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Modeling for electrode system in alternating current electric arc furnace
based on Hammerstein-Wiener model
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(1. College of Information Sciense and Engineering, Northeastern University, Shenyang 110819, China;
2. College of Electrical and Information Engineering, Beihua University, Jilin 132021, China)

Abstract ; At present, the Single-Input Single-Output ( SISO) Hammerstein-Wiener ( H-W) model is widely used for single-phase
electrode system in Alternating Current ( AC) Electric Arc Furnace (EAF). This kind of model simplifies the true structure of the
electrode system, which results in the low prognostics accuracy. To solve this problem, a Multi-Input Multi-Output (MIMO) H-W model
for electrode system is proposed in this paper. Due to the model structure is the same with the practical electrode system, the prognostics
results can be enhanced. Under the condition that the MIMO static nonlinear block is irreversible, a parameter identification method of
MIMO H-W model is presented based on the separable nonlinear least square algorithm. Finally, the prognostics accuracy of the
proposed model is proved to be higher than the traditional SISO model by using the practical data.
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Fig.1 Diagram of AC EAF
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LA Z i H-W B F B RR R

x, (k) = Zau(k)

v.(k) = Z;M%<k-f> (1)
i= 1’2,...’r

Y(k) = zcmk)

K Fﬁﬁ%ﬁm/\%ﬁwtijffaufxﬁ%*ﬂli%%riﬁiﬂﬁgﬁﬁﬁﬁ
PR n, SEARTEI, I B A SR S o ) Sh A ik
HLiy fik b AN B n, SR AR R Y, 2250 A 225 i
BARLRMY G 1) i HE R R n,  H () : R — R™ 2y
Zhi A\ ki i S AR R P 1) R, ny, R
I RBUT S I, X R RE MBS, e
%ﬂﬂ%ﬁfﬁ%o KHMSH L o e Rhy; e RFIC, €
, ARBOX B RS R LIS H A I R R 52

iﬂj/\g%ﬁ H-W B2 50 ) S R 38 7 R S 800
U 7 R X S R I S B TR 8
3.2 @HEEN

2 (1) AT 0, K iy A B A AR Rt B A b R Bh A £
PERAEREE 4, i = 1,2, ,r ,Hammerstein T RS N :

vi(k) = 0, (2)
AXh: 0 = [hyay - hya, - hyaq h, a1,
o, = [u(k-1) u(k-1) w(k —1)
w(k-n,) u(k-n,) u(k-n,)]"

B 2 A L AR R A R v, (k) ,
1 =1,2,-,r,

Bt R .

yi(k) =(0,u,k)B, i=1,,0 (3)
X H: g = (66D €362 - C(in,)
c,(i,1) C,(i,2) ¢, (i,n,)],0 =0, 0,
01, ¢(6,u,k) = [H (6,u,k)" H,(0,uk)"
H,,,,(B,u,k)T]o

Fb, AL H-W AR ) 52
TN

T3k ] LA

y(k) = ¢(0,u,k)ﬁ (4)
XTTNQEﬁﬁ%HE u( Yoy SR R
IR 22 HE G -

£ ¥ W %38 %
[ylf(l) ¥ (1) ym(l)}
Z,=Y,-Y,=| : C |-
Yie(N) ¥, (N) Yo (N)
yi (1) y (1) ¥, (1)
{ : : : ] (5)
yi(N)  x,(N) ¥, (N)

K Y, FORRGM I H AR, Y, o8 H-W LAY
TR TR

Y, = 4(0,u)B (6)
¢(0,u,1)
LA g(0,u) =[ ] RIS E o by FC A
¢(0 u,N)
ﬁiTﬂﬁﬁ\%ﬁ%A O FI B o & SUBTRITIN 52 R BN -

= |z,z, \— \(YM. -Y) (Y, -Y,)) | (7)

u_l%f& TR () I E A S 5%
0 g

n(0) = |Z3Z,|= [ (Yy —gp(0,u)¢" (,u)Y,)"
(Y —g(0,0)" (0,0)Y,,) | <8>

HAERE o (0,u) 15 5K 18 1) e 1 25 0] 1E 38 4% 5%
P, =4(0,u)¢p” (0,u) ,JEFF (0,u) 1IELHES [H] 1
B P, =1 - (0,u)” (0,u) T R Bfi i, N
X (8) Heffhy

n(0) = |ZZ,|= | (P, Y,)"(P,Y,) | (9)

DRI P05 25 b K i/ F AR, 5% 0 2 1, (0) 1L
i/ MERTY 6 {8, B

0 = arg mlnrz(ﬂ) (10)
AT AR M N e B AR B AT
B=y¢ (B,0)Y, (11)

3.3 PHAEZE

R AR i 6 A R B WS EGH TR, DI
wr,

1) BEH 0 AN ICEN 1, EL K 0 4 0 =
0

2)4 0 {UASK (9) o HHIT A 7, (87

3K (07 BN RA L &M (12)
i

||L775H2(N - n,,) 2

2r,n, <4

K e BN EMBRIAZI845, L2X TR IE
BOR =B, AR TN 5% 2% R %L r, 19 Hessian FH 4119
Cholesky 43 f# K 1, n i & Armijo-Goldstein i U A
A, 6 WAETRIERETTW, ny BARASELE 0 P UtE
SRR, N R A B R g b A Bos A8, 25

(12)

R (12) Rar, M 6 = 07 FLFILIE4) o w0, %
R (13) 153
0" = 0" + o (13)

5}\{1% 0(ncw) ,é\ 0(01(]) — 0( ) ,ﬁ@ﬂ}% 2)0



54 H

a5 2 A Z 4 Hammerstein-Wiener S8 It AL JIVY R AR 2R GER R 1027

4) R TEHE H R AT 0 IRAZ (1) 13 5 25
%B.

5) SRS h O MR AT R  JFEA T A A SY
i

h”&“ ’i“&ﬂ flil&in/
ﬁiZ&il ;iiZ&Q rLiZ&in min(nm,) .
.7 Z oéid;
: . : j=
ﬁ%&n Bm&a e ﬁwam
i=1,-,r (14)
DR A AR R TN S HOh -
ﬁi = [Bn h., ﬁmJT = 5.£,
{A - S (15)
o = [ay ap - Oli,l/]l = s§0';1§“

KM & B — D ERITENIER, s, A1, &, 56
—MEZICE N, s, -1, B BB (2) R
MBHC N

q:ﬁ“1+;%%;Nwﬁwglwnm

(16)

XA HE n, = 0,80, ) FRHMREB I i 17515
J AT A 3 0 AL A

It P AP BR BRRAE BRI SR A (1) 159 3]
ZHIAZHH H-W R, B R G ARy 2k 1 AR i
FEUNE 4 PR

DL 81T e
AR SN
YN T

RS EAI R0 ©

OCI=9O

TS H bR

9=+ 5

eI R IT 06
KGR Ky

0 B A B b B

Bl — Ak

Y5 R REE 1)
PO R

AR e

e gies

T LY
57 B 3
R G
T B
3 H b 2

K4 S s oIy R R G T TR
Fig.4 Flow chart of modeling for electrode system
of AC EAF

4 KIGIHIE

N T WA TR 5 3 B AT AT R O, AR A 5
J7 100 t 523 HL AP 52 B B , o ST $RAE TR 407 2L
Uk, H- 5L 5 sl A i H-W B RGBT T
Xt
4.1 BIETALE

IR T, =0. 1 s HEBIRERW RS N =500
U NS B {u, (k) i (k) 1, o BITFRETALIY
B, BT S BRI AN, St AR A R L
TSR Oy + SR, F1Q, - 1.5R, 1 Q,.0, 435
HF L EPUSIEL, R, = Qy - Q) DU . TR
P A~ 5 T A b A, /N TR T A EOR T T A
a5 R S B , 00 R A I (A O S Bl

P S0 4 ) F P AL BB R R 0 ~ 10V, S8 =
FALE M A R B TS R 0 ~20 000 A, g 1 il B
AR, 3 7 B A 7 T — AL b B N

x = Wimin

1, Wi,
uy (k) = {Wf)—u

y Ui 7 Wiy
w, - u,

imax imin

1, l = Limin
iy (k) = [g(k) —i .
s Vimg in

1. —1..

imax Imi)

A 0 P 1, 2 N ZREA S ¢ AR S L (B
AR B R R /N 4 B G, S N ZREAS SRS 0 A
S L A R P A B fe R T e /N, g, (B) 2
S5 b A SRAE I 20— AR TR 55 ¢ AR S04 1 F R A
i, (k) S22 kA SRAERS 200 — AL AL S 1955 @ AHSE IR
HL A U
4.2 WHEEBERSE

L5 75 TS R RS B2 1SR AR 52 I P B 5K, 8 E 2
T A R B ny O 3 kst A% 33 BR R B K n, R 4
PAo, (k) Sy B 72 S i1 20 205X o) o 5 eR K00 H (k) IR
ny 3 FEG j A2 ] B R BT TR B n,
W3,

fili 1] MATLAB o nlhw 55 %58 37 A% 552 14 B0 A 5 4
HH-W RERL By A AR MR 2 R R B 3,
Hh ] R A Bk A2 336 R BB 4
4.3 SEIHA

ZHAZ T H-W iR RGN o, =
0. 01 o IRACKAFR 1 7 v AR AR 20 1 1k 25 PF AT H B o
BOCHESHUNE S iR, AL, Gt 29 kRIS &, B
WU AR A SR, 0 Nk 1 ~3 Fs .



1028 & I £ ¥

38 %

0.8

0.6
W

;; 0.4
=

0.2

0 5 10 15 20 25 30
IR
(a) BFFK
(a) Search step length

2.0

15

¥ 10
%

0.5

0 5 10 15 20 25 30
IEARIREL
(b) &1l fF
(b) Temination condition

0.04

0.03

£002

%
m
0.01
0 5 10 25 30

1I5
AL
(c) H REA

(c) Objective function

K5 RAUR RIS R SR

Fig.5 The key parameters in iteration search process

F1 BAMBHATRSH
Table 1 The identified parameters of regulating valve

a ffl b A c
-2 156.54 2 325.27 —-836.02
-2295.12 2 439.03 -864.14
-1103.50 1216.99 —447.42

R2 PHAFMGHERAKEEHITSH
Table 2 The identified parameters of electrode
lifted plunger rod

afl b #H c M
0.38 0.37 0.53
0.27 -0.11 0.15
-0.86 -0.77 -0.82
0.21 0.51 0.15

®3 PAMBHBEINSH

Table 3 The identified parameters of electric arc

28 Al

[ 0.54 -1.05 0.78 ]

[ -0.01 0.40 -0.12
-0.16 -0.27 0.18
0.27 -0.59 0.64

c, [ -0.12 0.24 0. 02]
0.06 -0.25 0.06
-0.90 0.57 0.57

[ [ 0.28 0.07 -0. 13]
-0.29 -0.12 0.23

oA T S U P B AR TR ) TN G R, R SR SEBR LR R G
{149 100 2K fiip A b3 2500, )T 2 000 i A K05 2
AZh i H-W s R GBI ( 1) B %a (8, IR0
MATLAB Jir @ {4t 8y A S H-W RERS f) i L,
RS th (-5 B R PSR R AT FE A A
6 IR, ZHn A Z it H-W LB 3R G R 1 22 F- 5 il
Jy4.464 x 107 ,MATLAB FiF @it Saka A Sk b H-W B il
RGBT BT N 1,678 x 10°, 1] L, i A Z 4
H H-W LA R SRR L ki A Bt H-W HLAR R G

TYFIRG E = o

x10%

200 S+ ASCHUBSRI G o MATLABHR i (i

20 10 20 30 40 50 60 70 80 90 100

RS 8
x104
L8 " ettt + ACCRIRA A o MATLABRS iy
16y B o oy P s
fress LY .o O¥ersn o} o
514
12 P Ry bl . . . . )
0 10 20 30 40 50 60 70 80 90 100
RS A
\
1.6%]0
<14 A

2 S« ASCHIEII o MATLABHUS 1

0 10 20 30 40 50 60 70 80 90 100
SR A

B 6 ASCHrEE N R G A G L E MATLAB

HEH o BRI AR i (5 AR R e S R L

BRUAM AL

Fig. 6  Comparison of the actual output of electrode

system between the proposed electrode system model and
MATLAB identification function



4 4] H

im % 2 A Z 5 Hammerstein-Wiener 22 i FL U FEL AR R Go 80

1029

1
<!

-

7

BRI B H-W S8 3 R IO AR R

ST TN J3E A1 1 TR0, A e S PR SICAPT P A 2R 4 5

PRk

Fy, P2 T — R T 2 A 2 H-W AR Y R A

ARGk IRk AR R A T W i1 00 T, 32
H AR e/ AR IE X 2 A Z it H-W AR
RGNS RO T BN SR A B, 2 AL
HH-W R AR R AR Y 14 TN G SR P S i T AR A
B H-W R R AR GE AR ) TR L

[1] LIL, MAO ZH ZH. A direct adaptive controller for EAF

(2]

(3]

[4]

(5]

(6]

(7]

(8]

electrode regulator system using neural networks [ J].
Neurocomputing, 2012, 82(4) : 91-98.

B, B BT 2 LS-SVM AR AU RL i a4 NOHiE
HCREERE [T ] T 5 R 4, 2016,30 (7)
1037-1044.

ZHAO W J, LV M. NO, emission modeling of coal-fired
boiler based on multi LS-SVM ensemble model [ J ].
Journal of Electronic Measurement and Instrumentation,
2016,30(7) : 1037-1044.

P XU R FE. kTR O IR AT LSSVM_GA fi g )
NO, HERCERE S AL [T]. K, 2016,42(3)
118-122.

MA P, LIU N N. Modeling and optimization for NO,
emission of power slations based on acoustic temperature
measurement and LSSVM_GA[ J].
& Test, 2016,42(3) . 118-122.
V- B IEM. ST IR AR N-L-N A RS i et oI H A 30
WARGHERLT ] A5 BS540 ,2014, 43(6) :711-714.
ZHANG P, HOU Y B.
regulator system of electric arc furnace based on time
varying N-L-N model [ J].
2014, 43(6) : 711-714.
GIRI F, BAI E W. Block-oriented nonlinear system
identification [ M ]. Block-Oriented
Nonlinear System Identification , 2010 1-100.
HARNISCHMACHER G, MARQUARDT W. Nonlinear

model predictive control of multivariable processes using

China Measurement

Identification of electrode

Information and Control,

Springer London:

block-structured models [ J ].  Control
Practice, 2007, 15(10) : 1238-1256.
KALAFATIS A, ARIFIN N, WANG L, et al. A new

approach to the identification of pH processes based on

Engineering

the wiener model [ J]. Chemical Engineering Science,
1995, 50(23) ; 3693-3701.
XU B SN, 2T i I i BT 2 8 b I e [

(9]

[10]

[11]

(12]

[13]

[14]

[15]

[16]

[17]

(18]

AR LT ]
35(5) : 48-52.
LIU Y, SHAO W Q, XIA J D. Analysis on inherent

frequencies of transmission lines with shunt reactors in arc

[ A1 L R, 2016,

fault[ J]. Foreign Electronic Measurement Technology,
2016, 35(5) : 48-52.

IR, sk, £, B GG TN R
T )RR R R D SRR [ ] AR R
12,2016 ,37(10) : 2251-2258.

QU ZH W, ZHANG K, WANG Y J, et al. Ulira short-
term wind power output forecast model based on wavelet
decomposition and atomic decomposition [ J ]. Chinese
Journal of Scientific Instrument, 2016, 37 (10 ):
2251-2258.

EAE S, MRAE . B TR GRS A v RE TR 2R 4 1Y
WHFELT]. A FEEOR ,2016,39(9) < 1-3.

MENG X ZH, LIN C H. Based on grey model to prdict
system rtesearch [ J ].
Measurement Technology, 2016,39(9) :1-3.
BAI E W. An optimal two-stage identification algorithm

[T].

enterprise power Electronic

for Hammerstein-Wiener nonlinear

Automatica, 1998, 34(3) . 333-338.
BAI E W. A blind approach to the Hammerstein-Wiener
Automatic, 2002, 38 (6):

systems

model identification [ J ].
967-979.

ZHU Y. Estimation of an N-L-N Hammerstein-Wiener
model[ J]. Automatica, 2002, 38(9) . 1607-1614.
P, BEL, FIR, BT T i 2 A 4
#c/N 3 i) Hammerstein-Wiener FE I B[ J]. H 3
fk244,2010, 36(1) : 163-168.

LI'Y, MAO Z Z, WANG Y, et al. ldentification of
Hammerstein-Wiener models based on bias compensation
recursive least squares [ J ]. Acta automatica sinica,
2010, 36(1) : 163-168.

YU F, MAO Z Z, JIA M X. Recursive identification for
Hammerstein-Wiener with  dead-zone

systems input

nonlinearity [ J ]. Journal of Process Control, 2013,
23(8): 1108-1115.

SALIMIFARD M, JAFARI M, DEHGHANI M.
Identification of nonlinear MIMO block-oriented systems
with moving average noises using gradient based and least
squares based iterative algorithms[J]. Neurocomputing,
2012, 94(3): 22-31.

GOLUB G, PEREYRA V. Separable nonlinear least
method and its

19 (2):

squares; the variable projection

applications [ J ]. Inverse Problems, 2003,
R1-R26.

O’LEARY DP, RUST BW. Variable projection for



1030

O & 2

38 %

nonlinear least squares problems [ J ]. Computational
Optimization & Applications, 2013, 54(3) : 579-593.
GAN M, LI HX. An efficient variable projection

least

[19]

formulation for separable nonlinear squares
problems[ J]. IEEE Transactions on Cybernetics, 2014,
44(5) . 707-711.

ZHANG B, MAO ZH ZH.

estimation and

[20] Consistent

parameter

convergence properties analysis  of

hammerstein output-error models [ J ]. International

Journal of Control, Automation, and Systems, 2015,

13(2) : 302-310.
EE &I

B & ,2007 AE7EIL TR AR 7 AR
b, B AR AL RS R S A e AR R
FRIBE, EEOTT 0 AR M R
S
E-mail ; jilinbaijing@ 163. com

Bai Jing received her M. Sc. degree in 2007 from Beihang
University. Now, she is a Ph. D. candidate in Northeastern
University and also an associate professor in Beihua University.

Her main research interests include nonlinear system modeling

and control.

EEBCHIRER) , 1991 FF£1ERIL K
SRS R VIS | N S E N LR
AL, 2RSS 1) A R G 4
5.

E-mail: maozhizhong@ ise. neu. edu. cn

Mao Zhizhong ( Corresponding author )
received his Ph. D. degree in 1991 from Northeastern University.
Now he is a professor and Ph. D. supervisor in Northeastern
University. His main research interests include modeling, control

and optimization of complex system.



