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ABSTRACT 

Designing a Fuzzy Proportional Integral Derivative (FPID) 

controller that can control single link flexible joint robotic 

system which is nonlinear and have a complex mathematical 

model, led to the need of finding a way that could be efficient 

to hardware implementation, using Field – Programmable 

Gate Array FPGA (small device size, cost effective, short 

time to market, Reliability and Long – Term Maintenance) 

could solve that issue. Fuzzy Logic Controller (FLC) system 

is a most promising area for industrial application and by 

combining it with PID control algorithms features; they offer 

a high speed process using simple rules with the accuracy of 

PID tuning methods. In this paper, we have demonstrated the 

implementation of FPID controller using Very high speed 

integrated circuits Hardware Description Language (VHDL) 

code in FPGA, we have used Mamdani type as a FLC 

structure. The controller algorithm have been developed, 

synthesized, simulated and implemented on FPGA Spartan6, 

XC6SLX150T, FGG676 board.  
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1. INTRODUCTION 
Most industries use variety control systems to perform various 

tasks. PID controller is the most widely used strategy in 

nonlinear systems, around 95% of those systems, so it have 

been used for various control problems such as flexible joint 

robotic system [1]. Hence, three PID Tuning methods have 

been used, chosen according to their simplicity and robustness 

which are (robust PID, direct synthesis and simple controller 

approach) [2, 3, and 4]. Since, fuzzy logic offers several 

unique features that making it a particularly good choice for 

many control problems; we could obtain the high speed 

process using simple rules from Fuzzy Logic algorithm with 

the accuracy of PID tuning methods. Some of fuzzy logic 

features are: [5]. 

1. It is inherently robust since it does not require precise, 

noise-free inputs. 

2. Since the processes are user-defined rules, it can be 

modified easily to improve system performance. 

3. This controller can control nonlinear systems that would 

be difficult or impossible to model mathematically 

As an adoption across all industries FPGAs has been intended 

in order to fill the gap between software and hardware, by 

combining the best parts of processor – based systems and 

ASICs, as a result, achieving much higher performance than 

software, in addition to maintain higher level of flexibility 

than hardware [6, 7, 8]. 

The motivation behind implementation FPIDC in FPGA using 

VHDL language that is because FPGA is advisable for quick 

hardware verification and fast implementation. So that 

systems based on it are more flexible and could be 

reprogrammed with unbounded number of times. In addition 

to the rapid evolution of silicon technologies that helped to 

reduce the size of FPGA integrated circuits and its 

inexpensive cost, making, FPGAs could be used as a final 

solution to implement control systems like fuzzy PID 

controller [9]. 

We have proposed a simple FPID controller for a single link 

flexible joint robotic system, error and change of error in the 

velocity have been used as two inputs for the Fuzzy, 

Proportion, Derivative controller FPD; error and accelerated 

rate of error in the link angular displacement have been used 

as two inputs for the Fuzzy, Proportion, Integral controller 

FPI. The outputs of the two controllers are added to produce 

the controller action. For each one of the inputs there are 2 

triangular membership functions (triangular membership 

function is a special case of the trapezoidal function) have 

been selected, for FPD output there are 2 triangular 

membership functions and for FPI 3 triangular membership 

functions have been selected. All these membership functions 

have been coded in VHDL. 

An algorithm has been developed in VHDL to fuzzifie the 

crisp digital values of the inputs and to defuzzifie the outputs 

of FPD and FPI. Mamdani type FLC structure has been used 

to obtain the controller output. The controller algorithm 

developed, synthesized, simulated and implemented on FPGA 

Spartan6 family, XC6SLX150T device, FGG676 package. 

FPID has been designed using Hybrid Programming Platform 

technique. The results of the implemented FPID controller 

using FPGA have been compared with the results that 

obtained using the same controller structure on Matlab 

Simulink. 

2. SYSTEM DESCRIPTION 
In many robotics applications, the joint flexibility cannot be 

neglected. The presence of flexibility can cause poorly 

damped oscillations. These oscillations may degrade the 

performance of the system and lead to instabilities in some 

extreme cases. Therefore, the joint flexibility should be taken 

into account in any realistic robotic modeling [10].  

Considering a single link rotating on a horizontal plant and 

actuated with a motor through an elastic joint coupling [11]. 

Let 1 be the link angular displacement (which considered as 

the output to be controlled) and 2 be the motor angular 

position. Then, typical flexible joint robotic arm model (see 

Fig. 1) can be described by the dynamic equations, [12, and 

13]. 

                             

                                                                    .....(1) 

https://www.google.iq/search?safe=off&biw=1269&bih=572&q=robustness&spell=1&sa=X&ei=44QHU9a-AYbbtAbfk4HoDw&ved=0CCIQBSgA
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Where, I is the link inertial, J is the rotor inertia, K is the 

stiffness, M is the link mass, g is the gravity constant, and l is 

the center of mass. The control input u is the torque delivered 

by the motor. 

 

Fig. 1: Single link flexible joint robotic arm [13]. 

The transfer function, in s-domain, of the system is given by 

[12, 13]: 

     
 

                         
 

             …..(2) 

There are many researches which considered different data 

values as system parameters. Due to the case-study we 

considered the following values from [14], because the 

remaining researches proposed a very small values which 

need a simple controller to obtain the desired result, also from 

the experiment it observed by adding a small gain, system 

response became much batter and very near to the desired 

response which don’t need any fuzzy controller action. The 

values and symbols of system parameters are summarized in 

(Table 1). 

Table (1): Values and Symbols of Single-Link Flexible 

Joint Parameters 

Symbol Description Value 

I Inertia of flexible manipulator 0.030 kgm2 

J Inertia of rotational platform 0.004 kgm2 

G Gravitational acceleration 9.81 N/m 

L  

Distance to center of gravity of 

rotational platform of flexible 

manipulator 

0.135 m 

M Mass of the flexible joint 0.6 Kg 

Mgl M × L × G 0.800 Nm 

K Flexibility coefficient of joint 31.00 Nm/rad 
 

With these data, equation (2) becomes: 

     
  

                        
 

           
                 

            …..(3) 

In order to check the system stability, we have defined 

equation (3) in the Matlab, and it shows that the system has all 

poles on the imaginary axis, which means that the system has 

a critical stability features. ± 93.7362i and ± 4.8487i. 

3. IMPLEMENTATION OF FLC IN 

VHDL 
The motivation behind using Mamdani style as a method in 

designing FLC, because of its simplicity and compatibility 

with human made decision, this method is widely used in FLC 

in spite of having some drawback, so that, this method 

requires finding the centroid of a two-dimensional shape. But 

in our design we have overcome this issue by choosing the 

membership functions for the inputs and the output of 

triangular and trapezoidal membership. It gives much accurate 

output, this due to using membership functions in obtaining 

the output comparing with other type such as sugeno style 

which gives a unity at a single particular point. FLC algorithm 

has been coded in VHDL and implemented in Xilinx ISE 

Design Suite 14.6. 

3.1 Fuzzification 
This component of the proposed FLC comprises the process 

of converting the crisp values into grades of membership in 

the interval [0,1] in the corresponding fuzzy sets; this could be 

achieved using triangular fuzzifier. As mentioned in a 

previously each one of the two FLCs (FPI and FPD) have two 

inputs one output, each input is represented by two 

membership functions, so that: 

 Fuzzy set 'error' has two memberships EN (negative) 

and EP (positive). 

 Fuzzy set 'rate' (rate of change of error) has two 

memberships RN (negative) and RP (positive). 

 Fuzzy set 'acc' (accelerated rate of change of error) has 

two memberships AN (negative) and AP (positive). (see 

Fig. 2). 

Concerning the output, FPD controller output represented by 

three membership functions: 

 Fuzzy set 'FPD_O' has three memberships FPD_ON 

(output_negative), FPD_OP (output_positive) and 

FPD_OZ (output_zero) (see Fig. 3). 

And FPI controller output represented by two membership 

functions: 

 Fuzzy set 'FPI_O' has two memberships FPI_ON 

(output_negative) and FPI_OP (output_positive) (see 

Fig. 4). 

All these functions have a range that could be specified 

according to the system requirements by tuning range 

selection lines to cover the satisfied range. 
 

 

Fig. 2:  FLCs' inputs membership functions 

 

 

 

 

 

 

 

1 EP, RP, AP EN, RN, AN 

-R -R/2 
 

R/2 R 

0.5 



International Journal of Computer Applications (0975 – 8887) 

Volume 97– No.7, July 2014 

28 

 

Fig. 3: FPD controller output membership function 

 

Fig. 4: FPI controller output membership function. 

In VHDL, each trapezoidal membership function defined 

by two reference points and by two slops values, so, the entire 

function could be divided into five segments as explained in 

Fig.5: 

 

Fig. 5: Trapezoidal type membership functions 

The degree for the membership (µ) could be calculated 

according the five segments:  

1. In segments 1 and 5: µ = 0. 

2. In segment 2: slope is upward from left to right, i.e.: 

µ = (input value – a) × slope1, where µ is limited to 

maximum value of 1, where slope 1 = 
 

  –   
. 

3. In segment 3: µ = 1. 

4. In segment 4: slope is downward from right to left, i.e.: 

µ = 1 - (input value – d) × slope2, where µ is limited to 

maximum value of 0, where slope 2 = 
 

  –   
. 

3.2 Fuzzy Inference Rules 
Fuzzy control rule have been made based on expert 

experience and control engineering knowledge, and each 

control rule set of the two FLCs compresses of four fuzzy 

control rules, so that for FPD controller: 

(R1)FPD: IF error = EP AND rate = RP 

THEN output = FPD_OP 

(R2)FPD: IF error = EP AND rate = RN 

THEN output = FPD_OZ 

(R3)FPD: IF error = EN AND rate = RP 

THEN output = FPD_OZ 

(R4)FPD: IF error = EN AND rate = RN 

THEN output = FPD_ON 

And for FPI controller: 

(R1)FPI: IF error = EP AND acc = AP 

THEN output = FPI_OP 

(R2)FPI: IF error = EP AND acc = AN 

THEN output = FPI_ON 

(R3)FPI: IF error = EN AND acc = AP 

THEN output = FPI_OP 

(R4)FPI: IF error = EN AND acc = AN 

THEN output = FPI_ON 

As mentioned previously we have considered Mamdani type 

as FLC style, so that AND gate gives the minimum of two 

values. For example, when the value of the two inputs of FPD 

(error and rate) are given, and let the membership values 

which obtained by using the fuzzification algorithm given by 

(Fig. 2) be as µEP and µRP, then, in rule (R1)FPD for example, 

the output membership value associated is the Min (µEP,µRP). 

3.3 Defuzzification 
This part of fuzzy controller converts the value from linguistic 

variables to crisp value. The "centroid" method is very 

popular, in which the "center of mass" of the result provides 

the crisp value, i.e. after the output of each rule have been 

identified, this component process those values to produce 

one single value for each discrete case, this is done according 

to equation (4) 

 

 
                                                 

                   
 

               ….(4) 

Where: 

n : is the number of rules. 

µu(n) : is the membership value of the output n. 

y : is the control output as a crisp value. 

4. SIMULATION AND RESULTS 
 Simulation in MATLAB/SIMULINK 

Simulation has been done for single link flexible joint robotic 

system using PID and FPID controller in Matlab Simulink. 

(see Fig. 6), it describes the block diagram for the closed loop 

control system with the suggested controller. 

The comparisons of FLC have been done with PID controller 

expressed by: 
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                  ….(5) 

We will refer in the results figures to robust PID method as 

(RM), direct synthesis method as (DS), and for simple 

controller approach as (SA). (Table 2) summarizes the 

controller's parameters, which determined by these methods. 

Table (2): The suggested controller's parameters 

Methods 

Name 

Kp Ti Td Ki Kd 

RM 1.94 0.11 0.039 17.41 0.076 

DS 0.656 0.49 0.079 1.339 0.052 

SA 1.96 0.25 0.043 7.84 0.085 

 

 

Fig. 6: Block diagram for the overall suggested controller system 

 
The step unit response with amplitude of (5) was considered 

to test the system performance with PID controller and the 

suggested FPID controller (see Fig. 7 and Fig. 8). 

 
 

Fig. 7: Output response for single link flexible joint 

robotic system with PID controller. 

 

 

 
Fig. 8: Output response for single link flexible joint 

robotic system with FPID controller. 

(Table 3) shows the performance of the suggested controller, 

when applied to the closed loop of the single link flexible 

joint robotic system: 

Table (3): The suggested controller's parameters 

Controller type Mp ts tp 

PID 

RM 43 1.9 0.39 

DS 15.8 5.8 0.78 

SA 23.9 2.72 0.48 

FPID 

RM 20 1.7 0.2 

DS 0 5.8 0.28 

SA 12 1.8 0.2 

FPID_VHDL DS 43 1.9 0.39 
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 Simulation in XILINX ISE 

Simulation has been done for single link flexible joint robotic 

system with FPID controller in Xilinx ISE Design Suite 14.6 

using Hybrid Programming Platform technique. (see Figure 9, 

10) they show the Simulink diagram of the proposed 

controller using system generator and the Register Transfer 
Level RTL view of FPID respectively. Using robust tuning 

method's parameters, (Figure 11) shows the response of the 

implemented controller named as (RM-16FBC) compared 

with one simulated in Matlab named as (RM_FLC). 

The proposed controller has five 8-bit lines, which are used to 

scale the range of the input output membership functions. 

Three 8-bit PID parameters setting line. The suggested 

controller consists of four parts: PD, I parts which represents 

the conventional PID controller (see Figure 12, 13) 

respectively, FPD part which contains the FPD controller (see 

Figure 14), and FPI part which contains the FPI controller 

(see Figure 15), finally the output of the two fuzzy controller 

are added to produce FPID output signal which controls the 

system. 

Each black box of the design calls the relative VHDL code 

file which has been assigned to process a specific job, i.e. 

concerning FLCs there are fuzzification, rule base and 

defuzzification boxes which operates according to its own 

VHDL code file. All system input values are going through a 

gateway in to the black boxes, the output flow is going 

through a gateway out, and finally the control output signal is 

obtained by adding the two FLCs outputs. 

 

 

Fig. 9: Simulink diagram of the FPID controller using Xilinx system generator 
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Fig. 10: RTL View of FPID using VHDL in Xilinx 

ISE Design Suite 14.6 

Fig. 11: System response using FPID and FPID-VHDL 

using System Generator 

 

Fig. 12: I structure using Xilinx system generator 

 

Fig. 13: PD structure using Xilinx system generator 

 

Fig. 14: FPD structure using Xilinx system generator 
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Fig.15: FPI structure using Xilinx system generator

5. CONCLUSION 
For designing FPID controller, a High-Level modeling 

approach have been used in VHDL, the aspects of this is to 

reducing the design time, quickly exploring of different design 

choices, and the ease maintenance and upgrading of the design 

so that each part could be checked and enhanced separately 

which give the ability of evolution of  the design functionality. 

The implementation of the FLC is straight forward by coding 

each one of its component in VHDL according to the required 

specification, the five 8-bit selection lines is to meet the 

system requirement so the Universe of Discourse (UoD) could 

be from -255 to +255.  

The suggested method (which is simple and not need huge 

computation) has been applied on a single link flexible joint 

robot system. The new interaction PID-FC methods make the 

output response is more accurate in tracking the desired input, 

so in order to show the efficiency of the suggested method we 

have select  a step unit of (5) amplitude, and from (Table 3) 

we could observe that the output response has a zero steady 

state error, small overshoot, and small settling time.  

Form Xilinx ISE Design Suite 14.7 design summary (see Fig. 

16) we notice that we have occupied 85% of the chip 

resources as a maximum. 

 

 

Fig. 16: Xilinx ISE Design Suite 14.7 design summary
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