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ABSTRACT- This paper describes FPGA realization of Fuzzy Logic Controller 

(FLC) using hardware software Co-design methodology. In industrial application 

fuzzy logic controller is emerged as most promising method to improve the industrial 

control. The majority of Fuzzy Logic based real time operations require interfacing 

with high speed constraints. It leads to the need of finding efficient way to hardware 

implementation. FPGA becomes successful tool for developing the systems that 

requires a real time operation. It provides hardware rapidity and software flexibility.  

Keywords- Fuzzy Logic, FPGA, Co-design. 

 

INTRODUCTION: 

 Fuzzy logic control handle complex problem with ease. Fuzzy Logic can be 

customized and attuned effortlessly to get better or significantly alter system 

performance, because the Fuzzy Logic Controllers (FLC) processes user-defined rules 

ruling the target control system. Fuzzy systems are signifying good assurance in 

consumer products, industrial, commercial and decision support systems. Fuzzy Logic 

makes use of linguistic depictions to relate the input data with the output action. It has 

been implemented by various technologies such as digital and analog by using full 

custom or semi-custom techniques [1]. The reconfigurable FPGA offers 

hardware/software co-design. This methodology improves significantly the system 

performance by providing the less time delay among the simulation and response [2]. 

The fuzzy systems with dynamic reconfiguration, implemented with an FPGA. This 

co-evolutionary cooperation is used to increase the computing speed of the system [3].  

 

IMPLEMENTATION OF FTC IN FPGA: 

 The hardware-software codesign approach on FPGA board can be applied for 

FLC implementation. The Fig.1. presents the design flow of the system.  
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Fig. 1 The Development Flow of Co-design [4] 

 

The development starts with analyzing and selecting the system component as 

per the system requirement. After that system integration tool Qsys used to specify 

Nios II processor core, memory and the other components. The hardware system is 

realized using SOPC builder tool, Qsys in combination with Quartus prime Edition 

15.1. Qsys sanctions engendering a system predicated on Nios II. 

Integrating Qsys system into Quartus II project, implements hardware modules 

into the FPGA design. Here pin locations, timing requirements are assigned and other 

design constraints are applied. Then the hardware design compiled for target board. 

After that the C application code is developed by using Software Build Tool (SBT). 

The low level hardware details can be written in Nios II programs with the drivers of 

component and HAL (hardware abstraction layer) provided by Altera. Along with 

application code user can design and reprocess custom libraries in Nios II SBT 

In order to build a new application project based on C the SBT makes use of 

the hardware details containing ‘.sopcinfo’ file. Previous to running the application 

FPGA board the system needs the ‘.sof’ file. Refining hardware and software facility 

allows user to get better the software algorithm or can return to the hardware design 

steps to add acceleration logic. 

 

FUZZY LOGIC CONTROLLER DESIGN AND IMPLEMENTATION: 

 The FLC designing involves fuzzification, inference engine, rule base, 

defuzzification and data pre and post processing. The software development task has 

been performed for Nios Processor system by using Nios II-SBT. The SBT is used to 

write C application code. 
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A Nios II C application project is created by utilizing the .sopcinfo file and .sof 

file. The .sopcinfo file is required for getting hardware information of the system and 

.sof file is required to execute the program on the FPGA device. 

 

A. Fuzzification Module - Inputs to the FLC are “Error” and “Change-in-

Error”. In the present controller triangular and trapezoidal membership 

functions (MF’s) are used. The values of fuzzy variables are presented in 

linguistic terms. The linguistic variables for inputs are displayed in Table1.  

            

Table 1: Input Linguistic Variables 

Sr. 

No 

Input Variable 

Name 

Crisp Input Range 

of “Error” 

Crisp Input Range of  

“Change-in-Error (CE)” 

01 NM [-6 -6 -4.6 -2.4] [-5 -5 -2.5] 

02 NS [-3.5 -2.024 0] [-3 -1.6 0] 

03 Z [-0.489 0 0.437] [-0.5  0 0.5] 

04 PS [0 1.45 2.95] [0 1.6 3] 

05 PM [1.9  3.76  6 6] [2.5 5 5] 

 

Fig. 2 and Fig. 3 displays membership functions for input variables “Error” and  

“Change-in-error”. 

 

 

Fig. 2 MF for Input Variable “Error”   Fig. 3: MF for Input Variable 

“Change-in-Error (CE)”                                

 

 The input variables “Error” and “Change-in-Error” have five membership 

functions as Negative Medium (NM), Negative Small(NS),Zero(Z),Positive 

Small(PS), and Positive Medium(PM). A coding of linguistic variables is necessary 

to include the linguistic variables into the FPGA. 

 

B. Fuzzy MF’s for Output 

The output variables expressed linguistically are applied to the actuators to 

control. The linguistic variables for output are displayed in Table 2. Fig. 4 

presents membership function for output variable control. 
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Fig. 4 MF for Output Variable “Control” 

 

Table 2: Output Linguistic Variables 

Sr. No Input Variable 

Name 

Crisp Output Range of 

“Control” 

01 NM [0 0 0.7 1.9] 

02 NS [1.25 3 5] 

03 Z [4.7 5 5.26] 

04 PS [5 5.34 5.6] 

05 PM [5.28 5.63 6 6] 

 

 
Fig.  5 C code for the input and output variables 

 The C code for the implementation of fuzzy membership functions has been 

displayed in Fig. 5. 

 

C. Inference Module 

A FIS processes input data and evaluates the proposed action in terms of their 

agreement with the knowledge base. An important task in an inference engine 

is to finding the matching degree among the fuzzified input MF and the 

antecedent MF [5]. The matching degree can be obtained from max-min 

operation. The C code in Fig. 6 is applied for the FIS in Nios- II Eclipse SBT. 

 
Fig. 6  C code for Fuzzy Inference Module 
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D. Knowledge Representation and Rule Block 

 Knowledge base provides the necessary information about the rules and data 

handling in fuzzy logic controller [6]. The logical rule base indicates the 

correlation input and output element. Once the current values of the inputs are 

fuzzified, the FLC starts to make decisions to perform the required operation. 

The rule consists of “IF-THEN” statement. If part indicates the condition for 

which it is designed and then part presents reaction of the fuzzy system in that 

situation. The fuzzy rules are presented in Table 3. It consists of 25 rules. The 

all 25 rules are executed. For example If the error is Negative Medium (NM) 

and Change-in-Error (CE) is Negative Medium (NM) then control output is 

Positive Medium (PM).  

Table 3: Fuzzy Rules 

Control 
Change-in-Error (CE) 

NM NS Z PS PM 

 

Error (E) 

 

NM PM PM PM PS Z 

NS PM PM PS Z NS 

Z PM PS Z NS NM 

PS PS Z NS NM NM 

PM Z NS NM NM NM 

The following C code (Fig.7) is applied to implement the fuzzy rules in Nios- II 

Eclipse SBT. 

 
Fig. 7 C code for Implementation of Fuzzy Rules 

 

E. Defuzzification Module 

The defuzzification process converts fuzzified value into crisp value to use 

fuzzy results in control application. The output of defuzzification is a numeric 

value that decides controls output. The “Centre-of-gravity” (COG) 

defuzzification technique is applied in the present system. This method is 

consisting of four steps [7]. 
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Fig. 8: C code for defuzzification 

 

CONCLUSION: 

The FPGA realization of fuzzy logic controller technique on FPGA has been 

described. By changing parameter values in code and design constraints one can test 

for different design circuitry. Implementation of FLC in FPGA provides highest 

execution speed, less time to market use of suitable software tools, and significant 

integration density. 
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