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Hybrid Integrated Modeling Based Adaptive Nonlinear Predictive

Control of Silicon Single Crystal Diameter
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Abstract Large-scale, electronic-grade Czochralski silicon single crystal growth process has complex physical
changes, multi-field and multi-phase coupling, model uncertainty, and large lag and nonlinear characteristics. There-
fore, how to control the silicon single crystal diameter is a problem of theoretical significance and practical value.
Based on the engineering reality, this paper proposes a crystal diameter adaptive nonlinear predictive control meth-
od based on hybrid integrated modeling. Firstly, in order to accurately identify the crystal diameter model, a time-
delay optimization estimation method based on cross-correlation function and a model order identification method
based on Lipschitz quotient criterion and goodness-of-fit of the models are proposed; Secondly, based on the prin-
ciple of "divide and conquer", a hybrid integrated model of crystal diameter is constructed. Here, wavelet packet de-
composition (WPD) is used to decompose the raw data into several subsequences to reduce its non-stationarity and
random noise. Extreme learning machines (ELM) and long-short-term memory networks (LSTM) establish predic-
tion models of approximate (low-frequency) subsequences and detail (high-frequency) subsequences, respectively.
The final crystal diameter prediction output is summarized by the prediction results of each subsequence; Then, in
view of the mismatch of the crystal diameter hybrid integrated model and the difficulty of solving the objective
function, a adaptive nonlinear predictive control strategy based on ant lion optimizer (ALO) is proposed. Finally,
the effectiveness of the proposed modeling and control method is verified by the simulation analysis of engineering
experimental data.

Key words Czochralski silicon single crystal growth, diameter control, hybrid integration modeling, model identi-
fication, adaptive nonlinear predictive control
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Fig.1  Cz silicon single crystal growth process
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RIS Z AR AR TIAE v, (K + 5), BAEZ B IE
X (12) B3] AR BT v, (k + 5);

7) HT ALO BRI BIAAL KA A EAL T
R AR (10), HIRTE — A &R s )
REHIET A U (k);

8) W B ML N FER Dy R A% 7 HI R 2R 1 AR
&t (k) fER T U A K R4

9) R[EDDIE 4), AW AT E KA.
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Fig.4 Cz silicon single crystal growth process and crys-

tal diameter measurement system
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Fig.5 Experimental data of raw crystal diameter and

heater power
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Table 1  Statistical characteristics of the raw experi-
mental data set

BilE o Mean Max Min Std
SR EAE (mm)

JSYEVIN 5 000 208.92 212.57 206.16 0.66

28 3 800 208.92 212.57 206.16 0.72

MR 1200 208.92 209.83 208.06 0.41
ISR (kW)

JSYEFiN 5 000 70.52 72.51 68.37 0.80

RS 3 800 70.20 72.32 68.37 0.59

iR 1200 71.56 72.51 70.44 0.40

PR &8 s A B 4 BE AN & SR WPD
155 3 f 7 0 SR B R A B 3E 4T 2 J2 0
Kl 6 &2 il 2 S5 AN R 7 7 51l 45

M 6 ] LB A W 5 51 B A d ik
HARJEEEE W B G ARG BASE, R T iAE
BB 7 ARk A g ¥ 5 S B A m A
AR LR VRS AE I i T AR B B R A shka B
T 2R AR KM, B E T AE
PRI B RS BT LR T ORI A AR T AR 2 (1)
HERME, A SO BA e A 75 5 3 B R,
FIF 2 17 17 B30 AT T S A

R i A AR K T R 9 R 58 i, i JE B IR ¢ —
MEAE 5 min ~ 25 min. KA SCHTHE H (AR 45 1)
PR, e SR AR R (1) TR Y
WA HEIR. ALO HIEHISHK B N: MEH
Num = 30, 5 KIERIXE Maziie, = 500, I i fr i
d JEEIN 30 ~ 150.
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Fig.6  Crystal diameter raw data decomposition results
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Fig.7 Time delay order d identification results

ALO By HA R4 R R RS 7). ik P R
| 52 B ¥ d = 67, B IS B (At = 670s, 24024
11.17 min.

G, EEXTE (1) AR A R N R B IR, G
ST ON 5, K TR BRI IR i, YIS
B 2 LT Lipschitz i #E N A 4N AR 2 A
BHIVF FEARE T . AR A (PR FE AR T (m+
1,m), "] AW 8 B R AN = AN EO m = nu+
ny+1=>5, Bln, +n, =4 fJo, WL E R
FET71E AT AR BIA R A A N A0 e,
F 3 Fros. AR B A 46 A0 B B T DA 2 S A\ B Ik
ny = 1, itk n, = 3.

3.2 T EE

N T BRAIEAR SCHTHE ) A AR ELAR TR B S R T A
! WPD-ELM-LSTM A 201, KA =Fh& FH 1
GUIT AR RV B TR RE, G0k 4 Fiok.

5 RAHBAEATIN AL SEE. K8
R J75 5 ELM. LSTM. WPD-ELM Al
WPD-LSTM 7792 7 i 74 B A2 To0ll 255 SR DA KA R 1Y)
TR e PR TR AR E. N T HER RN BT 3R T
BT VR R, 26 6 bR T AR N AR 7Y F) 7
MYEREFEAR. AT AR ERERE W T: &%
Windows 10, WA 16 GB, A & Intel(R)
Core(TM) i5-4590, i ¥ f MATLAB 2018b.

MRYE K 8 Aras, BT 4 1 VR A 45 o T A5 284
WPD-ELM-LSTM [ s & B 42 T o fff 14+ 3
A I AR (ELM. LSTM. WPD-ELM Al WPD-
LSTM). f£3& 6 1, 5 H A FMAAIAT LL, Fri fh
BTN MAE #8455 5 K T 51.27 %,
89.07 %, 44.19 % 1 77.73 %; MAPE #5¥5 FF&E T
51.06 %, 89.05 %, 43.90 % 1 77.67 %; RMSE f&#t5
R T 51.55 %, 88.95%, 45.18 % F1 80.06 %. M4k,
T4 R A £ B TR B WPD-ELM-LSTM [ 44
BELARTIONME 5 S b A 5 2 BARA I, X2 RN TR
A A R TR AR 2R A T ok R v A T P R RN, $
RTINS R e . Bz, TR E R
TR G R TRM A R WPD-ELM-LSTM #2555 7 #—
ELM 5 LSTM 8 1 & 7k B 42 T 4 fg, AT 5
TN T BRKH) “orfR—EE R HEZE )5 2] Tl e

N T A IR AN R S A AR T AR AR AR AR )|

#* 2 BT Lipschitz i = K5 AR BN EOHIR SR

Table 2  Identification results of the number of input variables based on Lipschitz quotient criterion
D(m+1,m) I'(4,3) I'(5,4) I'(6,5) I'(7,6) I'(8,7) I'(9,8) I'(10,9) (11, 10)
eI 0.0145 0.0105 0.0088 0.0071 0.0141 0.0071 0.0033 0.0003
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Goodness-of-fit of the models with different or-
der combinations

Table 3

ARABRAE (nu, ny) (1,3) (2:2) (3.1)

IR AR P Fit 99.9132  99.9085  99.9090

R4 FEPEREVEH R bR

Table 4 Model performance evaluation index

bR TEX FAEN

MAE P4t ilin 2 1 R
=1

RRSEDNER

MAPE s N N — £
bhig MAPE = > M x 100%
N = 1O
RMSE  J7riRiRE 1 & L
RMSE = | + (f(3) = f(3))
i=1
212 . — . . .
£ oy | EAESKRR(E - LSTM  —+—WPD-LSTM|
g ----ELM -~~~ WPD-ELM—*— WPD-ELM
w 210f _[.STM ;
~
Z 209W
% 208 .
207 1 1 1 1 1
0 200 400 600 800 1000 1 200
PREAEN
CIMAE
0-10F EIMAPE]
BERRMSE
0.05

Oealll Hﬂl Hml_-

LSTM WPD-ELM WPD WPD-ELM

0 |_|ITII

ELM

-LSTM  -LSTM
B8 TANIRIEAR 5 VA I il A ELAR T R B PR A Fi b b L
Fig.8 Comparison of prediction effect and evaluation in-

dex of crystal diameter by different modeling methods
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TERIF R R 2 B
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A WPD-ELM-LSTM #1 ALO e A% 3R fi# 757 V= 1E i
REREERN NMPC IR A 1A . B
W8 N, 9 5, fEHINIR N, O 3, Tl Ry N 0.2,
BRI RE r N 0.3, #MEREL LN 0.5, I=HI 2L
W AUpin = —2, Almax = —2, Umin = 69, Umax = 73,
P u AR KW, WPD-ELM-LSTM £ %
A IS B ER R ¢ = 0.03. ALO 1)
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Parameter setting of different prediction methods

T J5

SHCE

ELM
LSTM
WPD-ELM
WPD-LSTM
WPD-ELM-LSTM

20 MBS AL, WOE R AL sigmoid
200 MREEAT mEL, 31 0.005, YIZREEIR 200
20 MRS AEL WU RRAL sigmoid
200 AMEEHT AL, 213 0.005, YIZREEIR 200
ELM: 27 MBE& 1 5 5, S5 R sigmoid; LSTM: 185 AMBaa 5 i, 22315 0.005, YIZEFEK 200
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Table 6  Prediction index of crystal diameter based on

different prediction models

iy MAE (mm) MAPE (%) RMSE (mm)
ELM 0.0197 0.0094 0.0258
LSTM 0.0878 0.0420 0.1131
WPD-ELM 0.0172 0.0082 0.0228
WPD-LSTM 0.0431 0.0206 0.0627
WPD-ELM-LSTM 0.0096 0.0046 0.0125

RT ANIE R A EAR T A ) ZRt S (]

Table 7 Training calculation time of different crystal
diameter prediction models
TR Y NG FLE (s)
ELM 0.0828
LSTM 304.4786
WPD-ELM 0.2752
WPD-LSTM 972.6920
WPD-ELM-LSTM 601.1670
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Fig.9 Crystal diameter setpoint tracking effect of ad-

aptive NMPC and conventional NMPC
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performance index and model parameter
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Table 8 Calculation time of crystal diameter predictive
control based on different prediction models

TR

S e SR IR (s)

ELM (##INMPC) 0.4512
LSTM (% #INMPC) 0.4899
WPD-ELM-LSTM (i #INMPC) 0.6841
WPD-ELM-LSTM (&R NMPC) 73113
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Fig.11  The crystal diameter control results of the pro-
posed adaptive NMPC and conventional PID
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Fig.12  Crystal diameter control results of adaptive NM-

PC and conventional PID for delay order variation
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