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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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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 
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 

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. 

 
 

2. The Analysis of Tubular Intermediate 
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 

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 

Δt to adjust pushing beat time jp_t, system’s setting 
temperature and sampling actual temperature are x, y, 
k means the Kth calculated data [4-5]. 

There be: 
 

)()()( kykxket   (1) 
 

)1()()(  ketketketc  (2) 
 

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

 
Xet={-6, -5, -4, -3, -2, -1, -0, +0, 1, 2, 3, 4, 5, 6}; 

Yetc={-6, -5, -4, -3, -2, -1, 0, 1, 2, 3, 4, 5, 6}; 
ZΔT ={-6, -5, -4, -3, -2, -1, 0, 1, 2, 3, 4, 5, 6} 

 
The language described fuzzy subset of ET, ETC 

and ΔT respectively be: 
 

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

 

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 Ketc=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. 
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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, ΔT 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, ΔT, 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. 
 
 

 
 

Fig. 5. Second order systems step response curve. 
 
 
A. et > 0 etc < 0 ( i); 
B. et < 0 etc < 0 (ii ); 
C. et < 0 etc > 0 (iii ); 
D. et > 0 etc > 0 (iv ); 
The crossing, highest and lowest 
Crossing:1.e>0 △→e<0, e<o(b, f) 
2.e<0 △→e>0, e>0(d, h) 
Highest: △e=0,e<0(c, g) 
lowest: △e=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 

Δt<0;when e is small, to prevent overshoot Δt=0; 
in ii area to reduce overshoot, Δt<0; 
in iii area when et is large, to shorten fall time 

Δt<0; when et is small reaching set point Δt=0; 
in iv area to reduce lowest deviation Δt>0; 
For crossing, highest and lowest, if et and etc both 

be 0 Δt=0; 
Crossing: 1.et >0→et<0, etc<0 (b, f), Δt <0 

2. et <0→et>0, etc<0(d, h), Δt>0; 
Highest: Δe=0,e<0(c, g), Δt<0 
Lowest: Δe=0, e>0(e, i), Δt>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 ZO PS PM PB 

NB 
PB 

(R1) 
PB PB PB PM ZO 

ZO 
(49) 

NM 
PB 

(R2) 
PB PB PM PM ZO ZO 

NS PM PM PM PS ZO NS NS 
NO PB PM PS ZO NS NM NB 
PO PB PM PS ZO NS NM NB 
PS PS PS ZO NS NM NM NM 
PM ZO ZO NM NM NB NB NB 

PB ZO ZO NM NB NB NB 
NB 

(R56) 

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 using 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 Rm (m=1,2…56) can be calculated 
by the following formula. 
 

ETm ETCm et etc ETm et ETCm etc( X ,Y ) min{ ( X ), ( Y )}  

(3) 
 

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

m et etc ETm et ETCm etc

T
ETm et1 ETm et14 ETCm etc1 ETm etc13

ETm et1 ETC1 etc1 ETm et1 ETC1 etc13

ETm et2 ETC1 etc1 ETm

( X ,Y ) min{ ( X ), (Y )}

min{[ ( X ), ( X )] [ (Y ), (Y )]}

min{ ( X ), (Y )}, min{ ( X ), (Y )}

min{ ( X ), (Y )}, min{ ( X

  

   

   
  



 



 



 et2 ETC1 etc13

ETm et14 ETC1 etc1 ETm et8 ETC1 etc13

), (Y )}

min{ ( X ), (Y )}, min{ ( X ), (Y )}



   

 
 
 
 
 
 





(4) 
 

It will be receiving “(7×8)×1” matrices  
(formula 5) that write the row element of the “7×8” 
two-dimensional matrices from the first row in turn in 
rank. 
 

ETm et 1 ETC 1 etc1

ETm et 1 ETC 1 etc13

ETm et 2 ETC 1 etc1

m et etc

ETm et 2 ETC 1 etc13

ETm et 14 ETC 1 etc13

ETm et 14 ETC 1 etc13

m in{ ( X ), ( Y )}

m in{ ( X ), ( Y )}

m in{ ( X ), ( Y )}

( X ,Y )

m in{ ( X ), ( Y )}

m in{ ( X ), ( Y )}

m in{ ( X ), ( Y )}

 

 

 


 

 

 































 
 
 
 
 
 
 
 
 

(5) 
 

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 “Rm” can be 
expressed as follow. 

 
T T

m m m m

Rm et etc T ETm et

ETCm etc Tm T

R ( ET ETC ) T

( X ,Y ,Z ) min{min{ ( X ),

(Y )}, ( Z )}


 


 

 

   






 (6) 

 
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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ETm et1 ETCm etc1 Tm T1 ETm et1 ETCm etc1 Tm T15

ETm et1 ETCm etc2 Tm T1 ETm et1 ETCm etc2 T

Rm et etc T

min{min{ ( X ), (Y )}, ( Z )},...,min{min{ ( X ), (Y )}, ( Z )}

...

min{min{ ( X ), (Y )}, ( Z )},...,min{min{ ( X ), (Y )},

( X ,Y ,Z )

   

  



     

     
 

m T15

ETm et2 ETCm etc2 Tm T1 ETm et2 ETCm etc2 Tm T15

ETm et14 ETCm etc13 Tm T1 ETm et14 ETCm etc13 Tm

( Z )}

...

min{min{ ( X ), (Y )}, ( Z )},...,min{min{ ( X ), (Y )}, ( Z )

...

min{min{ ( X ), (Y )}, ( Z )},...,min{min{ ( X ), (Y )}, ( Z



   

  

     

      T15 )

 
 
 
 
 
 
 
 
 
 
 

 
(7) 

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

1 2 56

R et etc T R1 et etc T R2 et etc T

R56 et etc T

R R R ... R

( X ,Y ,Z ) max{ ( X ,Y ,Z ), ( X ,Y ,Z ),

..., ( X ,Y ,Z )}
  



  


   
 



 

(8) 
 

For a given input ),( etcet YX , the fuzzy output for 

the Rm is as follow. 
 

m et etc mT ( X Y ) R     (9) 
 
The output of controller can be written as the 

formula (10). 
 

56

et etc m
m 1

T ETi et ETCi etc

R et etc T

T [( X Y ) R ]

( T ) max{min{min{ ( X ), ( Y )},

( X ,Y ,Z )}}






   





 

 






(10) 
 

If the output of controller for the given (Xet,Yetc) 
input is  

 

, 
 

the fuzzy vector can be written as the  
 

r0 r1 r 2 r14
T

6 5 4 6
    

  
  (11) 

 
Output from the defuzzification process of 

controller output by using the weighted average 
method can be calculated as the follow. 
 

1 4

n T n
n 1

1 4

n
n 1

r Z

T

r



 








 (12) 

 
Then last result of controller is the follow formula. 

 

tt T K    (13) 
 
Then put the MCU control data into a table form and 
write on SCM’s program storage, realizing locating 
method in SCM [4]. 

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 et(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)      

 
 

 
 

Fig. 6. Control Rules Fuzzy Logic Controller. 
 
 

ii) Correction of control input. 
According to each of the performance 

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

a) SISO system. 
 

)()( nTknTr p  

 
If input and output which frequently change in the 

process can be normalized to the maximum, then  
k = 1. 

},,,{ 14210 rrrrT  )141,0)(1,0(  nrn
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b) MIMO system. 
For a MIMO system, we have the input-output 

relationship 
 

T TX F( X ,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: 
 

X TJ U M U     (15) 
 

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

1r( 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]. 

c) 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: 

 
)(Δ)()( mTnTTmTnTETCmTnTET   

 

Through nT time characteristics test should be 
amended as: 

 
)()()( mTnTVmTnTETCmTnTET   

 

and 
 

)}()(Δ{)(

)}(Δ{)(Δ

)}({)(

)}({)(

nTrmTnTTFmTnTV

mTnTtFmTnTT

mTnTetcFmTnTETC

mTnTetFmTnTET






 

 

Write the sentence form, is shown as: 
 

IF e ET( nT mT ) and etc ETC( nT mT ) THEN

t T( nT mT ) 
   

 
 

(17) 

The revised results as: 
 
IF e ET( nT mT ) and etc ETC( nT mT ) THEN

t V ( nT mT )
   

 
 

(18) 
 

Using the relation matrix can be expressed as: 
 

'R (nT ) ET(nT mT ) ETC(nT mT ) U(nT mT )       (19) 
 
and 
 

''R (nT ) ET(nT mT ) ETC(nT mT ) V(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 ) R (nT )} R (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, r 
(nT) should be divided by GU, as  

 
1 1 1

1
1

r ( nT ) M P( nT ) (GU M ) P( nT ) M P( nT )
GU

       , (21) 

 
where M1=GU·M.  

We want to revisit the relationship between the 
original rules and the new rules. 

 
'r ( n T ) r ( n T )  

 
The original rules: 
 
'T { et( nT mT ),etc( nT mT )} T ( nT mT )     

 
The new rules: 
 

'T { et( nT m T ),etc( nT m T )} V ( nT m T )     



Sensors & Transducers, Vol. 155, Issue 8, August 2013, pp. 205-213 

 211

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(nT-mT), 
etc(nT-mT+T) and ET (nT-mT+T), ETC (nT-mT+T) 
are equal, then because of the (nT) time will change  

 
'T { et( nT m T ),etc( nT m T )} T ( nT m T )     

 
into 
 

'T { et( nT m T ),etc( nT m T )} V ( nT m T )     

 
As in (nT+T), the original rules no longer exists, in 

accordance with the revised rules, the new rules  
 
'

'

T { et( nT m T T ),etc( nT m T T )}

T { et( nT m T ),etc( nT m T )} V ( nT m T )

   

    
 

 
and then amended as follows:  
 
'

' '

T { et( nT m T T ),etc( nT mT T )}

T { et( nT m T ),etc( nT m T )} V ( nT m T )

   

    
 

The equation 
 

'V ( nT mT ) F { t( nT mT T ) r( nT T )}

F { t( 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-mT-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 )}

{ T {{ et( nT mT ),etc( nT mT )} (1 )V( nT mT )} 

 

     
 

 

Otherwise: 
 

'T {et(nT mT T ),etc(nT mT )} V(nT mT )      
 

Among them, 0＜α＜1, 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 )

etc( nT ),etc( nT T ), ,etc( nT 2mT T )

T( nT ), T( nT T ), , T( nT 2mT T )  

   
    
    

 (23) 

Step 1: Calculating et(nT), etc(nT); 
Step 2: Look-up table 'T ( et ,etc ) , to get Δt (nt-mT), 

 Look-up table ''T ( et ,etc ) , to get p(nt-mT), 

 Calculating V(nT-mT)= Δt (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=1;else 
Flag=0}; 

If flag=1, then 
 

'
nT T

'

T {et(nT mT ),etc(nT mT )}

T {et(nT mT ),etc(nT mT )} (1 )V(nT mT ) 
  

     
 

 
Otherwise, 
 

'
nT TT {et(nT mT ),etc(nT mT )} V(nT mT )      

 
Step 4: To determine the control amount of 

U*(nT+T) at the time of (nT+T) 
 

'
( nT T )T(nT T ) T(nT T ) G T T {et(nT ),etc(nT )} G T        

 
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, 01H, …, FFH], so the 
Conversion relationship is formula 24. 

 
MCU _ Table control _ varD ( D 6 ) 256 / 12    

MCU _Table

control _ var

D : Data of  MCU  table

D : Data of  t  table' s  control  var iable
 (24) 

 



Sensors & Transducers, Vol. 155, Issue 8, August 2013, pp. 205-213 

 212 

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 [-3σ, 3σ], 
the confidence probability is 99.7 % as shown  
in Fig. 7. 
 
 

)( δp

 0 σ33  
 

Fig. 7. Probability density curve of random error. 
 
 

The measured temperature of each work pieces are 
y1,y2,…yi（i=1,2…15）, the average value of each 
work piece’s temperature is follow. 

 
15

i
i 1

1
y y

15 
   

 

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

 
n n

i i
i 1 i 1

| y y | | y y |
5

12 4n( n 1 ) n
2

  
 

 
 

 
 (25) 

When i| y y | 3  , then yi is out of confidence 

interval, it will be deleted from measured data. Then 
recount y  and   until all left measuring point 

dropping in confidence interval. At present 
temperature measurement result is y  . 

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

Among measured data, if yi fits 
condition, this measured value will be deleted. Rest 
data will be processed by random error. 

 
15

2
i

i 1

( y y )

15 1
 







 

(26) 

 
Measuring temperature data’s nonlinearity dispose 

adopts segmented correction method [19]. According 
to the accuracy requirement, Yi=f(y) is divided into n 
segment. And the dots in Yi=f(y) 1, 2, 3, ….n are 
calculated correspondingly getting dots 1’, 2’, 3’, 
…..n’ in Y2i =K2iy. When n is large enough, each 
segment on f (y) can be seen as a straight line, with 
slope K1i. as shows in the Fig. 8. 
 
 

x

Y

Y1

Y2

Y3

Yi

Yn

yi

1
2

3

i

n
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2' 3'

i'
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r'

0

Yi+1

yi+1

Yi=f(y)

Y2i =K2iy

 
 

Fig. 8. Temperature acquisition nonlinear correction method. 
 
 
Yi—the ith segment linear equation is got as 

follows: 
 

i i0 1i iY Y K ( y y )    
 
Yi0 is the initial value for this segment. K1i is 

straight line slope for ith segment. Corresponding to 
y2i the straight line equation of the ith segment is as 
follows: 

 

2i i i 2i iY (Y a ) K ( y y )    , 
 
where ai is the difference between i and i’ segment, Ki 
is the difference of slope the between ith and i'th 
segment, i.e. 
 

i 1i 2iK K K   
 
By the three formulas above: 

3||  yy i
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2i i i 1i 2i i

i 1i i i i i

1i i i i

Y (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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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. 

 
 

Acknowledgements 
 

Xi'an Technological University president fund 
support. Xi'an Science and Technology Bureau 
Innovation fund support (CXY1130). 
 
 

References 
 
[1]. Xuemei Li, The Study and Realize of Circuit 

Temperature Ware Based on Vague Control, Ji Nan,  
Shandong University, 2006, pp. 37-38. 

[2]. Bingyong Tang, Linji Lu, Wenjie Wang, Vague 
Control Theory and Applied Technology, THU Press, 
Beijing, 2002. 

[3]. Ling Zou, Yuqiang Sun, The Applied Study of Vague 
self tuning PID Controller in Rewarm Temperature 
Control, Microcomputer Information, 12-1, 2005,  
pp. 25-26. 

[4]. Suxia Chen, Qiuping Sun, The Design of Constant 
Temperature Control System Applied Vague PD, The 
Modern Manufacturing Engineering, 6, 2008,  
pp. 83-83. 

[5]. Jialiang Zhang, Aimin Xi, Gengshun Hang etc., The 
Application of Vague Control in Metal Heat 
Treatment Tempering Furnace System, Automation 
Technology and Application, 26, 10, 2007, pp. 40-43. 

[6]. L. A. Zadeh, The Concept of Linguistic Variable and 
its Application to Approximate Reason in I, II, III, 
Information Sciences, 8, 1975, pp. 199-251. 

[7]. Msaharu Mzumoto, Fuzzy Control Various Fuzzy 
Reasoning Methods, Information Sciences, 45, 1988, 
pp. 129-251. 

[8]. J. M Keller and J. Givens, Membership function 
issues in Fuzzy pattern recognition, in Proceedings of 
the Pro. Inter. Conf. on SMC, Tuscon, 1985,  
pp. 210-214. 

[9]. Ying H., A nonlinear fuzzy controller with linear 
control rules in the sum of global two dimensional 
multilevel relay and a local nolinear PI controller, 
Automatica, 29, 2, 1993, pp. 499-505. 

[10]. Takagit, Sugennom. Fuzzy identification of systems 
and its application to modeling and control, IEEE 
Traps SMCPB, CybemeTics, 27, 5, 1997, pp. 884-889. 

[11]. Shi Huang, Fuzzy self-organizing controller and its 
application for dynamic processes, Int. J. of Fuzzy 
Sets and Systems, Vol. 26, 1988, pp. 151-164. 

[12]. King, P, J., Mamdani, E. H, The application of fuzzy 
control systems to industrial processes, Automatica, 
Vol. 13, 1977, pp. 235-242. 

[13]. L. A. Zadeh, Fuzzy Sets, Information Control, 8, 
1965, pp. 338-353. 

[14]. E. H. Mamdani, Applications of Fuzzy Algorithms 
for Control of Simple Dynamic Plant, Proc. IEE, 121, 
1974, pp. 1585-1588. 

[15]. L. A. Zadeh, The Concept of a Linguistic Variable 
and its Application to Approximate Reasoning I, II, 
III, Information Sciences, 8, 1975, pp. 199-251. 

[16]. Masaharu Mizumoto, Fuzzy Control Various Fuzzy 
Reasoning Methods, Information Sciences, 45, 1988, 
pp. 129-151. 

[17]. J. M. Keller and J. Givens, Membership function 
issues in fuzzy pattern recognition, in Proceedings of 
the Pro. Inter. Conf. on SMC, Tuscon, 1985,  
pp. 210-214. 

[18]. L. A. Zadeh, Outline of a new approach to the 
analysis complex systems and decision process, IEEE 
Trans. System. Man Cybern, 3, 1973, pp. 28-44. 

[19]. Shuguang Liu, Junmin Wei, Zhichao Zhu, Fuzzy 
Control Technology, China Textile Press, 2001. 

[20]. Wenxiu Zhang, Guangxi Liang, Fuzzy Control and 
The system, XI’AN Jiao Tong University Press, 1998. 

 

___________________ 
 
 
 

2013 Copyright ©, International Frequency Sensor Association (IFSA). All rights reserved. 
(http://www.sensorsportal.com) 
 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


