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Nakkarin Hongsitthiwong 2008: Parameter Estimation Algorithm of Metal Melting
Process for Energy Saving Purpose. Master of Engineering (Electrical Engineering),
Major Field: Electrical Engineering, Department of Electrical Engineering. Thesis

Advisor: Assistant Professor Peerayot Sanposh, D.Sc. 89 pages.

The purpose of this research is to develop a high efficient temperature estimation
system for induction furnace in the Somboon Malleable Iron Industrial Co., Ltd. The main
obstruction of temperature measurement is that the thermocouple cannot be used to measure
temperature continuously because of the high temperature of molten steel. Therefore, the
company wants to develop an efficient temperature estimation system. The temperature is
estimated indirectly from the power input, the coolant temperature, and the flow rate of the

coolant in order to find a mathematics model of the induction furnace.

In this research, the parameter estimation using Kalman Filter is proposed for state
estimation of the linear dynamics in finding its parameters in order to estimate the molten steel
in the induction furnace by compared with Genetic Algorithm that in previous research that
required a long time to finds the parameters of induction furnace model. It make a temperature
estimation can not be an On-Line estimation. Therefore a Kalman Filter is applied for On-Line
parameter estimation that has a purpose is to save energy, operator can stop the power instantly

before the molten steel’s temperature is more over 1480-1520 "C
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2.1.2 LLUU@1§?’1[11/\|1?1”I1/]NG]§\1 (Direct Arc)

wvaou Tarzuuueoisa Iifinieess Wanudeuas lanz1dandn

J Y o 9 1A ' 1A
Wﬂ@ﬂiﬂﬁ%LLUU@TﬁﬂllWﬂTV]1\19@11 @]'leﬁﬁlgﬂigﬂﬂﬂﬂjﬂ ummaﬂi‘ﬂm 3 LN 28131



10

1 1 @ 4 @ 1 [ {
?’9]}11!1]1/! Iﬂﬁll!@lagllﬂ\‘lﬂggﬂﬂlﬂUaQN1@1ﬁﬂ nuunslane (Metal 1’1?@ Charge) AININD 5

[ A dy 9 Y a o J
Taoaseluvaziihau mwuﬂuﬁl%waaﬂﬂﬂimmum 0.25 - 200 AU AN larzLUUeIsa

Tihnenss MvasuTanzdssnnmanmiion (Steel) N1Fnaamanunu mandu dudu

¥,
A1ELaR 1A

H P
MR 5 mvasuuuUelsa linieasa
2.2 nvaon Tavzuuumilenni 1w (Electric Induction Furnace )

9 d‘ o d' o o 1
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2. MINUNANN3OY (Heart Transfer)
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Taen ¢ =

mSCP,S b
At . _(CP,WJ . _(heatlossj
~ e = , oy =|

(1-a) l-a l-a
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FIAUNITN (22) ﬁnﬂiﬂﬂﬂgﬂﬁ/\lﬂWT ﬂTQﬂ!WQﬂJUHWﬁﬂiUL@ﬂﬁlgqﬂ

P (i) +eTo(i—1)—c, M,y ()AT, (i) —c,

Ts(i) = (23)
¢
Tagh
3 ad g A v 4
T, (i) Wugamgiiiwanlunafidszuala fina
<3| a 3} < { { .
T,(i-1) Wugamghiwranlunaifidszanald inar i1
p.G)  wasnulihflewd kw)
Y
. [ o T3
M, () 80313 laveuimasdu (Ke/hr)
w
Y
v a o 1 a
AT, (i)  HWAANQUHUYNUVBIUIHABLIU (K)
o3| 1 d'd? [ Y o g’
¢ AumnyufumaINgANNToUTINIZIazYIaYRIti Tans
3 1 d'd? [ Y o oy 13
¢, AUANIUAVAIAINYANNTOUTUNIZUYRI I ABIEN
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uuﬂﬂmmmu@ﬂaaﬂmm (Genetic Algorithm, GA) FuJUBaNDTNUVOINTAUKHILLUNS
] IS { o [ v Aa
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U
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1. AINT99A1TaNIU (Kalman Filter)

Kalman Filter (A. Girgis, A et al. 1981; F.Franklin, G et al. 1997; Negenborn, R. 2003
and Welch, G et al. 2006) ﬁjuﬂixmumimi’mcﬁwm%gaﬁﬂxﬁwmsﬂiw1mﬁm@1mm

J Aa 9 AN o & . 9y =K
TEUUNAFMAATYIUTUNUTYYIUIUNIU ¥9lunsUseundinaved Kalman Filter 3210194
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a { @ { v o da Y
YsuanldnnmsieavesszunifinnuduiusiFuduivmaanazgniuniudledy o
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Y 1

v Y v
5Un2U TAo Kalman Filter 3@ utiumsnunnqUsmaiialannszounsdSinanialded

1o a Ao Y 1 1 o A o ya dyyy
LLiJuEl'll!azﬂiiJWﬂlcﬂ'JﬂulﬂuliJl!lluEﬂLW@‘V]’lﬂ1iﬂi$111'51!ﬁlﬁﬂﬂl’ﬂ\?ig'ﬂ’ﬂIﬂﬂﬁ]zﬁl“ﬁﬁﬂﬂzqﬂﬂ'lﬂ
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szuusw ldusues dyaruszuniuanmsiauaznngdoyalumssivue
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v A
PASUAUNANNITVOY Kalman Filter 1HUNIINMAINUAONGHTHANVS 15U D189
Y A ad A o w 9 ~ =
a9IUDINGA (Least squares), ITANURAINAIADINDINGA (Least mean squares), NYHHAIY

1 < e [ aa . %
IRREARIN (Probability theory), 3¢UUMIFUNINADA (Stochastic systems) cﬁmqyﬁuazmmi

ycs o3|

4
il uiugiulunseontuy Kalman Filter
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NIV Dynamic discrete model

x(k) = ®(k — D)x(k — 1)+ T(k - Du(k — 1) + w(k —1) (24)

==
NY Measurement model

y(k) = H(k)x(k) + v(k) (25)

Tag

=).
o)
o

x(k)

u(k—1)
Dk -1)
I'(k-1)
v(k—1)
w(k—1)

7 A
TAANAPDTVUIA nx 1 NI &

o)
[e2}

dunanAmas YA 7x1

=)
o

NIUFFUUNATATIUIA 72X 7

=)
o

ATNTADAINAUAVDIDUNANNATIFVUIA 11X 7

o)
[e2}

T QIUTVNIUINNTIA (Measurement noise) YUIA 7% 1

=)y
]

TUQAUTVNIUVDINTEUIUNT (Process noise) YUIA 7% 1

o I o [ { 1 g 4
fiuald w(k—1), v(k —1) 1Judyauuuugy (random sequence) Niinundelugud Ao

E{w(k)}=E{v(k)}=0, Ef{e} Ao mmsmanziu (Expected Value)

£ o 09; 1 v o Jdo A A 1S @ = .
BN ﬂejﬂlﬂﬂ‘l‘l’]\‘]ﬁ@ﬂulllllﬂ'ﬂll’ﬁll‘W‘H‘ﬁﬂu“VlNL'JﬁWWifJLiEJﬂ'NHJH YUIUITUNIUTUII (White

noise) Ao
EfWwOw() = EVOiv() =0 & iz
waz 1N Muu5159159 (covariance) 1w lilaudofviuadil

EfWwiw®) =R, EpE)VE) }=R,

nnaumsi (24) uaz (25) awsadoulieglugal block diagram ladanini 16



u(k- 1)

Tk -1)

wik-1)

x(F)

Bk -1)

Y

x(h—1)

Hik)

v (i) l

+
C (k)
+

MNA 16 L!‘U‘U‘ﬂﬁaﬂ\‘lﬂlﬂ\‘lﬁg‘UUWﬁﬁWﬁﬁg

34

[ Y 1
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d‘ a d? % d' = A
Jymnnavuvesdnlscmnaaealuniwi 17 Jaelszms Ao

1. dualuanseddSuauiueuues matix  @(k), T(k), H(k) 13
sz & 92 14 asymptotically track muAIUDY X

4
2. szuuil i Idhmsudvierawenvesdaya noise (w(k), v(k))

v o o o | o o o & A o
aaiu Anmsia y(k) desgnihunflewdngdlszmnamen swiuiufuveda

U

lszanaiaag Ni3en31 Kalman Filter A4ATNN 18

w(k-1) (k)
+ +
-1 x(k) i
I [P - H(E) &
3 +
ag-1y P -
(ki — 1) §Chy - A
e Tk -1 A-O = Hik) "C)
+
S(k-1lk-1)
| . e(k[k 1)
Bk 1) - L) |
Xk [fe)

MW 18 Block diagram V095 vUNYszmuaanlasly Kalman Filter

vinszuulunmi 18 Jussuuiieglugiitalves Kalman Filer Tasvzitinis
uﬁ"‘ﬂmuwmzﬂ 2 Yszmsninszunlunmil 17 TaedefiuanaseenTnnszunlunmi 17 e
Flszanasuduuns x(k) azunudae X(k|k = 1) FarzBondanszanaiia Priori Estimate
Tag k(klk - 1) Judnlszanaildnissa y(),i = 0,1,2,....k -1 Feezfuldamaunsi

(26) A®
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Priori Estimate
(k1) = ®(k —DX(k -1}k = 1)+ T(k - u(k —1) (26)

I%aun139 (26) (Priori Estimate) lumsiiunedidszuisdnsy Output §(k)uaznanig

521314 Estimated Output 1A% Actual Output 9238031 Priori Error §380n151 (27)
e(klk -1) = y(k) — §(k|k —1) = y(k) — H(k)X(k|k —1) (27)

{ < { 1 1 . %
NAANMIN 27) WuaumInuanInad1a3EHINg Estimated Output 8% Actual Output B39

I A Vo n A ' ¥ ' Aa 2
lﬂuﬁuﬂ']ﬁﬂllﬁﬂqq']ﬂ'Jﬂﬁgu']m X(k) ﬂ’ﬁJ'lgﬁuﬁiﬂhlujﬂﬂﬂgﬂllﬂﬂ']ﬂﬂ'] error NINAUVYU

Posteriori Estimate

R(k[k) = X(k|k — 1) + L(k)[y (k) - H(k)X (k|k - 1)] (28)

' o oo ' = .
NANNTN (28) (Posteriori Estimate) @04131013 Optimize ¥1A1 L(k) ¥udu Gain V09

Kalman Filter it 1m3sud ludlSudszana (k) vesldlimnmngauinga

fmualiszuul Error voada1szuna k(k) Aie Priori error e(klk —1) uaz posteriori

error e(k|k) Faerunsii (29)

Priori error . e(klk —1) = x(k) — X(k|k —1) 09)
29
Posteriori error  : e(k|k) = x(k) — X(k[k)
1AL AMUA Error uAazd 195iA1 Error covariance muaunsd (30)
Priori error . P(kk—1) = Ele(klk —1)e” (Klk —1)} .

Posteriori error :  P(k|k) = Ele(kl)e” (k[k)}

@

dd' 9)49’ ] o 1A 1
yunlgsanuiudr lumslseuun As A Square error
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Square Error = Z E{(e,. (k[io) e, (k)" }: tr P(k|k)

Tay tr P(k|k) Aoraninauuundumniedyuves matix P(kk)

Ffuisvzman Lk) Wil Mean Square Error 04 o (P(k[k)) 1iisouiiga Tas

otr (P(k|K))
OL(k)

Y ]
Taeinsmsviaatl :naunsi (30)

P(k[k) = Efe(k|k)e(k[k)" |
= E{(x(k) — R(kJk) \x(k) - &(k[k))" }
= E{(x(k) = %(k|k = 1) = L(k)(y (k) - H()X(k[k — 1))
s (x(k) = X(k[k — 1) = L(k)(y (k) - H(R)R(k[k — 1)) }
= E{(x(k) - X(k|k = 1) = LUk)(H(k)x(k) + v(k) - H(k)X(k[k —1)))
(x(k) = R(k[k = 1) = L(k)(H(k)x(k) + v(k) - H(k)X(k|k 1))’ }
= E{(1- LI H(0))(x(k) — %(kk = D) + (L(k)v(k)))
(1= LOOH () - (kJf — 1) + (L V() |
= (I- L(k)H(k))E{(x(k) — (K[l = 1) )x(k) = k(k[k = 1)) }(1 —L(k)H(k))"
+LOOE{N )Y () LT (k) + 2(1 = LUOH (k) E{(x(k) — % (k[k = 1) (k)" LT (k)

*

k=D ()} = Efe(klk ~1)v" (k)}= 0 914

nn E{v(v’ (k) =R, uag E{(x(k) -k

P(k|k) = (I - L(k)H(k))P(k|k - 1)(T - L(k)H(k)) +L(H)R,L" (k) (1)

T
of o ng =2AB 1w ld SE(kk) i

dieldaunms (31) uazldendny

Mlosiga lag
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our(P(k[k))
AL(k)

_ ar{{@ - Ly RGP D - L HK)' + LR, L (h))
) OL(k)

=—2(I- L(k)H(k) )P(k[k = )H" (k) + 2L(k)R,

— 2P (k[ — )H (k) + 2L(k)(H(K)P(k[k —HH” (k) + R, )
9218 Gain L(k) ¥4 Kalman Filter Auaumsh (32) o

Kalman Filter Gain

L(k) = P(k{k - DH” (k)(H(K)P(Kk —)H' (k) + R, ) (32)

N1311 Posteriori covariance ( P(k|k) )

) { @ [l Jd o o {
aums 32) miagl1degluilsdduves R uazihwunuaslugunsi G1) oz

Vlﬁ}ﬁumiﬁﬁﬂﬂﬁ Posteriori covariance Y130 Error covariance update mmumiﬁ (33)
P(k|k) = (I - L(k)H(k))P(k|k —1) (33)

N1911_Priori covariance ( P(k|k -1))

a . . A 9
WATU Priori error MUFUNITN (29) 212 ld

e(k|k —1) = x(k) — X(k|k — 1)
= (®(k —Dx(k—1)+ Tk - Du(k 1)+ w(k - 1))
—(®(k —1)R(k — 1k =1) + T (k - Dia(k — 1))
= ®(k — 1)(x(k — 1)~ &(k ~ 1|k ~ 1))
+ Tk =D(u(k =1) bk - 1))+ w(k —1)
= ®(k—e(k -1k 1)+ T(k —1e, (k -1k —1)+w(k 1)

(34)
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P(k[k — 1) = E{e(klk — 1) e(klk 1))’ |
= E{@(k - De(k — 1|k — 1)+ T'(k - e, (k — 1|k — 1) + w(k — 1))
*(@(k —1)e(k — 1k — 1)+ T(k —Dye, (k — 1k = 1)+ w(k - 1))’ }
=Dk - 1)E{(e(k —1lk =1 Ytk — 1k - 1))’ }cpT (k—1) (35)
+T(k - l)E{(eu (k =1k —1)Ye, (k =1k - 1)) }rT (k1)
+ E{wik=D)w(e - }

S1vuald E{(eu (k =1k —1))e, (k =1k - 1))’ }: 0 uag E{w(k -D)wk -1 |=R,

A Y .. . =
NNFUNITN (35) 22 1§@un3 Priori covariance MNAUNITN 36)

P(klk —1) = ®(k —DP(k -1k - D®(*k -1)" + R, (36)

M135190 8 @1uN15 Kalman Filter 1145211 Discrete-Time

Equation Name

Equation

System dynamic model
Measurement model

Initial condition

Independence assumption

State estimate extrapolation

Error covariance extrapolation
State estimate observational update
Error covariance update

Kalman gain matrix

x(k) = ®(k —Dx(k - 1)+ Tk —Du(k -1)+w(k 1)
y(k) = H(k)x(k) + v(k)

Elx,}=%,, EXX"|=P,

EWw(v' (j)}=0

R(k[k —1) = ®(k —DX(k -1}k = 1)+ T(k - u(k —1)
P(klk —1) = ®(k —DP(k -1k -D)®" (k—1)+ R,
R(k|k) = %(k|k — 1) + L(k)(y (k) — H(k)X(k|k — 1))
P(k|k) = (1 - L(k)H(k))P(k|k —1)

L(k) = P(k|k - DH” (k)(H(k)P(Kk - H' (k) + R, )




v 9
1NM15 19N 8 15150 AU TUNTUAZNTZUIUNTVOS Kalman Filter 1aAaT]

Initialization

%(0)0) = E{x, |
P(0)0) = E{(x(O) —%(0)0)x(0) - %(0[0) )’ }

Time update

(k1) = ®(k —DX(k -1}k = 1)+ T(k - u(k —1)
P(klk —1) = ®(k - )Pk -1k -D®" (k-1)+ R,

Measurement update

L(k) = P(k{k - DH" (k)(H(k)P(K}k - )H' (k) + R, )
P(k|k) = (I - L(k)H(k))P(k|k 1)
X(k|k) = X(k|k —1) + L(k)(y(k) — H(k)X(k|k — 1))
F11ABUYBIN5EIUN5 DA Kalman Filter (Sanchai Leaspisitthagoorn, 2003) il
1. A MUAA initial condition X(0|0), P(0[0)
2. fw (k-1 00 @k -1), X(k—1lk-1), T(k-1) uazu(k —1)
3. fwom P(kjk—1) Taeld P(k—1k-1), ®@(k-1)uaz R,
4. S Lk) 10 P(kk—1), H(k)uaz R,
5. P(klk) vinen L(k) waz P(k|k —1)
6. mumdnlszina X(kjk) A L(k) , X(k|k —1)uaz y(k)
7. fdndaudiunoud 2 lsudiunoud s uazazaunsanumsiieiaaei

Alasmuald
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2 o ~ o A
wmsmumuma'emnNmmmmmmaauTamu‘uumummllv\l% Ao

(D) + e, Ty (i=1)—c, My, ()AT,, () —c,

¢

~_ b
T(i) =

d‘ [ n Yo dyd
NAUNITN (37) Lﬁﬁﬁﬂﬁﬂﬁ]ﬂﬁhﬂﬁ%’mqﬂﬂ\ﬂ‘!ﬂﬂ

T,(i) = (ijpm (i)~ (C—jMW (DAT,, (i) - ("’—j + (ﬁst (i1
¢ ¢ ¢ ¢
Taotmualdt 6, = (ij 6, = (C_zj 0, = (0—3} 6, = (ﬁj Faerumsdi
¢ ¢ ¢ ¢

a0 %ﬂ@éiﬁ}@ giiugﬂ measurement model UDN Kalman filter

y(k) = H(k)x(k) + v(k)

E4
Y v

& 9 o ~ L] . =\
¥z lAunuiiaesveuamaoy Tavzioglugiuunves Kalman Filter Idaafiae

0, (k)

; 0, (k)
Ts(k)=[Pm(k) - M, (K)AT, (k) -1 Ts(k—l)} 0.(b) +v(k)

0, (k)
Taoii

y(b) Ao Ty(k)
H(k) Ao [Pm(k) ~ M, (AT, (k) —1 TS(k—l)}

x(k) 79 8(k)

4 .
v(k) f1® Measurement noise

41

(37

(3%)

(3%)

(39

(40)
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1NAUNIT Dynamic discrete model YD Kalman Filter ANANNITN 41 Ao

x(k) = ®(k — )x(k — 1) + T(k - Du(k — 1) + w(k —1) (41)

9
[

#1150W1EUS Dynamic discrete model Yo iviaoy Tane lamuaunsasil Ao
0(k)=Dd(k-1)0(k-1) 42)
. . . -
Fesrvuamannsin 42) wiiuszuunlall input  u(k —1)uag process noise
% 3 = 1 a 4 o A
wk—-1)  mazdwmdsamaduiissnimisidmesveuuuiiasuaiviasu lave lagh

D(k-1) A9 Identity matrix Y11 4 x 4

AM19191 9 AU Kalman filter 145UV US @0 uviasy Tavzuuumieani luih

Equation Name Equation
System dynamic model 0(k) = ®(k - 1)0(k —1)
Measurement model T, (k) = H(k)0(k) + v(k)
Initial condition E#,}=6,, E{BOEOT }: P,
Independence assumption EWw(v' (j)}=0
State estimate extrapolation O(klk —1) = ®(k —1)0(k — 1}k 1)
Error covariance extrapolation P(klk —1) = ®(k —DP(k -1k —D)®" (k- 1)
State estimate observational update  O(k[k) = 0(k|k — 1) + L(k)(T, (k) — H(k)O(k|k — 1))
Error covariance update P(k|k) = (1 - L(k)H(k))P(k|k —1)

Kalman gain matrix L(k) = P(k|k ~-)H" (k)(H(k)P(k|k ~-DH" (k) +R, )_1
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v 9 9
NAITN 9 ANTOULITUADUNTONUULAIUTZ UM 1AY Kalman Filter ‘1{2{ 3 dupou ﬁﬁ]

Initialization step

0(0[0) = £{0, }
P(0/0) = E{(B(O) —6(0|0)X9(0) —6(0|0))T}

Prediction step

O(klk —1) = ®(k —1)0(k — 1k 1)
P(klk —1) = ®(k —D)P(k -1k —D)®" (k- 1)

Update step

L(k) = P(k|k - )H” (k)(H(k)P(K}k - )H' (k) + R, )
P(k|k) = (I - L(k)H(k))P(k|k — 1)
0(k|k) = O(k|k — 1) + L(k)(T, (k) - H(k)0(k|k — 1))



1. FieldPoint

2. Thermocouple Type: R
3. Thermocouple Type: K
4. Flow meter

5. Transmitter

6. AoURUADY

7. Display
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1
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module (FP- 2000,FP-AIO-600,FP-AI-111)
%A
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B

Q

o2
po}
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po}

%A

8. Tilsunsu LabVIEW 7 uag T11/51tn54 MatLab 7

ad
IHNI

Motal Temporature Type By | )

Transmitter

Flow rate (Flow meter)

Temperature Flow in (Type K)

4-20mA

Temperature Flow oul (Type K)

FieldPoint

v E4
a o t4 o o 1 o a
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9 9
v

an (% [ Y d' o 9 d' 9 o Aas v A
AFNITIVLUASEN ﬂgmuwmmauway,aﬂ"lmJwnmﬁﬂizmmqquumu@@umuﬂa
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