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Approximate-model-based decoupling controller for electric arc furnace
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Abstract: A decoupling strategy based on the approximated model is proposed for regulating electrodes in an arc
furnace. The mathematical model of the system in state-space form is built, in which the length of electrical arc is considered
the state variable. An approximate model is derived via the Taylor expansion. From the approximate model, the approximate
inverse control strategy is derived for eliminating the coupling in the three-phase arc furnace. Thus, the learning of the
inverse process dynamics is not required. Because not all states are accessible, a neural network model-based extended
Kalman observer is used to estimate the states. In addition, uncertainty compensation in the internal-model structure is
introduced to improve the robustness of the system. The stability is proved by using the Lyapunov method. The proposed

nonlinear controller is verified by computer simulations.
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Fig. 1 Schematic diagram of EAF electrode system
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2.1 W AR 4 (Hydraulic system)
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2.1.2 I (Hydraulic cylinder)
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2.2 it R4t (Power supply system)
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Fig. 2 Schematic diagram of power supply system
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Fig. 3 Analysis scheme of electrode system model
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, : |
Na(a(k), ) = 2 Siff(),;f““)) o

RENSEE Hi = [,uak Mok ,Uck]T, Mmk(m = a7bac)7"7ﬁ
Tt (k) Flu,, (B — 1) Z M HIEL
1 SCHR (18140, FE7E— MR T (k) € (0,400),
1Au(k)] € (0,7 (k). Rl 2] Rul| < nr(k))2.
Hordp hy E S8 el REchr(k) = 10V, H
TWERG R EER, By = 157] 3 2 R, A 5E
K. MR (k) — ML 28 ik, X 16),
W& Ry, 554, = 0, 132 RSE ) —B) Taylori
sy
I(k+1)=N(z(k),u(k — 1)) +
Ni(z(k),u(k —1))Au(k). (17)
3.2 il HI A (Approximate control law)
KA, FHIE EAu(k) 5 R G5 H T 2 28
PER R, PR T DUR oS ok, XD E
FEVT AR DY ()4 A, A 2 T SR G AR Y fry ki, A
3 HUA T RGBTSR =AML R G, SEEL—
AHZ AN PR, ) SCRSIU S 52 1 — B Taylorilr {L
BRI A(17), K F R ER P o, 49 2 d i 5 A
u(k) = u(k — 1) + Au,(k), (18)
Hrp
Au, (k) =N (N NF + )™ x
(r(k 4+ 1) — N(a(k), uk — 1)),
He:r(k+1) = [ra(k+1) rp(k+1) ro(k+1)]TH
k4 1IN 1358 58 FLURAEL, oo oA T 907 1428 1l 4 7 e 1) A
FINBIRAHRE, o = diag{ay, g, az}. N, 015
i, X M e HAE N0, SKEUNT (N N + o)1)
fl 4k A RN Y, N AN el g, JE £ o0 3 IR
/N IEL



%1

A T I AR R FR) P SO A4 T % 105

SR, SRR P P R ge v, T BIDIR S
BEARE HEA R B, XA B W
Au, (k)= N} (NN} +a)™ ' x
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Hyp = W’x(lﬂ+l):i(k+l)v

Ry, = R1Hk+1pk+1/kH;;F+1 + Kols,
Qr = Ksey exls + Rals,
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3.3 JEZ 4 (Nonlinear compensation)
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i1 K443

I(k+1) = N(z(k),u(k)) + vy =

N(z(k),u(k —1)) + Ny(z(k),u(k — 1)) x

Au(k) + Ry, + v, =

N(z(k),u(k — 1)) + Ni(&(k),u(k — 1)) x
Au(k) + pp(z(k) — 2(k)) + Ry + vp =
N(z(k),u(k —1)) + N1 (Au, (k) +

Auc(k)) + prer + Ry + vy, (22)
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Fig. 4 Schematic diagram of approximate internal
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ARG THAENT 15 222020 8 2 k£ 7k &
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u(k) = u(k — 1) + Au, (k) + Auc(k),  (25)
o
Auy (k) = NF(NNE +a) M (r(k+1) —
NG(k), ulk 1)),
Auc(k) = =N (N N' + a) ' F(2)o(k).
3.4 &5 T4 H(Stability analysis)
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du(k)
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AT ON (B0, uk — 1)) a(N. N +a) (r(k+1)—N(2(k), u(k—1)))+
ks -
Ar + | Gx(k) (z(k) — (k- 1))| < N NF(N\NF 4+ ) 'F(2)o(k) —
Au(k ) 5P
Hh6), € [a(k), 2(k —1)], 60— IEHL NI NT(NNT+a) " F(2)0 (k) = (pres+ R+ o) =
1 BN B R G s b R

BT B TR R G I G AR RO R B2,
WU 22 95 B 6 BRI i KA N Ar IS i A (k).

OO = (ol — ol = 1)

ON (x(k), o(k))
S R

LRPE B RS PAT B PO (R B2 b RS R K L
AT 287 L8 1) K N T8 S 70 IR &R S 18k A& 2 g
ALl R, 1S R G BEE ER B i KL B Ar I 5 %
A7 (k). HFHAT A o] 3k, B2 AN A5 26 AL
B X FEHR Ze(k) = r(k) — I(k), I
e(k+1)=rk+1)—I(k+1), (26)
Ak e E P g .

EE 1 gesHmAr(k), i1 B ENEEH
QSRR &AL T T EQOEH T R G w), #1%
ZEQOYKT T FT A ke — B &H A2, He(k)i
A2l le(k)|| < kao/ (1= ka), e by = [la(Als +
)Ml ke = ki(po + vo) + || Fr(Ri + i), ANFE
B Ny N B /NI AT S4E, po, vo M 1ESEEL.

iF dte) MR 6)r

e(k+1)=
r(k+1)—I(k+1) =
r(k+1) — N(&(k),u(k—1)) —
NlAu(k:) - (pkgk + Rk + ’Uk). (27)
LREHRA LI, T3
e(k+1)=
r(k+1) — N(@(k), u(k — 1)) —
Ny Au, (k) — Ny Aue(k) —
(prer + Ry +vp) =
r(k+1) = N(&(k), u(k — 1)) —
NiNF(N.NF + ) (r(k+1) —
N(&(k), u(k — 1)) = F(z)o(k)) —

(pkEk + Rk + Uk)

(z7'N.N (NN + ) ' F(2) — I3) x
(prer + Ry + vi) = —Fr(prer + Ry + i), (29)
) 5(28) 4
e(k+1) =
a(NNF +a)H(r(k+1) —
N(z(k),u(k —1))) — Fi(prer + Ry + vi). (30)
SCREN (2(k), u(k — 1) AE(x(k — 1), u(k — 1))4t
— [ Taylor & FF, 1421
N(z(k),u(k —1)) =

k),u(k: _ 1)) + 8N(Ck7u(k — 1)) %

Nt ox (k)

(#(k) — z(k)) =

N(ax(k - 1), u(k — 1)) 8N(913x“((k’<) -1)
(a(h) (k- 1) - PEHE=,
10— oy + P

(x(k) —x(k—1)) — 3N(ng::((kk) - 1))&“

b GO R Fa(k) (k)2 &L 0,0 fi T
20k — 1) G (k)2 [
£ ESURAKG0), 7
e(k+1) =
a(N N +a)H(r(k+1) —
ON (0, u(k — 1)) (k) — 2(k — 1)) +

I(k) + v —

az (k)
3N(ng“((kk; - 1))5k) — Fy(prer + Ry +v) =
a(NNT + )7 (r(k +1) = I(k) +pr +
Uk—l) —f-SkEk _Ff(Rk+Uk), (31)

Hr:
pp = = 2NO =) gy 1)),

9 (k)

S = Oé(NlNlT + a)flaN(CkaU(kJ - 1))

(k)
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Horsy, < so, S0k IESEH120. Ry
Ir(k + 1) — r(k)|+
3N(0k,u(k — 1))

re)  etk) ek - 1) <

r(k + 1) — r(k)| +
ON (0, u(k —1

aN(Gk,u(k — 1))

ox(k)
N BRI %2, i1
r(k +1) — (k) +

D)l <

Ar + |

(x(k) — z(k — 1)),

Oz (k)
ON Oy, u(k — 1))
ON (z(k), o(k))
HT{I@”(S < Bod < po, (32)
Hrbpo —EsE 8. NG DR324
le(k + 1) <

a(N N+ ) H{le(k)|| + po +vo} +
sollexll + | Fr (R + vi) || <
[ ATz + ) " [{[le(k) || + po +vo} +
sollexll + [1Fr(Re + vi)|| =

Ka[le(k)[| + ko + sollex]|- (33)
1EFELyapunov pf %1
V(k) = bille(k)[| + b2llexl, (34)

Horpby Flby 4 1E S W s 33) ATk, 4

AV (k) =bi([le(k + 1) — lle(R)]) +
ba(llersall = llexll) <
bi(—(1 = Kk)lle(R)[| + k2) +
(biso + b2(|Gl| = D)llexll.  (35)
Rlﬁﬁ?% (R4 s 7R ZARZS AL T J7 V2300
<Gl < 1, 540 < by < bo(1 — | G])/50, N
iﬁ(35)j'a
AV (k) < bi(=(1 = k1)lle(k)|| + K2).  (36)

BIN0 < ki < 1, ko A 51, |1 STHR (25170 1)

€ B13.1, ATAHAE HT B 0E WY 42 A 25) MR & Al o

JIEQOMEI T RGE, #2613 222604 T Ji AT 1k
ST BUR LA TN, He (k)i

Jim le(R)|| < ka/(1 = Fa).

4 fij B 55£% (Simulation and experiment)

4.1 {fiE(Simulation)
AT L s il A AR R TR e, SR RN

.

AR 2 L SR I S AT 05 2. I S
ZHROEFE N W R Gib, = 400, ag = 1, a1 = 30,
ay = 200; — XM HEEIFEE = 35000V, S f =
50; HLIP AR TR 28R B T2, = (0.008227 + j0.087) €;
HL AR R A AR L, = 80; LIS $ik, = 0.12,
ky = 0.02, k, = 0.000078; J& M HiHzq = (0.0004 +
j9.5492e — 006) Q; KA JH L FT = 0.05s; & H
ERRIEIE R F(2) = (1 —r)/(1 —mz D[ 1 1T

BB ST W S AE [ 10, 10] A BEHL = A= 45761
1, VRN RGN, WL R GRS B =
LI, ()R FH V0 A ) B s il PR A AR 1, B LI
I, s AN i R, o AR D Gt R R 2
W9 285 1R e . 326 FH 200020 1 25 558

ERMERIR [R N S 7 v R 3 U dse /S — e g vk, 49
B2 PERL L. i 28 W 2% 2R H i A BPRELVE HEAT VIl 4.
h T A4S B TE PR W 245 25 K, Tk AU e REURN R U

A ) U 7853 2 R S ER 150020 B 18 hy VIl 25 55 s,
50041 iV g M E s, 05k e 3 7 AR IR ZE 1K
AN HE I 4% 5 1), S 2 H T DR B (1) 38 7 AR R 2
LR IR 28747 TN B O R SL L, el ST AR
W B T R AN BORT I R 60

2000 T T

1500 H

1000 -

RMSE / A

500 -

0 : ‘
0 20 40 60 80 100

PREPILE L5 S/ A
K5 BITHRZE D A R
Fig. 5 Simulation result of root-mean-square error
AT [T 28 9 2% R 4 1 2 (ANNDC)
(A4 2bE, B B 45 ] 5 PIDFE i 23 (PIDC) . J& T~ fif
20 [0 28 10 RS (1 Fh R A A 2 o 25 NN )2 T
SCRF 1) LR IR 2 1 B (S VMO) M HEAT EE R
BT S HOERNR 1R,
FEQEEC % =30 ]

Table 1 Values of controller parameters
A ZH

r1 = 0.6, k1 = 0.1, ko = 1073,

ANNDC k3 = 10%, sy = 1073,
o = diag{0.1,0.1,0.1}.
r1 = 0.5, 79 = 0.65,
SVMC v = 476.68, o = 9.452,
o = diag{0.1,0.1,0.1}.
INNC s =0.6,n =25,
PIDC  kp =0.1,k = 0.01, kq = 0.2.
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FK1h, INNCH SVMCH ¥ Hl 28 Z 8 & il &%
SCHR[12] 5 3CHR[14].

WIUEAR A A R IR Z, RIS R0, 477 BC ] A
80's, —AHHLI B EHIZN27000 A, .

1) fERETEBE. 17 50 50U 48 ) 2% 1 R 1 R, A
40 sB, AR ARH 9 8 (B 35000 AL K 4R 5
RS UEAT O B, — A s B E 6 B,

2) EHEME. LE40 s, oA s I BELAE A SR
SKPRI34%, B P IAREIR, b L S FAARG, I R 5L
AR NGB, R FHARN 6l 88 HEAT 07 30, —AH A
HEWE 7R,

3) Bkl ERLE R R R 2R L T
i, 7E40 s, AR IR R 2, BERLAA SR, R4
Rl A EAT 0 20, = AH L 3005 2 B A I8 T s

X10* X10* X10*
8T — ANNDCH 8F — ANNDCH 8t — ANNDC +
----- SVMC ---SVMC
P INNC 6k INNC
- ---PIDC < ---PIDC
Nﬂ 4 : — NU 4 g. -
TR b .
) _\_!/__-// i ’ g {. ./I ]
00 20 40 60 O0 20 40 60 00 20 40 60
t/s t/s t/s
(a) ARG (b) BAH LT (c) CARML IR
Kl 6 AR e L 17 FL 18]
Fig. 6 Comparison of decoupling performance
X104 X104 X104
8r — ANNDCH 8r — ANNDCH st — ANNDC +
----- SVMC ---SVMC ---SVMC
6 t ...... INNC | T INNC | ok INNC |
< A ---PIDC < ---PIDC < l ---PIDC
= 4R {1 = af 1 % 4 IE 1
A 22, AN 5 | N s
5 [t 7 V ] 3 ;‘*\/// e | 4 ] 5 &./._.'II T 1’4 |
00 20 40 60 00 20 40 60 00 20 40 60
t/s t/s t/s
(a) ARG (b) BAHLATH (c) CHAHLIT AT H
Bl 7 &Rk LR FUR
Fig. 7 Comparison of robustness
X10* X10* X10*
8r — ANNDCH 8t — ANNDCH 8r — ANNDC +
----- SVMC ---SVMC -=-=SVMC
I INNC b INNC | sk 0 = INNC |
¢ -—-PIDC -—--PIDC ---PIDC
< ) < <
<~ 4 b = 4p 1~ 4f % 1
i LB ‘“ — !]L «:cl“\‘ PG Y. ;1 FAS >z
2 ¥ I 2l 1 2 [ " .
00 20 40 60 O0 20 40 60 00 20 40 60
t/s t/s t/s

(a) AFTHLVRHI L

(b) BAHH G
Kl 8 Rk L 1 B B

Fig. 8 Comparison of material collapse

(c) CAHHy % H



%1

A T I AR R FR) P SO A4 T % 109

FAEF 53 Hr, FER2FR B T AFH IR A 2R
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ATHSTH).
.2 A AT A sk R A

Table 2 Simulation result of current A

BHgs RN/ s BIRE/ % BiTHE /s
PIDC 18.25 10.3214 0.6589
(45 INNC 16.35 9.3658 2.5167
SVMC 8.25 4.6054 1.3885
ANNDC 2.35 1.0846 1.4656
PIDC 14.5 9.6751 0.6476
bk INNC 10.5 8.9667 2.5083
SVMC 7.65 6.6137 1.3879
ANNDC 2.5 1.4061 1.4631
PIDC 22.5 22.1575 0.6618
e INNC 17.5 21.5253 2.5179
Skl
SVMC 9.3 18.6905 1.3898
ANNDC 2.7 26.0276 1.4685

H PRSI FEUBI 57 28 GE R R 0P, FL AR O S
RGE R ME T R GO AR Lk (0 i B R e 2
AR ST BRI S 78 00 A Fa AR R T R ST Btk

P53 9 SR ] 2 A A TR R o 2 ) % A TR S T g A
XF G R ZS 5 FE, I 28 7 R A TR A 1) IR
W%, HHETFELHRRFETRI. i
TG RN ZR20T A, 6T L B3RS L, ANNDC.
SVMCHIINNCES il 25 R B0 T4 e [ PIDC. {HAf
FHANNCIGF, U5 = I 1) 088 3 B 5 /N, 428 i ROR AR
F-SVMC, INNCHIPIDC. Jf H. 5 INNCAHH Lb A 77 %
TELHNR G B, THR RN, R T
SEFHOME.

4.2 SEH(Experiment)

ARSI AEO85 S B & Y S Al B B B REAT.
P28 K FVE 7] 7CPU414-2, HL iR &L K FIMAT-
LABWE 5 EB AL ESEHL. # R G, g 2
Bl R BRI HL . PLCy A B2 a) 3 3k BA K W 3E
AT IR, HAPLCS #4E £ 3z B2 3 2 R) 3l ok Bl
#iProfibus DPI 4% S PLCEE £, BTt bl 507k w5
B el N M AR R o 2 I 2 AR TG T A R T T
R SRHIStep 740 (¥ 45 R4k SCAR G il 5 (SCL) 5 $i s
PUDB)HE A AEPLC - SEHL. 10 lAS . SEEAT s ok
RHCBAL TS BLEAT IR AE, 72105 s A H N S50, 15
) = AH HL G B W E 9 BT R,

X 10* X 10* X 10*
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Fig. 9 Output of the currents

P PRI i, AR SCH H IR 3 T I ABUBE AL 1) He
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5 45 (Conclusions)

ARSCAE G BT T AR R GERAS 7 FE I i
b, BT I AR ) S AR A B
T ABUASE Y B a4 3 0 4 A, R G T AR 2R UL
PRI 5 RFE AR, A5 TS BLR 1) L. Sl 4
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