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Abstract: For controlling complex processes, satisfactory temperature controllers are not produced by 
the present conventional approximations. As such, industries suffer from variety of disadvantages 
which can be overall slow response, slow stabilization and overshooting. The research has proposed a 
temperature controller using fuzzy logic to be implemented on Altera field programmable gate array 
(FPGA). The system is consisted of four main modules named fuzzification, defuzzification, inference 
and implication. Max-Min Composition method is chosen for the fuzzy model. As the implication 
method, the Mamdani Min operator was selected. Utilizing very high speed integrated circuit hardware 
description language (VHDL), each module is individually modeled. It is combined by utilizing 
structural VHDL. For the performance, validation and functionality of the model, timing analysis is 
accomplished by Aldec Active HDL. Synplify was being used for logic synthesis and further 
downloaded in ALTERA FPGA educational board. The output from the implemented model is tested 
and verified with the VHDL simulation results and showed a critical path of 199.3ns, i.e. 5MHz is the 
inferred maximum operating frequency. The comparative performance of temperature control process 
is improved by fuzzy system with respect to conventional design. It reduces steady-state error, non-
linear errors and increases the response. Regardless of the changes in environment or load, the 
controller is also capable of keeping the temperature steady at a desirable value. The proposed 
hardware approach of fuzzy based temperature controller has demonstrated an efficient and better 
performance, which is computationally simple, accurate and exhibits a good balance of flexibility, 
speed, size and design cycle time. 
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INTRODUCTION 

 
In many technical processes, the efficient and effective control of the surrounding environment is vital. 

Starting from producing chemical solutions to IC fabrication, any variation in ambient parameters can led to a 
severe effect in process outcome by lowering the quality or yield the product. The temperature of the 
environment is one of the crucial parameters which needs close monitoring. Therefore, controlling temperature 
is vital for the consumer acceptance, quality and appearance for any manufacturing products.  

The temperature processes control has variety of unfavourable characteristics such as external disturbances, 
dead zone time, non-linearity and many more. For controlling complex processes, satisfactory temperature 
controls are not produced by the present conventional approximations. Therefore, industries face many 
disadvantages which causes overall slow response, slow stabilization and overshooting. The comparative 
performance of temperature control process is improved by fuzzy system with respect to conventional scheme. 
It reduces steady-state error, compensates non-linear errors and increases the response. Fuzzy controller has 
feature to keep the temperature steady regardless of the changes in environment or load. FPGA implementation 
utilizing VHDL improves the efficiency over the conventional methods, this project endeavors to enable a fuzzy 
temperature control.  

In this arena, numerous works had been done. A closed loop control system developed by Gao et al. (2000) 
to solve the industrial temperature control problems, where fuzzy rule was adopted using a unique fuzzy logic 
controller (FLC) structure. The research dealt with unknown, variable delays, system thermo mass changes and 
operated at many temperature set-points without the tuning. To regulate the Air Heat Plant temperature, four 
control models were designed by Thyagarajan et al. (1999) namely neuro fuzzy control (NFC), PID, fuzzy logic 
control using genetic algorithms (FLC-GA) and fuzzy logic control (FLC). All the models were verified with 
respect to the set-point tracking using performance indices. The superiority of fuzzy logic controller-genetic 
algorithm (FLC-GA) over fuzzy logic controller (FLC), FLC over proportional integral derivative (PID) 
controller, and near field communication (NFC) controller over other system were highlighted by their works. 
(Ayala and  Solis, 1991; Coeyman and Bowles, 1996) has also used fuzzy logic to manage temperature for some 
particular applications.  

The Field-programmable gate arrays (FPGA) provides a potential substitute to speed up the hardware 
implementation (Coussy et al., 2009; Mogaki et al., 2007; Reaz et al, 2007). FPGA offers the advantages of 
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shorter design cycle, lower cost and higher density from computer-aided design perspective (Akter et al., 2008). 
It has various building blocks. Each of the blocks comprises of programmable storage registers and look-up 
table. The interconnections are programmed by hardware description language (HDL) among the blocks. The 
simplicity and re-programmability feature of FPGA made it appealing to prototype FPGA. Realizing the logic 
network in hardware, FPGA is the easiest and inexpensive. FPGA also allow modifying the algorithm easily and 
allow the shorter design time frame for hardware prototyping.  

This paper describes the FPGA-based hardware implementation of the proposed system. The aim of the 
work is the investigation of hardware feasibility and performance of a novel fuzzy temperature controller using 
FPGA by means of using a standard hardware description language VHDL. VHDL became very attractive as the 
formal description of the system and utilization of specific description styles cover various abstraction levels: 
logic, architectural and register transfer level (Reaz et al., 2003). In the computational method, the problem is 
first separated into small pieces, where each of the pieces is named as submodule. Following the software 
verification of each submodule, the synthesis is activated. It performs the translations of HDL code into a 
similar digital cells’ netlist. To explore a far wider range of architectural alternative, the synthesis helps to 
integrate the design work and offers higher feasibility (Yasin et al., 2004). The method provides a systematic 
approach for hardware realization, facilitating the rapid prototyping of the fuzzy based temperature controller 
system. 
 

MATERIALS AND METHODS 
 

The proposed fuzzy model has two inputs. These are the error signal named as Error and a signal which 
represents the change rate of error after a fixed period named as Cerror. Over a normalised range from 0 to 1, 
each of the inputs is consisted of 4 triangular membership functions as shown in Figure 1 and 2. For both inputs, 
the four fuzzy variables are termed as PL (Positive Large), PM (Positive Medium), PS (Positive Small) and ZE 
(Zero). 

 

 
 

Fig. 1: Fuzzy Variable Error Membership Functions. 
 

 
 
Fig. 2:  Fuzzy Variable Cerror Membership Functions. 

 
The fuzzy logic model based on the 2 inputs aims to find out the amplitude of the voltage signal (e.g. from 

0V to 5V) which is sent to the heater where a fixed temperature is maintained. The output signal is termed as 
Output with a normalized range of 0 to 1 from the fuzzy model. The Output signal has 4 triangular membership 
functions as the inputs, spaced over this range, which is illustrated in Fig. 3 as ZE, PS, PM and PL. 
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Fig. 3:  Output Fuzzy Variable Output’s Membership Functions. 
 
The fuzzy model comprise of 16 rules and the produced output was based on different combinations of the 

two fuzzy inputs. Max-Min composition is extensively used in fuzzy logic control applications (Tsoukalas and 
Uhrig, 1997; Hussain et al., 2009). Therefore, Max-Min Composition was the selected composition method for 
the fuzzy model and Mamdani Min operator was selected for the implication method. Centroid (Centre of Area 
or COA) method is used as the defuzzification method in the model. The COA consider resultant membership 
function area as a whole. In universe of discourse (or region), it also favors “central values”. The 16 fuzzy rules 
surface in the system using MATLAB 6.5 is illustrated in Fig. 4. The gradual and smooth changes in the surface 
as both/either fuzzy variables CError or Error rises from 0 to 1. The consistency of the rule as a whole is 
indicated by the smooth change in the surface. As such, the system should produce an accurate output. 

 

 
 

Fig. 4:  Fuzzy Rules Surface. 
 
It is to be noticed that within 0 to 1, both output and inputs range have been normalized. By using correct 

simple conversion circuits, this allows the system to be flexible for adapting to diriment output/ input 
parameters. As such, without major modification of the algorithm, various environments and process are 
accommodated by the model. 

The verification system of the signature is comprised of four modules in the VHDL realization. These are 
inference, fuzzification, defuzzification and implication. Each of the module was combined utilizing structural 
VHDL and modeled independently utilizing behavioral VHDL (Ashenden, 2008; Hunter and Johnson, 1996). 
Overall VHDL model is shown in Fig 5. 

Two 8-bit unsigned inputs are accepted by the overall model. These are C_error and Err which represent 
input fuzzy variables CError and Error respectively. It has one 8-bit unsigned output corresponds to the Output 
variable, which is known as Output. Err and C_error are mapped into the inputs of Fuzzification and Inference 
components. The two components inputs are labeled as In1 and In2 respectively. Whereas, Output is mapped 
into the output of the Defuzzification module which is named as Out_put. 
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Fig. 5:  Overall Model of Fuzzy Temperature Control System. 

 
Fuzzification Module:  

The fuzzification module is separated in two similar parts having similar function. By accepting two crisp 
values (real world signals), four fuzzified signals are produced, which is being sent to implication module, 
where two values for each of the inputs. Error and CError are the two crisp signals and each of the signals are 
normalized between 0 to 1 range.  

There are four triangular membership functions for universe of discourse of each input signal. A triangular 
membership function was selected. Because, it can easily be modeled utilizing elementary line equation: Y = 
mX + c. In the equation, Y stands for fuzzy value, m stands for membership function gradient, X represents 
crisp input and c represents the intersection membership curve with Y-axis. 

 
Inference Module:  

The rules to be fired based on the CError and Error input values are chosen by the inference module. The 
selection of the rules is done in a way that at a time only 2 variables get activated whereby each variable would 
result firing of 2 rules. From the module, this would result total 4 fired rules. By splitting the universe of 
discourse in 3 regions having 2 fuzzy variables with each region, the process is attained. The division process is 
just replicated because universe of discourse is same for both the CError and Error. 

The inference module works by choosing the proper rules needed for firing based on the fuzzy variables. 
Variables are selected as per the regions where they fall in. The Output value is depicted by utilizing fuzzy 
singleton sets in the membership functions place like those two inputs. The values of singleton utilization 
permits quicker interfacing and speeding the defuzzification process.  

 
Implication Module:  

From Fuzzification Module, implication module gets four fuzzy variables. Combining four variables, it 
carries out the Mamdani Min implication operation. The operation takes a minimum of two values which is at 
times denoted by connective AND. A max-min composition is obvious as the fuzzy variables f[0] and f[1], 
which is due to Error, is compared to CError’s fuzzy variables of f[2] and f[3]. Afterwards, the four outputs 
from the implication operation is fed into the Defuzzification Module.  

 
Defuzzification Module: 

The Defuzzification module accepts 4 inputs each from both Implication (f_min[0-3]) and Inference module 
(rule[0-3]). It creates crisp/defuzzified output signal, Output utilized to direct the control system actuators. 
Centre of Area (Centroid) was selected for defuzzification scheme as explained earlier. The Equation 1 is the 
mathematical explanation. 
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From Eq. 1, it is seen that few arithmetic operations are performed in the module. These operations are two 
summations, one division and 4 multiplications. The module output value is in percentage form. This easily can 
be changed in a normalized form. 
 

RESULTS AND DISCUSSION 
 

The VHDL simulation of the model is done after completion and successful compilation of the coding. For 
the determination of the proper functioning of the model, the simulation is crucial. It is also pivotal for the 
determination of the tolerance or deviation parameters. Active-HDL version 3.5 of Aldec was used for the 
purpose of the simulation. As sample inputs, a set of stimuli is required for the simulation. The stimuli are the 
functional vectors set in the system which alters at predetermined time duration. 

 
Simulation: 

The stimuli is inserted into the test bench created by Active-HDL. A particular test case is illustrated in 
Table 1, where Fuzzification module outputs are f[0], f[1], f[2] and f[3] and the rules fired from the Inference 
module are rule[0], rule[1], rule[2] and rule[3]. 
 
Table 1: VHDL Fuzzy Model’s Test Outputs. 

Error CError Output f[0] f[1] f[2] f[3] rule[0] rule[1] rule[2] rule[3] 
0 0 0 1 0 1 0 0 33.333 33.333 33.333 
0.5 0.5 0.5804 0.5059 0.4941 0.5059 0.4941 33.333 66.666 66.666 66.666 
1 1 0.9961 0 1 0 1 66.666 100 100 100 
0.5 1 0.9961 0.5059 0.4941 0 1 66.666 100 66.666 100 
1 0.5 0.9961 0 1 0.5059 0.4941 66.666 66.666 100 100 
0.2 0.9 0.8706 0.4 0.6 0.2941 0.7059 66.666 100 66.666 100 
0.4 0.58 0.6157 0.2 0.8 0.7412 0.2588 33.333 66.666 66.666 66.666 
0.71 0.39 0.7333 0.8706 0.1294 0.1647 0.8353 66.666 66.666 100 100 

 
Figure 6 shows the simulation waveform. The two fuzzy inputs Cerror and Error, fuzzy variable Output, 

Fuzzification module’s four outputs labeled as S05, S06, S07 and S08 and Inference module’s outputs labeled as 
S01, S02, S03 and S04 are shown by the waveform. The inputs values and their related output in the form of hex 
at different instances in the test bench created by the stimuli are illustrated in Fig. 6. The manual check also 
illustrates the correctness of the result. By this, the verification of the correct functioning of the VHDL model as 
expected is done. It is also tested by different other test cases which represents various type of conditions. 

 

 
 

Fig. 6: Waveform of VHDL Model Simulation. 
 
Altera FLEX10K: EPF10K10LC84 FPGA chip on LC84 package is considered for hardware 

implementation. Speed, density, and entire systems integration features which include multiple 32bit buses on a 
single chip are provided by the FLEX 10K family. Figure 7 illustrates RTL view of overall fuzzy temperature 
controller system respectively. The complete prototype is shown in Figure 8.  With critical path of 199.3ns, the 
entire system speed is clocked at 5MHz. The code is further downloaded in the FLEX 10K educational board for 
test and verification. The pattern generator was used to feed the stimuli and the logic analyzer was used to 
stream the data to the computer to test the output. The output showed the exact match as the VHDL model 
simulation output thus proved the successful FPGA implementation. A report of the usage of resources is shown 
in Table 2. 
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Fig. 7: Fuzzy temperature controller RTL view. 
 

 
 

Fig. 8: FPGA enabled fuzzy algorithm’s demonstration. 
 

Table 2: The usage of logic resources of EPF10K10LC84-3. 
Logic resources 837 LEs of 1728 (48.44%) 
Number of Nets  256 
Number of Inputs  236 
I/O cells  37 
Cells in logic mode  215 
Cells in cascade mode  35 

 
Conclusion: 

The work is dedicated for designing and implementing a simple temperature controller for the purpose of 
industrial use by utilizing FPGA. The fuzzy inference system is employed by the system for decision purpose. 
The modules were effectively compiled, simulated, synthesized and implemented. The demonstration of the 
hardware realization shows the complete and correct functionality. It also shows that all the initial system 
requirements are met and with a 199.3ns critical path, the system inferred highest operating frequency is 5MHz. 
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