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Application of feedforward control based TOPSIS method to homogenize alcohol
extraction process of Salvia miltiorrhiza

CHEN Zhao-yu, JIN Wei-feng, WAN Hai-tong, HE Yu
College of Pharmaceutical Sciences, Zhejiang Chinese Medical University, Hangzhou 311402, China

Abstract: Objective The feedforward control based on the technique for order preference by similarity to an ideal solution
(TOPSIS) method is used to homogenize alcohol extracts of different batches of Danshen (Salvia miltiorrhiza). Methods Firstly,
the near-infrared diffuse reflectance spectra of S. miltiorrhiza were obtained. Then a high-performance liquid chromatography
method had been developed for the simultaneous quantification of eight active components (danshensu, protocatechualdehyde,
salvianolic acid B, salvianolic acid A, tanshinone I, cryptotanshinone, tanshinone 11, rosmarinic acid) contained in alcohol extracts
of S. miltiorrhiza. On the basis of single factor experiment and content determination experiment, extraction time, extraction
temperature, ethanol concentration were take as numerical factors, the batch was take as categorical factors, eight control targets in
the alcohol extract which were comprehensively evaluated by TOPSIS method was taken as response of I-optimal experimental
design for the experiment. Finally, a genetic neural network model which reflected the relationship between near-infrared data,
process parameters and the effective components was established. Based on the established model, the extraction process was
adjusted according to the near-infrared data to decrease the difference in eight active components caused by batch change. Results
Based on the established models, extraction conditions were optimized according to near-infrared data. The RSD value of each
component content in alcohol extract of S. miltiorrhiza was reduced from 24.9% to 13.5%. Conclusion The feedforward control
based on the TOPSIS method has ability to improve the quality and consistency of the alcohol extract of S. miltiorrhiza. It provides a
reference for research on the homogenization of Chinese medicine extraction process.
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TEW R — B T EE R AT T, B> H 2t
AR R I T B 22 e R P AR R A 22 H
B AR T2 — AR Y8 PR BN S AT AMEE IR T 2045
Hl &40, Beft BRI BT PR T SR IR 7= i ol
TP ANS, PR LR AR 2 5 OGR AL TH Y
N A RSV RN E. B EBITa st
(near-infrared spectroscopy, NIRS) 5] N R4 o,
P30 77 A AT RS DO 2 B ARkIE M, (H I
RECXTHZPERGH R B2 AR 2 e st
1THEFC .

T AR f#HE 7% (technique for order preference by
similarity to an ideal solution, TOPSIS) J&—F k¥
PEAN X 5 55 BEAR i 32 00 R B EAT VP 4 IO 25 5 VRN
%, ERAREIEN A Z A8, A
FiHET TOPSIS AR AT AL, S0 HEH0HK
5 AR R R R AT I ], A Ok T
()5 SR THR B 5 B BRI AR, A TTIE 2
XT3 82 2% (1) R 2 SR GREEA T 2 1 1 E

FFZAHERFREREEY 2 Salvia
miltiorrhiza Bge. ()RR FIMR 2, AV MALHE . @
2 Tt N 11 R BN O DO = W S S B 4 e
RIKIE TR RAARIEE P S 2 K38, 2% I
G MALE 2, TR T O IS iR 04

IR T, BRSPS NIRS
Him, MR R E, WNEE T
ZHKIEWE RS PS8R BEILREE. PHRR
B. MR A. WIEFIR) FARHEMAZKS (P
Zl . BRI PHSEE N s, FEX
FARERI P ST 5 7 AP T 2 R 35 5K
5o BeJEfEICHEA BT IR sE IR i, LT
PUR LA A &, R 20N &,
SRR 8 P s sr & B4 TOPSIS Wit H 5
ZEEAR 5 RS B () AR AR 22 IR 2 Y . AR 7%
LR PF S 20 AN S R AT 2 AT A R ARAL
DAY AN R P S B AR R 8 FhAT R o3 1) =
Z, PSR EN.

1 R
1.1 {28

Agilent 1260 infinity 2 = 2CHAH B4, A&
DAD il %%, 5[E Agilent A %]; FA1104N + 5%

Z—HTF R, B EREEAESE R A 0]
H4liKA%, 3 E Millipore 23] ; Antaris 1 % {8 B -
AT AG1EX, 3EE Thermo Fisher 2 7).
1.2 ot Rass

ANFIHER P2 256000 B &1 24 b5 LA R 244 i
Y, VEWAR 1, FFEWLr PR 2 K257 e sk KA
% %2 NIETEAHEYFT S S. miltiorrhiza Bge. [T
AR AR ZE

AP Z R FILRE. MR A SR
I. BEFHZSM. RIEFR. FHHIR B. FHSH 1Aty
T B RS BRI BOR AR A, S 70N
DSTDDO001501. DST201109-008. DST201022-013.
DST200511-011. DSTDMO002701. DSTDY008001.
DSTDD000902. DSTDDO001102, i &4 ¥t K+
98%; HliE. LM NEiGal, £[E Tedia A7]; HIR.

x1 FEHRASHRIE. i, #tS

Table 1 Information of medicinal materials of S. miltiorrhiza
ETRCE A= S
S1 2020456 IR TREE=ZMNT MG
S2 2013201  WUAR TREE=ZMNTRAMTTY
S3 20101601 AR LR AHARAF
S4 20102501 IR WHLSEEAHA RAF
S5 200714 AR WV AR JC e 245 Bt A B A Wl i
S6 200918 7R Ay el [ 2T R A
S7 200802 IR W EARZER AT
S8 2011250 bk EBHMEBEFRAA
S9 20210103 thZR Ik e 2 VA PR A F
S10 201101471 iR pREESE 2V A = FRA W]
S11 201120 IR 2By b 2 R A R A
S12 200801 7R E TR 2O AR A
S13 221405 N3 € SN APy % iR
S14 223021 LV 2R =N T 25 T
S15 200815 L7 AU RN R R R | T2 TR A 7
S16 2201026 (L AU HARIE FE TS EAA RA A
S17 2201029 Ly MM R LR A F
S18 2005021  PUJIl PYJI[—Fmh-Zll
S19 2009023  P4)il xEALTIT [F)AE S E ] A BR A 5
S20 203010 WL wRUEZMATT AT
S21 203111 TR R =M iR T
S22 209041 eI S EE VLY iR
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95% LIS oy BT 4
2 FHEEER
21 FBHURFFSEH NIRS HIRE

Wk 22 P28k, i 80 Hif, 40 °C
TR 24 h 5, ISR T IR AN TR AR S AR
o, SRERR D ERIE SORE . LRSI,
N8 em L, IR H 64 U, A4 [ 4000~10 000
emt, FEAMFERIE 3R, RFHHEHE .

N T kS NIRS HAAER TUARAS BRI T
P, TERH NIRS £ i 2 % Fafb AT Tl b 22 A K
e z18, ARHF SR A TQ Analyst #ff ChiiA
9.5.0.76, F:[E Thermo Fisher A®]) H [ [HibniE
1EM|A84k, (standard normal variate, SNV) #1% 6L
WHEZIE (multiplicative scatter correction, MSC) 2
FOCREI IE D7 1546 — W S350 (first derivative, 1st)
A1 5%k (second derivative, 2nd) 2 Fiitig =L,
ey nate o W I NI R TS Ll Wl o S LY =
62 HE R S-G JE B I8 (Svaitzky-Golay
smoothing) AT R FE G AN IG 2 .

K Rk 5 T, JE S % ik (successive
projections algorithm, SPA) RE7e 7 Sk &4 I (KR
FERICRE B RA, AR IS HE
Flfe/o RN REIRAD BT AR AN, e
LI BRI, WA 9 R P SR B2 IE N AL
G NIRS ki K. 20l ik 5 Hoks 1iAh B A
PBA IR J5 (1) NIRS #dfa #E47 3 i3 23 #r Cprincipal
component analysis, PCA), DL 7 1537 K [ L2
M5 A5 B4, T4 N T AHER I 28 B (1)
Ryt

TR A4 FEAS [ () P AL B 7 VAT O IR, AT
TR FH T8 A% 4 428 IO 245 A5 20 v o)1 S N6 0 4 R e K
HEIRZ (maximum absolute erro, MAE). HE %
¥ (determination coefficient, R2) % #H % £ 3
(correlation coefficient, r) {EAfE WAL 771k, LA
WZAHEFIIUFE MAE BIE 5 0. R, riif 5 120

fit, HrphauiEikh 6, Tl tiEELN 2, A
REHE R 2, RIER 2, ABFFUE R SNV+
st /£ 8 NIRS i () FiAbEE 75 v, Homid i 245 5
L% KON 4 07292, 4 420.05. 4 481.76.
4844.31. 4936.87. 5075.72. 5260.86. 5268.57.
7062.04. 9881.46 cmt. BRTUALEE TS, F RS>
HEMSE NMHEZENRR. TR HER,
RUH 7 E vTEk AR, R RIS B .
HEEE LR BES L, R TR R
W2, #3TZFRRIHERE K.

F2 MAEBFHEIINGEMIEIUEE MAE. R, r BISZ0m
Table 2 Effect of pretreatment method on MAE, RZ and r of
training data and testing data
TALFE 770 R2train MAEtrain RZ%est MAEest Feest
FETALFE  0.7414 0.0296 0.862 8 0.834 2 0.0185 0.925 7
SNV+1st  0.9956 0.0019 0.997 8 0.968 3 0.012 9 0.991 8
SNV+1st 0.9965 0.0018 0.998 3 0.940 3 0.019 8 0.970 6
SMC+2nd 0.9947 0.003 1 0.997 3 0.929 2 0.021 2 0.964 2
SMC+2nd 0.964 4 0.007 8 0.982 0 0.966 8 0.012 7 0.992 1

Rltk, AHF AR I o B, SRR
F RS BT MAE. R%, r 3 /MEARAN
Rt T ETMEIEFE IR ME, SR NE 3. i
3 0H, MR 2 N S A AR A R
PG RE, (B &3 3 Bl BE X 5 2t SRHME L () 5
Wi, ASHE T bR 20 5 3 o BN 2 R B2 1)
JREEE. M PCA MRRTT ZTTEREN 72%,
e S R R4 ) NIRS 215 5 -
22 AREHLRAEF 8 MENEEMNENTHEE
ER
221 RGNS Rk R Z
=, EJLREE. MR B PHDER AL FESR 1L B
P2 PEZE A BEFERA SIS E, A
80% H 1 ] £ B T B VK 2 43 0l 9 0.340. 0.110.
3.100. 0.340. 0.300. 0.560. 0.400. 0.260 mg/mL
(R0 R i AT RS TR 0 R I VRS =, TG

I'train

£3 ERSBEINEEMRIESE MAE. R% r BIFND
Table 3 Effect of number of principal components on MAE, R? and r of training data and testing data

IEZ%%&% f%fl‘ﬁﬁfféﬁfﬁk$/% R2rain MAEtrain I'train RZest MAE est Itest
1 43 0.9389 0.0106 0.968 9 0.900 4 0.024 3 0.9490
2 72 0.9956 0.0019 0.997 8 0.968 3 0.0129 0.9918
3 86 0.9957 0.002 8 0.997 8 0.968 0 0.0131 0.996 5
4 93 0.996 5 0.001 8 0.998 3 0.962 3 0.0159 0.984 4
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il 1 8 e 73 o B VA FE 43 9 2 0.257., 0.004. 0.906.
0.019. 0.014. 0.063. 0.060. 0.059 mg/mL VR &
Xof AR o

2.2.2 BEAMERIE & KRR 2
MRS g GERS), BETREKRREES, BL1:20
IR LRSI T0% LB, 12 30 min J5, 7F
80 ‘C FAn#EIM 90 min, A, uERL, ZEIERFS
£ 250 mL BN 70% A EBEES, . i
WAV, HEFERTECEE A 0.5 mL 5 0.5 mL 47K
RE, i 0.22 pum FLIER.

223 MBIk (iGN Agilent Zorbax SB-
Cis {03l kE (250 mmXx4.6 mm, 5 um) % Agilent
Zorbax SB-Cig f&4"#£ (12.5 mmX4.6 mm, 5 um),
IBNAHA 0.4% FHERZKIE (A - MK (B)-HIEE(C),
FEEEYEHE: 0~8min, 93%~80%A, 7%~20% B;
8~22 min, 80%~76% A, 20%~24% B; 22~28
min, 76%~70% A, 24%~30% B; 28~33 min,

70%~30% A, 30%~40% B, 0~30% C; 33~51
min, 30% A, 40% B, 30% C; 51~60 min, 30%~
20% A, 40%~50% B, 30% C; 60~65 min, 20%~
93% A, 50%~7% B, 30%~0C; #:iF 30 C; {&
FRLE 1.0 mL/min; #EFE 5 20 uL; &K 280 nm
(FFZ5. FILARE. FHREE B, FHRIR AL FH210
I, B2 PFSE Na) & 330 nm CGEEFR ).
SRR AN

224 RMEXRAREE B “2.2.17 TRIREA X
W, F 80%H BEB M RE, 15 26T i B Y
TRA IR AW, HPLC BRI, DAETEAR (YD
X &R R IR IR (X ZefilbritkdiZk, &
SLEVEATTRE, SRS R Y=28812 X+
5.601, r=0.999 1, {43l 0.513~25.660 pg/mL;
J5 ) LZ5HE Y=52.946 X+3.290, r=0.999 3, £4:74
0.083~4.151 pg/mL; FHEK B Y=18.784 X+
287.420, r=0.999 6, Z{EVEMH 18.113~906.660
ng/mL; FHEYEZ AY=34.024 X+2.571, r=0.999 4,
2R [ 0.385~19.245 pg/mL; S+ | Y=35.350
X+6.594, r=0.999 2, Z&{yuEl 0.287~14.340
ng/mL; B P2 Y=57.383 X+47.884, r=0.999 7,
LR MEVE I 1.268~63.396 pg/mL; FFZER lla Y=
66.310 X+48.884, r=0.999 6, ZPEJuHE 1.207~
60.337 pg/mL; LA Y=40.714 X+50.197, r=
0.9995, ZkM:yEH 1.177~58.870 ug/mL.

225 FEEERLE R —IREXBSER, 1%

« 2305
‘3 280 nm
A
I‘ 7
1, 4 56 I
’ 330 nm
\
|
8
3 280 nm
|
® \
‘ 330 nm
8 “
0 10 20 30 40 50 60
t/min

2% 22 F)LRE 3HER B 4-7HHIR A 513 |
6-FSTZE  T-FIBH s 8-RIEHR

1-danshensu 2-protocatechualdehyde 3-salvianolic acid B

4-salvianolic acid A 5-tanshinone | 6-cryptotanshinone

7-tanshinone 115 8-rosmarinic acid

1 REMBRIAR (A) FEEX&ER (B) A HPLC
Fig. 1 HPLC chromatograms of mixed standards solution
(A) and S. miltiorrhiza sample solution (B)

“2.2.37 DU S AR, ESEHERE 6 IR, ICSRIEH
M, @53 Z 5. HILREE. FHDR By FHHR A,
P2 | BRPIFSE. PESE A, RIEEHRE 8 N
STUETHIAR Y RSD 2054 2.17%. 1.82%. 2.00%-
2.51%. 1.28%. 2.01%. 1.92%. 1.79%, F*M{x7s
1% B R AT

226 foEtEikie  BUE— A (S20) 4y
WTFHI4 0. 20 4. 8. 12, 24 h 5 HERE, % “2.2.37
Tt e S5 AR, dSRIE AR . SR Z R, HL
KEE. FHR By SR AL P2 | B S,
FHZH Nas RIEFFE 8 A4 /i #1¥ RSD i 4>
S5 2.80%. 1.61%. 1.73%. 1.98%. 2.43%. 1.29%.
1.50%-. 1.62%, FKHAHLASIERIE 24 h WERE .
227 HEMKXE  BOHEFE X PP S0 K%
“2.2.27 BT AT HI 4% 6 LA AW, 1442.2.37
it s %R, SRS R LK. PR
B. FHHR A. FIZHR |, BFISE. FFS3E Nas
RIEFIR 8 AR sr 15t 243 %73 il /2 0.730. 0.016.
32.013. 0.306. 0.470. 0.527. 1.043. 2.038 mg/g,
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H: RSD 4354 2.73%+2.21%-2.02%- 2.43%- 2.36%-
1.63%. 2.55%. 1.67%, UilHiZ7iEEE MR,
2.2.8 NFEEMGEREE  IXCWE 8 N isr i E S
) S20 ISR 0.5 g, AN S8 A H % %
SRR, 1% “2.2.27 T PATHI %
6 {3, 1% “2.2.3”7 DiaE kAR, RIS ER.
JELAEE . FHRER By FHRER A S 1. BfHS
il PESR Na 2EEFER 8 AN RS (1T 50 R BT
5N 98.10%. 97.30%. 99.30%. 97.50%.
96.70%. 100.80%. 103.50%. 99.10%, RSD 434l
9 2.98%. 1.77%. 1.81%. 2.04%. 2.77%. 1.73%.
2.01%. 2.63%.
23 BREFRXW

EWM S MRS R JRILRRE. FHR R
B. S A. FIZBEH | BRSPS, T2 la.
RIEFIRIL 8 FIA BN NPT S BESE A 1]
Ko TR K I 8 Tl 7 BEHE & AR i
AARA, AT T8 AR BCR 25 613
G377 R LR G VAN & DRI T 2 S HAE L H 32 51
I8 R XTIX 8 A s sz el SR —FhiE v
S FRVRME B0 S AR S R P I A, 5
N, FERRAE R RR RO, HAUE koK. i
BUESRIF IS B840 e ML 8 Fh o055 it B 1A
FACHFARL S, dEm B R R KT i i,
HAtEL R,

9100, KR UHEAR I EEbAEAL, ARUHEIL 2
AR, Hrf x FoRE | FERRES | ANEAR T

B (i=1,2, =, n;j=1,2, -, m)s
Xij = (Xij — min{xg, -, Xnp/(max{xy, -, Xnj}—
min{xg> ***> Xnj}) 1)
%20, PR FERAES | B48F5 THIELE pij.
pij:X'ij/iX'ij (2)
i1
%3, WERIHRIRHIRIE e
e,-:—kipijlnpij, HA k=1/Inn (3

i=1

a5, WEE | SURKRIORE BT d.

di=1—¢j 4
5, THEE j IHRARIIAE .
m
M:WZm (5)
i=1

55 6 20, THEL & LR R S HORE R AR )

m
Sj= ZdjoX'ij (6)
1

RIS AT R A SRR
AR, 73Rl G HUN E) L SEBGRSE . LB
H RHREL . IRIEETE 5 AN S 8 Fi
RO IR, GIBGETHRR RS E /30 R 4.
HIZ& 4 T, B3R L ZSH A 7 5l i
IAE90 C, FZEUNHA] 90 min, 2L [H] 30 min,

x4 BERREFRKENEERFS

Table 4 Comprehensive scores of different levels in single factor experiment

SR [E)/min - S50 | REBUREEIC B350 | CEERDEU%  SAG | BRELL B85 | RILEE/min 8455
30 0.267 60 0.130 50 0363 | 1:10 0.038 0 0.000
60 0.279 70 0.180 60 0759 | 1:20 0.388 30 0.910
90 0.783 80 0.684 70 0886 | 1:30 0.755 45 0.761
120 0.700 el 0.814 80 0566 | 1:40 0.739 60 0.833
150 0.432 100 0.308 2 0365 | 1:50 0.687 75 0.860

CIEARF B 70%, RBHBEE 10 30.
24 AEHXFAEERSTEEHNE

T L TR 3R S R 5 T 2SN s L U R
A, WA FERGR PSR BORAE R — U T
BRI SR N T B RS R ST 2 2 6]
BRI T EER, AEESLR BRI
AR, S KA o AN i T B 23 K2
Gy AT RRGETRAL, THE R, W 2.

B 2 B AR BRI GRS S K P R S B,

BUG RS (PSR RIEFR. J5LARRE.
FHHER B FHHER A, PRI P S IR 1 &
g5 (FFZSE Nlas BBFHSE. FFSE D SBEEEIR
BUGTHE S35

B 2 FRORHER HE SO ORI R 4 B A T AR
PR & BT, S22, S13 (KM R i g
WG, S11 GRKIBHERR AR 4 MFEAR
i 5 HRC X IROZE - bR T A ) A e R R Y
AR R T B AT R Y, FE SR G B 2
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1.0 1

°
9 °
sS4
s12
s!e. sTo
S8
§E S15 @ @53
& s20e sie 9
- e &% s11
= s21 S ®
P es2
= d ool &2
. s17
s18
S13
o5
0 -
T T 1 T
0 02 0.4 06 038
KRR

B2 FEASKBERIMBRERI T IHE
Fig. 2 Score distribution of water-soluble components and
fat-soluble components in each group of S. miltiorrhiza

— MM, AsiEhR A ARG R, T
AR UATRANX 4 MR ZM AR 5 57 5 HA R )
ZE5t, RIIX 4 MEICE A AARERIR IR
il EFED AR EUE AR S H itk 2= 5l K
4 Mk S8, S10. S19. S21 VEA I-fAlt Sei it
(15 A B AT JE SR it 4 MR B &

=LK 5.
25 I-mMLgIt

B ST — P R R I SR BT, T
A TARIM BT & 0 KPR Bt fil | 5 SO
RIBEHT, ARSERE A - R SR iR it k4 A
ORI S IR R BGRRE . SREUN (], LTI
N, W S8. S10. S19. S21 4 MLIRAE NS
JALEE, LA TOPSIS 73T HIZE R Q Jumi NAEBEAT I-
R SER v, SR 6.

x5 AMRAENSMETEE
Table 5 Contents of eight components in four batches of S. Miltiorrhiza

J5 B 43 #/(mg-mL )

ik VAR S JR LA FHBH L B FHHTE A FHZ | (SR ] FHZ0 1A HIEFR
S8 1.103 0.020 34.649 0.514 0.526 0.886 0.989 1.537
S10 1.396 0.040 35.956 0.953 0.330 0.823 1.655 1.662
S19 1.420 0.029 31.520 0.632 0.360 0.426 0.995 2.216
S21 1.052 0.027 29.048 0.514 0.231 0.724 1.236 1.156
RSD/% 15.44 27.76 9.50 31.81 33.92 28.47 25.65 26.72
6 ASREUIREMN I-RREIET
Table 6 I-optimal design and results of extraction process of S. miltiorrhiza

WIS RIBUREIC RIS E/min - 28/% ik QME | WIS RIBURE/C RN A/min Z8/% #tik Q1A

1 100 120 80 S8 0675 17 80 120 80 S21 0.584

2 80 120 70 S19 0.661| 18 100 60 60 S21 0.515

3 80 120 60 S10 0.684| 19 80 120 70 S8 0.606

4 100 90 80 S21 0.616| 20 90 120 70 S10 0.521

5 90 90 70 S21 0614 21 100 90 60 S19 0.583

6 90 60 70 S10 0.551| 22 100 120 80 S19 0.593

7 90 90 80 S21 0577 23 80 60 70 S21  0.501

8 90 90 60 S21 0490 24 100 120 60 S21 0.538

9 90 90 60 S21 0550 25 100 120 60 S8  0.858

10 80 90 60 S19 0.575| 26 100 90 70 S8 0.719

11 90 60 80 S8 0527 27 80 60 60 S8 0.578

12 100 120 70 S21 0599 | 28 90 60 70 S10 0.731

13 80 120 70 S8 0595 29 90 90 70 S19 0.651

14 100 90 60 S10 0.604 | 30 80 90 80 S10 0.665

15 90 60 80 S19 0612 31 100 90 70 S8 0.693

16 100 60 80 S10 0.604 | 32 90 120 70 S10 0.501
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2.6 HIRIEH

R GIE R —F R it &g, HRBHT
HRZAIR e RV EME B, YR Sk 5]
(22 S HUEA, AP RIS A0 X G E T 2 1 (1 52
M) AT DAY A7 PR B 2 A v 3R T8 RS, SRS %
AR R T ZE SO B 277 i S i = B e
Wi A, A S5, YRME R 2 S EdE N
HAR R, SRR E N AR R R IR
T BT B — ORI OGS T B AT I, (K
AN YRS S, BRI AE T S5, (15 ocsE
o 2 s B ) AR

A R R, — BRI R4 2 )
Py T AF L VBE T 2 [ () 0 P AR B 2 3 R R AR 5
K FH TOPSIS VPN FHS 5 8 Rl /& i,
TG BI85 BE SR & S WU BGR P 4% 1 4 B =S
PARMRIAEIR AR RS, LR B 150 BRI 2 A S UK
R R S BT T B AR AR . A “2.17 T NIRS
KA «“2.57 T |- S me de v o g v A 4 b
Hll, T ZANEZE, PFSRIGEH SR &
H2 TOPSIS LT ISR G155 IR AR S 1N T
AT g ST R TR e, AR
BRSSO AN R R I T2, (AR
WISEE R R, R R SR 542
B R 43 (2 s b I B AR T, 3R o 5 IR
PERUR Z I R 2 S L 2 — e R B R . A
SI6 R FH 1) TOPSIS 35k B b 1 dn R 120,

515, WS R IBEM Keest)s AHFFT
Xpest BEE NATIERE 4 ANHLIRAE “2.47 TR 1S5
PPIME, ARAESE S B AR R G5 Bk, A3
wr.

X'i=1— | Xi—Xpest| /M, M=max{ | Xi—Xeest| } )

55200, BIERIL B, ARt X
wr.

X"i= (X'i—X'max)/(X'max—X'min) €D
WA m MFNESR, n DI R, MR
W R R
X't X'im
Z=| eev e el (9)

X't X'
53, WhE B AR Z R S AR 7,
IR FARAR Z ARSI FR bR R I R (A 2k, B e B
W8 Z B85 i e ME R

Zr=(max{x"11-+-X"n1},++, max{x"im-+-X"nm}) =(Z1*--* Zm*)

(10)
Z-=(min{x"11---X"n1}, =+, MIN{X"1m++-X"m}) = (217 Zw")
1
540, RSN R ERRAR A 2R 2
AR Z MRS, Horb DA D 2 i R T F AR
P B g LR AR AR 2R B 22 BRAR A Z TR S .

Dit=[ Zl (z*—2zi)21¥2, Dir=[ Zl (zr—zy)Av2 (12>

550, WWHEEIEREE (Q), Q NEWMXR
PR R RO AL, Q EBINIE 1 FoR TP
X SR AR BRI, Q (BB 0 FoR PRI R
FERETS S

Q=Di /(Di*+Di") (13)
2.6.1 BALMHAPIBBIARI N B A P4
R FE A8 A B0 L Ao 42 19X 65 P4 AL 8 R A1 11 5 2 A
B, [RII B e R 2 AR 2 VRSO e ) s A g AT 5
PCSIOE B TR AN 42 SRR AP I AL A, AEP 2RI E
PR TT T A B 2 B 222,

KPR BAEANE R EZ A MATLAB (RRA
2016a, <[ MathWorks A 5ER, RHAFRET
2 (OEHARFA 4. $REU TR $2EGR D Akl
FE GRZANERRI) NN R, RINER
BT h & 202 TOPSIS V755 1 45 5 v th A8
&, BEYLHE - AR s ie it i 29 oM IZRER,
PR 3 H MR N ZRREY

Bt = 22 e H R e A S5 ) — D
R, REZEH S DN EROR %, B H 2
BASMI “WME” UR, FRME “2.17 B
HH 5 96 0T 21 /B0 T A 3 5 V0 A ) 1 vk B AR 2R 1)
MAE. R?. r {EXI#H& o H #EATIfE, BAREE
WA T, WEMZITTEH )Y 6 M A, BRALH
185 SEMME R Z 7 Hran & 3 Fro, AT AR 1Y
TG A S R A — 2, BRI SRR R
RT METHEINZEMIIESR MAE. R%, r KIS
Table 7 Effect of number of hidden neurons on MAE, R
and r of training data and testing data
PZTOEH R?%rain MAEtain  Train~ R%et MAEtest  Ttest

3 0.7155 0.026 3 0.8459 0.924 1 0.019 8 0.990 9
0.9900 0.0065 0.9950 0.899 7 0.023 3 0.951 5
0.9956 0.0019 0.997 8 0.957 7 0.016 7 0.983 5
0.9956 0.0019 0.997 8 0.968 3 0.0129 0.991 8
0.9956 0.0019 0.997 8 0.9554 0.017 2 0.980 1
0.9956 0.0019 0.997 8 0.958 8 0.016 5 0.982 6

o N o g
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Fig. 3 Error analysis results of experimental data and model prediction data
2.6.2 BOGHER RSN LIE BT TSI MEHME IR TOPSIS LR G137r Q iR, F4Ei R

2R, SRR SR BUE I 4 Mo
Z IR T ESH AT B2, Bk LA 4.
WeE FHER /N 1000, ISR EC 200, (EAS AR

N S8: REUERE 98 C, EHNHA] 115 min, ZEF
RFRA L 73%; S10: $EHGEEE 81 °C, FRHUEE]
120 min, Z AR 2% 60%; S19: HREURE 80 C,

PO ————— PEHUET (] 120 min, L BEAARFH 79%; S21: HRHK
JELRE 99 °C, HEHUNIE] 94 min, ZEAFZ%L 79%,

l R () PO AR B S B N i L WL 8.
N B R RS 5 R ) ET S Sk ROk
BN, VPR PS50 KR FIR I R

SHUEMID, A AIAE R

Y * 4y 2 RIEATIZ “2.47 T FACEBRS, THESH A
VI 0 9N T A2 B 2 A R IR L Bf, 195y, DIBUSEPER S, WA 5. HE 5 A
TERAMAIE L FH 4 DN RURPHS 20 ISR AT s s 5 5k

HEAT BRI AR L, 7KV M R R T R A 13
yoy A NSRS, Hi HAMESEE . B AAR%L
PITH AT, i “2.4” TiEK 55 “2.6.2” Wik 8
{ ATCAE Y, 4 ANtk 8 Fifs &Usisr It RSD H A
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Fig. 4 Genetic algorithm optimization process flow chart
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Table 8 Results of experiments for verification
Sk JRE R E/(mg-mL™T) Q
FIzx FEILEE FHRe  FfHmEiR MW RS S REER ShE HE
S8 1.287 0.031 30.792 0.657 0.438 0.754 1.197 1.387 0.770 0.783
S10 1.131 0.032 32.221 0.597 0.238 0.691 1.299 1.486 0.755 0.723
S19 1.363 0.030 28.958 0.594 0.420 0.403 1.019 2.054 0.552 0.567
S21 1.205 0.035 30.499 0.633 0.441 0.754 1.360 1.375 0.716 0.681
RSD/% 8.06 6.75 4.37 4.73 25.49 25.77 12.24 20.68
Xoest (1 1.243+ 0.029+ 32793+ 0.653F+ 0.362*+ 0.715+ 1.219+ 1.643+
10%) 0.124 0.003 3.278 0.063 0.036 0.720 0.122 0.164
0757 W SGHE T, SR A 25 5 B 4 i i &
g PRBAHIG . (H R 253 B AT AT HE LIRS — B, (15
7 HA R B S 2 A5, St G R
%" SLHTBIEHE Y, A 254 o S B A R
& e&b%‘ B ot & 22 AT M, Dk SR IO R ) T 2
£ 0501 ® A o ATEAEHIEIA — By, AR KRR AR 4
. 21 Y10 W2, g mpmE—stE. HEH
= B R A T IS AN B 58 A T R B SR R 7 i
;2 JREZER, HALATVE N h 2 S hil i —&h 7. 1E
@ X JEURFBEAT — 5 TR T4 28], 38 i o 4 ik
S SRIIHEATE ], AR B R A BT B
%3 0.1 0.2 03 0.4 2=
KRS

Bl5 HitEHEE Xt
Fig. 5 Comparison scatter plot before and after
feedforward control
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WAL TOPSIS V4555 B SR BUR T 8 Fify
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LG, BRI AT S R 2L AN R A
R T . G5 RR AR sUA DR 1 ANFEIE
RGP BUB A ROy & 7R, HXEA]
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