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E-FRIT 77/L3Y/ X

e step 1: BRIl —7EBREEETI
- P | DHIESRT L REMIFERERINTUVSH, FIGMEEEICREBORMA S 3.
-FIL—7T R AELORZENFSVRIL—7DIRREICH T, BIREZEREIRICE
BEETS. COEFOBERE - IREE - FIHENKFRTIT—4
{ro(®),uo(t),y0()} BURET 3.

set-point filter PID controller d(t)‘z 0 process
ro(t) ug(t) Y+ yo(t)
—| F(60,5) — C(b0, 5) ——>O—| P(s) ——

- PID settings: 6p
o (t) ug(t) yo(t)

set-point (%) manipulated var. (%) controlled var. (%)

70 25 70 T
A A
| 2y M el

50 50
30 10 30 :

0 20 40 60 0 20 40 60 0 20 40 60 time (min)
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E-FRIT 77/L3V/ X

e step 2 | EF LUV BRELEZH S EOHOFIHE0) BRIRSEK
- RBEE  EBOP | DEREME0ICHVT, BIL—7TRRNREEEHIHEINEE
EZ 3MBE1EE 7,(0,1) ZRNH3B.
- REBETILEZ LV BEERE) : M(Ts, T;,s) Binomial Standard Form
- FIE B8R - B BEEICSTT ISREBETILEE 7(6,t) HEIL—TT R 0§l
EiEE vo(®) IT-BINIE, P/ DHBRIFRBETILEFAETHS.
RE (o, t) —yo(t) O) 2 RAEAZE BRI ET S,

M(Ty, Ty, s) y(o,t)

i) min 3 (7(6,6) — yo(®))
R4 R d(t) =0 t
+ B OPN yo(t)
= 10 o] cw PG o
) PI'I.Z) settings: 6
7y (t) ug(t) yo(t), (1)

fictitious set-point (% manipulated var. (%) controlled var. (%
70 i (%) 70 (%)

Mo 20{ A Man
501 e, b W VM 50 A{\,-NJAV e
30 | 10 30 |

0 20 40 60 O 20 40 60 O 20 40 60 time (min)
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E-FRIT 77/L3Y/ X

e step 3 ! O/\R FEBRRDTENHFFEXRE=1HIY S BRI
- RIEBFRMEERT | BUBREICH L TEFLLVHHELRE 252 3 REBNIGR(FE
- RIFEERE | RBIR(FEO 1 RENED 2 Rz Z BRIRSEKITENT 3.

77 (0,t) + (¢, t)

> C(, s)
M(T’l’h TLa 3)

F(0,s) 7(o,t)

o step 4 : BB ZES K L CRB{CRRRZEENICRREF P | DERZEEZKRIE
- RBREEE . P | DEREME - 7OCRTERR 6 = (K., T;, Ty}, ¢ = {0, T1}
- TB{LiE - JERRAZETEE SQP (MATLAB Optimization Toolbox®, fmincon)
¢-—mgmm§:KM¢ﬂ—ydﬂ) + (A s Ai(6,0)° ]

subject to ¢ g ¢ < ¢u, initial guess ¢g = {0g, T, = 0}
M(TnaT[nS)
F(6,s)

moin AT (1)

—1/n N, 71N\ ~f 1 AN
\v,S5)ug\t) T !/O 7 y\p,t) —

=~ (0 o\ oY 0 1\
rp(0,t) =C 7r(6,1)

\

M(T,. T
\

, \ .
(6.6) = 00.5) (7,0, = 70.0) = (1 - hég”)@dw+cm@mun

A weighting parameter, fs : scallng factor fs = /Ve/Vau
Ve =3 (560, 1) —5o(0))", Vu = Y. A7 (o, 1)

t
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e E-FRIT
- [RI2
-7IL3Y A
o EFAMLERE
- RFRIIT—2FR1E
- BRELEREBETIV
- PID I\ X—ZiHIf%H
e MATLAB Program Quick Start
-RAIN—TTRT—R7 741
- 7075 0LF4T - RBINGX—R

- 7095 0LFETHER
» T—RRRTA

- FRERIBIE R A

- $BRKHIGED

- ESREFIH

B R7T—S2FRL

o BRIIT—R2FBML | SRR/ 1 XRE
- IRMEE - HIEERRY | (EENZECIFVEBEICKYBSER/ 4 XERET 3.
- Hamming-window filter: u(k), y(k) smoothing, ur(k),yr(k)
order: ny = 10

cutoff frequency: fc = 0.5 € (0,1) normalized by Nyquist frequency: F,

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

nf=10; fc=0.5; b=firl1(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 i :
09 cutoff frequency ny =10, fc=0.5
' fe=05 0.5
0.8
; ; ! 0.4
% 0.7 \
3 0.6 0.3
= 0.5 6 dB attenuation-—
[=%
£ 04 . . : : | 0.2
©
0.3 : : \ ! 0.1
0.2 , , \ ;
0.1 , : \\ 09— —
0 ; ;| \
-0.1
0 01 02 03 04 05 06 07 08 09 1.0 S5 4 3 2 -1 0 1 2 3 4 5
f normalized frequency samples

(f = 1 Nyquist frequency)
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MEETIL

. _ . = e _ yr(s) _ 1 T s
MEBETIL  EBELVBHRELE M(s) () (AT Tos)" e 'L

o SEE/INTX—B Ty, = Tog/(4.41°°)  Tog 1 99 % SIS (BEISRI)

PID, PI-D e
no P (PID, PED) ). 1oz ardike
|p+1 (-PD)
1.2
step response of reference model
1.0
0.8
referenge | order
n=1/2 4
0.6
0.4
0.2
settling time: Tgg =1
0 (99 % response time)

0O 02 04 06 08 1.0 1.2 1.4 1.6 1.8 2.0
relative time t/Tgg
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BEELESEE - PI-D Algorithm

o BEEISERE W) = y(s) _ F(s)C(s)P(s) snpza—-nzemmeas -n—soss

r(s) 1 + C(s)P(s) HHEERT B &5 ICHNIBRIERET S
K, Ke *
PID Q> +B—5 : C(s) = - = (14 Tis + T,Ty5%) ~ =~ Dy(s)
PI-D EHEE7 A ILR—  F(s) = — — T 115

708X P(Gs) =K, SpAS) —Tps s

Dyp(s)
Kch(l + T;s)
We(s) = ——1° Np(s) 115
14+ Befen oy e=1ps Dp(s)
T;s
1+ 7T;s Np(s) e~ TLs

= Np(s) e 15+ (Ti/7) s Dp(s)
A= KpKe>1 (Ke = )\/Kp) THI. 3 1 BABOTIERREZ 1 /R Pade’ ;89 3.
» e 115 (1= Tys/2) /(1 + Tps/2)
TDLRBROKRE 2 I Tlan, BRELERFENREIFT 0L B REICELL
-~ 70 REIARE=(PBZER Dy(s) REK) - (PFZIER N,(s) IRE)
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BiEEREES M . I-PD Algorithm

o BIEEISERE W) = y(s) _ F(s)C(s)P(s) snpza—-nzemmeas -n—soss
(s)

T 14 C(s)P(s) B S &5 RO 3
PID O>F0Q—5 : C(s) = Ke —I—TQ—I—TTJQQ\ ~ ﬁnm( )

Tis \* Tis.
1
1+ Tjs + T;Tys2

7th : P(S) — Kp le\s) e_TLS » :

I-PD BEE7 1 ILR— : F(s) =

Dp(s)
KpK.
W, (S) TS ND(‘S) —’T’ s
C
1 + KpKCN ( )e_TLS DP(S)
1 Np(S) e_TLS

Np(S) e 115 4 (T;/X) s Dp(s)
A= KpKe>1 (Ke = )\/Kp) THI. 3 1 BABOTIERREZ 1 /R Pade’ ;89 3.
» e 115 (1= Tys/2) /(1 + Tps/2)
TOERBRORE 2 I(Tes, BRELEFEDREIT7 OB RE+1 (T8,
- 7DEREHFRE=(DEZEN Dy(s) IRE) - (DFZERX N,y(s) IREX)
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O s g
P | DINT X—RFFIRMH
o ETRRIEHIHY

- RBLEE P | DERZEME - 7T0DCRTIERMO L TREZTROKFSICENS.

P | DER=EfE : tbfTA4> Ke %/%

BEOERS T; min 0.1 150
Gl i=iih] T, min 0 30
70t RTIEER Ty,  min 0 10

o FEAFIH
- P | DEFEOERRICHKL, WMAEEIFEISEN o (e.9. a=1/5) ILFICTS.

T
“d < q= —al;+T;<0

7
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e E-FRIT
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-7IL3Y A
o EAMLERE
- BRI T—2FRE
- BRMELEREETIL
- PID /\5 X—Zlf5RM
e MATLAB Program Quick Start
-BIL—T7TR=T—27 741
- 70775 0LFT - RBINTX—4R
- 7075 LFTRE
°« T—RRRAT A
- AR TR E S
- FELRX I
- EGRERE
- | iRA S —ESRESIE
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RIV—T7TTRT—37741L

s TROBMIV—TTR+T—R% MAT 774 |LBEXRE

* file name: CL_Test_Data.mat
+ MATLAB Command Prompt
>> save CL_Test_Data PID_algorithm dir_rev KcO Ti0 Td0O gamma tau rs us ys

P/ D7ILOdY XL PID_algorithm - scalar 1=PID, 2=PI-D, 3=I-PD
IE¥ENE (B E=0R) dir_rev - scalar 1=direct, -1=reverse
LeRIT A > Kco %/% scalar P | DEXE{E
i Ya)i=ii] Ti0 min  scalar i
OISR Tdo min  scalar |
WTA > gamma - scalar —f2(C gamma=10
BER7T—RUREREER tau min  scalar
BiRERERT rs %  vector EFHRIL>ZTIE#RME : 0-100 %
BRFEIFRT us %  vector #IZ0-100%
HIEERRT ys %  vector FHRIL>ZTIERRME : 0-100 %

BHI> FO—5CHIT S ERiFERT (RAD> F0—SECOROTHNERITHS)
- direct : HIAMRAE (+) ~ BMER (+) - reverse : BIAMRE (+) ~ BER (-)
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7075 0L%FT

e EFRIT 7075 LEfT
+ MATLAB Command Prompt
>> efrit

e EFRIT:AEE/\S X—%42 : MATLAB Command Window T&EEBRRXTA
B SX—2 | A

0,
99 % response 199 min  EEEEERICHLT 99 % HEY S FTOE

time
weight coefficienton .~ | EHMERSEOHIR(FERE/ME 2 WIBICHH SEIHREK
squared delta-MV lambda=1 HEHETEH 3.
upper limit of alpha ) P | DERZEEOMO IR EEAFRNLE0) _ERRE
Td/ Ti alpha<1/5 (= 0.2) HEXTHS.

e EFRIT AEB/\F X—72 : MATLAB Program RETEZEEE L TVWSENETRICTHY.

B R AN N T

FIR filter order & ) nf=10, fc=0.5 & LT3,

cut-off frequency fc
desired response N _ EFLVBEHRERE : RRBELEDRE
order PID: n=2, PI-D: n=2, I-PD: n=3 & LTz
E-FRIT ver2.0 MATLAB QS Confidential 15 Copyright © 2010 M. Ogawa & M. Kano, All rights reserved 10/6, 2010

70775 LFETER

>> efrit « FR"F  AAIFTBI AV ERFIU/INTA—2

case of closed loop test ( 0 = Actual Problem, 1 =LC,2=AC,3=TC,4=FC) =3
lambda (suggested 1.0) = 1

suggested T99 = 10 min

99 % response time T99 (min) = 10

upper bound of Td/Ti (<= 0.2 to utilize derivative action / 0 no derivative action) = 0.2
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>
Active inequalities (to within options.TolCon = 1e-006):
lower upper ineglin inegnonlin
3
convergence time (sec) <« FBE{LETEURERISR
c_time = 6.453
PID settings: Kc (%/%), Ti (min), Td (min) « PID RE{EZTEHER

Kc = 4.0114

Ti = 1.3625

Td=0

process dead time: TL (min) « 7Ot RL1EER
TL = 0.17248
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e MATLAB Program Quick Start
-BRILV—TTRET—R277A41L
- 7TR7Z0LFT - BENT X2
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- EGREBIE
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H—RRRT 4 . E-FRIT

RIL—7BREEET A &4

=i L oo Case 1: LC Case 2: AC | Case 3: TC Case 4: FC
T 2 N 3 .
A5

PID algorithm PID_algorithm - 3 (I-PD) 3 (I-PD) 2 (PI-D) 2 (PI-D)
BB dir_rev - -1 (Reverse) 1 (Direct) 1 (Direct) 1 (Direct)
LT A > KcO %/ % 2.0 0.67 2.5 0.50
iyt~ Ti0 min 10 1.0 2.8 11.7
IR TdO min 0 0 0.10 0
WTA > gamma - 10 10 10 10
T—RIREEER tau min 1 1/60 (1 sec) 1/60 (1 sec) 1
E-FRIT ERETHER
RERR T99 min 40 4.0 10 15
BEHERK lambda - 1.0 1.0 1.0 1.0
LT A > Kc %/%  2.12 0.310 4.01 0.815
ipti=di) Ti min 13.0 0.782 1.36 5.49
WOEER Td min 0 0 0 0
70ERTREER TL min 0 0 0.172 0

CBIL—7SRTOLRZEEETILA—2R PID BREA (INEE) (ICEK3.
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T—RRART 4  RAIV—T7SRTLREE

RIL—7BREEET A &4

—_s e - Case 1: LC | Case 2: AC | Case 3: TC | Case 4: FC
T— v
* [ rgmm SemE | i o—an

PID algorithm PID_algorithm - 3 (I-PD) 3 (I-PD) 2 (PI-D) 2 (PI-D)
BB dir_rev - -1 (Reverse) 1 (Direct) 1 (Direct) 1 (Direct)
LeRT4 > Kc0 %/ % 2.0 0.67 2.5 0.50
Vs i Ti0 min 10 1.0 2.8 11.7
RS TdO min 0 0 0.10 0
WTA > gamma - 10 10 10 10
T—RIREEER tau min 1 1/60 (1 sec) 1/60 (1 sec) 1
FIL—7S RT LRZERER
TOEREBEFHEETIV BN+ 1LREN 2 IRiEN 2 RiEN 2 REN
TA Ky %/ % - 3.69 0.0724 1.48
BFE¥ 1 Tp1 min -13.6 0.837 1.86 9.65
BFEEK 2 Ty min 3.83 0.837 1.86 0
TIZHERS 17, min 0.250 0.220 0 0
y{s) 1 . K, -
process dynamics model: P(s) = ;(;3 = Tpls(T;QS ey e 'L P(s) = T+ 1")"{Tp25 D e tLs
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RBEEEREND - RERN KA 5—RAE

Case 1: LC EFRIT Design Results I-PD Control Simulation
set-point (dotted black)
tested set-point (blue) controlled variable
g/oo fictitious set-point (red) ;/g CL-test (g), EFRIT (r), Model-based (b)
ro(t 9
55 old)l . vy 56 =
'T'f s E ............... ..:7__:\‘
50 he= annn \ LD sttt 54 / \
b// \\
45 52 FONN\
tested controlled variable (blue) 50 H N
60/00 desired response (red) |
yo(t) 48 ‘
55 A
/ (o, t) manipulated variable
50 ket ind NPAUPUNI Z/E CL-test (g), EFRIT (r), Model-based (b)
45 /X
% tested manipulated variable 40
45 b S
ug(t) 35 A |
40 \ r
35 \/WWM»/J\‘N"\ /\ \ S\ MY 30 -
VW v g
30 25
0 100 200 300 0 20 40 60 80 100 120
time (min) time (min)
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fHRXHIGE - IDEEL pH 701X

Case 2: AC EFRIT Design Results

tested set-point (blue)

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

70/8 fictitious set-point (red) g/s CL-test (g), EFRIT (r), Model-based (b)
1 T 9T

60 | Aro(®) FICON | pt\

sond My, il Sk /\

40 y ‘\',AW%J U'IVW“* S AV \ [ \\

30 45 \§=J A

tested controlled variable (blue) 40 \/
;/8 desired response (red)
|
60 yo(®) A 35
50 N\ Aa I\V,-d \’p\ manipulated variable
Y \AA~d | AA~l % ClL-test (), EFRIT (r), Model-based (b)

40 gty v VY 24 ;

30 ‘ 22| |

0 r

/o tested manipulated variable 20 AN

» WA\ N

20 A up(t) A 18 = \:7/\ =g ‘\

N/ \/\ \/-‘\ 16 LIN, -

v v 14

10 12

0 10 20 30 40 50 60 0 10 20 30 40 50 60
time (min) time (min)
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AR

%
64.2

64.0
63.8
63.6

%
64.2

64.0
63.8
63.6

E-FRIT ver2.0 MATLAB QS

SEEFA - BRELEFEEERELREL

Case 3: TC EFRIT Design Results

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

To(t)j

tested controlled variable (blue)
desired response (red)

time (min)

Confidential

PI-D Control Simulation
set-point (dotted black)
controlled variable

%  ClL-test (g), EFRIT (r), Model-based (b)
r
64.0 | /
N \
sl S0 AN
' = | il \>
63.6
manipulated variable
30/8 CL-test (g), EFRIT (r), Model-based (b)
28 /Ir\
e
26
g
| -
24
22
0 10 20 30 40 50 60
time (min)

22
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Case 4: FC EFRIT Design Results

tested set-point (blue)

g/g fictitious set-point (red)
t
50 ro(t) -
58 Fp(0, ) fr>
56 f
tested controlled variable (blue)
% desired response (red)
62
yo(t)
60 -
y(¢,t)\\
56
;’/; tested (blue) & desired (red) mv
N\
36 ug(t)
35 et
34 hae u(¢, 1) \'\Q’\'\
\a\’w
33
0 50 100 150 200
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time (min)

Confidential

250

23

%
62

61
60
59

(=)

58

57

%
40

35

30

25

FERETKZ A >\ CEREN A ERE

PI-D Control Simulation
set-point (dotted black)
controlled variable
CL-test (g), EFRIT (r), Model-based (b)

R

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

b

0O 20 40 60 80 100 120 140 160

time (min)
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