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Abstract: - Although PID control scheme is widely employed in industrial control systems, it is hard to search 
the model-free appropriate control gains for achieving good dynamic performance. The selected constant PID 
control gains can not achieve consistent control accuracy for different temperature setting points or testing runs. 
In addition, the temperature control system has nonlinear time-delay, time-varying, slow response speed and 
one-way control input characteristics, it is also difficult to accurately estimate the dynamic model for designing 
a model-based general purpose temperature controller to achieve good control performance. Recently, 
temperature is become an important production control parameter in chemical and semiconductor industry. 
How to design an appropriate gains auto-tuning control strategy for achieving accurate temperature control 
accuracy has become an interesting research topic. Here two model-free auto-tuning PID and fuzzy PID 
control strategies are introduced to design a general temperature controller for different plants. The 
designed temperature control plants have heater control phase only without cooling control function.  
The experimental results show that these control schemes can obtain reasonable control performance. 
The steady state error of the step input response is less than 0.2  without overshoot. The setting 
point dynamic response behaviour is better than that of the model-based IMC-PID due to the 
modelling uncertainty and modelling error.  
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1 Introduction 

Temperature is an important control parameter 
in chemical, material and semiconductor 
manufacturing processes. For example, material 
annealing, thin film deposition, laminator operation 
and TV glass melting furnace all need appropriate 
temperature control system. Some of the 
temperature control systems have heating and 
cooling control phases and others only have heating 
input control phase. Their dynamic behaviours have 
significant difference. The temperature control 
system with heater input only is more difficult to 
monitor than two phases control systems for 
obtaining good control performance. How to design 
a general purpose temperature controller with good 
response speed, smaller steady state error and 
overshoot for industrial implementation is still a 
challenge work in control research field. Currently, 
the on-off control and PID control schemes are 
employed in the commercial products. PID 

controller was proposed in 1936. It has been widely 
used in industrial automatic control systems. 
However, how to adjust the control gains is the key 
factor of implementing a PID controller. If the 
accurate dynamic model of a control system is 
available, the Ziegler and Nichols rule [1] and IMC 
control strategy [2,3] can be used to calculate the 
appropriate gains. However, the heating plant has 
time-delay and temperature dependence nonlinear 
behaviours. It is hard to establish an accurate 
dynamic model for a PID controller design. 
Generally, it needs a trial-and-error process for 
obtaining a good control response. When the system 
has external disturbance or set-point change, its 
transient response may deteriorate. It needs an 
online operator to readjust it or switch it to the 
manual control. This is not a convenient application 
and the production parameters may not maintain in a 
good level during manufacturing process. Hence the 
model-free intelligent control schemes have gained 
the researcher attention. 
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Auto-tuning PID control strategy was proposed 
by Astrom and Hagglund[4]. Hang et al. [5-7] 
proposed some adjusting rules for the auto-tuning 
PID controller by employing the adaptive control 
technique and worked out the performance 
comparison for those methods [8,9]. The appropriate 
gains searching of this approach is based on the 
system output response of an on-off open loop relay 
control. The critical period and critical gain are 
found first, and then the appropriate PID gains can 
be calculated by using the Ziegler and Nichols rule. 

In addition, adaptive predictive temperature 
control strategy is employed to design the nonlinear 
HVAC system for improving the temperature 
control performance for a wide range of operating 
points [10]. Fuzzy control has been successful 
employed in a lot of industrial process. It has model-
free intelligent characteristic. It has been 
implemented on the industrial temperature 
controller based on FPGA hardware structure [11], 
too. Recently, the fuzzy control theory is used to 
improve the adaptivity and robustness of a PID 
controller. There has a lot of fuzzy PI, fuzzy PD and 
fuzzy PID control schemes were proposed in 
literature [12-16]. The PID gains are nonlinear 
functions of tracking control performance. They can 
be adjusted automatically based on the output error. 
It can achieve better robustness, quick response and 
smaller overshoot than that of a traditional PID 
controller. Usually, the heater input only one-way 
temperature control problem has nonlinear time-
delay and un-symmetric control behaviour. It is 
difficult to estimate an appropriate dynamic model 
for model- based controller design for achieving 
precise temperature control accuracy with good 
transient response. Hence the model-free PID 
control scheme with auto-tuning or gain adjustment 
mechanism is the suitable approach to develop the 
heater input only temperature controller. Here auto-
tuning and fuzzy PID control strategies are 
employed to design general purpose temperature 
controller for monitoring the temperature of one 
hollow metal cylinder and one hollow metal block 
with heater input only. 
 
 
2 Metal Block Chamber Temperature 

Control System Structure 
The control system structure of this temperature 

monitoring system is shown in Fig. 1. It is a PC 
based structure. PC sends the control current into a 
SCR driver through the D/A card. This SCR can 
monitor the power output of a single phase 220 V 
and 20A alternative current power source.  It 

regulates the current input of the heating rod for 
raising the temperature of the hollow metal cylinder 
or hollow aluminum rectangular block. The medium 
inside the hollow cylinder hole is air. The 
temperature of the hollow metal cylinder is 
measured by using a RTD resistance temperature 
sensor and fed back into the PC through A/D card. 
The control algorithm is implemented with C++ 
program. In order to develop a general purpose 
temperature controller, two different control plants 
are prepared for evaluating the control performance. 
The dimension of the hollow iron cylinder is 250 
mm height and 51 mm diameter with 10 mm 
diameter hollow hole for installing the heating rod 
and RTD PT100 temperature sensor. The dimension 
of the hollow aluminum rectangular block is 

2550150 ×× mm with 10 mm diameter hollow hole 
for installing the heating rod and RTD PT100 
temperature sensor. The accuracy of the selected 
PT100 RTS sensor is about  for the 
measuring temperature under . The 
sensitivity of this RTD sensor is 0.0015 per . The 
sensing delay is about 0.1 second which is 
acceptable with respect to the 4Hz sampling 
frequency. 

Co2.0
Co120

Co

 

Fig. 1 The experimental system set-up. 
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3   Auto-tuning PID Control 
     The key role which influences the system 
control performance of a PID controller is how to 
find the optimal proportional gain, integral time 
constant and derivative time constant. Since, the 
temperature control system has nonlinear time-delay, 
time-varying, slow response speed and one-way 
control input characteristics, it is difficult to 
accurately estimate the dynamic model for 
designing a model-based PID general purpose 
temperature controller to achieve good control 
performance. For practical implementation, these 
model-free gains adjustment is achieved by 
expertise experience and trial-and-error 
modification. It is a time consuming work and the 
dynamic response behaviour can not be guaranteed. 
Each control case may have different dynamic 
performance due to system nonlinear and time-
varying behaviours. Hence, Astrom and Hagglund 
[4] proposed a relay feedback evaluating method to 
find the gain parameters for a PID controller. Firstly, 
On-Off switching control is employed for the 
beginning two cycles. When the system temperature 
is below the setting command, the control power is 
fully opened to drive the temperature up. When the 
temperature reaches the setting value, the control 
input is switched off immediately. Then the critical 
gain, , and critical period, , can be found from 
these input-output response curves as Fig. 2. 

uK uP

 

 
 

Fig. 2 The estimating of critical period and critical 
gain from on-off control. 

Where      

      
a
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Hence, the gain parameters can be calculated by 
using the experience formula of Ziegler-Nichols. 
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That means 
 

up KK 6.0= , ipi TKK /=  and   (3) dpd TKK =
 
Based on this algorithm, the appropriate PID 
control gains can be easily obtained for each 
control cases. It is a convenient application 
scheme. 
 
 
4   Fuzzy PID Controller 
     Usually the motivation of a fuzzy approach 
is that the knowledge is insufficient and the 
dynamic model has uncertainty. Fuzzy set 
theory was employed to simulate the logic 
reasoning of human beings. The major 
components of a fuzzy controller are a set of 
linguistic fuzzy control rules and an inference 
engine to interpret these rules. These fuzzy 
rules offer a transformation between the 
linguistic control knowledge of an expert and 
the automatic control strategies of an activator. 
Every fuzzy control rule is composed of an 
antecedent and a consequent, a general form of 
the rules can be expressed as 
 

             (4) 
   

   Where  is the rule, X and Y are the states of 
the system output to be controlled and U is the 
control input. A

iR thi

1, A2 and C1 are the corresponding 
fuzzy subsets of the input and output universe of 
discourse, respectively. 

   The output importance of each rule depends 
on the membership functions of the linguistic 
input and output variables. In this system, two 
input indices of the fuzzy gain regulator are 
temperature error  and error changee )(teΔ , and 
the output index is parameter α  updating value 

. In order to simplify the complicated )(th
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computation of this fuzzy gain regulator, seven 
equal span triangular membership functions are 
employed for fuzzy controller input and output 
variables  and , and . e )(teΔ )(th
    Since the temperature control system has time 
varying behaviour and the dynamic response may 
depend on the temperature setting value, it is not 
easy to establish the appropriate PID gains. Fuzzy 
self-tuning PID controller [17] was proposed to 
solve this problem and obtaining the controller 
adaptability. The main idea of their approach is 
employed a parameter α  to parameterize the 
Ziegler-Nichols tuning formula for getting faster set 
point dynamic response. This parameter is adjusted 
by using a fuzzy strategy based on the system 
temperature output error and the error change. The 
system control block diagram is shown in Fig. 3. 
The control law formula for a standard PID 
controller is 
 

])()(1)([)(
0∫ ++=
t

d
i

p dt
tdeTdtte

T
teKtu  (5) 
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Fig. 3 Fuzzy-PID control system block diagram. 

 
Where is the system output error,  and 

 are the resetting and derivative times, 
respectively. Then the relationship between 
fuzzy PID control gains and the parameter 

)(te iT

dT
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can be represented as 
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Where  and  parameters are obtained 
from the auto-tuning process. This Fuzzy-PID 
controller will become a basic Ziegler-Nichols 
formula, when

uK uP

5.0=α . 
 The output error , error change  and the 
parameter 

)(te )(teΔ
α  updating value  are classified into 

seven membership functions [-3, -2, -1, 0, 1, 2, 3]. 
Three appropriate gain factors , and  are 
selected to map these variables, , and

)(th

ge gce gu
)(te )(teΔ α , 

into the specified range of the fuzzy universe of 
disclose [-3, -2, -1, 0, 1, 2, 3]. The values of these 
parameters are not critical for this fuzzy logic 
gain regulator. They can be roughly determined 
by simple experimental tests. Hence the same 
values can be employed for both temperature 
control plants and used in different temperature 
setting points. For simplifying the computation 
effort, the triangular membership function is 
employed for those fuzzy variables. 
 

)(1)( Wax
W

x +−−=μ                  (7) 

 
   Where  is the tip point value of each 
membership function and W is one-half of the width 
of the membership function. The fuzzy rule table for 
adjusting the Fuzzy–PID controller parameter 

a

α  is 
shown in Table 1. Here, 49 fuzzy rules are 
employed to regulate the PID control gains of 
the heater input only one-way temperature 
control systems on-line based on the 
temperature output error  and error change )(e t

)(teΔ . This rule table is designed based on fuzzy 
control knowledge and a minor trial-and-error 
checking process. The weight method is used to de-
fuzzilize the updating value. 
 

  
∫
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Then the parameter α  can be updated by the 
following recursive formula 
 

)](1)[()()1( tthtt αγαα −+=+  for 5.0)( >tα  
)()()()1( tthtt αγαα +=+  for 5.0)( ≤tα         (9) 

 
Where γ  is a positive learning rate constant. It can 
be chosen between [0.2, 0.6] for most dynamic 
system. The initial value of α  is set to 0.5 for 
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matching the situation of auto-tuning PID controller 
statement. 
 

Table 1 Fuzzy rule bank for the adjusting 
parameter. 

 

 
 
 
5 Experimental Results 
    In order to evaluate the control performance of 
the auto-tuning and Fuzzy-PID control schemes, 
two small temperature control plants are built for the 
experimental purpose. One is a hollow iron cylinder 
and the other is a hollow aluminum rectangular 
block. The dimensions of these two metal plants are 
described in previous section. Both have a heating 
coil to input energy and a RTD temperature sensor 
to measure the temperature. The time-delay of these 
control plants is about 20 second measured from the 
transient response of auto-tuning process. The 4 Hz 
slow sampling frequency is chosen for the following 
experiments. Two different temperature changes are 
specified for each control plant in the following 
experiments to investigate the performance and 
robustness of the proposed controllers. The control 
gains of the auto-tuning PID control scheme are 
calculated from the Ziegler-Nichols formula based 
on the critical gain, , and critical period, , 
obtained from the auto-tuning process. These 
parameters and the auto-tuning PID control gains of 
following four experimental cases are listed in Table 
2. 

uK uP

 
 

 
5.1 Hollow iron roller with Auto-tuning PID    

control: 
    The parameters  and  are estimated from 
the auto-tuning process with the specified 
temperature change between 50  and 80 . Then 
the PID control gains can be calculated based on the 
Ziegler-Nichols formula. They are listed in Table 2. 
The temperature response and the heating current 

for an 80  setting point are shown in Fig. 4(a) and 
(b), respectively. It can be observed that the 
temperature response reaches steady state within 3.5 
minute and the steady state error is less than 0.1  
without overshoot. 

uK uP

Co Co

Co

Co

 
Table 2 Auto-tuning PID control parameters. 

 

 
 
   For the specified temperature change between 
90  and 120 ,  and Co Co 8.5=uK 162=uP  are 
obtained. The temperature response and the heating 
current for a 120  setting point are shown in Fig. 
5(a) and (b), respectively. It can be observed that the 
temperature response reaches steady state within 4.5 
minute and the steady state error is less than 0.1  
with 0.5  overshoot. 

Co

Co

Co
 
5.2 Hollow aluminum rectangular block with   

auto-tuning PID control: 
        The parameters  and  are estimated from 
the auto-tuning process with the specified 
temperature change between 45  and 80 . Then 
the PID control gains can be calculated based on the 
Ziegler-Nichols formula and listed in Table 2. The 
temperature response and the heating current for an 
80  setting point are shown in Fig. 6(a) and (b), 
respectively. In this case, the heater input current is 
switched from the saturation (20A) to the PID 
control law at 20  ahead the setting point. The 
proportional gain  is chosen as one-half of the 
value calculated from the Ziegler-Nichols formula 
to evaluate the system performance and transient 
response variation. It can be observed that the 
system temperature has slow rising response. The 
temperature response reaches steady state within 13 
minute and the steady state error is less than 0.1  

uK uP

Co Co

Co

Co

pK

Co
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without overshoot. It still can obtain good control 
performance. 

 

 

 
 

Fig. 4 (a) Temperature  step response and (b) 
the heater input current of an iron cylinder with 

auto- tuning PID control. 

Co80

 
    For the specified temperature change between 
25  and 100 ,  and  are 
obtained. The temperature response and the heating 
current for a 120  step setting are shown in Fig. 
7(a) and (b), respectively. It can be observed that the 
temperature response reaches steady state within 18 
minute and the steady state error is less than 0.2  
without overshoot. 

Co Co 83.3=uK 266=uP

Co

Co

 
5.3 Hollow iron roller with Fuzzy PID   control: 
      The parameters  and  are estimated from 
the auto-tuning process. and

uK uP
68.3=uK 448=uP  

are obtained from the auto-tuning test with the 

specified temperature change between 24  and 
80 . The gain factors of the fuzzy variables are 
selected as:

Co

Co
01.0== gecge , and . The 

learning rate constant 
2.0=gu

γ  is chosen as 0.1. The 
temperature response and the heating current for an 
80  setting point are shown in Fig. 8(a) and 8(b), 
respectively. It can be observed that the temperature 
response reaches steady state within 12 minute and 
the steady state error is less than 0.2  with 
0.45  overshoot. The steady state error will 
converge into 0.1  within 14 minutes. The 
variation history of the fuzzy control parameter 

Co

Co

Co

Co
α is 

shown in Fig. 8(c). 

 

 
 

Fig. 5 (a) Temperature  step response and (b) 
the heater input current of an iron cylinder with 
auto-tuning PID control. 

Co120

 
     8.5=uK and 162=uP  are obtained from the 
auto-tuning test with the specified temperature 
change between 70  and 120 . The gain factors Co Co
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of the fuzzy variables are: , and 
. The learning rate constant 

01.0== gecge
2.0=gu γ  is chosen as 

0.1. The temperature response and the heating 
current for a 120  setting point are shown in Fig. 
9(a) and 9(b), respectively. It can be observed that 
the temperature response reaches steady state within 
8 minute and the steady state error is less than 
0.2  with 0.7  overshoot. The variation history 
of the fuzzy control parameter 

Co

Co Co
α is shown in Fig. 

9(c). 
   

 

 

Fig. 6 (a) Temperature step response and (b) the  
heater  input current of a aluminum rectangular 
block with auto-tuning PID control. 

Co80

 
5.4 Hollow aluminum rectangular block with 

Fuzzy-PID control: 
  In order to develop a general-purpose fuzzy 

PID controller, the same fuzzy variables gain factors 
and learning rate constant γ  as the iron cylinder 
case are selected for this control plant. 

38.3=uK and 424=uP  are obtained from the 
auto-tuning test with the specified temperature 
change between 45  and 80 . The temperature 
response and the heating current for a 80  step 
setting are shown in Fig. 10(a) and 10(b), 
respectively. It can be observed that the temperature 
response reaches steady state within 15 minute and 
the steady state error is less than 0.1  with 0.4  
overshoot. The variation history of the fuzzy control 
parameter 

Co Co

Co

Co Co

α is shown in Fig. 10(c). 
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Fig. 7 (a) Temperature step response and (b) 

the heater input current of a aluminum 
rectangular block with auto-tuning PID 
control. 

Co120

 
               83.3=uK and 266=uP  are obtained from the 

auto-tuning test with the specified temperature 
change between 25  and 100 . The temperature 
response and the heating current for a 100  
setting point are shown in Fig. 11(a) and 11(b), 

Co Co

Co

WSEAS TRANSACTIONS on SYSTEMS and CONTROL Shiuh-Jer Huang, Yi-Ho Lo

ISSN: 1991-8763 7 Issue 1, Volume 4, January 2009



respectively. It can be observed that the temperature 
response reaches steady state within 12 minute and 
the steady state error is less than 0.2  with 1.0  
overshoot. The variation history of the fuzzy control 
parameter 

Co Co

α is shown in Fig. 11(c). 
       
 

  
Fig. 8 (a) Temperature step response, (b) the 

heater input current and (c) the adjusting 
parameter of an iron cylinder with Fuzzy-PID 
control. 

Co80

 
It can be concluded from these experiments 

that the temperature step response has final 
steady-state error within 0.2  with small even 

no overshoot for both auto-tuning PID and 
Fuzzy-PID control algorithms. It has satisfied 
the requirement of industrial application. Since, 
the Fuzzy-PID control scheme has varying PID 
gains, it has better transient response 
performance for hollow aluminum rectangular 
block with quickly response speed. However, 
the auto-tuning PID controller has smaller 
overshoot. 

Co

 

    
Fig. 9 (a) Temperature  step response, (b) the 

heater input current and (c) the adjusting 
parameter of an iron cylinder with Fuzzy-PID 
control. 

Co120
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Fig. 10 (a) Temperature  step response, (b) 

the heater input current and (c) the adjusting 
parameter of an aluminum rectangular block 
with Fuzzy-PID control. 

Co80

 
 
6 Conclusion 
     The heater input only temperature control system 
has time-delay and un-symmetric control behavior. 
It is difficult to establish reasonable dynamic model 
for model-based control design. Two PID gains 
auto-tuning control algorithms are proposed for the 
heater input only temperature control system. They 
can auto-search or auto-adjust the PID control gains 
based on the auto-tuning process or a fuzzy strategy 

instead of the trial-and-error process of designing a 
traditional PID controller. It has effectively 
eliminated the time-consuming work and obtained a 
good dynamic response. The steady-state error 
always converges into 0.2  with very smaller 
overshoot even without overshoot. They have 
satisfied the industrial application requirements. 

Co

 
 

 
 Fig. 11 (a) Temperature step response, (b) 

the heater input current and (c) the adjusting 
parameter of an aluminum rectangular block 
with Fuzzy-PID control. 

Co120

 

WSEAS TRANSACTIONS on SYSTEMS and CONTROL Shiuh-Jer Huang, Yi-Ho Lo

ISSN: 1991-8763 9 Issue 1, Volume 4, January 2009



Acknowledgement  
 
This research is supported by the National Science 
Council under the contract NSC 95-2212-E011-156 
-MY3 and NSC 97-2622-E-011-009-CC2. Authors 
would like to thank the financial support of National 
Science Council.  
 
 
References: 
 
[1] Ziegler, J. G. and N. B. Nichols, Optimum 

Settings for Automatic Controllers, Transaction 
of the ASME, vol.64, pp.759~768, 1942. 

[2] Rivera, D. E., Skogestad, S., and Morari, M., 
Internal Model Control. 4. PID Controller 
design, Ind. Eng. Chemical Process Design 
Dev., 25, pp. 252~265, 1986. 

[3] Chien, I. L., and Fruehauf, P. S., Consider IMC 
Tuning to Improve Controller Performance, 
Chemical Engineering Process, pp. 33~41, 
1990. 

[4] Astrom, K.J. and T. Hagglund, Automatic 
Tuning of Simple Regulators with 
Specifications on Phase and Amplitude 
Margins, Automatica, vol.20, pp.645~651, 
1984. 

[5] Hang C.C., K.J. Astrom and W.K. Ho, 
Refinements of the Ziegle-Nichols tuning 
formula, IEE proceedings Pt. D, Control theory 
& Applications, vol.138, no. 2, pp111~118, 
1991. 

[6] Ho, W, K.,C. C. Hang L. S. Cao, Tuning of 
PID Controllers Based on Gain and Phase 
Margin Specifications, Automatica, vol.31, no. 
3, pp. 497~502, 1995. 

[7] Astrom, K. J., C. C. Hang, P. Persson and W. K. 
Ho, Toward Intelligent PID Control, 
Automatica, vol.28., no. 1, pp.1~9, 1992. 

[8] Ho, W. K., O. P. Gan, E. B. Tay and E. L. Ang, 
Performance and Gain and Phase Margins of 
Well-Known PID Tuning Formulas, IEEE 
Trans. On Control Systems Technology, vol.4, 
pp.473~477, 1996. 

[9] Ho, W. K., C. C. Hang and J. H. Zhou, 
Performance and Gain and Phase Margins of 
Well-Known PI Tuning Formula, IEEE Trans. 
On Control Systems Technology, vol.3, no. 2, 
pp.245~248, 1995. 

[10]  Tawegoum Rousseau, Structure Design and 
Indirect Adaptive General Predictive 
Temperature Control of a Class of Passive 
HVAC, WSEAS Transactions on Systems and 

Control, Vol. 3, No. 6, pp. 493-502, 2008. 

[11] Shabiul Islam, Nowshad Amin, M.S.Bhuyan, 
Mukter Zaman, Bakri Madon, and Masuri 
Othman, FPGA Realization of Fuzzy 
Temperature Controller for Industrial 
Application, WSEAS Transactions on Systems 

and Control, Vol. 2, No. 10, pp. 484-490, 2007. 
[12] Malki, H. A., Misir, D., Feigenspan, D., Chen, 

G., Fuzzy PID Control of a Flexible-Joint 
Robot Arm with Uncertainties from Time-
Varying Loads, IEEE Transactions on Control 
Systems Technology, vol. 5, pp.371~378, 1997. 

[13]  A. Visioli, Tuning of PID controllers with  
fuzzy logic, IEE Proc. Pt. D.-Control Theory 
Applications, Vol. 148, No. 1, pp. 1-8, 2001. 

[14]  A. Visioli, Fuzzy logic based set-point 
weighting for PID controllers, IEEE Trans. 
System, Man, Cybernetics, Pt. A, Vol. 29, pp. 
587-592, 1999. 

[15] Piao Haiguo, and Wang Zhixin, Simulation 
Research of Fuzzy-PID Synthesis Yaw Vector 
Control System of Wind Turbine, WSEAS 

Transactions on Systems and Control, Vol. 2, No. 

10, pp. 469-476, 2007. 
[16] Md. Shabiul Islam, Nowshad Amin, Mukter 

Zaman and M.S. Bhuyan, Fuzzy Based PID 
Controller using VHDL for Transportation 
Application, International Journal of 
Mathematical Models and Methods in Applied 
Sciences, Vol. 2, No. 2, pp. 143-147, 2008. 

[17]  Shi-Zhong He, Shaohua Tan, Feng-Lan 
Xu,and Pei-Zhuang Wang, Fuzzy self-tuning of 
PID controllers, Fuzzy Sets and systems, vol.56, 
pp.37~46, 1993. 

 

WSEAS TRANSACTIONS on SYSTEMS and CONTROL Shiuh-Jer Huang, Yi-Ho Lo

ISSN: 1991-8763 10 Issue 1, Volume 4, January 2009




