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Abstract: By analyzing of the tube-type heating furnace features and process, the temperature heating of the
furnace was unidirectional, large inertia, heavy lag and changeable, it is hard to build an exact mathematical
model confirmed parameters. Applying traditional control theory and method is difficult to achieve perfect
control effect. We studied the application of the fuzzy control in tubular furnace temperature control. Then
according to the dynamic response process of the second order system, fuzzy control rule table is established.
The input and output relationship of fuzzy control rule table is introduced applying of synthesis reasoning rules,
so as to calculate the fuzzy output vector corresponding to the deviation and the deviation change rate, and then
fuzzy judged by using the center of gravity method, finally the adjustment amount of time interval for push rod
is obtained. The feeding time of push-off arm was adjusted to control the heat-up time of each blank in the
tubular heater dynamically, and ensures it reach the set temperature when coming out of the tubular furnace.
This paper, finally, analyzes the factors that influence the system error and processes them adopting error
analysis method, so as to improve the control precision of system. Copyright © 2013 IFSA.
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temperature heating of the furnace was unidirectional,
large inertia, heavy lag and changeable, it is hard to
build an exact mathematical model confirmed
parameters. Applying traditional control theory and
method is difficult to achieve perfect control effect.
This text analyses tubular finance’s working
character and adopts the fuzzy control algorithm to
solve the heating temperature control problem,
enhancing system’s controllability and reliability.

1. Introductions

A great many metal work pieces was finished by
investment casting, machining and post processing,
yet investment casting had many shortcomings: blank
ingredients and organization structure were not
uniform, cutting workability was bad, utilization rate
of raw materials was low and so on, now the
workability and quality of the products were improved
by adopting the bar heating and then precision
forging. A key factor influencing the forging bar’s

quality is the temperature control when heating the 2. The Analysis of Tubular Intermediate

bar. At present the heating way we adopted is
intermediate  frequency induction heating way.
Induction heating output electricity power via the
tubular furnace made by induction circle and heat up
metal bar by electromagnetism induction. Because the

Article number P_1306

Frequency Induction Furnace
Furnace mainly consists of material pushing

system, intermediate frequency heating power supply,
induction circle, stove and temperature control system.
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Medium frequency is 1500 Hz, the length of work
piece base material determined by the standard of each
group product. The number of the work pieces in the
stove cannot beyond 10, the diameter of the material
among 80~90 mm. When out of stove, the surface
temperature of material must among the deviation
limits set point allowed, it means that system ask for
the base material controlled by constant temperature.
This system have two different control way. The first
is pushing material pushing use constant beat, on the
basis of temperature when work pieces out stove to
adjust the heat source power. The second is heat

Separate warming

source power setting a fixed power output, according
work pieces temperature to adjust pushing beat to
change work pieces’ heating time. In most cases,
furnace source power is heavy, adopting the first
method source power would adjust frequently, when
power is weak, because the conduction angles of the
silicon controlled in rectifier bridge is small, harmonic
wave is big and easy to affect the steady of electrified
wire netting[1-3]. Thus this text chooses the second
control way.
The structure of tubular furnace is show in Fig. 1.
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Fig. 1. Tubular furnace structure.

The part of main power source consists of three-
phase power source, three-phase controlled rectifier,
DC filter, and intermediate frequency inverter and
induction furnace and so on. The part of control
consists of automatic send\out system, intermediate
frequency power source control system and
temperature control system. Intermediate frequency
power source control system manages the part of
rectification and contra variant, and ensures the
induction furnace output power keep constant in

heating process. Intermediate frequency control
system protects the whole induction power source
overheating, overflow and phase lack at the same
time. Temperature control system adopt infrared
measuring temperature sensor to measure each
material’s outing temperature, then rely on the setting
temperature to adjust pushing beat.

Through the above analysis, we get systemic
electrical frame diagram as show in Fig. 2.
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Fig. 2. System hardware frame.

3. The Study Work Pieces Temperature
Control Algorithm

3.1. The Analysis of System Fuzzy Control

In consideration of rapid control and easy
achievement, this text builds a two dimension fuzzy
controller to control the temperature. In fuzzy control,
input temperature deviation et and temperature
alteration etc, adopt incremental control by changing
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At to adjust pushing beat time jp _t, system’s setting
temperature and sampling actual temperature are x, y,
k means the K™ calculated data [4-5].

There be:

et(k) = x(k) — y(k) (1)
etc(k)=-ct(k)—et(k-1) 2

Based on the fuzzy subset setting rule, set the
fuzzy language variable of et, efc, At respectively be
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ET, ETC, AT. Theirs change limits respectively define
14, 13, and 13 grade fuzzy domain:

X.~{-6, -5, -4,-3,-2,-1,-0, +0, 1, 2, 3, 4, 5, 6};
Yu={-6,-5,-4,-3,-2,-1,0, 1, 2, 3,4, 5, 6};
Zyr=1{-6,-5-4,-3,-2,-1,0,1, 2,3, 4,5, 6}

The language described fuzzy subset of ET, ETC
and AT respectively be:

ET={NB, NM ,NS, NO, PO, PS, PM, PB};

ETC={NB, NM, NS ,ZO, PS, PM, PB};
AT={NB, NM, NS, ZO, PS, PM, PB}

{-6...,-1,:0,40,1,...,6}

This tubular furnace temperature control error
demand is £5, so temperature deviation basic domain
setting is [-5, +5], quantize in fuzzy domain [-6, 6],
temperature deviation quantification factor
Ket=6/5=1.2. Because warming speed is not fast,
setting temperature deviation change rate basic
domain is [-2, +2], difference in temperature change
rate fuzzy domain is [-6, 6], deviation change
quantification factor K=6/2=3. The adjustment basic
domain output quantity beat time based on systemic
fixed power and material’s volume, thus here on
setting [0, 100].

According to above setting, the transformation of
fuzzy control physical quantity as show in Fig. 3.

{NB,NM,NS,NO,PO,PS,PM,PB

Input i ion [discrete ET Fuzz
et 3 l(:Quantlﬁcatlon > {fuzzification > Inferznce
Continuous actors 'magnitude ETC
Value {-6...,-1,0,1,...,6} {NB,NM,NS,Z0,PS,PM,PB}
Control
Output .
héi L Count actual glscrete Defuzzification €& fuzzyquantity AT
ontinuous| Control value r‘nagnitude WB,NM,NS,ZO,PS,PM,PB}
Value

6...,-1,0,1,...,6}

<€—Basic domain—-)'(—Discrete domain—)‘(—F uzzy domain———p

Fig. 3. Transformation figure of vague control physical quantity.

Because fuzzy control character is not sensitive
about fuzzy language membership function form,
mainly depend on the number of membership function
and the fuzzy domain of each function [20].
According to the confirmed principle of membership
function of fuzzy function: membership function must
meet the demand of convex fuzzy set; in large
deviation area we adopt low resolution fuzzy set, in
small deviation area we adopt high resolution fuzzy
set; the two spacing fuzzy membership set should not
try to intersect, making sure one point not be covered
more than two in domain, avoiding fuzzy membership
set concept contradictory [6]. Thus fuzzy variable ET,
ETC, AT adopt triangular MF, fuzzy variable
membership curves as show in Fig. 4.

According to MF curve we can get the
membership degree of each fuzzy variable, on the
basis of fuzzy set’s Zadeh express method, there be:
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Fig. 4. Subjection function curve.
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On the basis of temperature deviation fuzzy set
expression we can clear up and get MF assignment
table as show in Table 1. Successively write the
expression of fuzzy set ET, ETC, AT, the same
management we can get their MF assignment table.

For example second order system’s step leap
response curve, systemic trends character curve as
show in Fig. 5, mainly consists of 4 cases.
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Fig. 5. Second order systems step response curve.

A.et>0etc<0(i)

B.et < 0etc<0(ii);

C.et < 0etc> 0 (iii ),

D.et> 0etc> 0 (iv);

The crossing, highest and lowest

Crossing:1.e>0—e<0, Le<o(b, f)

2.e<0—e>0,2Le>0(d, h)

Highest: Ze=0,e<0(c, g)

lowest: Ze=0,e>0(e, i)

According to the direction and size of ET, ETC,
determine the control rule as follows:

in i area when et is large, to shorten rise time
At<0;when e is small, to prevent overshoot 4¢=0;

in ii area to reduce overshoot, A¢<0);

in iii area when et is large, to shorten fall time
At<0; when et is small reaching set point 4¢t=0;

in iv area to reduce lowest deviation A¢>0;

For crossing, highest and lowest, if et and etc both
be 0 At=0;

Crossing: 1.et >0—et<0, etc<0 (b, f), 4t <0

2. et <0—et>0, etc<0(d, h), At>0,

Highest: de=0,e<0(c, g), At<0

Lowest: 4e=0, e>0(e, i), At>0

According above rules we can design fuzzy
control principle table as show in Table 1.

Table 1. Vague control principle list.

ET
ETC NB | NM | NS Z0 PS PM PB
PB 70
NB (R1) PB PB PB PM | ZO (49)
PB
NM (R2) PB PB PM | PM | ZO Z0

NS PM PM | PM PS Z0 NS NS

NO PB PM PS Z0 NS | NM NB

PO PB PM PS Z0 NS | NM NB

PS PS PS ZO0 | NS | NM | NM NM

PM Z0 Z0 | NM | NM | NB | NB NB

NB
PB Z0 ZO | NM | NB | NB | NB (R56)
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According to the sampling get et and figure out
etc, then quantize them corresponding get an element
ET and ETC in vague domain [7-10]. Through the
Table 1, it can be found that the condition part of
fuzzy relation R was comprised by the two conditions
connected by wusing the “AND” operator. The
satisfaction of general conditions can be calculated
with the minimum of the subcondition membership
function. For example, the subordinate degree of the
two conditions for R, (m=1,2...56) can be calculated
by the following formula.

:uETmﬂETCm (Xet ’Yetc ) = mln{luETm (Xel )’ luETCm (Yetc )/Z
3)

The general conditions of R, can be expressed as
two-dimensional matrices:

#m(Xel ’ Yezc ) = mm{luEfm (Xel )’ HErcm (Yelc )}
= ’mn{[/uETm(Xﬁﬂ)’ o ';uETm()(et]z/)]T X[/UETCm(Yeth)’ o /UETm(YetCIj’)]Il

mind g Xoep ) Hgrer (Yo V- mind pigg( X ) rer(Yaer3 )/
| min pigg( Xe2 ) Mgrei(Yaer - -mind pg( Xo2 ), s (Yaeis )}

mind g X1 ) Hgrer(Yaer Vo - mind pggn( Xes ). Mgrer(Yoers
“
It will be receiving “(7x8)x1” matrices
(formula 5) that write the row element of the “7x8”

two-dimensional matrices from the first row in turn in
rank.

I min{ epry (X o ) grei(Yeer )} ]
min{ ppry (X o ) gre i (Yeers )}
min{ epry (X o) tprei(Yeer )}
/um(Xet’Yet(f): :

min{ ppry (X oz ) Hpre1(Yewers )}

min{ Ppry (X s ) lprei(Yewers )/

Lmin{ tprp ( Xegs ) Hprer(Yeers )} ]

)

The “if-then” relation may be represented by the
cross product of conditions and conclusion in fuzzy
logic, the membership function of cross product is the
minimum of the membership function of conditions
and conclusion. So, the fuzzy relations “R,” can be
expressed as follow.

R, =(ET!I xETC, )" x AT,
,uRm(Xet’Yetc’ZAT) = min{min{ﬂETm(Xet )’ (6)
grem( Yo Vb tiarm (Z a7 )}

The formula 6 can be written as the matrix format
as the formula 7. According to the formula 7, every
rule can be computed.
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min{min{ pipp, (X,

minmin{ pgg, (X
/uRm(Xz etc’ ZAT)_

min{min{ tpp, (X,

| minfmin{ gz, (X

Fuzzy relation matrix of System is the result of all
control rules connected by the “OR” operator.

R=R,VR,Vv..VRy
HR(Xogs Yoser Zar ) = max{ gy ( Xy Yoo, Zog ) tigo( X g Yoior Zar ):
o lrss (Xot: Yorer Zar )}
(®)

For a given input (x ) , the fuzzy output for

et efc

the R,, is as follow.
AT, = (X %Yy )o R, (9)

The output of controller can be written as the
formula (10).

56
AT = U[(Xetx Yoye)oR, ]

IUAT(AT) max{mln{mln{:uETz(Xet) :uETCl( etc )}’
/uR(Xet’ etc’ZAT)}}

(10)
If the output of controller for the given (X, Vo)
input is

AT ={ry, 1,1y, 1yt 1, € (0,1)(n=0,1---14)

>

the fuzzy vector can be written as the

arr0 ol 2 ri4 (11)
5 5 4 6

Output from the defuzzification process of
controller output by using the weighted average
method can be calculated as the follow.

14
Z rn .ZATn
AT = 2= — (12)

I

1

~
BN

n

Then last result of controller is the follow formula.
At = ATK 4, (13)

Then put the MCU control data into a table form and
write on SCM’s program storage, realizing locating
method in SCM [4].

et1 ) Bercm (Yo ) arin (Z ars )

et1)s BETCm (Yere2 D atin (Z ars )

12 ) METCn (Ve o kst (Z g1 Do

w14 ) Merem(Yoe13 )b Mt (Zar1 Do

smin{mind ppg, (X o ), Hegrom(Yeer ) Barm(Z aris )}

,min{mind ppg, (X op ), Hgrom(Yee2 )b Mot (Zaris )}
(7

smin{min{ fpg, (X o ) Mgrcm(Yue2 ) Barn(Z ar15)

,min{mind gz, (X o 14 ) Berem (Y13 b Bar(Zaris ) |

3.2. The Self-tuning Algorithm of Control
Rule

i) Property test.

Owing to the fact that initial control rules are rough,
it can not achieve satisfactory performance
requirements, and to achieve better control effect, you
must modify the control rules, which is necessary to
test the performance of the controller [11]. Typically,
the control effect and performance requirements
deviation of error e#(nT) and error rate of change of
ce (nT) to test, set up et and etc(nT) belongs to fuzzy
set ET (nT) and ETC (nT). Through the test of the
deviation ET (nT) and ETC (nT), on the controller
output is corrected, the correction of the amount of P
(nT) is expected to improve the control effect of the
system, i.e.

ET(nT)— ETC(nT )— P(nT)

(ET(nT)=NB)—>(ETC(nT)=NS)—>(P(nT)=PB)

Rules shall — Rules Past state
adjust the part correct]on €,ce,u
Rules cache Performance

test table
GE - t et
uzz sef =
: P

Fig. 6. Control Rules Fuzzy Logic Controller.

Ba51c fuZZ)
controller

ii) Correction of control input.

According to each of the performance
measurement of output P (n7), we can calculate for
the process control of the amount of correction of the
input » (n7), which the purpose is that the output
characteristic can be changed later. We can discuss in
following situations:

a) SISO system.

r(nT) = kp(nT)

If input and output which frequently change in the
process can be normalized to the maximum, then
k=1

209
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b) MIMO system.
For a MIMO system, we have the input-output
relationship

X=rxX"U"), (14)

where X is the output vector of the system, and U is
the input vector, then through a sampling period, the
incremental relationship is:

AX ~TJAU = M AU (15)

J represents the Jacobian matrix in the formula.
The formula which determines the incremental model
ranging from the input change AU and the output
change A X ,which can be called the process of
incremental model. Thus (Process) correction of the
amount of input » (nT) can be obtained by the above
incremental model

r(nT)=M"P(nT) (16)

In actual operation, because they do not know the
exact model of the system, and therefore do not know
the coupling coefficient between the input and output.
Thus typically we can be based on experience for the
understanding of the system, assuming a coupling
coefficient, and then through a self-learning process to
overcome the inaccuracy of the assumed [12].

¢) Delay system.

As to the system which is larger delay, we need to
determine control action of which moment should be
responsible for the poor performance, which is defined
by time delay period mT of the offline measurement-
delay.

iii) Amendments to the rules of control.

We use the example of SISO system as an
introduction to the amendment process of the control
rules. The delay is assumed that the system of m
sampling period, the control input of the sampling
time (nT-mT) have a greatest impact on the
performance of process output at time nT. If the initial
rule of the control rule table as follows:

ET(nT —mT)— ETC(nT —mT) —> AT (nT —mT)

Through nT time characteristics test should be
amended as:

ET(nT —mT)— ETC (nT —mT) -V (nT —mT)
and

ET(nT —mT) = F{et(nT —mT)}

ETC (nT —mT) = F{etc(nT —mT)}

AT (nT —mT)=F{At(nT —mT)}

V(nT —mT)=F{AT(nT —mT)+r(nT)}

Write the sentence form, is shown as:

IF e=ET(nT—-mT) and etc=ETC(nT —mT) THEN
At = AT(nT —mT )

0]
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The revised results as:

IF e=ET(nT-mT) and etc=ETC(nT -mT) THEN
At =V (nT —mT)

(18)

Using the relation matrix can be expressed as:

R (nT) = ET(nT —mT )x ETC(nT —mT )xU(nT-mT) (19)
and

R'(nT)=ET(nT—mT )x ETC(nT —mT )xV(nT-mT)  (20)

Let R(nT) is the current moment controller relation
matrix, R(nT+T) is a modified matrix, realizing the
conversion equations can be expressed the following
statement:

R(nT+T)={R(nT) is not R(nT)} else R (nT)

Also available for set representation:

R(nT+T)={R(nT)AR (nT)}vR (nT)

General method for correcting controller type is
proposed by E. H. Mamdan, this time the new
relationship matrix is obtained, then according to the
synthesis of et (nT), etc (nT) and R (nT+T), obtained
fuzzy grade control quantity, After decisions to draw
firm control, added it to the system, to complete a
control action.

As nearly above, this method is time-consuming
and accounted for a large amount of storage space.
Here are both intuitive and simple and practical
algorithms.

iv) A new control rule modification algorithm.

Here need to supplement equation (16) is the
actual process input control signal, and if it is
converted to fuzzy control. The output of the system, »
(nT) should be divided by GU, as

r(nT) :G—IUM'IP(nT )=(GUeM )" P(nT)=M;"P(nT), (21)

where M1=GU"M.
We want to revisit the relationship between the
original rules and the new rules.

r(nT )= r,(nT)
The original rules:
T'{et(nT —mT ),etec(nT —mT )} = AT (nT —mT )
The new rules:

T'{et(nT—mT),etc(nT—mT)}:V(nT—mT)
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But we found that, If we simply modified according
to the above formula ,there will be such a problem, If
two consecutive side was even in the delay period
(mT), the two times are the same, namely et(n7-mT),
etctnT-mT+T) and ET (nT-mT+T), ETC (nT-mT+T)
are equal, then because of the (n7) time will change

T'{et(anmT),etc(anmT)}:AT(anmT)
into
T’{et(nT—mT),etc(nT—mT)}:V(nT—mT)

As in (nT+T7), the original rules no longer exists, in
accordance with the revised rules, the new rules

T'fet(nT —mT +T ),etc(nT —mT +T )}
:T'{et(nT—mT),etc(nT—mT)}:V(nT—mT)

and then amended as follows:

T'{et(nT —mT +T )etc(nT —mT +T))
=T,{et(nT—mT),etc(nT—mT)}:V'(nT—mT)

The equation

V' (nT —mT )= F{At(nT —mT +T )+r(nT +T))
=F{A(nT —-mT+T)+r(nT)+r(nT+T)}

(22)
Taking into account the above, we change the rule

modification method.
The original rules:

T {et(nT —mT ),etc(nT —mT )} =U(nT —mT)

The new rules:

If in the past (nT-mT) of mT delay period, there is a
et (nT-mT-iT), etc (nT-mI-iT) and et(nT-mT) and
etc(nT-mT-iT) are the same, then in the second
amendment, the rules are:

T,{et(nT—mT),etc(nT—mT)}
:{aT'{{et(nT—mT),etc(nT—mT)}+(1—a)V(nT—mT)}

Otherwise:
T {et(nT—mT+T ),etc(nT —mT )} =V (nT —mT)

Among them, 0 <a <[, i=1, -*m-1.

Now our new algorithm can be summarized as
follows

Step 0: To establish buffer rushed 3 * 2m units of
data storage.

et(nT ),et(nT —T ), et(nT —2mT +T)
ete(nT ),etc(nT —T ),---,etc(nT —2mT +T)
AT (nT ), AT(nT =T ), AT(nT —2mT +T)

(23)

Step 1: Calculating et(nT), etc(nT);

Step 2: Look-up table 7'(et,etc) , to get At (nt-mT),
Look-up table 7" (e, etc) , to get p(nt-mT),
Calculating V(nT-mT)= At (nT-mT)+ r(nT);

Step 3: Modifying the control decision tableT'(e,c):

For i=1 to i=m-1

{Compare et(nT-mT),etc(nT-mT) and et(nT-mT-

iT),etc(nT-mT-iT);if the same, then Flag=I;else
Flag=0};
If flag=1, then

T’nﬂT{et(nT—mT),etc(nT—mT)}
=al {et(nT—mT ),etc(nT—mT )} +(1+a )V(nT—mT)

Otherwise,
T perfet(nT—mT ) etec(nT—mT )} =V(nT—mT)

Step 4: To determine the control amount of
U*(nT+T) at the time of (nT+7)

AT(nT+T):AT(nT+T)><GAT:T'(nTg){et(nT),etc(nT)}xGAT

There T'(et,etc) is the control decision table,

T"(et,etc) is the performance test correction table,
These stored in the computer in advance.

4. The Design of Fuzzy Controller

This system use MCU to design a temperature
controller which mainly consist of micro control
device, infrared temperature survey and signal
disposal circuit, beat drive module, keyboard and
display module and power supply module [13-14].
System temperature set and initial beat time input by
keyboard, the temperature of furnace exit work pieces
are measured by infrared temperature measure
instrument and go through signal disposal circuit
transformed voltage span SCM AD needed.
According to measured temperature went through
fuzzy control to get the beat time to ensure heat work
pieces reaching set temperature. Software uses
modules structure programming, mainly consists of
keyboard input /output, show, temperature measure
and filtration, fuzzy control arithmetic subroutine. To
decrease the SCM’s program difficulty, control
quantity output was calculated off-line of fuzzy
control’s 56 rules and put them into a table [15]. The
controller output in MCU is a hexadecimal data, so the
Control variable should be converted into hexadecimal.
The MCU domain is [00H, O1H, ..., FFH], so the
Conversion relationship is formula 24.

DMCU _Table = (Dcantrolivar + 6)X 256 /12
Dyicv  tapie - Data of MCU table
D

(24)
: Data of At table's control variable

control _var

211
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5. Analysis of the Temperature Error
of Workpiece Experimental
Test Result

5.1. Analysis and Treatment of Temperature
Error of the Workpiece

According to control theory the precision of the
system depends on the accuracy of given and
feedback, so the heating furnace's control temperature
precision is mainly decided by the given value and
measured value of the temperature. In order to reduce
the factors that may influence system error, the set
point of temperature is given by keyboard to eliminate
the given error. So the factors that mainly influence
system error are in the link of temperature
measurement [16-17].

Thermometry link consists of temperature
transmitting (temperature signal is converted to
4 ~ 20 mA) and AD collecting process, so the errors
of temperature measurement are mainly stochastic
nonlinear error, gross error and the nonlinearity of
data transformation [18]. The response time of
thermometer is 50 ms, and each time when the work
pieces being push out from heating furnace, the
passing time in thermometer is 1 ~ 2.5 seconds (the
length of each work piece is different), so each work
piece’s  temperature  measurement time  is
20 ~ 50 times. In order to gain effective measurement
data, the measure standard is based on the shortest
work piece measured 15 times. According to the
characteristics of random error, the random error of
temperature measurement generally obey normal
distribution, when the confidence interval is [-30, 30],
the confidence probability is 99.7 % as shown
in Fig. 7.

(A 4

T pe— 0 = + 30

Fig. 7. Probability density curve of random error.

The measured temperature of each work pieces are
yLy2,..yi (i=1,2..15) , the average value of each
work piece’s temperature is follow.

— )i 15
y—ﬁg)ﬁ

The measured temperature root-mean-square error
is got using Palin jess formula

n — n —
Dlyi=yvl _Dlyi-»l
T =1 5

o=,[— ~ —
2 n(n-1) 4 ,_1
2

(25)
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When |y, —y|> 30, then y; is out of confidence
interval, it will be deleted from measured data. Then
recount y and o until all left measuring point

dropping in confidence interval. At
temperature measurement resultis y + o.

present

During temperature measurement gross error
adopts Wright’s standards, firstly calculating Bessel
data of measured value, _

Among measured data, if y; fits |y, -y [> 30
condition, this measured value will be deleted. Rest
data will be processed by random error.

(26)

Measuring temperature data’s nonlinearity dispose
adopts segmented correction method [19]. According
to the accuracy requirement, Y;=f{y) is divided into n
segment. And the dots in Y;=f{(y) I, 2, 3, ...n are
calculated correspondingly getting dots 1°, 2’, 3,

.. in Y5 =K,y. When n is large enough, each
segment on f (y) can be seen as a straight line, with

slope K;;. as shows in the Fig. 8.

vh
Y, g Y=fty)
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M Y21 :KZL’y
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Y, 2 |

0 >

Yi Yi+1

Fig. 8. Temperature acquisition nonlinear correction method.

Y—the ith segment linear equation is got as
follows:

Y, =Yy +K;(y=y:)

Yy is the initial value for this segment. K is
straight line slope for ith segment. Corresponding to
v the straight line equation of the ith segment is as
follows:

Yo=(Y—a;)+ Ky (y=y;),
where q; is the difference between i and i’ segment, K;
is the difference of slope the between i" and i™
segment, i.e.

K, =K, -K,

By the three formulas above:
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Yo=Y, —a, )+(K; =K )(y—y;)
=[Y+K;(y=y )] —[a; +K;(y—y; )]
=Y, —[a;+K,(y=y;)]

5.2. The Analysis of Experimental Test Result

Using this controller in tubular furnace, setting
work piece warming time 1100 s and initial beat
45 seconds, containing three work pieces in this
furnace, gathering 20 work pieces’ temperature
during warming process, we get experimental graph
show in Fig. 9.
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1 1090 = |—#—Temperature
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12345678 910111213141516171819202122
Piece No

Fig. 9 The curve of push-time and temperature
of workpieces.

6. Conclusions

This paper presents a tubular furnace temperature
control system based on fuzzy control theory. On the
basis of the features of tubular furnace, a fuzzy
controller was designed applying two dimensions
fuzzy control theory. The control rules were modified
by the self-tuning algorithm of control rule during the
controller running. Experiment indicated that
induction furnace based on fuzzy control has the
characters of high control accuracy, strong anti-
interference ability and so on.
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