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Closed-loop Identification of Transfer
Functions of a Glass Furnace

To Kelai, Zhang Xichun

( Department of ~Automation,

South China University of Technology, Guangzhou)

~ Abstract

The identification of transfer functions of linear systems operating in
closed-loop has been the subject of much research in recent years (13~(43,
This paper presents an idenlification method of switching two independent
lower order regulators, By using this method we estimated the transfer
function of the furnace temperature changes to the variations of fuel oil
flow rate and the variations of the combustion air flow rate in the glass

furnace, Results are verified by open and closed-loop tests,

Guangzhou FElectric Light Lamp Factory is going to introduce
the computer control to the glass furnace for substituting its conven
-tional control and we are dealing with the technical problems of
this project. one of the major problems we encountered is the
identification of transfer functions of the furnace tempefaturé Changé‘s
to the variations of fuel oil flow rate and the variations of the
combustion air flow rate. Fig. 1 shows the simplified scheme of the
burning process. By means of the pressurized air, the fuel oil flows
through the left (or right)oil injector and is sprayed into the
melter where it is burned with the combustion air coming from one
of the recuperation chambers, producing the required temperature
for melting the glass. Firing direction is changed from one side of
the melter to the other under certain conditions of temperature and
firing duration.

The furnace temperature is constantly monitored and regulated
in closed ~loop by controlling the fuel oil flow. rate with a

conventional regulator, combining with a manual adjustment of the
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Fig.1 The Simplified Scheme of Burning Process

combustion air flow rate for maintaining the good burning condition.

To ensure the safety of production and the quality of prodycts,
this regulator is not allowed to be removed from the closed —loop
during the process of identification cxperiment. This entails the
experiment to be carried oyt yndey the closed ~ loop operating
condition. '

Fig.2 shows the schematic diagram of the closecl—100p control

of the furnace temperature,' where y(k)is the changes of furnace
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Fig.2 The Schematic Diagram of the C]
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remperature, u, (k)and u, (K)are the variations of fuel oil flow rate
ond combustion air flow rate respectively,  e(k) is the system
poise which is assumed to be normally distributed. S, z"h, S, (27 1)
and Ss(z71) are 2 —transfer functions which are to be estimated. H(z™*)
is 2—transfer function of PID or PD controller. »

( A ) Identification of the transfer function S, (z7').

To simplify the procedure in identifying the transfer function
s, C 2 ), the combustion air flow rate is maintained at a fixed
level by kmanually adjusting the batterfly valve to eliminate its

effect Qri the changes of furnace temperature.°Consequently, we can

write, | |
y(k)=S‘1(z"‘)u1(k)+Sg(z*1)g(k) c ~ D
u by =—Hz " Hyk) (2)
where : ;
' -t g -t .
Sl(z"l)‘:B(z )— bzt + +b,2 (3)

Ay A1+azt+otaz”

_C(Z“) 1 ENPTE R I S

o1 = '
83(4 )““A(Z—l) 1+alz'1+"'+dn2"" . 4
F(Z—1> fo +flz—1+"’+fmz_m
-1y = - - T N
Hz™) ~G(.Z;—l) 1+g12_1+“'+gmz"m )
Eliminating u,(k) between (1) and (2) gives:
G0 :
ky = ' g | |
y(©) /1(2‘1)6'(2")+B(Z"1)F(Z‘l)e( ) “
Let Q(z—l):G(z~1)C(z“)=1+Q12“‘+-"+4n+mz"("+,'") : : 7

P(z-)y =A@z )G ) + BT HF (") =1 O TCRLE IS o M (8)
then Fq.(6)is equivalent to the following ARMA model: |
y(k) + pyCh—=1) + = + Pupny (k= n—m) = e(k) +geCh—1)+ +q"+”,¢(k—n%m)
, 9
Parameters p’s and ¢’s in the ARMA model were estimated by
the Extended Matrix Method together with an F—testingk crit:ér}:oﬂ
for determining the order of Eq. (9): |
p,=0.7966, b, =0,0789, py=0.3451, ,=0,6423, ps=0,6576
g,=—0,0439, g, = —0,2598, 45~ ~9,1001, ¢g,= —0,0019
and the mean value of ¢ (k)is 0.0017, its variance is 0.9250.
By using the Recursive Least Squares Estimation (RLSE)

method the transfer function of the PID controller was identified
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0,9782~1,533271 +0,731427¢2
]zt

H{z"') =

In order to obtain a’s and b’s we g0 back to [qg. (8)ang
equate the coefficients of the same power of 27! on the both sides,

this gives

" 1 0 0 09782 0.0 0.0 | Z; [ ;g;)zg i
-1 1 0 -1,5033 0,9782 0.0 ol 0'34‘5‘1
b=l 107314 15038 0,0782 ||, S
| o o0-1 0.0 0.7814 ~1,5033 ||, ’ 0.6423
Lo o0 o o 0.0 0.7314 {3, | t 0'6576

C10)
Obviously Ilq. (10 )does not have an unique solution becayse
the left matrix is not of the full column rank. To circumvent this,
we switch the PID controller to a PD controller, the transfer
function of which was estimated as;
H' (z71)=2,5041~1,12252""

Repeating the procedure for estimating the parameters in F£q.(9) gives

S p1=1,1783,  $5=0,6132, p,=0,6410, p,=0.4155

a7 =0,0026, ¢} =-0,0133, ¢b= —0,1184

The equation which is similar to Eq, (10)is

g
100 2,5041 0.0 0,0 as 11,1783
010 -1,1225 2,5041 0.0 s | 10,6132 ()
001 0,0 —-1,1225  2,5041 b, 0,6410
000 0,0 0.0 -1,1225 b, 0.4155
by

Combining (10 Yand (11), we obtain the p&mmd(}r estimates by
RLSE. o
ay=1.,0214, a,=0,5843, a;=0,3125
by=0,0047, b, =0,0521, b,=0,0193

To determine ¢’s, we equate the cocfficients of the same power of
271 on the both sides of g, (7) to obtain a sct of linear equations

similar to Iiq, ( 10) , The LS solution of this set of linear equations
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¢, =0,4291, ¢2=0,0689, cz;= —0,0492

( B) Identification of transfer function S, (27! ).

Having finished the identification of transfer function '§; (z=1)
we proceed to the experiment for identifying transfer: function
s, (z7' ). In this experiment, the combustion air flow rate . 4vas
varied continuously by manually adjusting the butterfly “valve. In
this case we can writes ’ !

y(k) =8 (@™ yu (k) + S, (2" Duy (k) + 8, (4")6(1{)

Let ys (k) =y(ky =S, (" u k), e/ (k) =8, (/-l)e(k)
then Ya (k) =Sy (2™ yuy (k) +€” (§) 12
Bramry | MiaTiebaT e bt ak

Denoting S, (x71) = A (z-Yy

1+aiz™t v ahz™ +alyz™?
[ixpanding it into an infinite series and reserving the first 10
terms, (12) can be written as follows;
po (k) = (5270 4 o sy g2 D uy (k) + e (k) ‘
where sy, -, $;, are the pulse response sequence  and e”(k)
includes the measurement noise as well as the truncatcd error in the
expansion. $ys°r, Spgy WCre estimated by LSE.
= —0,0397, s,= —0,0147, s,=10,0353, s,= —0,0105, s, = —0,0158,
= ~0,0267, s,=0,0112, s;=0,0134, s5=0,0101, s,,=0,0040, .
After obtaining the pulse responsc scquence we “deternined  the
coefficients of the tramsfer function S.(27')by the method proposéd ‘
in £22,
@} =0,8512, ab=0,5184, os=0,5537
by = - 0,0397, b= ~0,0490, b5=0,0022

Sumwmarizing the results  in (A and ( B ) , we have the dynamic
equation for the furnace temperature

(0,0947 +0,05212~ 1 +0,01932 *)z"*
1+1,0214271 +0,584327% +0,3125273

y(k) = w (k)

(—0,0397- 10,0490z +0,0022z" %)z}
1+0,8512271 +0,518427% +0,553727°

uz(k)

) 1 40,4291271 +0,068927% — 0,049227°
1+1,021427"40,584327% +0,312527°

etk (13)
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The estimated transfer functions were verified first ip closeq .
loop operation by using the values of u, (k) apd ug (k) collectey
by a monitering computer and the values of e(k ) generated by

01.5

(C) Verificatiop. \\

a

simulation program, the temperature changes y (k) were Compytey

according to Eq. ( 13 Yand were compared in Fig. 3 with  tpe
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Fig.3 Closed - loop Verification

observed opes. It is seem that they are close enough to each other,

In the second experiment of verification. the furpace operator

was persuaded to open the coptrol loop of the fyrpace temperatyre
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Fig.4 Open-1loop Verification
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G;; short time at the risk of abnormal production, and to increase
steadily the fuel oil flow rate from 340.0 kg/hr to 497.5kg/hr while
kegpihg thg,comb‘usftionf"aiir flow ra’t‘g"lgt a ;,fiyk)‘ced level of*i3500‘.0,m3/
hr; The final observed value of température was nearly 9°C  which
is consistent w’ith, thei computed value: ‘s o |

lim y(k) = lim 81(2*1)°(497,5—340.6)20.057-157,528.98°C

k— 2o k—>co

(D) Conclusion.

The closed-loop identification method by switching two indepen-
dent lower order controllers was discussed in detail in (4. our
experiment for estimating the transfer functions of a glass furnace
demonstrated the feasibility of this method.
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