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E-FRIT (Extended Fictitious Reference Iterative Tuning)

estep1:FIIL—T TR+ (BZEZXEE)
- PIDHIEIL AT L TEEINERINTIEILSD, HIEHMEEICHEORENSHS.
"FIL—T TR+ NELOEENTOEFIIL—TDIREICENT, BEEZRBERIKIZH
BIZEEL, BEE - 2EE - SIHEORRINT —2 EUINET 5.
set-point filter PID controller d(t) =0 process

ro(t) ug(t) yo(t)

—| F'(6g, s) —()—{ C(b0, ) —+>(5+—’ P(s) T

PID settings: 0p

ro(t) ug(t) yo(t)
set-point (%) manipulated var. (%) controlled var. (%)
70 25 70
20
s50H | N 50
L 15
10
30O 20 40 60 O 20 40 60 300 20 40 60
time (min) time (min) time (min)

E-FRIT verl.1 MATLAB QS Confidential 4 Copyright © 2010 M. Ogawa & M. Kano, All rights reserved 5/27, 2010




E-FRIT

i v T

estep2: EFLVVEBEERLEZEADHP 1 DEEMEZTKIE
- B BEAZE  FEDOP IDEREE ICEWVT, AL—TTX FOREE EHIEHENE
E5ZADHLIBRE 7 (1) EEDHD.
- REETIV(EFLVERERE) : M(T,,s) —ERBUEENZEHEA
- P 1 DEREE : SILIEZEEICHT 2BHEETIVIEE §(¢) Y, BIIL—TTX Ol
BiE yo(t) IT—BIHNIE, P I DRIERIIBEETILEAETHS.
ZTDP I DEFEEZ _FRER/INEFHTRKRDHS.
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R < dy=0 9 7

t) A& yo ()
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: PID settings: 0
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E-FRIT verl.1 MATLAB QS Confidential 5 Copyright © 2010 M. Ogawa & M. Kano, All rights reserved 5/27, 2010




E-FRIT 7J)L3 1) X L

e FIL—TBEZEEETR b : BRI {1}, ITHITHEEZE - B2 - #
T—3 {ro(t),ug(t), yg(lﬁ)}%”ﬂ%j—é SOTYVTEE 1 THS.
- PID settings of PI-D/I-PD controller: 6o = {K.0,Tio, Tao}
- NELOEEDGZWVEFAIL—TKEICEWNT, BEEZBERKICHEIEET 5.
"RELERBRIT—2D5L, BESELHBEEZENIRL—DUTT 5.

o]

CEDEEST

-Bﬂ

ZRAWS. REFEZR OO, TOEROEER 1T, FHREZEES7 ML, 7A€X

g(S) — 1 €_TLS
7(s) (14 Tps)"
Th = T99/(4.4n0'6) + To9:99 % response time, n =3 (PI-D),4 (I-PD)

e PI-D/I-PD controller : R7E9 5 B1EfE T « JL 2 — & PID controller [ZHfEd 5.
* set-point filter: F(9,s) = 7(s) /7(s)
- PID controller: ¢(g, s) = i(s)/e(s), é(s) = 7r(s) —a(s)
- PID settings: y — (K¢, T;, Ty}

( 1+ T;s

M(s) =

1+ Tis + T,Tys2 /(1 + vTys) (PI-D)
F(0,s) = | 1
| 1+ Tys + T,Tys2/(1 + ~Tys) (-PD)

_ TdS
C(0,s) = Kc(l + ot n ’des)
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DHEFRE p 2 L THREETILOXRE n=p+1 (PI-D),n=p+2 (I-PD) £ ¥ 5.
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E-FRIT 7J)L3 1) X L

e PIDEREMERIE : BILERK ¢ = {0,T1},0 = {K., T}, Ty}
- BRULEEE . FEDOP I DREEICHWNT, FAIL—TBEZEZETA LD
RIEELHEEN ST 52 55LUBEEEZED 5.
7r(0,1) = CH(0, 8) uo(t) + yo(t)
- BUREHERRE - BUBEREICHT IREETILOFIHELEZRDS.

y(o,t) = :
F(0,s)
- P 1 DEEEME : HLNEMERELAIL—TBEEBELEETR FOFIHERE

HIHERELRFELERED 2 RBXOMZBEMEAKET S, WENEL
RELGBEIIZRT—IUTL, EAFERTFa—=2T795%.

¢ =argmin y_ {(ﬂ(qﬁ,t} — yo(t))Q + ()\fsAﬁo(H,t))zl
¢

i0(8,t) = C(0,5)(Fpo(t) — o)) — 227
A weighting factor, fs @ scaling factor fs = /Ve/Vu
_ 2
Ve=>" (o(®) —yo(®))", Vu = Auj(t)
t

t
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Fro(t) = F(6,5)ro(t), Go(t) = M(s)ro(t) [cxi LT, 2% Lo
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%51 T—4% FEiRk

n4 7 Tl e STF A I = r=

e FFRINT—H TR GRARKR/ 1 XBRE
- BREE - FIEERRY  MMHENZAELLGOEBRBLICKYERIKR/ 41 XEBRET 5.

Smoothing> uf(k),yf(k)

- Hamming-window filter: «(k), y(k)
order: ny =10
cutoff frequency: f. = 0.5 € (0,1) normalized by Nyquist frequency: F,

e MATLAB Program Example Fn = Fs/2; Fs : sampling frequency

nf=10; fc=0.5; b=firl(nf,fc); kw=ceil(nf/2);
for k=1:kmax; yf(k)=b*[y(k-kw) ... y(k-1) y(k) y(k+1) ... y(k+kw)]’; end;

frequency response 06 FIR filter coefficient
1.0 ! : '
_cutoff frequency ng =10, fe = 0.5
0.9 0.5 Q
fc = 0.5 ’
0.8 \
0.4
-8 0.7
506 0.3 ° °
= (0.5 i, B attenuatlon ...........
Q
€ 04 ' .
©
0.3 01
0.2
0.1 0@ @) (g (@) @) J) o) @]
0 = i 0.1
0O 01 02 03 04 05 06 07 08 09 10 5 4 3 2 -1 0 1 2 3 4 5
f normalized frequency samples

(f = 1 Nyquist frequency)
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HHEETIL

c MBETIL  SELVEEERE M) =) = 1
r(s) (1 4+ Ths)"

o HBINSA—H Ty~ Tog/(4.4n00) « Tyg : 99 % IHEHERE (EEEM)
p (PID)
n=<¢p+1 (PI-D) p: 7OtEXEREHK
p+2 (-PD) (HBHF s SEXOREE)

e—TLS

step response of reference model

settling time: Tgg =1
(99 % response time)
0O 02 04 06 08 1.0 1.2 1.4 1.6 1.8 2.0
relative time t/Tgq

E-FRIT verl.1 MATLAB QS Confidential 10 Copyright © 2010 M. Ogawa & M. Kano, All rights reserved 5/27, 2010




BiZERZEEE : PI-D Algorithm

o BABMERERE  y(s) = Y8 = F(ICG)P(s)
r(s) 1+ C(s)P(s)

. _ K
T 1

141;s
1+ Tys + T;Tys2
TO€R: po) = K, Np(s) 1y

PI-D BAEBET 4 L8 —: p(s) =

l)p(s)
KpKC
We(s) = Tis (1 i Tis) Np(s) _7,
AT T KR, 1,5 Dp(s)
1+ =7 Np(s) e T
7S
1+ T;s Np(s) o—Tps

~ Np(s) e TL5 + (1/X) s Dy(s)
A= KpK.>1 (K. = \MKp,) THA. TIHREZ Maclaurin BEHEEIL
e TS 1 —Tys 4+ T7s2/2+ -
Np(s) e 115 & 2 RTHEHS.
COLEBEZEHREHFEORBIE T O B RE+1 12742 5.
- T RAHRY=(HFBEER D,(s) RHA) - (D FZFER Ny(s) R#H)
- TO0R - CERREECFEELGMER X T O R ERRHKIZFELLTES.
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BiZERZEEE - I-PD Algorithm

o« BIEERERE W) = L) = FEICEPE)

r(s) 14 C(s)P(s)

PIDa>rA—5 : C(s) = % (1 + T;s + Tdesz) ~ %DP(S)
) i

1
1+ Tys + T;T,s2
JOt X : P(s) = NP(S) e~ TLs
Dp(S)
KpKe
13s Np(s) e~ TLs
KpKe
1+ T

7S

I-PD BIBIET 4 LB — : F(s) =

We(s) =

Np(s) e~ TLs Dyp(s)

1 Np(s) o~ TLs
Np(s) e~ 1Ls + (T;/\) s Dp(s)
A= KpK.>1 (K. = \MKp,) THA. TIHREZ Maclaurin BEHEEIL
e TS 1 —Tys 4+ T7s2/2+ -
Np(s) e 115 & 2 RTHEHS.
CHLEETEERBEBRLBEFEORYMETO L RBRRE+2 (245,

- TAEABHRE=(DBEEX D,(s) RE) - (FFZERX N,y (s) RE)
- TO0R - OEREREICFEELGVMEEE T O RERE+112105.

E-FRIT verl.1 MATLAB QS Confidential 12 Copyright © 2010 M. Ogawa & M. Kano, All rights reserved 5/27, 2010




P I D/\NS A —2HIH5EH

o ETERIEMI#Y

PIDEEE: &Bl7s1> Kc  %/%

F& 77 B ] T; min 0.1 150
eadisdin| Ty min 0 30
pASE & Ty, min 0 10

o RERHIH
. P I DEEORRAIIKL, MABEMILESEMO o (e.g. a=1/5) LTFIZT 3.

T
d<a=—al;+7;,<0

1
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FIL—TTAMT—327714)L

_l;‘lll—l—l—

s TRDFAI—TTRAT—%% MAT 771 LB RT
* file name: CL_Test Data.mat

- MATLAB Command Prompt
>> save CL_Test_Data PID_algorithm dir_rev KcO Ti0 TdO gamma tau rs us ys

PID7J/Ld) XL  PID_algorithm - scalar 1=PID, 2=PI-D, 3=I-PD

IEHEME dir_rev - scalar 1=direct, -1=reverse
L7 A > KcO %/% scalar P I DEXEIE
ipalicdi TiO min  scalar !
5> BE e TdO min  scalar !

e A gamma - scalar —fig(Z gamma=10

B 5T — 2 UK EHA tau min  scalar

B ERRS rs %  vector EHBILVITERIE

REER RS us %  vector &IZ0-100%

il = B 2R 5 ys %  vector EHBILYOTIERIE
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J049 5 LET -

e EFRIT 704 5 LZE{T
- MATLAB Command Prompt
>> efrit
e EFRITSfE/\5 A —4 : MATLAB Command Window T&£ERAKTA R

(0]
99 /otir;seponse 109 in RBEEE =5 LT 99 % S B & TR

e EFRIT AHf/N5 A —% : MATLAB Program WECTREIEEELE LTS EDETRDES Y

I N N S

FIR filter order & nf=10, fc=0.5 & LT 5.

cut-off |requency fC
desired response ZFLVEEERE  BAHBRSEDREY
order " " PID: n=2, PI-D: n=3, I-PD: n=4 & Lt-.
weight coefficienton | i BB DIREEENE 2 RIEICHD D EAFRE
squared delta-MV lambda=1 & L1z, BEIRS—U 2T LTWAS.
upper limit of alpha ) P I DERXEMEDMEME & B EERO LD LIRIE

Td / Ti alpha<(1/5) & L7 =.
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oA 5 LETHE

e EFRIT 704 5 LETHE : MATLAB Command Window [T TF® &

>>efrit « FF : AT 5T FBELU/NTA—4

case of closed loop test ( 0 = Actual Problem, 1 =LC,2=AC,3=TC) =3
suggested T99 = 10 min

99 % response time T99 (min) = 10

JiI

[—H X4 A
1 /70 O Q-

107

—
N—

Local minimum possible. Constraints satisfied.

fmincon stopped because the predicted change in the objective function
is less than the default value of the function tolerance and constraints
were satisfied to within the default value of the constraint tolerance.

<stopping criteria details>

No active inequalities. « &EILEHDFIFIIEARL L.
convergence time (sec)

c_time = 4.6530 «~ siE{LETEUNFREFRE (sec)
PID settings: Kc (%/%), Ti (min), Td (min) « PID ZEEFTEHFE

Kc = 4.0856
Ti = 1.5015
Td = 0.1057

process dead time: TL (min)
TL = 0.1868 « 7Ot XL =HERH

- {Kce=4.1%/%,T;, = 1.5 min,T; = 0.11 min}, T;, = 0.19 min
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r—ARXRABT 1 : E-FRIT

PID7IIdUXLA
EEEE
LeBlr 4 >
& 57 e f]
157 BF ]

i e

B3R5 7T— % IR B HA

B E R
LT 4
1R 57 B ]
57 B el
PARE & byl

E-FRIT verl.1 MATLAB QS

L —TEEEEET R R4

. . % Case 1: LC Case 2: AC Case 3: TC
T—43 T4 B
Column Level Polym. Temp.

PID_algorithm - 3 (I-PD) 3 (I-PD) 2 (PI-D)
dir_rev - -1 (Reverse) 1 (Direct) 1 (Direct)
KcO %/ % 2.0 0.67 2.5
TiO min 10 1.0 2.8
TdO min 0 0 0.10
gamma - 10 10 10
tau min 1 1/60 ( 1 sec) 1/60 ( 1 sec)
E-FRIT §%&t#R
T99 min 40 4.0 10
Kc %/ % 2.85 (5.7) 0.177 (0.32) 4.09 (5.3)
Ti min 15.6 (12) 0.622 (1.3) 1.50 (2.3)
Td min 1.89 (2.3) 0 (0.35) 0.106 (0.25)
TL min 0 0 0.187

(): ET/ILAR—X PID ER&EHI - /NALEIZ K 5.
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H—XXA3 T4 :FAIL—T X T LRTE

L —JEEEEET R &l
PID7/)3dY) XL  PID_algorithm - 3 (I-PD) 3 (I-PD) 2 (PI-D)
I EME dir_rev - -1 (Reverse) 1 (Direct) 1 (Direct)
Lo T4 > KcO % /% 2.0 0.67 2.5
alisdi TiO min 10 1.0 2.8
15> B TdO min 0 0 0.10
6 e e gamma - 10 10 10
52517 — 2 INEE B HA tau min 1 1/60 ( 1 sec) 1/60 ( 1 sec)
FAL—T X T LRIERER
Tt ABR/FHEETIL Bo+1KEN 2 REn 2 KEN
A4 Kp % /% - 3.69 0.0724
REE L 1 Tp1 min -13.6 0.837 1.86
R TE #K 2 Tpo min 3.83 0.837 1.86
& 12 B 17, min 0.250 0.220 0
process dynamics model: P(s) = Z%g = Tpls(T;s D e LS pP(s) = (s 1 f;éijzS ey e~ 1Ls
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LC: Distillation Column Base Level Control
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EFRIT Design Results

Sigii N

tested set-point (blue)
fictitious set-point (red)

/*’\_,.

tested controlled variable (blue)
desired response (red)

e N

tested manipulated variable
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E-FRIT verl.1 MATLAB QS
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I-PD Control Simulation
set-point (dotted black)

controlled variable
CL-test (g), EFRIT (r), Model-based (b)

manipulated variable
ClL-test (g), EFRIT (r), Model-based (b)

N

g

0 20

40 60

time (min)
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AC: Analyzer with Fast Dynamics Control
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EFRIT Design Results

Sigii N

tested set-point (blue)
fictitious set-point (red)

tested controlled variable (blue)
desired response (red)

E-FRIT verl.1 MATLAB QS

tested manipulated variable
10 20 30 40 50 60
time (min)
Confidential 22

%
60

35

%
24

22
20
18
16
14
12

I-PD Control Simulation
set-point (dotted black)

controlled variable
CL-test (g), EFRIT (r), Model-based (b)

manipulated variable
ClL-test (g), EFRIT (r), Model-based (b)

g
.

10 20 30 40 50 60
time (min)
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TC: Polymerization Temperature Control

EFRIT Design Results
tested set-point (blue)
% fictitious set-point (red)
64.2
64.0
63.8 ™ W
63.6
tested controlled variable (blue)
% desired response (red)
64.2
64.0 Adh
63.8 M Vi -
63.6
?‘:/8 tested manipulated variable
28
26
24
0 20 40 60 80
time (min)
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64.2

64.0

6

6

23

3.6

%
30

28

PI-D Control Simulation

set-point (dotted black)
controlled variable

CL-test (g), EFRIT (r), Model-based (b)

manipulated variable

ClL-test (g), EFRIT (r), Model-based (b)

.

0 10 20 30 40 50

time (min)
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