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Abstract — This paper discusses local composition soft sensors in a distillation column with regards to different operation
modes, which are caused by effect of load disturbance such as feed composition change, wide operation regions, estimation of
various product specification, etc. Linkage_based clustering method and PLS are used for the classification of various opera-
tion regions, modeling of local soft sensor respectively. The proposed method was illustrated using estimation of ethanol in a
binary distillation column simulated in simulator, HYSYS™ and toluene in an industrial splitter column within a wide oper-
ation window. In simulation, process data for sub-operation regions have been collected to reflect the changes of feed compo-
sition that is of frequent occurrence in real distillation column. Local PLS soft sensors were compared to global PLS, nonlinear
PLS based on neural network and neural network, and shown better performance than other methods.

Key words : Distillation Column, Different Operation Modes, Local Soft Sensor, Linkage Based Clustering, PLS

LM E
A9 AE2A AolE GC(Gas Chromatography) 53 7+
AN7ZF 2471718 ol gate] olRojR), e, AAZE BA77IE
Az BAsked Alzke) 28] FAuiM ZR Aol @
om Ax @ B4 Hg% AFE v g, $F T A
& ZAA IR gloiA ol oE e EA Fo] st
o)2|gk BEAIE adshy] A dBRE FF ¥4 A F
=29 (inferential model)S ©]-&3F 71322 A7} ojFoiA Yt
22 rde g AZEANEE 3, $Y3Ee F4usst
FAA SrBAE e 339 2 MFES A RITA
o Age mdle = AdA] AFL TFATHII
sEeEAMMNE 2de] o] oet o]84Ql Rl AP
42 ol o)23¢l de Yo AFS £ ¢ Jduix &
Ao ZAZ i Rdg 7|Bo= 3 dadt HeE o AAY

=
°)

tE-mail : chan@postech.ac.kr

445

gold 7A¢ Awd 3o 7hssitt 53 FRE 7%
7o) s AEE wEgA Zihke] Ay Z2advg o8 A&
23] A FHL F 5 go] AFHAAYCH2) 2y, Aoz
AR 3ANE 389 E-A (complexity)?t Fol A1 (infor-
mation)®} "HIEOE QEle] Y& dlolHF 1 JWte R = A
4 zdo] dA2 ol ARZEHI Jth

HolHE rute g ke ATEAME $3E volEs o83k
R4 HAs] did dHolele] 4= Ho| mde] & FHA
Hog Aol drt. &, A8A 2o AT AZEAME ol(dis-
turbance)®] FF B A7, 2HLAHAL] AFo] FR3IH3].

ZF FR0 TG F U e TH= dERAS W, 98
ox 2 fako] ¥zl Fo] glEd, ojFd 948 A Wsk= 7Y
A e] wsh H@6e) AAME Ee 48 B39 o] Tl 7148t
o 243 2L 2PFGEL oA wi, vlE AR s
AZTEAMSY 4 5L ASAA FE(specification)?| 2] A F
(productAHE oF71A)7]= €le] At

=3 39 29 990] He A% 9 tolBl covarianceT

SEELY



446 5 - A - A

27t LA (clustery ©1 208 $b43] Gl we} 7= SZEA
A9 FH 5L AAN)E B

e MZE 2 L oATIE a4 2 A=
of Wb Hdsh g 4 glon, We P4 29 FQol= 7
A3t B8 FHo) 75 Az EMN AAY} BFEHAR I 9t}

T FHE 3 WFEEL 49 Q8L /NI Y=, Kresta
[4F= PLS7} 2Mgo] 231 Aol 733 vlolelg aaddoz clen
A FL d35E9 T FeT MM oxF 2 3R w g
A3E 7HAeta Busigrt

ol & A7eMEe F7F FHoNA load disturbanced! YT FAI9)
A3t W A4 2 499 gt Fa94e) 24 zow 21314
ZHFY9] 98 A& y¥le] 2 o, A oksl= linkage based cluster-
ing WS ol83l 29 HolHlE aaxos ERsly ey Edgdy
o 2APGe] PLSE o]l 22 =y 23 SZEAXE HA 3}
Atk 28oA= HolE | AZENN A Al sl 71est
AL, 3 2 Aol AL W AR we 4o tlo)g
AXE] GAZA dloly 24 linkage based clustering *3-&
7Rk 2 31= oy -F(classification)l] tja], 58& PLSY 7]
=4 F9%Y Wl gF 7122, 287 6doN = AlaTs 5
st} A BB Ze] ALAL ARG

2. HO[E] 7|Ht AmEMIA AH| st
FlOlE] ZJek SXEAN dAE 24 gest 2e $4F gan.

() A= A%
(2) Hlolg HAg
—H|o]E] 23 (data scaling)
—Hlol8] #5(data clustering)
(3) 29 9 Hz

W ARHAE 349 A4 A boge T8I, #39 o
°lF ¥ FgsEle AT 247 Quy= 7Y +H HEE N4
dhe Aot 224 Fad T W} A7) A4, F4n
2o A4 2 FHAYLS Yslo ploly AXE] GAE AR,

dutzoz HolE HAHaE o)y Z (scaling)?} AA=Fel W
oltke Sol& djolE(outlier) A7} ¢x Ao o] Foi| |, &
A9 HlolE AAE BAdME 43w HolE 24de wxd, o)
ol £RGE Fxy} o]Roix 1, oy BRI Bolt g
oE{7} A AgY).

A A W dHold HXE wAE AR 3 PLSH S o) &3}
F& XY (inferential modely& M3, Belo] AZ2 cross valida-
tiong $3) 49| Prediction Error Sum of Squares(PRESS)S 7+
= 349 principal component(PC) -8 23 stA "o}

dtHoz HAE mdo] wy oy HEE d9she Axe R?
= 8 dokEn, mYo] F84% prediction powerse MSEP(Mean
Square Error of Prediction)= 4] WE3H].

3. HIOIE{ MA(Selection of Important Variables)

€ @M 29 s e 33 +H W9} 287 6
= Z470) PLSWHES o]43 5 24 Fe B2 s)9six) g
HFE A9A7)E e ARgei

TAHORE o] whHe mulo] 2w ¥ HEo] A= AL
(regression coefficients) & 03F 2ure Ze U5E, & 24 FA9

SiefE &t X374 38 19994 63

OFF Mo FYUE e WrSL vlg Ao 22 vy
€ FH A TG o)) HAAFE mUoy e w=
principal component(PC)*| & Rolo], 289 dloleje] Arymcl
BlEE FalA olgoln).

W PLSY SFAAFE FQ WS 240) 208 WESS Ms
EPEoes A8Y By ohje} mdYge] By £ TYwas =
AS7re) JAAAE BAsh=ols A" 5 ok,

4. HIO[E| TX2|(Data Preprocessing)

4-1. HI0|E{ =X (Data Scaling)

HolH 28 77 gE g9g 2= oy 289 HERES
AP 2712 2™k Rolth. B A= auto scaling WHE
&3l W) 3718 2-sYT

A2 BN Praw)ye FE S (observation number)E Eh)z
&(columny> HFE Yehled), oo 7+ Ao} Hagre Lo I R4 o
= 2 @ e EE UE Yol 22 g mE HEE
ol Bagh 0 19 BAEe w2 25,

Ao Ve thea) 7.

o

scaled x,-;% 1)

4-2. HlO|E| E&/(Data Clustering)

Clustering "4/ =7 hierarchical clustering® non-hierarchical clus-
tering® 2 LR =], HAke Ylojele] A2y pze velsEA
RgPo] Ha, FAp= Hloleg 23 (clusten)® 2 Bl subseto @
E3he Ao FHEE £ PNE 20 Hge SZEMNA T
BE A% dloly £F AH 024 non-hierarchical clustering& ©)
&3t

71&2] non-hierarchical clusteringolA] o] o] &)= vl K-means
clustering Z-> norm based clustering'g-& tjo]E}7} T8 covari-
ance TEF 7HAA] @AY 2t 3ol gshs HolE e At Al
2 ZA Aolus 74 clusteringo] A2 Ex] g A1) Qo] -
stekg9] dlolelg Ae)shr|ole Bagtet o ULk, & dlofg
o I= FFE FAHHUA clusteringS SR= WA19] Konearest neigh-
borhood clustering]L} kemel clustering ¥ 5.2 oko) AE 3
g 5 A U Fe) TN RS (parameten)S 3}7] 914 n)
AE A3 BAE Zolo} sl ojgjgo) JTH11].

Hlole] 2% wHoay 2 =FA AFER= linkage based clus-
tering®$*8-2 non-hierarchical clustering'd2] 024 pCcAglHe X3
score charolA] Hloje] ¥ g n)g] I % 7} =Y AFEE
Hele) HlolElE N (seed)o2 BHed Mz 77 A9 i) A
< A W 7 Hloly g7k $Z7¥) linkageS oz
A 23 BAske oy o gveze oS 2

Step 1. 7t HlolE] Hell ths) 71 7ike KAe) A NN, & 2w
7Pk XAUZ indexE 71Z3}

Step 2. PCA(principal component analysis)4H -2 ©]83lad[9] o
T8l 27t 24" score F7HIN 279 MAHOE Halz 2+ 7
H W9 A9 dolgg HAYsiy S (seed)PhL M, the-a} 7ho)
Z718} g},

CP;;=S,, CP,,=S5,, CP; =S§,..

Step 3. CP;%] NNj(nearest neighbor) o ©}4] clustering%<] o
2 NP/(non-classified points)S =t}



PLSZ o183 27 T80l I8l 24 39 A=A 447

Step 4. NP indexcll EgslE 7t 239 Ale] g5 e 3
22 3= 239 ARED. ol indexo] EFE YA &2 23
& A TIANFA goaN RE 23 Bol Ylojue NP=
o indexoll = EFEHA W Boldt vlojelR TFHo] A7

Step 5. AA| Elo|E] FolM CPJ} (100-a)% THF clustering=H
Step 602 A3t T 1A o Step 30 AWTTh,

Step 6. 2+ =@ B WElE AMst 2 BF He 7P b
7he 23 e #& SE updatedT}.

Step 7. Step 2-step 62 WHESIIL BE
A gk,

239 ¥sprt glew F

o714 A|2te Linkage based clustering %2 K-nearest neigh-
borhood clustering g 2 0|87 7Itoz ot thgFet covar-
iance T2 XY 72E 7KE dHeolg JPe #Eo] 7hssiH
K-means clustering®] center 7H'd& £45] 38 9714 A% up-
dateHO 2M linkageS 27002 dh= WA Uehd o e clus-
tering®] biasHle A2 WA}, T3 FS7H] linkage indexE F
3 HolE FolA outlierdl siFsRe FEL oW 2= Woks
oA FLozH ol LEHE g S & JrHI2L

5. o2l 9! ZHE(Modeling & Validation)

5-1. PLS(Partial Least Squares)

PLSE PCR(principal component regression)[6] We] W& 7A€
RAo2A PCRe| 273 dHloJE|7ke] AaAdwt I2fd A W) PLS=
22 dolg} FFe| AFAS W3k(direction)e] FRETS 7P &
covariance® S Awidsie Aol Fig. 1 PLSY W&
B2 o yoz Jepd AL,

X=TP'+E ¥3)
Y=UCT+F 3)
U=BT+R @B=TD) 1) 4)

olty, X= &AW E 7N, Y FHI2A sk FAUP &
gt

PLS ¢a2)&e 34 2288 (outer relation) 2= (inner model)
HAE AXA Hedl, 99U PCAY UEH €izEQd Non-
linear Iterative Partial Least Squares(NIPALS) ¥2|&5E ©]&3}
thHa 4 dlolElrt 27 g wiAl ¥ e UEkRE &
2oz N2 e (principal componentys FLJ35 1 HEjo]
AFEE 3, & score WEIE W= ot

1 i
|
i
- > O
N e ’
Sy M8 Ly LS |
Ouler Outer
oy Mol Z] yl Mol ba
Y (1)‘11% o | LY
»(} y(rr—
‘B g
1stfactor 2nd factor ' the last actor

Fig. 1. Principles of PLS.

2RSS AF e 91EE score HEE A A5 (least square)
& o83l HEHo=Z 15 o8 covariance TEE 7 F
Vel 4 Q=g AugEed of el uld rdy HRoln,
23 giolgle] 4#4< FAl9 YehlE principal component(PC)7}
HAzHow AAHDL

2 2), B2 Z7 X, YES o Fuske vehlin, 4 @)
= Q23 score, 19} u7te] BAACEA WA =d(inner relation)yS
oujgit). 12]a o714 E, F RS 2} 3 (residual matrix)S©|
I ES} F7} A&7t Hoj A2l el tigh Axvt glokn B0l
A g7 2ZAA last factord] a7t ARIEIE 7R, At
7+ FAo] wtE A lk= o] XIth6-8].

oluf 2 7§9] principal component(PC)E AHE-3t] REHE & A
QI7K= cross validation ©|-8-3l] AR 9]

5-2. Evaluation Criteria

5-2-1. R?

FRE 2do] FoA doly AL LrvrE MHEE AeTtE
Jehle A A5 e ge oz Edu

s_SSR _ Z‘,l(y,»—y) (5)
ST S (y-9)

RZEE 094 1X}0l9) e UEhie 12 7i9d5S 2do] ud
ol AM4-E HlolHE Z AWl S ekt

5-2-2. MSEP(Mean Squares Error of Prediction)

HEHoz rde Pl 7Y 2dS A2 wolH Aol o
galo] 23t A AolE ANgoEH & 4 Yk

oluf AMEE $X]= MSEP2A 3huhe] B&X7} zhe 24 o4
olt}. Aoz vehlw thest 2t

18 o _oy2
MSEP = ;,_Zl(yz—yi) (©)

6. A2l 2371 (Case Study)

6-1. O|ME =7/ 3F9o| ZAKSimulation of Binary Distillation
Column)

B d7E 989 z2A4usll gE 2y 990 499 JiE £FE
o Z4zke] =9 FY) HFehe SR AZEAM Hee AT
A GARA PR FTF FTHAN Y g =4S FHse

Table 1. Steady-state simulation conditions

Variations in steady

Base condition
state reference set

Inputs ) Constant
Feed flow rate 30 m/hr 80-85 °C
Feed temperature 82°C

Feed composition
Ethanol(wt%) 50 % 30-70 %
Water(wt%) 50 % 30-70 %

Outputs
Distillate

Ethanol(wt%) 92 % 89-95 %
Bottom
Ethanol(wt%) 5% constant
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Table 2. Dynamic simulation conditions

TF - ST - BEE

Tray size

Diameter

Weir height
Condensor vessel volume
Reboiler vessel volume
Tower volume
Cooling volume
Liquid holdup time
Setpoint change

Top

Bottom

11 cm
1cm
20L
0L
45 L
102 L
9 min

0.89—0.92—0.90

Constant
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Fig. 2. Proposed procedures of simulation.
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A&

: data matrix with i rows and j columns

iy

J

:mean value of jth column
: standard deviation of jth column
:number of nearest neighbor points to be a linkage
:number of clusters
: percent of outliers within total data
:index of total data
:index of data clustered
:index of data nonclassified
& - kth nearest neighbor point in ith cluster
:seed point to begin the clustering in cth cluster
CP,; :jth data clustered in a cth cluster
NP, :lth data nonclassified of total data
a : number of PC
: number of observations

%FHHWOW\Q

y;  :estimated composition at ith observation

y :mean value of observations

y; :measured real value at ith observation
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