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Abstract: To solve the bottleneck problem of difficult real-time prediction of the iron recovery
during the hydrogen-based mineral phase transformation and magnetic separation of refractory
iron ores, a soft measurement model of fuzzy dynamic stochastic configuration network was
proposed. Non-convex membership functions were constructed using kernel density estimation,
and the parameters of the fuzzy system were optimized by combining the max-min algorithm and
the generalized projection gradient descent algorithm, which improved the smoothness of
membership functions and the stability of inference. An adaptive weight search strategy based on
error variation rate was proposed to dynamically adjust the parameter range, improve the node
generation quality, and shorten the model training and prediction time. Experimental results
indicate that in the high-dimensional complex function approximation task, the RMSE (0. 003 94)
of the proposed model is significantly lower than that of SCN (0. 025 68) and SPSCN (0. 013 34) ;
in the industrial soft measurement task of magnetic separation recovery, compared with the
traditional SCN model, the prediction accuracy of the proposed model has reached 99. 3%, and
the prediction time is shortened by 60.5%. This paper provides a high-precision and high-
efficiency means for the real-time monitoring of the magnetic separation recovery in hydrogen-

s BEEA: 2025-10-27

ELWE: FHEARFAES I H (U23A20603,52274253).

YEE B SO (1961—), 3, NGt AR ZRAL RS0, A 0
BIEESE: 7752, E-mail: qiaojh2002@163. com.



% 6

536375 A B0 A M ALES B W 4 IR B 69 A ik DI R Bom) B s A 17

based mineral phase transformation and provides an innovative solution for the closed-loop
optimization of process parameters and the modeling of complex industrial processes.

Key words: hydrogen-based mineral phase transformation; magnetic separation recovery;
stochastic configuration network; soft measurement model; adaptive optimization
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Fig. 1 Hydrogen-based mineral phase transformation process
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BRI S R LAY E A R 25 ] A (), A4 T
SCN F&JZ 5 s AL R IR R AP OB A2
ez
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AL BT A () 23 8] 3 EOME L™ A= 87 09 A 30T B
BR2E T ARG SR, gl I G OR AL R
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BERIVERE . Bl 1R 22 kit — D % JEL MR
£ tanh ()40 T TG 0R LA () 2B AL HE PR IX
fi] , 2 il b AR i AW 8K
2.2.2  HidE WA H AR SAS E P B
B UE T R R Y 3 O 4 ] g T S sl 3
WA TP AR E M, 51 A Lyapunov fE PEHLIS
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AT (20) %R .

x3 AT FTRRGBAED

Table 3 Pseudocode of 2 dynamic adjustment module

AT BB, KRB o, OB RS 1T R K, i Ko s o[ K Ko - 222 B e, 0 R B,

WECT, B RALL,,
it - B —FEXT R A R A S HA,
WIHRA  BEAE 1, IRZEFRRBAIN E « &, W[ 2E k1
fork=1to L, do
THE ST s TR 2 e,
Fh> 1, MR ZA K Ae, < e,— ¢,
TN Ae, < e,

HH EMA B R 2270

[ (1_’7) sl €y

THE 4 25 -

Ky Ky i+ (K = Ky i)+ Sigmoid (7, - (e,—e4) =74 Ae, )

R

HH A

=K in ) Sigmoid(y; - (e, — ey, )

A=A +a-tanh[ K,/ (Aey+e) +K, -2, ]

E%ﬁ&é‘%iﬁliiek7| <_ekvzk—l < Ek

end for
return A,
0.12 o ZHREH R V.20, HAU S A, =08 V,=0,£F
0.10 £ Lyapunov pPRER 1) 1E 2K .
0.08 | PR AR 7] 22 43R
L 1,., .,
$0'06 AszVk_Vk—lzf(lk_}‘kfl)' (21)
0.04 |
P AR (21),
0.02 f 1 o 1 i
0 AVy= [+ MY =20 ] =0 M+ 5 (ALY
(22)
s ENEVE SIS S
1 _
122 - AJ, =0 -tanh [Kp (e, Ae,)- peve K (|ek|)e<k"*>}
~ 72 (23)
sl i 5 VA 2 11 2 VAT TRPE R T o
el FRPIA AR B
0 JH T 55 PG 45 98119 1Y Sigmoid B o (x) =
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Fig.5 Comparison of variation trends of error and A
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7E X Lyapunov i€ PRECH U IE A
v, %li. (20)

V(L +e™), FAEBCA (0, 1), 45 L6 25 K5
S as K% F AR SRAE TR R Y -
Kp,min < Kp (lel Ae, )< Kp,max,
K in < Ki (&) S K oy
T3 Ah Bt 1 AR & M bR K tanh () LA &
JRy AR 6 T AT R S R A x, R R
VxR [tanh(x) <1, H lim tanh(x)=21. AL

(24)
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PR T I A% 2 R
| Ad| <o, VE. (25)
T BEHLIC 28 28 1 W B LT, X 2% ok
AU BT s LA INE IR R 250 X TR
WEMIRZERIR >0, A 7EA BRI BRZE ST S5
L' A )27 S50 L > LB, 2% 1R 22 1
e, | <€, FEEAI Gt B IR 2 ¥ 5 {e, ) th
LR EET LRI 0, TR A RE
BE>0, ffi 15X T B A AR KBk, YA e | <
E, Nk, E } WEE N —A B2 85 )6 135
2 BV E= e, | 4G 125 Sk , s i 498 2 0 2 o
FEI FR

K

| AL, Sa-tanh( ‘;’""x

Zie LIRE S A T A B R g A
FRARAK (21), 7] 75

1 1
AV, <| 2| - | A2 + E(A/lk)zsauk,] | + 5(;[2.(27)

% IR S S AE VI RSN AT . iR 225
ST, AE LR Ae, — O, Tl 25 4 AT T4
BRAEL G, P H el A2

}LIE AL,=a - tanh(G). (28)
Horbr, G R SRR ZEAMSC A FR R, S Az il
A TEAR A I BRI E

RS AE R A, BOR RV S8 I 5 - A 4
W, AV, AT REAAE S EAE SEBRI Zhad RE b, i
2 e, BB, B Aey=e,—e,, —> 0, T bR
KON TR 45 WU T AR S , I AR A2 —> 0. 45
A (27) G

+Ki_maxE) <a. (26)

lim AV, =0. (29)

AL iR BR 43 B AT 0, Lyapunov 1% pR 25 1V,
RS R E LIS, RERSER/RALAZEK
AR SR R EUET Sl DA Tl R S R ) R
Lyapunov e & P F40 .

2i b, il it 44 1 Lyapunov PR X H: 22 4330
HEATTAS B UER T BT A 0 45 T i S
I Lyapunov f2 e M 55 1F . 35 il 25 A JE LR IR AL
A RAD S T 5 RS OO, ik T S8R
i fEAESE R KNEREES REREIK
S .
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FDSCNSSD #4 8 | — > H M R AIE 42 Bt
5B ASHEAILC ) £ 5 25 R G i) DI ) A AT AE A
TZHE SR A1) A 5 G0 K B0 a0 i Sf 1) 5 ) 12 )
P REAE 25 (8], P H S A8 BEPLC B X 48 7R 1% 25 [ N

AT = R RS i AR PR R . A3 o B
B 0 A B T AET 1 5 T R B A, 3 [R] 48 TS 78 o 4
FHMPT & Z 500 i 1025 ST 308 5 TRG i

[ 6 J& 75 T FDSCNSSD #5514 it 5¢ % T4 i
(RN LY €D G = v NG Y E S W
FE TR BEAG T EE S A TR SRR B SR B (), I
i3 fe K-t/ MEFE 5T UGS R T R
HEAT S ERAL | 5 2t ORI R IR JE B @, 1
B Rl G T DR O 19 o A R S RS S
S HA B 25 0 4% 1 5 AR e A . B ML TR D 46
B @, WA R H I 460 e 5 5 s A=
RERET SSH R AT, e hids
A U= A A BRZ T R o, b, &0t
WEHLEITE R Z S 0, b, I HRE N
Wy 15 A XN (uy, 0) E S 0,,
b,, KW SRR T w,, b IR EAXT , 2
Mo, b, B0 HmAE RN FRN, 0,,b, HIESD
A5 AXN(0,0) k.

3 RO Sh A BEAILAC & R 45 R eI

3.1 =IfsE R EHA L

55k FDSCNSSD B i 4 R , 16 1K 3 il 4
BREF (x)VEN B bR R (30(30) ), i AL 7
1 000/ MFEA s A AR , JT42c IR 8 2 iy LL 0] 3
YA SRR [ ZRAEXT F (x) T84

F(x)=0.4exp[—(80x—420)"]+

0.2 exp[- (10x—4)" ]+

0.5 exp[—(80x—30)P,x € [0,1]. (30)

T 5t F FDSCNSSD 5 7 [1] 1% #% (BP) | 4%
] 55 bR %L (RBF) . H 38 Nl 28 S50 4 B R 42
(ANFIS) X} F (x) B 48L5 68 7 2E 47 HL A S 46, 7]
WAL LSS E 7 iR o BP 248 i B2 i S0
AHRZTCALN, 2 2 %0 0.01. RBF 48 B2 5
JC H 0 B K-means 895 5 72, 98 5 58 R 0.1,
ANFIS K FH 204~ 75 J E pREICK 2 OB
FDSCNSSD 241k & A e K1 %K L., =80,3%]
AT E T L 0 = RSB SR, =
40, e KA 1Y KB T, =100, B3GR/ Y=
{1,10,20, 50, 100, 200}.

HY P17 W] D, 7 bR BRI A2 X B A 55
FDSCNSSD 5 ANFIS & #i ! L bR i BP .RBF [
2% AR 03 W M . Hh ANFIS 8 B B4 (1 40
AR, {H FDSCNSSD 15 U8 /0 55 & JiE pR B8 i A



% 6 h KT AL Bh A AHUEL B W 43R 3h 44 Rk i wI R Ao S A A 25

SN SR 7 R B L, B R P RS ERRE

B B AR ) SR

B BB AR AL E R #e

AXN(O, o)

R IE BARE S

|

(@1,b,) |
Fessatn, BUBESERHOESSM |

|

|

y |
/._ ) a0, FB,) (@.,b,) :
O 6@ @m@ - |

e |

AXN(tipy ) BT RS UL-A,A] :

El6 FDSCNSSDREREZEE
Fig.6 Flowchart of FDSCNSSD model
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¥ FDSCNSSD 5 SCN, SPSCN 7£ F(x)
) RMSE #4717 %F Lt , &5 SR & 8 fr /s . 52
S8 —-"ENL,=50, T, =100, H
FDSCNSSD H1 SPSCN [ L o = Ly = 25 , B2 1
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Fig. 8 RMSE descent curves of SCN,SPSCN,and
FDSCNSSD

ry [ 8 1] i, , FDSCNSSD 7 Il 54t 18 AR %%
T SCN 1 SPSCN & BR i 5 Bl 1) 3¢ 2 Se S50k 3,
JUHORAE T SRR R 22 TR B B,
FDSCNSSD fE 5 A U IR R AL A (), Wik
— BRI #1522 (RMSE).

R ISR K FEE AN 46 B 2R S VPA 3 R AR
FITERE , A SCHE TR 8 1 S50 45 B UM K G 11
b, R AT TARIERRZ Y R0 A BB 7Rk 4
FyFERE |, IHREE | SCN,SPSCN FIFDSCNSSD &
R RMSE {4371 4 0.025 68,0.013 34,0.003 94.
LEA T2, FDSCNSSD 751 15 A1) FH R FI A
B VWA 7 T B0 T X6 b i R A B e
AU B AT S5 v R E SR
3.2 Rastrigin B

Rastrigin BRI AUE = 4E LA )b i) — bR
R EL, W T4 R Do AR A=y e A 330 1 A
X, HALS 24 R/ IME 55 0 70 RE 6% £ 3

4Ry f/IMH.

R4 BERET A
Table 4 Validity of candidate hidden layer nodes

» R B Y 5
R
BATEE AROT AR AR A %
SCN 4200 97 2.31
SPSCN 6 580 187 2.84
FDSCNSSD 7260 230 3.17

f(x,x,)=A-n+ i(xf—A cos(2mx,)). (31)

Hd AR HC 1050 YR (n=2).

4% I fd J] SCN, SPSCN, FDSCNSSD it
Rastrigin BREGHA TG, S80E N L, =150, T,,,=
100, H:FF FDSCNSSD AISPSCN MY Lo =L =75,
{RERE RN Y'={1, 10, 20, 50, 100, 200},

% 9a &7 T Rastrigin bR 5 A4 10 324 508 20 A
i 00, B 9b~9d 43 5] J'é /s T [ & 5 s SCN,
SPSCN, FDSCNSSD X} & % ) 1 & 1 & .
FDSCNSSD B i 3 A PE RE AL 34 - AL ARG
13K SCN T SPSCN J7idk: , I+ 5l Sl 45 &
P S WA LR A5 R K B, FDSCNSSD
FE Z2 00 B R B A FD 20 B R i 2 1 T e R
L
3.3 EHHIEEWIE
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(PERE , SR 4 A SEMEBUIR 4 (L3 5) 1 B8
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Fig. 9 Approximation performance of SCN, SPSCN, and FDSCNSSD
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DS1 CO, emission by vehicles 6 1 7385

fift LS I T ZSE EE MR HL S0 1 RRE T A
IR AR X RS EI’JEIErEuZQjUEQEI%ﬁJE
FrpAl, R A> 1T UNZRRTas i ], 45 SCN AR

DS2 Concrete compressive strength 8 1 1030

DS3  Appliances energy prediction 26 1 19735
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Fig. 10 Performance comparison of SCN, SPSCN, and FDSCNSSD
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Table 6 Network performance parameters

IR 28
et o PPy ,
- 5 I /s
SCN 0.03 45.6 2.676
SPSCN 0.03 41.2 3.281
DSl
FDSCNSSD(1) 0.03 45.6 1. 021
FDSCNSSD(2) 0.03 44.3 0. 988
SCN 0.07 78.5 0.941
SPSCN 0.07 70.3 1. 206
DS2
FDSCNSSD(1) 0.07 73.5 0.591
FDSCNSSD(2) 0.07 73.1 0.520
SCN 0.01 53.3 3.452
SPSCN 0.01 43.3 3. 647
DS3
FDSCNSSD(1) 0.01 42.7 2.236
FDSCNSSD(2) 0.01 42.3 2.486
SCN 0.08 56.5 0.371
SPSCN 0.08 43.2 0. 466
DS4
FDSCNSSD(1) 0. 08 42.5 0.298
FDSCNSSD(2) 0. 08 41.5 0.307
3.4 HRhEIY PEATI, R BRI AR A T IH — LA B 2 8:2

HEUEBM R G SRS N RIACRE BENLRI VIR AR A S B N L, =
FDSCNSSD H A% AEHT, &3 T R GEPE R I 150,L,,,.=L,,..=75,T,..=100, Y'’={1, 10,20, 50, 100,
SEH, I AL SPSCN . AR B DI e B BOBIBEDL 200}, WIHAT S BN 1 PERE AR In 36 7 Frw
WL ¥ 45 (FSCNSSD) R IRV RO BB ASBENL 1 o] i 1] 0S50 A ] 35 S 0 0 3 0 4 11, 352
KL E M4 (DSCNSSD) M FDSCNSSD UPEREZE . 2548 AR B S W & 8 B {68, SL A 45 S m & 11
e SEBR Tl B a5/ AR I R 4 1 iR

%7 SPSCN,FSPSCN,DSPSCN #1 FDSCNSSD B4l B L 82
Table 7 Performance comparison of SPSCN, FSPSCN, DSPSCN, and FDSCNSSD

~ Y
PEREFE b
SPSCN DSCNSSD FSCNSSD FDSCNSSD

SN ] /s 21. 627 9.345 22.360 11.228

SRS A ] /s 12.979 2.310 13. 855 3. 478
2% iR 2 (MAE) 0.0159 0. 009 7 0. 005 7 0.002 6
Y Hi% 22 (RMSE) 0.0280 0.0174 0.0107 0. 005 1
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Approximation performance of SPSCN,DSCNSSD,FSCNSSD,and FDSCNSSD

(a)—SPSCN; (b)—DSCNSSD; (¢)—FSCNSSD; (d)—FDSCNSSD.
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FRIAZ VR FH - 25 080 B IX 0] [ 58 I 42 il Atk mT LA
SR T A N IR R B AR SR A A
T p AR (%) 0 Sk R N S B AR S
B 2 G A0 A 3152 2 50 e, B A T 0 ) 3
PR PR TR RTINS B

4 ASORIRE AL EC 0 45 Y Tl

FEXERE R A S B0 AR e A AR b, 3 7
WA (MSR) 2 A 5 7™ i 0T o5 (9 DG SR A L SR,
MSROMELAIE 33 5 FLA 8% SER i, H Tk 3t 3%
KA (R0 A S5 (AN B 55 ) S AT sk A 5 A I o
a5 R BRI B A I, AR SR S FDSCNSSD il
DUASHL TR AR T8 A9 MSR. 1245 50 38 1o

BOR 28 G0 [ iy A B 24T 3 0 P SRR
B0, ISR THIE R RS T e R 3 5 R 487
N T AT IR L Ak AR SR JE
PRI, REAT R Kl A A e o s 5 S i
[ s} B3 s B T 5 AR Jo ) 22 A 4544

TE HMPT S AILER b i B2 3 ) Arrhenius /7
L2 R ) 3 i 0 % R0, R U R A
55 MSR dpe SRR ) 7 UL AR B . AE S PR T AR v I B
A IR T S B v AL R O ) R R Tl A R
I g A AR St K s S I T A R 5 T AR
i H, 5 CO Wyt (1) i bb 25 A0 o I A5 250805 v A o
i, H 2 N T Hlis i [ 250k 5% e 8, 4 2L
J2 W 5 MSR [R]25 (1) SE s B AR AL . R L, AR5
PR AT AT B S Ao 1) SIE S ST HE 2L

T 100 kg/h 102 SERRHE T AT Tl BIE , 2
B3 S g s , AR B 2 PO3 Tt (0,) ISR
(6,) Fid % POS A IR (6,) i 1R EE (0 4F
A AN S E (HAREE DL % ). A FH 2 S 554
RN BRI MSR AT T3 , ] i 56 A 75
TN B2 59z AkRe 1 A T2 AR s .
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Table 8 Partial experimental data

[52=3 0,/°C 6,/°C 6,/°C 6,/°C [k % /%
1 692.6 1050.7 430. 1 398.8 88. 58
2 701.0 1053.6 444.9 410. 4 87.79
3 713.8 1056. 1 466. 2 421.7 92.11
60 696. 5 1054.9 537.3 512.7 97.82

F ] SCN, SPSCN #1 FDSCNSSD = fift #%t U
T MSR. =l () S B0 B F « L, =150,
T =100, H:t SPSCN F1 FDSCNSSD [ He 3

F/INY=(1, 10,20, 50, 100,200}, L, =L,...=75 SCN,
SPSCN I FDSCNSSD #8411 4 15 5 838 M 1,
FDSCNSSD H (1) 3 J& & R B0k 5. i 2% 1
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Fig. 12 Industrial data approximation performance
of SCN, SPSCN, and FDSCNSSD model

(a)—SCN; (b)—SPSCN; (¢)—FDSCNSSD.
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Fig. 13 Metric evaluation results of SCN,SPSCN,
and FDSCNSSD model

£ I+ ,FDSCNSSD 75 fU 5 B A+ 52 0y
I Y18 T4 45 SCN 5 SPSCN #1752k Tl
45 b, FDSCNSSD ) MSE, RMSE, MAE F
MAPE 5515 25 48 5 i 2 B A, A5 70 F0 000 K 5 3k )
99.3%, TR B /D 60.5%. 75 A% v TS 2 1)
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Table 9 Performance comparison of SCN, SPSCN, and FDSCNSSD

FEEAY
PERETE bR
SCN SPSCN FDSCNSSD

TOUI e ) /s 0.43 0.24 0.17

R 50. 1 65. 4 68.8
¥1)51%24(MSE) 0.1103 0.0306 0. 000 8
5 R i% 2% (RMSE) 0.3321 0.1749 0.0282
P4 X R 22 (MAE) 0.1010 0.0472 0.0105

LR E Sy iR ZE(MAPE) % 0.10 0.05 0.01

HLIC B 19X 25 30 AR
5 45 ® 2) SRR B AR R R SRR B R

1) B X e ™ 47 SRR A A e d e
HH R A 23 S R T A ) R S ), i i 1 — o
B TR 25 AR AR A H3 IR D) 46 e A 3 A B

BT RS R/ ME(M-M)SE 5 LGB
&N RERE AT AL, A RAR T T SR R R
S SR R SR HE RS RE T

3) i BT TR 22 AR Al A
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