOOOOOOOOOOOOOOOOOO0O0O0000000000000000
00000000000000000000000 P(s)0000 P(s)0000 P3(s)00000
Py(s)0 4000000000

H@y:fﬁzﬁﬁ (2.55)
&@y:“%ﬂ?$ (2.56)
Py(s) = exp(~2s) (2.58)

(11.7s — 1)(1 + 11.9s)

e JOODDOOODODOO Pi(s)

exp(—20s
A = P
0.21500x=010 K,00OOOOOO K, 7T,LT7T,00000000000000000
O0oooo0oopbOO0O0O0O0O0OOO0OO0O0O0 KyOOOOOOOOOODODOOOOOOOOO
O0K,000000000000000000000000000 KOoOOooOTOoOOooo
oooooOoO0OO00O LOoboooooooooDboooo

= K——T L+ Tf
1 50
09 | {45
08 {40
07 | {35
06 | 1 30 =
x 05 [ 8 {25
04 | 7 T ey 20+
03 | K\\“*\\k*\k 115
02 110
01 | e 5
0 o e e R
— ™ 1) ~ ) — ™ o) ~
o o o o o — — — —
Kf

0 2.15 Plots of K, T, L and T} for various Ky

0.21600x=010 K,0OOOOOOOOOO K, 7,L,7,0000  PDOOOOOOOO
(Blue line) 00000000000 100000000000 (Magentaline)JOODOOOO
gbboboboobooboobbooboobooboooboboooboobooobooonon
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08 [ [ L [
: : : : : : : : | P Kf=02
S S R S R e e S B CRYY
] U U N SR S S e
Ry | Ke=08
i L = o - Kf=10
T T e e R e
AN S SR R N < N S NN N
R e R
7] S S /48 N S S SO SIS RO S
| | ! ! Blue: PD loop |
o——— -
Magenta: equivalent KTL | !
01 ; ; ; ; ; ; ; ; ; |
0 10 20 30 40 50 60 70 80 90 100

time
0 2.16 Comparison of step responses of the PD loop for P;(s) and the equivalent first order delay

with dead time for various Ky

Pi(s)00000K;=080k=010000 Ty = 7.1390 K = 0.5550 T = 20.330 L = 21.43
000000.2170000PDO000000O0 G(s)Blueline)J00000000000
0010000 G(s)000 (Magenta line) 00000000000000000 (00)00
000000000000000000000000000000000000000000
00 (000000000000000000000-1800000000000000000
0000000000000000000000000000000000000000 PD
000000000000000000100000000000000000000000
000000000000000

phase[degree]
& o
g o8
I e e
7
V4
—

1
107 107 10°
[rad/sec]

O 2.17 Comparison of responses for Pj(s) Upper:Step responses, Middle:Gain plots, Lower: Phase
plots, (Blue line:G(s) and Magenta line: G(s))
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e 0000000000 Pys)

exp(—20s
Pafs) = éOs :

0.21800x=010 K,O0OOOODOO K, 7T,L,T,00000000000000O000O00O00O0O
ooood KyOoOoooooooooooooooooood

—a—Tf ——K T——L

200
180
160
140
120

-
100
80
60
40

\‘\‘ 20

0.1 0.2 0.3 04 0.5 0.6 0.7
Kf

0 2.18 Plots of K, T, L and T for various Ky

0.21900x =010 K; 00000000000 K,T,L, 70000 PDOOOOOOO
0 G(s)(Blue line) 00000000000 10000 G(s)0000000 (Magenta line) O
000000000000000000000000000000000000000000
000000P(s)0000K; =040k =010000 T = 7.2040 K = 2.50 T = 34.640
L=21800000G(s)0 G(s)000000000000.2200000000000 (0
0)00000000000000000000000000000000000000000
00000 (000000000000000000000-1800000000000000
0000000000000000000000000000000
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Blue: PD loop

Magenta: equivalent KTL

Kf =0.1

Kf=03

Kf =04

Kf=0.5

Kf=0.6

Kf=0.7

0 50 100

150

200

time

250

300

350 400

0 2.19 Comparison of step responses of the PD loop for P»s) and the equivalent first order delay

with dead time for various Ky

time

gain[dB]
I
>
T

phase[degree]
o
T

-100 -
-150 -

i

10"
[rad/sec]

O 2.20 Comparison of responses for P»(s) Upper:Step response, Middle:Gain, Lower: Phase, (Blue

line:G(s) and Magenta line: G(s))
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e 00DDO0DOOD Py(s)
exp(—0.2s)
Py(s) = —PUTT28)

3(5) 1+ 0.01s + 2
0.22100x=0010 K, 0OOOOOO K, 7,L,T,00000000000000000
0000000 KyOOOOoOoooooooooooooooooooooo00 k=010
goboo,o0boobbooboboobooboo

14 12.0
1.2 10.0
1 8.0

|
— 0.8 60
X

0.6 40

04 2.0

0.2 0.0

02 04 06 08 1 12 14 16 18 2
Kf

0 2.21 Plots of K, T, L and T for various Ky

0.22200x=0010 K;00000000000 K,7T,LT;0000PDODO G(s)00
0 (Blueline) 00000000000 10000 G(s)000 (Magenta line) D 000000
000000000000000000000000000000000000000000

.|| Blue: PD loop

Magenta: equivalent KTL

08 H

K, =0.4
[¥ ) of ~
K, =06
1k, =08
K, =10
K, =12

1K, =14

06

05

04

03

0z

AN of

=0.1
o

0 2.22 Comparison of step responses of the PD loop for Ps(s) and the equivalent first order delay

with dead time for various Ky

P3(s)0000Ky =0.80x=0.010000 Ty = 2.87250K = 0.555607 = 0.981600 L = 0.4489
0000000 PDOOOODOOOO G(s)(Blueline)DOODOOODDOOODOODODOO 1000
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0 G(s) 000 (Magentaline) 00000000 0.2230000000000(00)000
0000000000000000000000000000000000000000 (O
000000000000 00000000-18000000000000000000000
000000000000000000000000

[rad/sec]

0 2.23 Comparison of responses for P3(s) Upper:Step response, Middle:Gain, Lower: Phase, (Blue
line:G(s) and Magenta line: G(s))

e 10000000000 Pys)

exp(—2s)

PAs) = G — i T 1)

0.22400x=010 K,O0OOOOOO K, T,L,T,0000000000000000000
o000 K,0ooodooooooooooooooooo

8 90
——K-—=Tf T + L]
7 F 4 80
470
- 60

- 1 50

Tf

x 4 40
430
27 1 20
Tr — - Bl

0 0
12 14 16 18 2 22 24 26 28 3
Kf

0 2.24 Plots of K, T, L and T for various Ky



020 0OO0OOO0OPIDODO 33

00.22500+=010 K;00000000000 K,7,L,T;0000PDOOD G(s)0D0
0000000 (Blueline) 00000000000 10000 G(s)0000000 (Magenta
line) 00 0000000000000 ODO0ODDOOONODOOONONONOONONONOOONOOO
000000000

Blue: PD loop

Kf=1.2

Magenta: equivalent KTL

Kf=1.6

Kf=1.8
Kf=2.0

-y Kf=2.2
“Ki=2.4

¥ Ko
Kf=2.6
K=3.0  \ Ki=2.8

L L L L L L L L L )
0 20 40 60 80 100 120 140 160 180 200
time

0 2.25 Comparison of step responses of the PD loop for Py(s) and the equivalent first order delay

with dead time for various Ky

Pys)00000Ky = 2450k = 0010000 Ty = 14.634,K = 0.68960 T = 18.5930
L=43692000000000PDOOO0OOOODNO G(s)(Blueline)JOOOOODOOOO
gbobogo1l1oooo é(s)DDD (Magenta line) 0000000 0.2260000

o
o
N
S
@
S
S .
S
@
S
oli 1 il i
3

phase[degree]
)
T T T T T T T

[rad/sec]

0 2.26 Comparison of responses for Py(s) Upper:Step response, Middle:Gain, Lower: Phase, (Blue
line:G(s) and Magenta line: G(s))
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000000 (00)000o0oO0000OOoO000DU0OOO0D0DOOOOOoDUOOooDODOOoOn
0000000000 (0000000000000 0o0o0ooooO-1UDODODODOOOO
goobgoboobooobooboobbooboobbooboobbon

e JOO

gbobooboobooooboobobooboboo 40000000 PDObOOODOOODLO
gboobobooboobooobooobooboobooobooobooboooboooboo
gboboooooooogooooboobobgobobobobobobobobooboooooon
googoobooboobboobuooboooboobooboboobbobooboobo
goog

23.6 UJU000OOOOOOOoOOOOOOoODOOD

0000 234000000000000000000 Ps(s)00D0O0O0OO P(s)DOOOOOO

~ 5(1 — bs) exp(—bs)
B(8) = 4 20)1 + 108) (2:59)

1

Ps(s) = A +5sp

(2.60)
e DODDO P5(s)
5(1 — 5s) exp(—5s)

B(8) = 4 20) (1 + 108)

Ps(s)00000K;=00x=01000000 K=5.007T=21.7940L =18.2060000
00 Ps(s)000 (Blue line) 00 00000000000000 G(s) 000 (Magenta line)
ooooobooo.22rgoog

[rad/sec]

0 2.27 Comparison of responses for P5(s) Upper:Step response, Middle:Gain, Lower: Phase, (Blue
line: P5(s) and Magenta line: G(s))
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e 00DOODO Pys)

1

Ps(s) = A 559

Ps(s) DO0O0ODK;=00x=01000000 K=1.007T =11.18030 L =13.8197000
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0000000 0.2280000000000 (00)OOoOoooooOooooooooOoOoO
0000000000000 000000000000 (oOo0oo0oOoO0o0ooOoooooo
ooooo-isoogooooooooooooooooobooooogooboooobooOon
goboobogn

08 L
Eu,ﬁ—
04
02|

I I I I I I I I I
0 10 20 30 40 50 60 70 80 90 100
time
20

10+

“10l-
& ol
30l

-40
107 10" 10° 10'

ain[dB]

150 -

50

haseldegree:
°

50l
< -100
-150

[rad/sec]

0 2.28 Comparison of responses for Pg(s) Upper:Step response, Middle:Gain, Lower: Phase, (Blue
line: Ps(s) and Magenta line: G(s))
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23.7 pPhDOUO0OO0OOOOOCOOO1I0O0O0O0ODbDOODOODODDbDODOODOOn

0000000000000 PDUOOOOODODOOO F(s)DODOOOO PODODOOOOOOO
G(s)000000000000 10000 G(s)0000000000000 P(s)0000000
O00000O0O000ooO0oo0ooOoO (231)00((234) 0000000000 OOO0OOODOOOO
00 P(s) 00000000000 OO00OO0O0OODOOOOOOOOOO

P(s) _ Kexp(—Ls)
14 F(s)P(s) 1+Ts
gbooobobooobobooooboobooobobooogboooooobobooboobooDo
gooboobooboboobooboobbooboobbooobooobooo

exp(—Los

Pt = 1Yot
O000d Ly=01000000000000DO000Ly=0500000000000O00
gooooobobobobobbobododoouoooon

exp(—Los)
(11.7s — 1)(1 + 11.9s)
oobdd Ly=20000000000000D0O0OO0Lp=1000000D0DO0ODOODO
vl oooooooobbobobooboobbbobbobobboboooboouooaaa
gooobooooboboboooobboooobbboooobDbboooobDbbooobnbo
goobboobbtbooobbuoooobbuoooubboooooboooobobboooooboobo
goboobooboboboboboobobuobobooboobooboobobobooboobo b
ggodooobooobobobooodoooo1obbboooooooooboooooo

P(S, Lo) =

24 00000 PIDOOOOOOOOOO

0000000000000000000000002350PDO000000000000 Py(s)d
Py(s)0P3(s)0Py(s)0 23.6000000000000000000000 Ps(s)0 Ps(s)0000
000000000 MD-PIDO0O0O0OOOOOOO0O00O0O0O0OO000000 21000000
0000000000

}ﬂ(s)__(1L7s?fﬁngj?1L93)
-t
Po(s) = 7

(1+5s)°
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O 2.1 Control parameters designed for Pi(s), Pa(s), P3(s), Pa(s), Ps(s) and Ps(s)

P1 (S) P2 (8) Pg(s) P4 (S) P5 (S) 0 P@(s)
K. || 1/0.555 | 1/2.5 | 1/0.5556 | 1/1.45 | 3.333 1.0
T 20.33 34.64 0.9816 18.59 | 12.381 | 11.1803
L. 21.43 21.85 0.4489 4.368 | 17.555 | 13.8197
Ky 0.8 0.4 0.8 2.45 0.1 0
Ty 7.139 7.204 2.8725 14.634 | 10.898 0
K 0.1 0.1 0.01 0.1 0.1 0.1
A 1 1 1 1 1 1
« 1 1 1 1 1 1

24.1 000OO0OOOOOO

exp(—20s)

1+ 50s

P(s)00000K; =080xk=010000 Ty =7.1390 K = 0.5550 7 = 20.330 L = 21.43 O
0d00OO0do00 e=100A=10000 MD-PIDOODOOODOOODODOOODOOODODOO.2.2900
2230000000000 MD-PIDODOODODODOOODOO (SV)ODOODOOOODOO (DV)DOO
O0000000o00U0oOo0oUooOoUooooosvooUooo (bv)obooooooooooo
0000000000000000000000000000000001% 0000 (NV)OOD
goooooooooooooooooo

Pi(s) =

o
T
I

r(t) y(t)

e
o
T

I

-05 1 1 1 1 1 1 1 1
100 200 300 400 500 600 700 800 900

time

o

d(t) ut)

05 |- i

100 200 300 400 500 600 700 800 900

time

0 2.29 Time responses of MD-PID control system for Pj(s)
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00.230000002230000000000000 S(s),000000TT(s)booO MVO
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0O 2.30 Sensitivity plots of MD-PID control system for P;(s)
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(a) Nyquist plots of MD-PID control system (b) Bode plots of MD-PID control system for
for Pi(s) Pi(s)

0 2.31 Nyquist plots and Bode plots of MD-PID control system for P (s)
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242 0JU00OO0OOOOOO

exp(—20s
Pals) = ;03 :
Py(s)DO0O0Ky=040x=0.10000 Ty =72040 K =2507T =34640L=21.8500000
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0 2.32 Time responses of MD-PID control system for Pa(s)
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0 2.33 Sensitivity plots of MD-PID control system for P(s)
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(a) Nyquist plots of MD-PID control system (b) Bode plots of MD-PID control system for
for Pa(s) Pa(s)

0 2.34 Nyquist plots and Bode plots of MD-PID control system for Ps(s)
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243 0U00OO0OOOOOO

exp(—0.2s

P = 11 g o
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0 2.35 Time responses of MD-PID control system for Ps(s)
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0 2.36 Sensitivity plots of MD-PID control system for P3(s)
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(a) Nyquist plots of MD-PID control system (b) Bode plots of MD-PID control system for
for Ps(s) Ps(s)

0 2.37 Nyquist plots and Bode plots of MD-PID control system for Ps(s)
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244 000O0ODOOOOO

exp(—2s)

Ps) = A — i+ 1es)
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O 2.38 Time responses of MD-PID control system for Py(s)
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0 2.39 Sensitivity plots of MD-PID control system for Py(s)
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0.33000000000000000Astrom00000 Gangof four[11]0 00000000
00000 (3.27)0(3.30)0000.0000,000000000000000 S(s),000000
00000000000 T(s)DOODOOUOOODOoOooooOo  CS(s)booooooooooooo
PS(s)D00.000000O0MD-PIDOOOOOOOO PIDOOOOOOOOOODOOOOODOO
0000000000000 000O0000O0O00O000 34000000000000DO00O S(s) O
PS(s) 0000000000 T(s)0 CS(s) 000000 OOO0OO0OOOODOOUOOOODO

S6) = TTFEeE (3.27)
T(s) = ffﬁﬁ%ﬁ? (3.28)
CS(s) = 1+;§2$) (3.29)
PS(s) = — LB (3.30)

3.6 UUO

0000000000000000000000 P(s)0000 Py(s)D000 P3(s)00000
Py(s) 00000 Ps(s)000000 Pe(s)0 60000000000MD-PIDOO0OODO 2000
PIDO0000O0O0OOOO0O0O0O0OOOOD 3100000 MD-PIDOOOOOOOOOOOOO
0000000000 2000PIDO0O0OOOOOOODO0000000000OO



64 030 OOOoOoPIDOOOOOO

Fio) = 13ooisqe
Pa(s) = (11.75%{2()(_12-?11.93)
RO = oo

O 3.1 Control parameters designed for Pi(s) , Pa(s) ,P3(s) , Ps(s), Ps(s) and Ps(s)

P1 (8) PQ(S) Pg(s) P4(S) P5(5) PG(S)

K. || 1/0.555 | 1/2.5 | 1/0.5556 | 1/1.45 | 3.333 1

Te 20.33 34.64 0.9816 18.59 | 12.381 | 11.1803
L. 21.43 21.85 0.4489 4.369 | 17.555 | 13.8197
Ky 0.8 0.4 0.8 2.45 0.1 0
Ty 7.139 7.204 2.8725 14.634 | 10.898 0

K 0.1 0.1 0.01 0.01 0.1 0.1

A 1 1 1 1 1

o 1 1 1 1 1

Kc 1.9126 | 0.6752 2.124 3.650 | 0.2778 0.6
Tr 44.391 | 85.345 1.6878 57.81 | 28.079 15.0
Tp 4.999 5.667 1.119 9.948 6.129 2.6466

o 0.45 0.4 0.65 0.3 0.55 0.75
g’ 0 0 0 0 0 0
n 0.25 0.2 0.025 0.015 0.3 0.75
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O 3.4 Time responses of MD-PID control system(Blue line) and two degrees of freedom PID control
system(Magenta line) for P;(s)
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O 3.5 Sensitivity plots of MD-PID control system(Blue line) and two degrees of freedom PID

control system(Magenta line) for P (s)



66 030 OOOoOoPIDOOOOOO

0000000000000 00 08600000000 036(Mb)000000O00O0O0OOO
ooooodo M,=17900000000 My=20000000000000000000OO0
gobooboobbooboobbooboobbooboo

uuuuuuuuuuuu

3]

(a) Nyquist plots of MD-PID control (b) Bode plots of MD-PID control sys-
system(Blue line) and two degrees of tem(Blue line) and two degrees of free-
freedom PID control system(Magenta dom PID control system(Magenta line)
line) for Pi(s) for Pi(s)
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O 3.7 Time responses of MD-PID control system(Blue line) and two degrees of freedom PID control
system(Magenta line) for Ps(s)
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O 3.8 Sensitivity plots of MD-PID control system(Blue line) and two degrees of freedom PID
control system(Magenta line) for Py(s)

0000000000000 00 083900000000 039Mb)00000O0O0OO0OOO
ooobodno M,=18000000000 My=200000000000000000000OO0
gobooboobobooboobobooboobobooboo



68 030 OOOoOoPIDOOOOOO

o
o 8 8 &

&

- 8 8

(a) Nyquist plots of MD-PID control (b) Bode plots of MD-PID control sys-
system(Blue line) and two degrees of tem(Blue line) and two degrees of free-
freedom PID control system(Magenta dom PID control system(Magenta line)
line) for Ps(s) for Ps(s)
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O 3.10 Time responses of MD-PID control system(Blue line) and two degrees of freedom PID

control system(Magenta line) for Ps(s)
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O 3.11 Sensitivity plots of MD-PID control system(Blue line) and two degrees of freedom PID
control system(Magenta line) for P;(s)
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(b) Bode plots of MD-PID control sys-
tem(Blue line) and two degrees of free-
dom PID control system(Magenta line)
for Ps(s)

O 3.12 Nyquist plots and Bode plots MD-PID control system(Blue line) and two degrees of freedom
PID control system(Magenta line) for Ps(s)
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0 3.13 Time responses of MD-PID control system(Blue line) and two degrees of freedom PID

control system(Magenta line) for Py(s)
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O 3.14 Sensitivity plots of MD-PID control system(Blue line) and two degrees of freedom PID

control system(Magenta line) for Py(s)
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(b) Bode plots of MD-PID control sys-
tem(Blue line) and two degrees of free-
dom PID control system(Magenta line)
for Py(s)

O 3.15 Nyquist plots and Bode plots MD-PID control system(Blue line) and two degrees of freedom
PID control system(Magenta line) for Py(s)
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O 3.16 Time responses of MD-PID control system(Blue line) and two degrees of freedom PID

control system(Magenta line) for Ps(s)
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O 3.17 Sensitivity plot of MD-PID control system(Blue line) and two degrees of freedom PID
control system(Magenta line) for Ps(s)
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system(Blue line) and two degrees of tem(Blue line) and two degrees of free-
freedom PID control system(Magenta dom PID control system(Magenta line)
line) for Ps(s) for Ps(s)

O 3.18 Nyquist plots and Bode plots MD-PID control system(Blue line) and two degrees of freedom
PID control system(Magenta line) for Ps(s)
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O 3.19 Time responses of MD-PID control system(Blue line) and two degrees of freedom PID

control system(Magenta line) for Ps(s)
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O 3.20 Sensitivity plots of MD-PID control system(Blue line) and two degrees of freedom PID
control system(Magenta line) for Ps(s)
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(a) Nyquist plots of MD-PID control (b) Bode plots of MD-PID control sys-
system(Blue line) and two degrees of tem(Blue line) and two degrees of free-
freedom PID control system(Magenta dom PID control system(Magenta line)
line) for Ps(s) for Ps(s)

O 3.21 Nyquist plots and Bode plots MD-PID control system(Blue line) and two degrees of freedom
PID control system(Magenta line) for Pg(s)
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0 3.22 Ramp responses of a PID control system(Magenta line) for P (s)
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n 0.25 0.25 0.015
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PIDOOODOOOOOOOO PID(MD-PID)ODO [12,13]0 000000 MD-PIDOOODOOOO
goooooooboooboooooo MD-PIDOODOOOOOODOOMD-PIDODOOODOO
PD(ODOO0D0)000OO0O00OU0OOODOOOOUOODOOOUOOUOOOOOOODOOO MD-PID
gbooobobooboboboobooboboobobooboboobobooooobooboon
gbooobobooobooboobooboboooboboooboboobobooooooboonbooon
gobodgbobgobbooboobbooobooobobo.0boobooboobobboobooon
gboboboobooooooooooooobooooooooobooobobobobOoboon

4.2 0O0OO0OOO0ODOOOPIDOOOOOOOOOOO

PD feedback

Fdiag (S) ‘ ()

d S n(s
I"(S) Gain Q Filter V(S) _ +() + y(S)
+ + + v Ll(S) + _4_ MG

—>{ V.1, OO K e Qe (8) > G(s)
SV filter B T - N J
- ] Gdiag(s) =Df(S)
Model

O 4.1 Multivariable MD-PID control system with inverted decoupler and PD feedback

O00MD-PIDOOOOOOODOOOO.41000000007r(s),v(s),u(s),d(s),n(s),y(s)00
00,00000000000000(00) 00000000000 (O0)00b0OO0ODO0O0O D
D0000000000000 (4100 nxn0000000 G(s)0000G(s)0 500 Gij(s)
oobodboooobooobooooooobooboooobooboooo430bo0oooboon
00000D0000000000 (uw(s) — v(s),éi=1,2,,,7)0000000000000000

Gn(s) G12(S) Gln(s)

GQl(S) GQl(S) ng(s)

G(s) = (4.1)
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4.2.1 0O0OOO0OO0OO0OOOO

' 3

Fdiag (S)

d(s) n(s)

O £ 5 G o2

\ 4
o
|'\/‘|

D, (s)

O 4.2 Multivariable process with Inverted decoupling

0.4200000 G(s)000000O (Inverted Decoupling)Dy(s) 000 00000000000
uogooonbon

y(s) = n(s) +G(s)(uls) +d(s)) (4.2)

u(s) = v(s) — Ds(s)u(s) — Faiag(s)y(s) (4.3)

0o deg(s)DDDDDDDD pOD(OOOOOOOOOO.
Fdiag(s) = diag(Fﬂ(s)a F22(S)7 T an(s)) (44)

1 + TfiiS

4.5
1+ KiiTpis (45)

Fi(s) = Kyi

0000K 4, Tr0 k0 y(s)0 i000 PDOOODOOOOOOODOOOOOOOOOOO
000000000y(s)0 (46)00000000000

y(s) = G()I +Dy(s) ™ (v(s) — Faiag(s)y(s))
+G(s)d(s) + n(s) (4.6)

U(S)DD y(s)DDDDDDDD Gdiag(s)DDDDDDDDDDDDDDDDDDD(4.7)DDDD
goao
G(s)(I + Dy(5)) ™" = Gliag(s) (4.7)

00 Gaiag(s) 0 (48) 00000 G(s)0000000000
Gaiag(s) = diag(G11(s),Gaa(s), -+, Gnn(s)) (4.8)
(47)00000000000 Dy(s)0 (4900000

Dy(s) = Gjiag(s)G(s) = 1 (4.9)
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(41)00 G(s)000000000 Dy(s)0 (410) 0000000000000

0 Gi12/Gu ... G1,/Gu
Ga1/G 0 .. Goy, /G
Dy(s) = 21( 22 . . 2 / 22 (4.10)

000000 Dy(s)0000000000 (a)0(c)0000000000 9000000000
ooooo
() 0000 (411)00000000000 (proper) 0000000000

. Gik(s)
Jim | Gii(s)

|<oo i k=1,2,....n, k#i (4.11)

(h)OOUOODODOODODOO0OOOUOOD exp(@s) 00000 >000000000000000000O
(0000000 00CODOOOO0OOOOO0OCOOO0OOO0OODOO0OOOOOODOOOOMUHOD
00000000 (412)0)0000000000O00ODODOOOOOOOOOO

| I+ Dys(s)|#0, YRe(s) >0 (4.12)

4.2.2 0000 PDOOODOOODOODOOOO

0000000000000D00000 G(s)aiqe 000000000000 O000O0OOPDOOO
oboobogobo 23000b0ooooboooobobooobobooooboobo PIDOODO
gbbobobooodoboboboboooboboboobobobooboboboobobobo
O0000G(s)0 Dy(s) 0000000000000 00000000O0 PD(ODOOOOODOOO
000 Fuiee(s) DODO0OOODOOMD-PIDODOOOOODOO7)0000000DO (46)000
00000000 ¢.13)0000000.

y(s) = [+ Guaiag(s) Fuiag(s)] ™ (Gaiag(s)v(s) + G(s)d(s) +n(s)) (4.13)
0000 Gaiay(s) 00000000000 PDOODOOOD Fue(s) 0000000000000
0 Graiag(s)0 (414)00000000
(I + Guiag(5) Fiiag(5)) ™ Gaiag(s) = G diag(s) (4.14)
00 Graing(s) 0000000000000000 10000 (415)0000000000000
ooo
GF diag(s) = KF diag(I + STF dz'ag)_1 eXp(_SLF diag) (4'15)

0000 Kr diag:TF diag:Lr diag 0 00000000000

KF dgiag = diag(Kp11,Kro2,- -, KFnn) (4.16)
Tr dgiag = diag(Tr11,Tr 22, K7 nn) (4.17)
Lr dgiag = diag(Lri1,Lro2, KL nn) (4.18)
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OD000KpuTru,Lrx0i000PDOODDOOOOOOOOOODOOOOOOOODOOOOO
0000000000000000PDOOOOOOOOOOOOOO00230000000 [14]0
Giiag(s)00000000000000000000000000004000000 Gyu(s)000
0000000 PDOOOOOODD K;40 ;000000000000 Tf0000 Kry,0O

U0 7Tr4, 0000 Lp. 0000000O0O0OOO

423 0O0OOO0OOOOOPIDOODOOOO

n(%) 1+ Gdiag (s)F, diag (s) N

d(s)
— G (s7Gs)
+ + + ¥y
— |5V, (5 =>C“>=> K g Qg (5) 1 G g () > O—
SV filter - + — u(S)
- Gdiag(S)
Model

0 4.3 Simplified Multivariable MD-PID control system with inverted decoupler and PD feedback

0000000000000 4100000.4300000MD-PIDOO0O [8,12]000000
OPDOOO0OOOOOOODODOOOOOODDOO IMC(Internal Model Controld [15] 00 00O
gbooooobobooooboooooobooobobooooobo 1boboboboobobo pDODOO

ocooooooboooomMCcOODOOOOOoOoDOOoOooOOoOo1bOoOoboboOooD

000 MD-PIDOOOOOODOODOO0O00O000O00 KegigeD (419)0000000000

0000000 Gaigg(s) D (4200000000000000000000

chiag = diag(Kcla Ke, -+ 7Kcn)

Giag(s) = (I + 8T giag) " exp(—5Le giag)
0000 Thdiag D Lediag 0 (4.21) 00 (4.22)00000000000000
Te diag = diag(Te11,Te 22, -+, Tenn)
L giag = diag(Le 11, Le 22, + 5 Le )
QU000 Quigg(s) 0 SVOO OO SViigy(s) 0 (4.23)00 (42400000000

Qdiag(s) = (I + SATC diag)(l + STc diag) . (I + SAdiach diag)_2

Svdiag(s) = (I + SAdiach diag)(I + SATC diag)il

(4.19)

(4.20)

(4.21)

(4.22)

(4.23)

(4.24)
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0000 Agiag 0 Agiag 000000 (4.25)00 (4.26)0000000000000000000
0000000000 00O00o0n

Adiag = diag(A1, X2z, -+, Ann) (4.25)

Adiag = diag(alh Q2, -, ann) (426)

000 MD-PIDOO0O000 Kegia, 000000 Guiay(s) 000000000000 PDOOD
0000000000000 Grae(s)0000000000000000

chiag = I/KF diag (427)
Tcdiag =T1F diag (428)
Lcdiag = Lp diag (429)

00000000 MD-PIDOD0O0O0O0D0000 Gaiag(s) = KediagGr diag(s) 00000000
000 y(s)0000 u(s)0000 r(s)000d(s)000000 (4.30)000 (4.32) 000000
000.000000000000000 Agiey0 Agie, 00000000000000000000
0,000 (s)00000y(s)0000000000000000000000000,00000
000 Awie, 0000000000000000000000000000000000 Agia, 00
00000000000000000d(s)0000000000000.0000000000 PID

oboboboboaDUObObU0 b ooon

y(S) = (I + SAdiach diag)il exp(_SLF diag)r(s)

+[I - (I + SAdiach diag)(I + STc diag)

'(I + SAdiach diag)_2 exp(—sLC diag)]

P ti0g(5)Gltiag(5) " G5)d(5) (4:30)
u(s) = (I+Ds(s)) " (v(s) = Fuiag(s)y(s)) (4.31)

U(S) = (I+ STc diag)(I+ SAdiach diag)chiagT(S)
_(I + SAdiach diag)(l + SAdiach dz‘ag)_2
: eXp(_SLc diag)Gdiag(s)_lG(S)d(s) (4'32)
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4.3 UU0OOOOOOOO

(41)00nxn0000000G(s)DO00OODCSOOO0OOOODOOOOOODODOOOOOOO
0000000000000 00000000DO0O0000000O0OODO0O0000 (Pairing) 00
0000000000000 0Bristol 00000 RGA(Relative Gain Allay) 000000 [16)00
gbobooboobboobooboobobooboobobooboo

0000y(s)0y(s)0 G(s)0000000

y(s) = (yl(s)wnyn( ))
U(S) = (U1<3),,,, ( ))
G(s) = (Gi(s)) 1=1,2,,n, j=1,2,,n

G(s)0OODRGADDOOOO G(0)O0OODO (433)00000000
RGA = G(0) o (G(0)")™ = (\y)) (4.33)

00000 Hadamard product 00 0000000000000 O0O0O0RGAOOOODO N\;O000O
uj(s) 0000 y(s) 000000000000 0000000O00O0000000M39) 00000
goboobool1oobooobooboo

DXij=> Aij=1 (4.34)
j=0

=0
RGAODOOODODODODOOOOOOOO
a)0 A\ =00000 uj(s)—y(s) 0000000,
b)0 A\; 210000000000 (yi(s),ui(s)D 0000 uj(s) — yi(s)0
¢)0 \;>10000000000000000
d)0 \; <00000000000000000

gooooo

0208]

1 1
Gm):[ ], RCGA =
04 -0.1 0.2

00 b)00O0O pairingd  (yl,u2),(y2,ul).

0.66 —0.61 —0.0049 1.9616 —0.6649 —0.2967
G(0) = .11  -2.36 —-0.012 | ,RGA=| —0.6700 1.8920 —0.2220
—34.68 46.2  0.87052 —0.2916 —0.2271 1.5187

00 d)000 pairing 0 (yl,ul),(y2,u2),(y3,u3)d
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4.4 000

O0O0OO0Rivera[l7]0 000000 20000000000000000000000000
(Shell Heavy Oil Fractionator(0 .4.4) 0000 (4.35)0000000000000000 PDOODO
0000000000000000000000000000000

(4.35)

4.05exp(—27s)  1.77 exp(—28s)
_ 1450 1460
G(s) = 5.39exp(—8185) 5.27exp(jl4s)
14-50s 14-60s
O000y(s) = G(s)u(s)Oy(s) = [y1(s),y2(s)], u(s) = [u1(s),u2(s) 00D 0wy (s)00O000O0OO
O0000Ow(s)D000000w(s) 000000000000 w(s)D00000O00ODOO0OO
agod

P

UPPER REFLUX

S

INTERMEDIATE REFLUX

|

SIDE DRAW

BOTTOMS REFLUX

(33%@“@{@ Jj _____ @_.-,:
A ‘

O 4.4 Heavy Oil Fractionator-Shell Control Problem

BOTTOMS

O00000000000000000000000000 RGA(Rerative Gain Array) 000 0O
00(4.36)0000000000000000O0O0OOOOO0DOODOODOODOOOOO

RGA = G(0) o (G(0)T) !
1.8083 —0.8083
—0.8083  1.8083

(4.36)

0000000000 (y1,w)0 (y2,u2) 00000
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44.1 0OO0OOO0OOOOOO

(49)0000 (410)00000000000 Dy(s)0000000(4.37)00000000

1.77 1450
D (S) _ 0 4.05 1+60§ exp(—s) (4 37)
5= 5.39 1460s 4 0 :
5.27 1450s exp(—4s)

gobooboobbooboobooobuoobooboboobboobbooboobbooD
000 (4.12) 000 (438)00000000000O0ODO0O0OODO0O0O0OD0OODOOOOODOOOOO

Gll(S)GQQ(S) — G12(S)G21 (S) =
21.3435 exp(—41s) — 9.5403 exp(—46s)
(14 50s)(1 + 60s)

(4.38)

(433) 0000000000039 0000000000000 O0O0D0DODOOOOOOOOOOO
ugboobobs>0o0boboooboboobooobobobobooboboonobobobooobobonbogd

9.5403

exp(5s) = o1 1ss

(4.39)

442 0000 PDOOOODOODOODOOOO

00000000000000 (433)00 G(s) 00 Gaiag(s) 0 (440)0 00000000000
000000000000000PDOODOOOOOODOOOOONOOOOONONDOOOOOD

4.05 exp(—27s)

0
— 50s
Gaiag(s) = 1+0 5.27 exp(—14s) (4.40)

14+60s

041000000000000caselD0000O00OC PDOOOODOOOODOOOOOOA;=1
0A4;,=10000casec20 0000000000 PODOOOOOOOOOOO0O0O0O0 A;0 A;00
O00OCCOOOODOODODOODODODODOcase30 A;=10 4, =100000PDOOOOOOOOO
OO0 (400000000000 000OO

O 4.1 Summary of parameters designed for GG11 and Gag

casel casel case2 case2 case3 case3d
G Ga2 G11 Ga2 G11 Ga22
K. 1/4.05 | 1/5.27 | 1/4.05 | 1/5.27 | 1/2.519 | 1/2.274
T 50 60 50 60 22.199 16.263
L. 27 14 27 14 28.98 15.178
A 1 1 0.7 0.5 1 1
«@ 1 1 1 0.80 1 1
Ky 0 0 0 0 0.15 0.3
Ty 0 0 0 0 9.648 5.025
K 0.1 0.1 0.1 0.1 0.1 0.1
K 4.05 5.27 4.05 5.27 2.519 2.274
T 50 60 50 60 22.199 60
L 27 14 27 14 28.982 14
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4.4.3 0OUO0OO0PDOOODOOODOODODOOOODOOO

0.4500000 MD-PIDOOOO cased (Blue) O case3(Magenta) 00 0000000000
dodobobbooudotuibrn=0000t=10m00000000000000DO t=500sec
Od=050000t=1000secU ro 0 000 10000000000Ot=1500secd do=0.5000
goooopbO0O0D0OO0OOOOOOOOO0OODOOODOOODOOODOOODOOOODOO
gooooooobbobbbobooooooooooooooo
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0 4.5 A multivariable MD-PID control system with inverted decoupling for MIMO process O
(casel:Blue, case3:Magenta) 0

04600000 MD-PIDOOODO case2(Blue) O case3(Magenta) 000000000000
gooooopDO0OD0OO0O0O0OO0OOODOODOODO0ODLODOODOODOODLOODODDOODOODOOn
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>:—1 5

With PD feedback (Case 3) T T
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0 4.6 A multivariable MD-PID control system with inverted decoupling for MIMO process

(case2:Blue, case3:Magenta)

444 0O0OO0O0O0OD0ODOOOOODOO

oboooooopbOO0O0O00ODOOO0OO0OOOOO MD-PIDOOOOOODOODOODOOOODOO
gboogbobooobobooobbobobtobwOobOobo4000000ODODLOOODODOO
O00000000000000000000 (ARW:Anti-Rest windup) 0000000 w0000
00-01000000000D000DO00OC00DOO0ODODOO0 ARWOOOOO
Uoboooboob47000bobbbO0oobbooobboobbobot=10 m=10000
Uo0o0d00b00dw 00400000 10 5600sec 00000000 0O0OODO0OO0OOO0O0O0OOuU,
O00000000 y20r=0000000000t=500sec d; =0500000000wu;0 ug
gbooobooobooboobtdy0ypdiidddmm=10r=0000000000t=1000sec
Ur,=1000000000000w0-0200000 y0rn=100000000000000
uooboo.0boobboditwoobooobbdd ywidmm=100000000000000000
O000t=1000secd de =0500000000w 00000000000 yo,0000 =100
gboboobobo.obobobobobobobOobOobOobOobOobOobOobOobOoDbOoDO
gobooboobboobooboboobbooboobboobooboon
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0 4.7 MV saturation case of multivariable MD-PID control system with inverted decoupling for

MIMO process

4.5 0OO0O0OO0OOOOO

4210000000000000000000 G(s)0000D0O0O00OOOOOOOOOOOO
gbooobooboobooboboooboobobobooboboboooooooboboooboon
gobodgbobooobooaoo

v(s)

n u(s)

o
\L D;(s)

v

G(s)

y(s)

——p

O 4.8 Inverted decoupling block with modelling error case

0.4800000000000000000000000000000000 v(s)0000 y(s)0
00000000000000000000000 G(s)0000000 G(s)0000000 AG(s)
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0000044y oooooood

G(s) = G(s) + AG(s) (4.41)
0000000000000 G(s)booboOoooooooo

Df(S) = Ggi}zg

()G(s) — I
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O 4.9 Inverse Nyquist array with Gershgorin band of the process
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O 4.10 Inverse Nyquist array with Gershgorin band for the process with inverted decoupling
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O 4.11 Coupling index for the process and the process with inverted decoupling
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HREN

5.1 0000

O00PIDOOOOODOO0OOOOOOOODOOIFT(Iterative Feedback Tuning) [1]0 VRET
(Virtual Reference Feedback Tuning) [2, 3| FRIT(Fictitious Reference Iterative Tuning) O [4, 5, 6]
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—— | F(s)

O 5.1 PD feedback loop
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1+ F(s)P(s)

ooo.
DDDDDDDDDP(s)DDDDDDDDDDDG(s)DDDDDDDDDDD(5.4)DDDDD
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goooooooooooooooo.s2000000000.

v

v(s) +=Q u(s) ; P(s) v(s)

£{(s)

Kexp(-Ls) y(s) ;
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O 5.2 A PD feedback system and its equivalent first order delay system with dead time
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0 5.3 A FRIT structure for a virtual PD feedback loop

052000000 PDOOOOOOOOOO0 FRITOOOOO05300000000000000
up(t) O yo(t) t€ [0ITP] 0000000000000 O00000000000 (MV)OO0O (PV)
00007T,p00000000000000003(¢)00ue(t)d y(t)00 v(¢)000000000
00000000000 (40 e(#) 000000 G(s)00000000530000000000
000000000000000000000000

5(5) = uo(s) O F(s)po(s0 (56)
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O 5.4 A MD-PID control system
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5.5.2 2000 PIDODOO
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O 5.5 A two degrees of freedom PID control system
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O 5.7 Input up(t) and outputy(t) responses
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O 6.1 Mt, Ms and of the angler frequencies

Mt[dB] | w¢[rad/min] | Ms[dB] | ws[rad/min]
Before 27.2 0.0284 27.1 0.0284
After 2.09 0.0055 0.00 -
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0 7.9 An example of spectrum analysis
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(a) Open loop reference mode parameter table (b) Phase margin and gain margin of open loop
reference models

0 A.4 Open loop reference model
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0 B.3 Process control performance analysis sheet
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O B.12 Sensitivity functions
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MD-PID Control System Design Tool
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0 C.1 Loop control system
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0 C.2 Process parameters definition
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O C.6 Block diagram of MD-PID control system

0 C.1 Parameters of MD-PID control system
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O C.9 First order delay process with dead time
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O C.10 PD loop tuning
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0 C.13 Time response of MD-PID control system
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0 C.15 Control parameters of TDOF PID control system
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O C.18 Time response of MD PID control system and TDOF PID control system
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0 C.22 Time response of MD PID control system and optimized TDOF PID control system
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0 C.24 MD PID and TDOF PID control parameter table for Ms=2.0
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0 C.27 MD PID control tuning by using PD feedback loop for Ms=2.0
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0 C.28 MD-PID and TDOF PID control parameter table for Ms=2.0
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0 C.34 Control parameters of MD-PID control system and TDOF PID control system
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0C370000000MD-PIDOOOOODO PIDODOOOOOOODOODOODOODODO C.38
O0o0ooooMD-PIDOO0ODOOCOPIDODO0OODOOOODOOOOOODOOOOO PIDO
0000 C37T0000000000000000000000000000000000000O
0 C.38 O Complementary sensitivity function0 00000000000 OOOOODOODOODOO
O0o0o00ooooooooooooooooooooooooooooon



OO0 C MD-PID Control System Design Tool

183

OC39000MD-PIDOOODOOD PIDODOOODOOODOODOODOOODOOOOOODO
PIDOOOOOOOOODO (Sv)OOoooooo (pv)DOOOoOooooSvoooooooPvOo
O00000O0o0o0o0oO0oUooOoUooooooMD-PIDOOOOOOOOOOO (SV)OOOOO
o0 (PV)DODO0OOOOOODOOOODOOOOO SVOOOOOOOPVOOOOODOOOOOO

goboobooobooo

Siw Control Response

=2/

File Parameter Graph Tune Mwquist Frequency Statistice Option  Help

05

s
=

MO=-PID b MD-PID PY
-PD Wy -PD P

second 100 200 200 400

500

600

a0

O C.39 Time response of MD PID control system and TDOF PID control system
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O C.40 Time response of MD PID control system and TDOF PID control system
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File Parameter Graph Iune Myquist Frequency Option  Help

4 Process Parame tors
KA+TeS)(1+T78)(1+T8S)exp(-LS)
(T1S)(1+T2S)(1+ T3S (1+T48)(1+2ETES+(TES)2)

GainK|5 T4 ‘0 T7 ‘0
™ [o ™ o T8 |0

T2 |oo Zeta o DeadTime |5
ol T [0 T6 [5 DeltaP % [10

second 30 60 a0 120 150 Mild Reset Severe | TimeUnit:Se cond oK E

(a) Step responses of a integral process with (b) Process parameter table
dead time ,where PV in Black line and MV in
Red Line

0 C.41 Second order delay process with Unstable zero and dead time

4i7 Mode FDriven FID model-matchine tuning m=[x]

Model-Driven PID model-matching Parame...

PD Gomp t Matching Model
2 Kf |—0 1/Kelg

Tl Tc [21.794494
Kappa [g4 Le |18.205505

TimeUnit:Second Use as initial values |~

0K | Done

0
IAE =773

show IE ‘ Galc PD

sssss d a0 2] a0 120 180

(a) Comparison of step responses of open loop (Blue (b) PD loop parameter table
line) and first order delay process with dead time (Red
line)

O C.42 PD loop tuning
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0C430 MD-PIDOOOOODOOOOOO (Redline) O Convert to PIDOOOODOOOOOOO
2000 pPIDOODOOOODOOODOOOODOODOOOOD
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i Nyquist Curve

Imaginary
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MO PIOHDW -3 M
-PDD > bW
Real

MO-PID Me= 157
FPD M==1.36

0 C.43 Nyquist plots of open loop of MD-PID control system and TDOF PID control system
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Model-Driven PID Parameters
M Limiters

Model Parameters

Gain ke ’027
Delay Time |29 7644547
Dead Time |15 2055052

PO FeedBack

PGain Kfp |0

hMH |10
ML =10
delta M |10

AR

’7 Tarw |0
Delay T-F O PID Parameters
Ka ppa O 1 Gap Functionz Model Parameters MY Limiters
, : Gap Width [g PGain  [01208875 | | MH 10
Q-Filter/5W-Fileter ) Ti hAL B
L Gap i |17 259375 10
ambda |4 Td 317368152 | | delta My [10
Alpha ’17 P differential Eta 1 ARW 1
. DI'F Time O 2 dearees of freedom Gap Functions
Optimal Alpha Et Alpha ’17 Gap Width ’07
2|01 Beta ’07 Gap Gain ’17
Convert To FID P Filter Integral Limit P Filter
Filter Coef 0 Integ Hizgh [100 Filter Coef [y
| E TimeUnit:Second
[8]4 Gancel
TimeUnit:5econd oK Cancel

(a) Control parameters of MD-PID control system

(b) Control parameters of TDOF PID

control system

0 C.44 Control parameters of MD-PID control system and TDOF PID control system
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i Gontrol Response g@
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0 C.45 Time response of MD PID control system and TDOF PID control system

iy Gane Of 4 Diagrams E]@
Sensitivity Complementary Sensitivity
20dB 20dB
---ﬂdD _______________________ _-.FE'T!E-‘-‘.__________________________:::;J'd'D":::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
-20de-— 0.0 oo 01 1 10 -20de-—0.001 0.m 01 1 10
-40dB -40dB
—-60dE —-60dE
MD-PID
PID
MNoise Sensitivity Disturbance Sensitivity
40dB 40dB
20dB 20dB
——0de——>0.00 0o 01 1 10 dg——>0.001 0.m 01 1 10
e A /
-20dB -20dB
-40dB -40dB

O C.46 Sensitivity plots of MD-PID control system and TDOF PID control system
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0C43000000000000DOO0OD Ms=137000OO0O0OODOOOOOODOODOOO
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00 C.47 Nyquist plots of MD-PID control system
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it Model-Driven PID model-matching tuning E]@
4
Model-Driven PID model-matching Parame...
PD Gompensator Matching Model
: Kf |0.125 1/Ke|3.0769230
Tt |0.9829108 Tc 10127843
Kappa (g3 Lec [17 943164
i
TAE =496 TimeUnit:Second Use as initial values|[™
uuuuu o 30 60 an 120 150 show IE ‘ Galc PD : Done

(a) Step responses of an integral process with dead time (b) Process parameter table

,where PV in Black line and MV in Red Line
0 C.48 Second order delay process with Unstable zero and dead time
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ML |-10
delta MY 10

AR

Mode| Parameters

Gain Ko |0325
Delay Time 101278433
Dead Time 170431642

PD FeedBack

PGain K'Fp 0125 AR |1 PID Parameters
Tare loi Model Parameters MY Limiters
Delay TF |0.5829108f PGain  |o30885208 || MH o
Kappa (01 Gap Functions T PEERo07a3 | | ML ’T
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G- Filter/SU-Fileter oo 0 Td Gi6enaidg || delta MV [1
Lambda [q aRtaain i Eta 0.25 AR 1
Algha |1 P\ differential 2 deerees of freedom Gap FUnFtigng
Outimal Al Dif Time o gt 05 Gap Width [~
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Eta |01
| PV Ei Tnteeral Limit PV Filter
Convert To PID ilter Integ High [100 Filter Coet [
Filter Coef |o
Time Unit:Second
Ok
Time Unit:Second Ok Gancel

(a) Control parameters of MD-PID control sys- (b) Control parameters of TDOF PID

tem control system

0 C.49 Control parameters of MD-PID control system and TDOF PID control system

%iv Bode Diagram
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(a) Nyquist plots of MD-PID control system
and TDOF PID control system

(b) Bode plots of MD-PID control system and
TDOF PID control system

0 C.50 Comparison of MD-PID control system and TDOF PID control system
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i Control Response E]@

Eile  Parameter Graph Tune MNyguist Frequency Statistics Option  Help
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0 C.51 Time response of MD PID control system and TDOF PID control system
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O C.52 Sensitivity plots of MD-PID control system and TDOF PID control system

OocCs510000000MD-PIDOODOD2000PIDOO0OOOOODOOOOODO C52000
ooboo0MD-PIDODOOD 2000 PIDOOODOOOOOODOO

gbooooooobobobooooooobobooooooboboboooobOon Ms=1.9
oobobogoooooooo pDO0O0OO0OOO0OOO0OOOOOOODODODOODOO MD-PIDDOODOO
gooooo2000PpPIDOOOOODOOOOOODOOOOODODODOOOODOOOOOODOO
goooboobooboooboobooboobooboobooooboMDb-PIDODODOODOO
oboobo200b0 pPIDODO0OOD0DODOODODODOD



190 00 C MD-PID Control System Design Tool

C8 0OD0U0oU0o-oobobooobood

ubboobooboobboobuooboobbod
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T e — BE|
File Parameter Graph Tune Myquist Frequency Option  Help
1
Process Parameters
KA+TeS)(A+T78)(1+T8S)exp(-LS)
il (TIS)(l+’l‘25)(1+TSS)(1+T—1S)(l+2é’['5S+(’l‘BS)2)
Gain K |1 T4 o T7 o
T o ™ o T8 |o
T2 /o Zeta 1 DeadTime |{
il
T3 3o T6 |63 DeltaP % [10
second 10 200 300 40 500 &0l Mild ||/ | Severe [ TimeUnit-Second 0K Close

(a) Step responses of an overshoot response process with (b) Process parameter table
dead time ,where PV in Black line and MV in Red Line

O C.53 Process parameter table

0000000000000 SevereJO0OOO00000O00 10%sever 000000000000
gooog

Zii Process Response M=
File Parameter Graph Tune Nyquist Frequency Option  Help
1
Process Parame ters
KO+T6S)(1+T7S)(1+T8S)exp(-LS)
0 (T1S)A+T2S)(1+T3S)(1+T4S)(1+2ET55+(T55)%)
GainK‘],] T4 |g T? |0
m ‘() TS |9 T8 |0
" T2 ‘45 Zeta |(),g DeadTime |1,1
T3 27 T6 [56.7 DeltaP % [10
DeltaP= 10%
gecond 1o a0 oo 0 5o o0 Mild | Reset ||/Severs| TimeUnit:Second  OK Glose

(a) Step responses of an overshoot response process with (b) Severe process parameter table
dead time ,where PV in Black line and MV in Red Line

O C.54 Severe process parameter table
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Sii Model-Driven PID model-matching tuning [Z]@

1 gﬁ Myquist Curve E]@

Imaginary

Ms=2 Ms=12  MD-FID{EV--7PV)
MD-PID(DV-->h)
1

Real
MD-PID M= 1.60

uuuuu d 30 a0 a0 120 160

(a) Step responses of PD loop for an oversoot process, (b) Nyquist plot O of MD-PID control

where PV in Black line and MV in Red Line system
0 C.55 Watching graphs for PD loop tuning

~.

Model-Driven PID model-matchine Parame__.

=

PD Compensator Matching Model

Kf lo.02 1/Kel1 0763209
Tt 977 46859 Tec |21 975686

Kappa [ 5 Lc [14.700875

TimelUnit:Second Uze as initial values [~

Done

show IE ‘ Calc PD

O C.56 Tuning parameters table
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OOo0ooOoOobDoOoooo MD-PIDOODOOCO TDOFPIDOOOOO O CH7TOOOOODO

Model-Driven PID Parameters

Model Parameters

Gain Ke 092508030
Delay Time 215756389
Dead Time |14.7008758

PD FeedBack

by Limiters

MH |10
kL 10
delta MY (10

AR

FGain K‘Fp 002 AR |1 PID Parameters
Tarw |O Model Parameters W Limiters
belay Tf 777 46g561 : P Gain 1.11050769 | | MH 10
Kappa 02 gap F:E'DES Ti 254700365 || M- =T
a [k
Q-Filter/SV-Fileter - P el o Td 553160280 | | delta MV |10
Lambda [ng apaan Eta 075 ARV 1
A|pha 020894974 P\ differential 2 deerees of freedom Giap Functions
= Dif Time 0 Alpha 07 Gap Width |
Jet ] e B N
13 |01
Gorwert To FID P Filter e L PV Filter
onvert To . )
. Integ High Filter Coef
Filter Coef [ 100 o
= Gorwert From MDPID TimeUnit-Second
TimeUnit:Second Cancel

(a) Control parameters of MD-PID control sys- (b) Control parameters of TDOF PID

tem control system

O C.57 Control parameters of MD-PID control system and TDOF PID control system

S Gontrol Response g@
File Parameter Graph Tune Myguist Freguency Statistice Option Help
2
1 U e \
D ’ .
MD-FID MY MD-PID PY
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second 100 200 200 400 500 (] 700 ann [0

O C.58 Time response of MD PID control system and TDOF PID control system
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i Gang Of 4 Diagrams g@
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O C.59 Sensitivity plots of MD-PID control system and TDOF PID control system
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0 C.60 Time response of MD PID control system and TDOF PID control system for nominal

model
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Process Parameters

KA+TsS)A+T79)(1+T8S)exp-LS)
(T1S)(1+T2S)(1+T3S)(1+T4S)(1+2ET5S+(T55)%)

iz Process Response E]@
File Parameter Graph Tune Nvguist Frequency Option  Help
1
0!
0
gecond a0 ili] a0 120

Gain K [ T4 |5 T7 |o
T o TS |5 T8 o
T2 |5 Zeta |1 DeadTime |g
T3 |5 T6 Jo DeltaP % [10
wild | Resel‘ Severe TimeUnit:Second O " Clos:

(a) Step responses of an high order delay process ,where
PV in Black line and MV in Red Line

(b) Process parameter table

0 C.61 Step response and the process parameter table

0000000000000 00000000000ODO0OODODOOOOOO O Cce2b)0dd
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5iv Model-Driven PID model-matching tunine

MEI %]

ik

second a0 =it} an 120

Model-Driven PID model-matching Parame...

(a) Step responses of PD loop for an high order delay
process, where PV in Black line and MV in Red Line

Matching Model

VKe[y
Te |11.180339
Lec [13.8196

Use as initial values [~

PD Gompensator

Kf g

Tf ,07
Kappa ,017

TimeUnit:Second

oK

show IE ‘ GCalc PD

(b) Tuning parameters table

O C.62 Watching graphs for PD loop tuning

000 Convert from MD-PIDOOOOODOOODOOOOOO PIDODOOOOOOODOOOO
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ooooooOobOo0obOOoooOooOoboOoOoboooOooOo MD-PIDODOOOO TDOF PIDOO
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Model-Driven PID Parameters

Madel Parameters
Gain Ko ’17
Delay Time (11180339
Dead Time 138196
PD FeedBack
PGainKfe o
Delby Tf o
Kappa |01
Q-Filter/SV-Fileter
Larnbda ’17
Aloha [

Optimal Alpha

‘ Carvert To PID

Time Unit-5e cond

M Limiters
WMH 40
ML |10
delta MV 10

AR

Gap Functionz

Gap Width |
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P differential
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Eta |n1
P Filter

Fiter Cosef |

Gorvert From MDPID

PID Parameters
Mode| Parameters W Limiters

P Gain 060000047 | | MH 10

Ti 149000752 | | ML -10

Td 2 64661549 | | delta MV 110

Eta 1 ARW 1

2 deerees of freedom Gap Functions

Alpha ,W Gap Width ,07
Esta ,07 Gap Gain ,17
Integral Limit P Filter

Integ High ,1007 Filter Coaf ,07

TimeUnit:Second

Cancel

(a) Control parameters of MD-PID control sys-

tem

0 C.63 Control parameters of MD-PID control system and TDOF PID control system

(b) Control parameters of TDOF PID

control system
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(a) Control parameters of MD-PID control sys-

tem

0 C.64 Control parameters of MD-PID control system and TDOF PID control system

~Oldeg

(b) Control parameters of TDOF PID

control system
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O C.65 Time response of MD PID control system and TDOF PID control system
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0 C.66 Sensitivity plots of MD-PID control system and TDOF PID control system
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C.10 00ODOOoo-goono

gbobobobobobooooobooboboooobobobobobobobobooooo
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i Process Response E]@
File  Parameter Graph Tune Myquist Frequency Option  Help
2
A /\ /\ Process Parame ters
! N
\/ K(1+T68)(1+T78)(1+ T8S)exp(-LS)
(T1S)(1+T2S)(1+T3S)(1+T4S)(1+2£T55+(T58)%)
GainK|1 T4 ‘0 T7 |0
T o T 1 T8 [0
0 T2 |o Zeta 01 DeadTime |g 2
T3 o T6 |o DeltaP % [10
second 10 20 30 40

(a) Step responses of an high order delay process ,where (b) Process parameter table

PV in Black line and MV in Red Line

0 C.67 Step response and the process parameter table

0PDOODDDDDDOOOOOOO0OODOODOOOOOOOOOOOOODO O C.68(b)00
0000000 PDOOOOODOOOOOOONDODDNOOOOOONONONDDONOOOONONONOOO
000 0 C.68(a)0000

Gii Model-Driven PID model-matching tuning [Z]@
il
Model-Driven PID model-matching Parame...
PD Compensator Matching Model
025
Kf 11 1/Kel0.4761904
Tt 2 1679341 Te j0.8761679
Kappa [g o1 Le [0.4385369
i
TimeUnit:Second Use as initial values |~
uuuuu d 1 2 3 4 5 show IE ‘ ;l‘.)alc PD 0K Done

(a) Step responses of PD loop for an high order delay (b) Tuning parameters table

process, where PV in Black line and MV in Red Line

0 C.68 Watching graphs for PD loop tuning
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OO00oOoOMD-PIDOOODOOODOODO Convert from MD-PIDOOOOOOOOOOODO
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OO MD-PIDOODOO TDOF PIDOOOOO O C69000000O

Model-Driven PID Parameters
Model Parameters My Limiters
Gain Ko |24 WMH 10
Delay Time 087616791 ML [-10
Dead Time |0 43853607 delta MY |10
PD FeedBack
PGain Kfp ,117 ARW |1 PID Parameters
Tarw |O Model Parameters MY Limiters
Delay TF 1216753413 PGain  |a1eassnn | MH 10
Kappa [0.01 gap F::J?;DES Ti Taa706272 | | ML =T
a ot
G- Filter/SV=Fileter a p G 0 Td 034733452 | delta MY 10
Lambda [q aptaain Eta 0.02 ARIA 1
Alpha ,71 PV differential 2 degrees of freedom Gap Funcl:tlnns
. Dif Time ’07 Alpha 0.6 Gap Width |o
Optimal Alpha Eia X B ,07 G Gl ’17
‘ o Ta PID VR Inteeral Limit PV Filter
onvert Ta Hiter X ;
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O C.69 Control parameters of MD-PID control system and TDOF PID control system
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0 D.1 Estimated parameters
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% Modified CMAES program by Prof. Osamu
% Modified for KTL modeling by Shigemsa
%

clear all

ti=clock;

load clslptest.dat -ascii;% sampling period 1 sec
% PV MV

% 1 2

[Md,Nd]=size(clslptest);

time=[0:1:(Md-1)]';

ftime=(Md-1);

PV= clslptest(:,1);

MV= clslptest(:,2);

K=1;T=50;,L=20;

Ko=1;To=50;L0=20;

sim('"KTLprocess')

[Mz,Nz]=size(z);

J=z(Mz,Nz)

figure(1),clf
plot(time,PV,'b-',time,MV,'g-"),grid,ylabel('PV MV"),axis([0 ftime -0.5 2.0]);

0 D.7 KTL modelling by using CMA-ES (1/6)
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% EELBVEDRE %
TD=0.5;

Gamma=0.1;

s=tf('s");

% HHFIN—TEEBSE S DER %
i=0; %INTA—REFHEIFHAI U

% ETILOIHAEDKTE %
K0=1;T0=55;L0=25;

% CMA-ESD#IHAEER E %
N=3; %F1—=U T INTGA—EDH

xmean=[K0,T0,L0]';

sigma = 0.5; YolR R EF D W EALE

stopfitness =le-7; %INTA—RBIFE 1L EH DR TE GEMEI$ D EE(E)
%stopeval =1e3*N"2; YUINTA—ABHEIEEHDREIL—TEHD LRIE)
stopeval=3000; %= 1[5

je=zeros(stopeval,1);% J{ET—2 D MBI DHER

%%

Yol (L ERBR NS A—FDERE(EET DR ELL)

lambda =4+floor(3*log(N)); %population size, offspring number

mu = lambda/2; %lambda=12; mu=3; weights= ones(mu,1); would be (s 1,12) -ES
weights = log(mu+1/2)-log(1:mu)'; %muXone recombination weights

mu = floor(mu); %number of parents/points for recombination

weights = weights/sum(weights);  %normalize recombination weights array

mueff=sum(weights)"2/sum(weights.”2); %variance-effective size of mu

0 D.8 KTL modelling by using CMA-ES (2/6)
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cc = (4+mueft/N) / (N+4 + 2*mueff/N); %time constant for cumulation for C
cs = (mueff+2) / (N+mueff+5); %t-const for cumulation for sigma control
C =2/ ((N+1.3)"2+muefY); %Ilearning rate for rank-one update of C

cmu =2 * (mueff-2+1/mueff) / (N+2)"2+2*mueff/2); %and for rank-mu update
damps = 1 + 2*max(0, sqrt((mueft-1) / (N+1))-1) + cs; % damping for sigma

pc = zeros(N,1); ps = zeros(N,1); % evolution paths for C and sigma

Bp = eye(N); % Bdefines the coordinate system

Dp = eye(N); % diagonal matrix D defines the scaling

Cp = Bp*Dp* (Bp*Dp)'; % covariance matrix

eigeneval = 0; % B and D updated at counteval == 0

chiN=N"0.5*(1-1/ (4*N)+ 1/(21*N"2));% expection of |[N(0,1)|| == norm(randn(N, 1))
%%

counteval = 0; % JL—THIU DR TE
while counteval < stopeval %JL—J =1L &4
Yommmnmmm- BRR R DEKTE----lambdafl D 5% E %
for k=1:lambda;
arz(:,k) = randn(N,1); % standard normally distributed vector ZZ B AHETL
arx(:,k) = xmean + sigma * (Bp*Dp *arz(:,k)); % FERRDRTE ZTRLHELGL
N = size(xmean,1); if N < 2 ;error('dimension must be greater one'); end
P/ BFRAZEICEITAFERAH O EGHAER K EERICER) %o
K=arx(1,k);
T=arx(2,k);
L=arx(3.k);
sim('hs20131003KTL')
[Mz,Nz]=size(z);

J=2(Mz,Nz)
arfitness(k) = J; % objective function call
counteval =counteval+1; %H 2D EH
je(counteval)=J;% J{E D& K
if arfitness(1) <= stopfitness %sTHiBI # A — EEZ | 5&=1E
break
end

end

0 D.9 KTL modelling by using CMA-ES (3/6)
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[arfitness, arindex] = sort(arfitness); Yominimization ZEBMHELL
xmean] = arx(:,arindex(1:mu))*weights; %recombination Eq. 39 ZEMHELL
K=xmeanl(1);
T=xmean1(2);
L=xmeanl(3);
% Sort by fitness and compute weighted mean into xmean ZEHENHELL
xmean = xmeanl;
zmean = arz(:,arindex(1:mu))*weights; % == D"-1*B"*(xmean-xold)/sigma
% Cumulation: Update evolution paths ZE B MHELL
ps = (1-cs)*ps + (sqrt(cs*(2-cs)*mueff)) * (Bp * zmean); % Eq. 40
hsig = norm(ps) / sqrt(1-(1-cs)(2*counteval/lambda))/chiN < 1.4+2/(N+1);
pc = (1-cc)*pc + hsig * sqrt(cc™ (2-cc)*mueff) * (Bp*Dp*zmean); %Eq. 42

%Adapt covariance matrix C ZENHELL
Cp=(1-C-cmu) * Cp ... % regard old matrix %eq. 43
+C *(pc*pc' ... % plus rank one update
+ (1-hsig) * cc*(2-cc) * Cp) ... Y%ominor correction
+cmu ... % plus rank mu update
* (Bp*Dp*arz(:,arindex(1:mu))) ...
* diag(weights) * (Bp*Dp*arz(:,arindex(1:mu)))';
% Adapt step-size sigma ZRMHELLL
sigma = sigma * exp((cs/damps)*(norm(ps)/chiN - 1));
% Update B and D from C ZEHEALL
if counteval - eigeneval >lambda/(C+cmu)/N/10 % to achive O(N'2)
eigeneval = counteval;
Cp=triu(Cp)+triu(Cp,1)"; % enforce symmetry
[Bp,Dp] = eig(Cp); % eigen decomposition, B==normalized eigenvectors
Dp = diag(sqrt(diag(Dp))); % D contains standard deviations now

end

0 D.10 KTL modelling by using CMA-ES (4/6)
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Yo----FINTGA—RETEEH I HTEITRT
1=i+1;
if i==10;
counteval
J
=0:
end
%Break, if fitness is good enough
if arfitness(1) <= stopfitness
break
end
%Escape flat fitness, or better terminate? ZEHEMNELL
if arfitness (1) == arfitness(ceil(0.7*lambda))
sigma = sigma * exp(0.2+cs/damps);
disp(‘'warning: flat fitness, consider reformulating the objective');
end
%-- disp ([num2str(counteval) ' : ' num2str(arfitness(1))]);
end % while, end generation loop
%--Final Message
%-- disp([num2str(counteval) ': ' num2str(arfitness(1))]);
xmin = arx(:,arindex(1)); % Return best point of last generation.
% Notice that xmean is expected to be even
% better.
%
K=xmin(1)
T=xmin(2)
L=xmin(3)
sim("KTLprocess')
[Mz,Nz]=size(z);
J=z(Mz,Nz)

0 D.11 KTL modelling by using CMA-ES (3/6)
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Yo----FINTGA—RETEEHFH I HEITRT
1=1+1;
if i==10;
counteval
J
i=0:
end
%Break, if fitness is good enough
if arfitness(1) <= stopfitness
break
end
%Escape flat fitness, or better terminate? ZEHEMNELL
if arfitness (1) == arfitness(ceil(0.7*lambda))
sigma = sigma * exp(0.2+cs/damps);
disp('warning: flat fitness, consider reformulating the objective');
end
%-- disp ([num2str(counteval) ' : ' num2str(arfitness(1))]);
end % while, end generation loop
%--Final Message
%-- disp([num2str(counteval) ': ' num2str(arfitness(1))]);
xmin = arx(:,arindex(1)); % Return best point of last generation.
% Notice that xmean is expected to be even
% better.
%
K=xmin(1)
T=xmin(2)
L=xmin(3)
sim('KTLprocess')
[Mz,Nz]=size(z);
J=z(Mz,Nz)

0 D.12 KTL modelling by using CMA-ES (4/6)
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0 D.13 Coal boiler pressure control system
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0 D.14 SIMILINK block of boiler pressure control system
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0 D.16 SIMILINK model of boiler pressure control system



00 D 00OoOooog 217

CMA-ESOO00D 10000000000000000000J00000000 0.D17000
003000000 INAAANANNANANAAANANT

2
10 T T T T T T T

100 1 1 1 1 1 1 1 1 1
0 100 200 300 400 500 600 700 800 900 1000

countval

0 D.17 Convergence trend of J
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0 D.18 Comparison of PV response(Magenta line) using the converged parameters and original

PV response(Blue line)
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0 D.2 Estimated parameters

True | Estimated | Error[%]
Time constant T 50 50.0254 0.051
Dead time L 20 20.01634 0.0817
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O D.19 Changing trend of J value using the converged parameters
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0 D.21 TITO process model and J value evaluation block
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0 D.3 Estimated parameters

True | Estimated | Error[%)]
Gain K11 4.05 4.0448 -0.1276
Time constant T11 | 50 47.1137 -5.7725
Dead time O L11 27 28.2077 4.4731
Gain K12 1.77 1.7551 -0.8418
Time constant T12 | 60 57.2508 -4.5819
Dead time 00 112 28 28.4309 1.5390
Gain K21 5.39 5.398 0.1489
Time constant T21 | 50 50.6646 1.3291
Dead time O L21 18 21.8561 21.4233
Gain K22 5.27 5.2721 0.0415
Time constant T22 | 60 59.1841 -1.3597
Dead time O L22 14 12.5644 -10.254
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0 D.23 Comparison of PV response(Magenta line) using the converged parameters and original

PV response(Blue line)
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FRIT program for PD loop

000 MATLAB 000 FRIT program for PD loop 00 00O O

% Modified CMAES program for FRIT in PD control architecture
% Osamu K.

% modified by T.Shigemasa 2012/11/09

clear all

load steptestd.dat -ascii;% sampling period 60sec
% time PV MV

% 1 2 3

[Md,Nd]=size(steptest4);

time=[0:1:(Md-1)]’;

ftime=(Md-1);

PV= steptest4(:,2);

MV= steptest4(:,3);

Kf=0.45;%fix
ka=0.1;%fix

ra=1;%fix

figure(1),clf
subplot(211),plot(steptest4(:,1),steptest4(:,2),'b-"),grid,ylabel('PV"),axis([0 ftime -0.5 1.5]);
subplot(212),plot(steptestd(:,1),steptest4(:,3),'b-"),grid,ylabel('M V"), xlabel('time'),axis([0 ftime -0.5 1.5]);

0 E.1 FRIT program for PD loop (1/7)
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% EHELEVNEDRE %
TD=0.5;

Gamma=0.1;

s=tf('s");

—— HIHIL—TE RIS BT D DR %
1=0; %INTA—REFEBMAI

— REBET L ODHIEDBE %

A CMA-ESO ¥ B35 %

N=4: %F1—=H IS A—LD

xmean=[tfc,K,T,L]"; UF1——2TINTA—F EE

sigma = 0.5; YIEREFDEARTE

stopfitness =le-7; %I\ A—R B =1L F DR EGEMBE S D B A(E)
%stopeval =1e3*¥N"2; %INTA—ABEIF I EHDHREIL—TEED LIRE)
stopeval=2000;

%%

YL BEE /NS A—ADRE(EET DL ELL)

lambda =4-+floor(3*log(N)); %population size, offspring number

mu = lambda/2; %lambda=12; mu=3; weights= ones(mu,1); would be (s 1,12) -ES
weights = log(mu+1/2)-log(1:mu)'; %muXone recombination weights

mu = floor(mu); %number of parents/points for recombination

weights = weights/sum(weights);  %normalize recombination weights array

mueff=sum(weights)"2/sum(weights."2); %variance-effective size of mu

cc = (4+mueff/N) / (N+4 + 2*mueff/N); %time constant for cumulation for C
cs = (mueff+2) / (N+mueff+5); %t-const for cumulation for sigma control
C =2/ ((N+1.3)"2+mueff); %Iearning rate for rank-one update of C

cmu = 2 * (mueff-2+1/mueff) / (N+2)"2+2*mueft/2); %and for rank-mu update
damps = 1 + 2*max(0, sqrt((mueff-1) / (N+1))-1) + cs; % damping for sigma

0 E.2 FRIT program for PD loop (2/7)
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pc = zeros(N,1); ps = zeros(N,1); % evolution paths for C and sigma

Bp =eye(N); % Bdefines the coordinate system

Dp = eye(N); % diagonal matrix D defines the scaling

Cp = Bp*Dp* (Bp*Dp)'; % covariance matrix

eigeneval = 0; % B and D updated at counteval ==

chiN=N”"0.5*(1-1/ (4*N)+ 1/(21*N"2));% expection of |[N(0,1)|| == norm(randn(N, 1))
%%

counteval = 0; % JL—THO UMD ERTE
while counteval < stopeval %JL— T IE &4
%------1R 3R R D % E --lambdafll D 5% FE %
for k=1:lambda;
arz(:,k) = randn(N,1); % standard normally distributed vector ZBHELL
arx(:,k) = xmean + sigma * (Bp*Dp *arz(:,k)); % IZFRRDRTE ZTESLELL
N = size(xmean,1); if N < 2 ;error('dimension must be greater one'); end
Yo---BRERREITH T HETHERE RO EGHEREREERFICEE)----%
tfe=arx(1,k);
if arx(1,k)<0
tfc=0.01;
end
K=arx(2,k);
T=arx(3,k);
if arx(3,k)<0
T=0.1;
end
L=arx(4,k);
if arx(4,k)<0
L=0.001; %---OERENEDEEFINERA
end
sim("pdKTLsiml');
[Mz,Nz]=size(z);
J=z(Mz,Nz)
arfitness(k) = J; % objective function call
counteval =counteval+1; %I 2D EE
if arfitness(1) <= stopfitness %aHHEiBI A — EEZ B 5 LFLE
break
end

end

[arfitness, arindex] = sort(arfitness); Yominimization ZEBMHELL
xmean|l = arx(:,arindex(1:mu))*weights; %recombination Eq. 39 ZEBMWELL

0 E.3 FRIT program for PD loop (3/7)
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tfc=xmeanl(1);
if xmean1(1)<0
tfc=0.01;
end
K=xmeanl(2);
T=xmeanl(3);
if xmean1(3)<0
T=0.1;
end
L=xmeanl(4);
if xmean1(4)<0
L=0.001;
end
%L=0.01;
% Sort by fitness and compute weighted mean into xmean ZEBMHELL
xmean = xmean];
zmean = arz(:,arindex(1:mu))*weights; % == D”*-1*B'*(xmean-xold)/sigma
% Cumulation: Update evolution paths ZERHELTL
ps = (1-cs)*ps + (sqrt(cs*(2-cs)*mueft)) * (Bp * zmean); % Eq. 40
hsig = norm(ps) / sqrt(1-(1-cs)*(2*counteval/lambda))/chiN < 1.4+2/(N+1);
pc = (1-cc)*pc + hsig * sqrt(cc* (2-cc)*mueff) * (Bp*Dp*zmean); %Eq. 42
%Adapt covariance matrix C ZERHELL
Cp=(1-C-cmu) *Cp ... % regard old matrix %eq. 43
+C *(pc*pc' ... % plus rank one update
+ (1-hsig) * cc*(2-cc) * Cp) ... Yominor correction
+cmu ... % plus rank mu update
* (Bp*Dp*arz(:,arindex(1:mu))) ...
* diag(weights) * (Bp*Dp*arz(:,arindex(1:mu)))';
% Adapt step-size sigma ZEEBENHELL
sigma = sigma * exp((cs/damps)*(norm(ps)/chiN - 1));

0 E.4 FRIT program for PD loop (4/7)
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% Update B and D from C EEHEHELL
if counteval - eigeneval >lambda/(C+cmu)/N/10 % to achive O(N'2)
eigeneval = counteval;
Cp=triu(Cp)+triu(Cp,1)'; % enforce symmetry
[Bp,Dp] =eig(Cp); % eigen decomposition, B==normalized eigenvectors
Dp = diag(sqrt(diag(Dp))); % D contains standard deviations now
end
Yor---BINTA—BESORIEH T H EITRTR
i=i+1;
if i==50;
counteval
J
i=0;
end
%Break, if fitness is good enough
if arfitness(1) <= stopfitness
break
end
%Escape flat fitness, or better terminate? ZEEMHELL
if arfitness (1) == arfitness(ceil(0.7*lambda))
sigma = sigma * exp(0.2+cs/damps);
disp('warning: flat fitness, consider reformulating the objective');
end
%-- disp ([num2str(counteval) ' : ' num2str(arfitness(1))]);
end % while, end generation loop

%--Final Message
format('long')

Kf

tfc

K

T

L
sim('pdKTLsiml");
[Mz,Nz]=size(z);
z(Mz,Nz)
figure(1),clf
iu%)ﬁ!ot(ﬂ 1),plot(steptest4(:,1),steptestd(:,2),'b-',z(:,1),z(:,3),'m-"),grid,ylabel('PV'),axis([0 ftime -0.5

subplot(212),plot(steptest4(:,1),steptestd(:,3),'b-"),grid,ylabel('MV"),axis([0 ftime -0.5 1.5]);

0 E.5 FRIT program for PD loop(5/7)
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%

W=logspace(-4,1,4000);
W12=1.2*ones(size(W));
W14=1.4*ones(size(W));
W20=2.0*ones(size(W));

%

ww=linspace(0,2*pi,100);
ru=exp(-j*ww);% Unit circle
r12=-1+1/1.2*ru;% Ms=1.2 circle
r20=-1+1/2*ru;% Ms=2.0 circle

%

al=1;

ra=l1;

Tc=T;

Kc=1/K;

Lce=L;

% PD feedback
F=Kf*(1+j*tfc*W)./(1+ka*j*tfc*W);
% process definition

% estimated process definition
Ph=1./((1+T*j*W)/K./exp(-L*}*W)-F);
% MD-PID
svi=(1+j*ra*Tc*W)./(1+j*Tc*al*W);

cmO0=Kc.*(1+j*Tc*W).*(1+j*Tc*al*W)./((1+j*ra* Tc*W). *(1+j*ra*Tc*W)-(1+j*al*Tc*W). *exp(-j *Lc *W));

cm=cmO+F;

% senitivity functions
Z=P.*cm;

Zt=Ph.*cm;
S=1./(1+Z);
St=1./(1+Zt);
TS=svf.*P.*cm0.*S;
TSt=svf.*Ph.*cm0.*St;
CS=cm.*S;
CSt=cm.*St;
PS=P.*S;

PSt=Ph.*St;
Ms=max(abs(S))
Mse=max(abs(St))

0 E.6 FRIT program for PD loop(6/7)
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figure(2),clf

subplotﬁZl lf sem11 x(W,20*log10(abs(Z)),'b-', W 20*log10(abs(Zt)) m-

3 grid,ylabe (lGal t1t1e 'Bode plots of the MD-PID control sgstem with the processes'), text(5* 107 (-
3,-30.'Blue line: Trud', color b, text(lOA( 2),-30,'Magenta line: Estimated','color','m"),

subplot(212),semilogx W.an le(2)/pi*180,'b-' Wan le(Zt)/pi*180,'m-

", grrid X abe{(' W [ra m(m] )R% ab(ele IP ase[deg] gle(z0/p

figure(3),clf

subp lot(1221) semilo x(W 20*log 10(abs(w) 'b-' W20*log10§abs(St)t)) m-',W.20*log10(abs(W12)),'c-
"W0*i0g 16(abs(W’ )2 5) ridaxis([W(1) W(4000) -40 20 )-ylabel(| [dB )mle%Sensmwg
functlons?text 2*107( =2.0', color' 'c') text(2* 107 (-4 2" 'color’ ’c‘) text(5*107(-3),-
25 'Blue rue' 'color‘ 'b ) text(3*10A( 3), -35, 'Magenta line: Est1mated' J'color’ m)

subp 10t(1222) semilo ZEW 20*10 210(abs Sf ,'b-' W20*lo 10(abs§TSt?) m-',W,20*log10(abs(W12)),'c-
" W,20*log10(abs(W14)), ) r1d axis([ W(4000) g; ylabe g gdBj}vtlltle( Com emantary
sens1t1v1ty functions'), text(7 ”\( 1),6 Mt—l 4, 'color c') text(7* 107 (- t=1.2",'color’,'c");

subplot(223),semilogx(W,20*log10(abs(CS)),'b-',W,20*log10(abs(CSt)),'m-"),grid,axis([W(1) W(4000
20 0])(xlab)el( w[ra%/t(mn] ),yla%el( dBﬁ)tl)t)le( Noise sens%tlvgty flgnctl)())ns )8 (W we ) -

sub lot(224),semilogx(W,20*log10(abs(PS)),'b-',W,20*log10(abs(PSt)),' m-"),grid,axis([W(1) W(4000
0])(xlab)el(' w [ra%/r(mn] ") yla%el(g dBﬁ ", t%%f (]f)lsturbange sgns1t(1v1t}2)func‘2f§ns) A ) -

ﬁgure(4) clf

plotﬂreal P),ima EP ,'b-' real((1 h),lmangh? m- real(lru) 1magﬂru) c-',real(r12),ima
real(r20).imag(r. ax1sﬁ 5 1.5]),x abel rea ]%Aylabel( imag tltle% qulst plots of the
I:IJrocesse Ltext(- ,'Unit circle','color','c"),text(- 0 circl e color c>§ text(-

s=1. c1rcle' ,'color’,'c"), text(O 2,-1.2 Blue 11ne True' ,'color','d"), text(O 2,14 'Magenta line:
Estimated', color’, m'

figure(5),clf

lot real(Z),ima Z ’b— ,real Zt) 1ma§(22t) m-',real(ru 1mag(ru) c-' real(r12 imag q\f
rea r20 ,imag(r ) grl ax1s [ 51. 5]{ xla el( real)ylabel 1mag1{/’1tle( yqulst plots of the
D contro system text -0 'Unit circle','color','c), text(- 0 circle','color','c"),text(-
1 3 0 9 ,Ms=1.2 c1rc e 'color’, c) text(O 2,-1.2 'Blue line: True', 'color b) text(O 2,-1.4 Magenta ine:
Estimated', color’,

0 E.7 FRIT program for PD loop(7/7)

[time,PV] ®—>
From —Clock—pp|
Workspac: [
; _>I
| |
Gainl |
31
the.s+1 To Workspace
Transfer Fen5
e E
K
—p [@ Scope
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Transport Transfer Fen2
Delayl

[time,MV]

From
Workspace 1

Integrator

O E.8 SIMULINK PD-FRIT Block
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