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{ro(t),uo(t), yo(t)} EUXERT 3.

set-point filter PID controller d(t)‘= 0 process
ro(t) ug(t) Y+ yo(t)
——{ (80, 9) —O—| C 00, 5) O] P(s)
PID settings
00 = {Ke0, Ti0, Tuo}
ro(t) ug(t) yo(1)
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- TB1E\/IL/N— : FERRAZEHEIE SQP (MATLAB Optimization Toolbox®, fmincon)
6 = argmin Y[ (i(6.1) ~ vo(1)” + F2((6.1) — uo(1))
t
subject to ¢; < ¢ < ¢y, initial guess ¢g = {6y, T; = 0}
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- Hamming-window filter: u(k), y(k) smoothing, ur(k),yr(k)
order: ny = 10
cutoff frequency: f. € (0,1) normalized by Nyquist frequency: g,
Fn, = Fs/2; Fs: sampling frequency

e MATLAB Program Example
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 FIR filter coefficient

cutoff frequency ny =10, fc = 0.5
0.9 0.5 A
fc = 0.5 -
0.8 \
0.4
-8 0.7 -
S 06 0.3
%_ 0.5
£ 04 0.2
©
0.3 0.1
0.2
0.1 0¢—o o o o—0
0 = 0.1 .
0O 01 02 03 04 05 06 07 0.8 09 1.0 5 4 3 2 A 0 1 2 3 4 5
f normalized frequency samples

(f = 1 Nyquist frequency)



BiREILEREETIL  I-PD algorithm

o BIRMELEREETIL | BRAFIEICE

— yr(s) _ 1 o~ TLs
r(s) (1 4+ Ths)"

o EENSX—2 1 Tog: 99 % B — T ~ Too/(4.4n°5)
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1.2

M(s)

step response of reference model for 7T;, =0

1.0

0.8
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T99:99% response time (settling time)
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yr(S) — 1 e*TLS
r(s) 14 b1Tns + 65T 252+ ...+ by, T, s

o SBEENSX—R : Theak : E—IEERR — T ~ Tpear/(3.229%)
n=p (PID, PI-D) p:70CREITREK - p=2,n=2

M(s) =

1.2
step response of reference model for 77y = 0
1.0 ¥,
0.8
+—nl=2,3,4
0.6
0.4
0.2
Theak - time to peak response
0

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
relative time ¢/Tjeak
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* file name: CL_Test Data.mat

- MATLAB Command Prompt
>> save('CL_Test_Data.mat’,/PID_algorithm’/dir_rev’,’Kc0’,Ti0’,"Td0’,'gamma’,'tau’,'rs’,/us’,'ys’)

P/ D7IL3dV XL PID_algorithm - 1=PID, 2=PI-D, 3=I-PD
IEEEHE (B 28R) dir_rev - 1=direct, -1=reverse
T4~ KcO %/ %o P | DER=E1E
CPalisii TiO0 min  scalar |
IR Tdo min !
WRTA> gamma - —f3(C gamma=10
BFRYIT—RUXERFEIEH tau min
BiRERF 27 rs % sHRIL > TIERRME : 0-100 %
R ERERT] us % ector THIC0-100%
HlERE R ys % sHRIL > TIERRE : 0-100 %

ERO> FO—FICHITSIEEENFERT (RAD FO—SF NN BRI TELR)
- direct : #I#MEZE (+) > B(FE (+) - reverse : HMREE (+) ~ BEE ()
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peak response time ~ Tpeak .~ PI-D: BEEERICE—/7IEET SEH
99 % response time  T99 I-PD : BEEEEREIC 99 % [EY SIFR
upper limit of “loha ) P | DEXZERNHIIFE EBEAIFROLEo) LRE
Td / Ti P alpha<1/5 (= 0.2) HiEXTHS

e EFRIT pqﬂlz/\"sx—/; : MATLAB Program RNEBTEIZEEICL TW\SENZETRICTHT

I T N S

FIR filter order & FEBE7 1 ILZ—NIREEN Y =77 BlREK
cut-off frequency fc nf=10, fc=0.5
desired response . ] EF LV BEREISENREL

order PI-D: n=2, I-PD: n=3

weight coefficienton . SHMARSE NIRFEEREIRICH D S EHZREK
MV squared error lambda=1
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level control (I-PD)

temperature control (FI-0)

| |
| |
| pH cortrol (I-PD) |
| |
| |

tlow contral {PI-D}

%obj’fﬂﬂ.m

@ reference model.m
PE! set EFRIT parameters.m
%] set_smoothing_fc.m

‘E‘! set_steady_state_period.m

el e
T—LANA—2
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@
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- & set-point (hlack): contralled variable raw (blue), filttered (red)

[0 CIx Test Data.mat 58 T T T T T T — —

!;é_jCI._Tes:_Da‘.:a_Z—'aC.mat o __________ ________ N <+ Fz?,l/_ 7 T 2 I‘,‘%/l\

Dj CL Test_Data FC.mat ' ' | ; : == . A —

1 CL Test Data LC.mat 54 ' ' ' --------- ' ---------- l— -------- - E - o0 —

HH o1 Test Data PC.mat o ' ' : | i . ~ —

s = = 52 : : P SRR e pressites - f kY FAY —

0 CL. Test Data TC.mat : ' ] ' ' ' 7N - ;/g{b ’ g

Flefrit.m Bl ppho bt pbia As i/ \ : H P N W A radiat

fﬂ funcon.m 1 i i i i W i i
) objfun.m i Al o0 160 ann 260 ana 360
f’_] reference model.m

LA AT e

ff! set EFRIT parameters.m manipulated variable raw (blus), filtersd (red)

£ set_smoothing_fc.m

. : ;
-'K_'! set_steady state period.m

| |
1] 100 150 200 250 a0 360
time (ming

S¥ER 'L

T—HAN-R ® f o pe... [l =) [ | R
- . | B steady state pe - Eﬁ:lﬁlu%;-—gEFaa

start time of steady state period t=0 (min)

10 . tﬁ:@: tSO=110 min

end time of steady state period t=1 {min}

120 . ﬁ\g,ﬁ - ts1=130 min

ksl
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£8 suggested T9%S = 40 min
H CL Test Data.mat fx

tlj CL Test Data AC.mat
fH cn_Test Data FC.mat

FHcn _Test pata LC.mat r i |
t;j CL Test_ Data PC.mat n el ndo | = | <+ E - FRIT E’.Rhg-l“/ \05 x - @
ILI CL Test Data TC.mat 99% settling time T99 {min) S

e oD - 99% EEFESRY 1 T99=40 min
[ ——— - ROTEDISRILL LR © Td/Ti=0.2

£ set EFRIT parameters.m oK | |*4”’F‘Jt»'|» |
%) set smoothing fc.m b

"5_“! set steady state period.m

SEEH ~
T—HZRMN—2R ®
250 & BME BAE

nEs
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BEQIA IS — @ | [aE=E s B O]
£5 suggested 199 = 40 min | . -

= B c-FRIT ||

0 €L Test Data.mat X .

: g 1 Local minj isfied.

[H el Test Data AC.mat = e | e

FHcL Test Data FC.mat . . L . .

”'CL:E '_D i _LC i fmincon sf lange in the objective function

est ata -.ma i, a At i T . Pk -

qu 5 — 3k is less t} desien condition inction tolerance and constraints

t CL. Test Data PC.mat v ; i

o = o are satis]| PD aleorithm Be of the constraint tolerance.

[0 CL Test Data TC.mat peak response time T99 {min) = 400

Befrit.m

£ funcon.m

) objfun.m

£ re ference model.m

b set EFRIT parameters.m
%) set smoothing fc.m

"1:!_“! set steady state period.m

BT ~
F—AI X=X, ®
& & EME EXE

Ha [0,-0.2000... —... 1 -
Hc 2x202 double  0... 51

HeoL test ... 2 2 2

iy cinw 1x1 tf

@ F ix1 tf

Ha 1x21 double 1 20

1 Jmax 40 40 40

kjj Jopt 1 1 1

Hix 1_8209 1 o -

teference response time constant Tn (min) = 470

(M_ reference responge order n= 3
oooooooood| -~ clozed loop tested PID settines
lower propartional gain Kol (5% = 200 Blin

3 reset time Ti0 (min) = 10.00
derivative time Td0 (min) = 0.00

Convergent
c_time = || __ EFRIT desiened PID setti - ERE ?ﬂ:%
4.493 = eflg:e 0 = ]ZZS < E-FRIT axXp | iR
) e proportional gain Lo = 4 e "
closed 1lod|| reset time Ti(min = 1748 & ttﬁjfr{ S, —
EcD = derivative time Td {min} = 000 ¢ I / . KC - 1 . 8 2 E

process dead time TL {min) = 4.05

3%}
]

fAariSR -
WMBFR
O T12RSR -

Ti=17.5 (min)
Td=0 (min)
TL=4.05 (min)

T

=
=)
-

]

=)
]

designed PID settings: Kc (%/%), 1

1.8209
Ti =
17.4751
Td =
0
E-FRIT estimated process dead time:
TL =
4.0491 |
Jx>> v

TL {min)
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|LE| CL Test Data AC.mat
fH cn_Test Data FC.mat
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Lj_;CL_T + Data BC & : : ice and constraints
mE| ezt Data .ma 1 : . Y i 3 B

A cL Test Data TC & 10 | | | | | | Eraint tolerance.
BR -1 eSSt dRked LL..me 1] a0 100 150 200 250 300 350

g ;iiz;:flm 0 . tested co?trolled varie;ble {blue); dEeSired respoinse {red) . < E - FRIT E’QE‘I'-j D \\/ I~
T RO BRE
\
REOAHIEE

Pijective function

) objfun.m

£ re ference model.m

b set EFRIT parameters.m

" i i i i i i

%) set smoothing fc.m

B cotustaady sbate pesioion 0 50 100 150 200 250 300 350 . ﬁﬂx;n 1/F
" tested (blue) & desired (red) manipulated variable * E
; ; : 5 : : Td0 (min)
- | | | | | |
] 50 100 150 il 250 300 350
time {min}

SEEH A
J—HA5—2, ) E-FRIT designed PI1D settings: RcC (3/%), T1 (min), Td (min)

il Rec =
| @ & BIME BAE
K 1.8209
Ha [0,-0.2000... - 1 - o
(Hn| -
Hic 2x202 double e 17.4751
FHen test ... 2 2 2 -5
= o - T'a =
ig cinw 1xi tf )
& F ix1 tf : 5 . ;
- f E-FRIT estimated process dead time: TL (min
Ha 21x21 double 1 40 = E - ( )
] Jmax 40 40 40 =
I gopt ; ; : 4.0491 ,
Mx 1.8209 1 il | fe>> =
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|_,:| CL Test Data.mat
|_,:| CL Test_Data_ AC.mat
] cL_Test Data FC.mat
Hcwn Test Data Lc.mat
|_,j CL Test_Data PC.mat
Hcx Test Data TC.mat
Flefrit.m
fﬂ funcon.m
) objfun.m
f’_] reference model.m
ff! set EFRIT parameters.m
£ set_smoothing_fc.m

. : ;
-'K_'! set_steady state period.m
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objective function J

propartional gain ke

TL {(min)

biective function
ice and constraints
raint tolerance.

« E-FRIT 825170 -
- BiBMCEROREEK
- BBARIRR1E

Td0 (min)

E¥El 41

D—HRAA—R e e ptepa i S LS B o) <
— Ec =

& & BME EAIE 1 8209

o2 [0,-0.2000... —-... 1 - Ti =

Hic 2x202 double 0... 51 17.4751

[0 CL_test_... 2 2 2 Td =

|& Cinv Ix1 tf

[ 1x1 tf o .

B 21x21 double 40 E-FRIT estimated process dead time:

I Jmax 40 40 40 TL =

FH Jopt 1 1 1 4.,0451
E 1.8209 1 1 | fe>>
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actual GL test data

level control (I-PDj

temperature contral (P00

| |
| |
| pH contral (I-PD} |
| |
| |

flow control (P-D)

% objfun.m

£ re ference model.m
b set EFRIT parameters.m

%) set smoothing fc.m

) set steady state period.m

T—AFR—
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£fi

N s 9 65 set-point {black); controlled variable raw (hlle)

=  Test_Data.ma T T T T —7— f—

LEI CL Test Data AC.mat ] ' ' ' a F?.ﬁll/ 7 Z F%/]\

H CL. Test Data FC.mat 3 ' : == . b —

eing 5? e rl. Yy e . —

HH cr_Test Data LC.mat : B - L%\ =l ;

|_,j CL Test_ Data PC.mat ol

H cn Test pata TC.mat 56

Befrit.m EEE
£ funcon.m

) objfun.m

55
i

£ re ference model.m
b set EFRIT parameters.m

™ ; 26
2] set smoothing fe.m
-ﬁ_'k! set steady state period.m 24
22
=
ap HE=- W e P T L R LT g T - e N
18
16 1 |
i 50 100 150 200 250
time {min)
SEER 4
T—LRA=X ®
smoaothing |L|_J—?3—
ZEl E BME ERE

« B A7 BiEREL - fc=0.5
0.1=<fc<0.5 : INFLNF ETRULVFEBYE
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05
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_ " | Case1l: LC Case 2: AC | Case 3: TC Case 4: FC
T3 ZH% B O ———— - “
AR A 5

NFVv—7 RAIV—7RTLREZE
B — 7 BREEET R Rt

PID algorithm PID_algorithm - 3 (I-PD) 3 (I-PD) 2 (PI-D) 2 (PI-D)
1IEXEEN(E dir_rev - -1 (Reverse) 1 (Direct) 1 (Direct) 1 (Direct)
LeGlT A > KcO %/ % 2.0 0.67 2.5 0.50
RO Ti0 min 10 1.0 2.8 11.7
7B TdO min 0 0 0.10 0
WTA> gamma - 10 10 10 10
T—RIUREFEED tau min 1 1/60 (1 sec) 1/60 (1 sec) 1
RIL—7S RTOLRZERSR
TOCREFHEETIV BN+ 1LREN 2 IREN 2 IREN 2 IREN
T4 Ky %/ % - 3.69 0.0724 1.48
BFEEX 1 Tp1 min -13.6 0.837 1.86 9.65
BRFE#X 2 Tpo min 3.83 0.837 1.86 0
TTEER 17, min 0.250 0.220 0 0
process dynamics model: P(s) = ys) _ ! —ILs . p(s) = Kp —ILs

u(s)  Tprs(Lpps+ 1) (Tprs + D(Tpas + 1)
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Case 1: LC EFRIT Design Results
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Case 2: AC EFRIT Design Results
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Case 3: TC EFRIT Design Results
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Case 4: FC EFRIT Design Results PI-D Control Simulation
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