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Abstract: Fuzzy logic control has met with growing interest in many motor control applications due to 
its non-linearity, handling features and independence of plant modelling. The hardware 
implementation of fuzzy logic controller (FLC) on FPGA is very important because of the increasing 
number of fuzzy applications requiring highly parallel and high speed fuzzy processing. 
Implementation of a fuzzy logic controller and conventional PI controller on an FPGA using VHDL 
for DC motor speed control is presented in this paper. The proposed scheme is to improve tracking 
performance of D.C. motor as compared to the conventional (PI) control strategy .This paper describes 
the hardware implementation of two inputs (error and change in error), one output fuzzy logic 
controller based on PI controller and conventional PI controller using VHDL. Real time 
implementation FLC and conventional PI controller is made on Spartan-3A DSP FPGA 
(XC3SD1800A) FPGA for the speed control of DC motor. It is observed that fuzzy logic based 
controllers give better responses than the conventional PI controller for the speed control of dc motor. 
Copyright © 2010 IFSA. 
 
Keywords: Conventional controller, FLC, VHDL, FPGA. 
 
 
 
1. Introduction 
 
Most of the fuzzy logic applications with the physical systems require a real-time operation to 
interface high speed constraints. The simple and usual way to implement these systems is to realize it 
as a software program on general purpose computers, these ways cannot be considered as a suitable 
design solution. Higher density programmable logic device such as Field Programmable Gate Arrays 
(FPGAs) can be used to integrate large amounts of logic in a single IC. FPGAs are one of the fastest 
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growing parts of the digital integrated circuit market in recent times. They can be configured to 
implement complex hardware architectures. Dynamically reconfigurable FPGA systems can adapt to 
various computational tasks through hardware reuse. FPGA becomes one of the most successful of 
technologies for developing the systems which require a real time operation. FPGAs are more 
sufficient than the simple way because they can cover a much wider range of operating conditions. 
Semi-custom and full-custom Application Specific Integrated Circuit (ASIC) devices are also used for 
this purpose but FPGA provide additional flexibility: they can be used with tighter time-to-market 
schedules. FPGA places fixed logic cells on the wafer, and the FPGA designer constructs more 
complex functions from these cells [9]. The term field Programmable highlights the customizing of the 
IC by the user, rather than by the foundry manufacturing the FPGA. In control applications, in order to 
get better control responses, [10, 11] Controller is implemented in FPGA. FPGA are two dimensional 
arrays of logic blocks and flip-flops with an electrically programmable interconnection between logic 
blocks. The interconnections consist of electrically programmable switches which is why FPGA 
differs from Custom ICs, as Custom IC is programmed using integrated circuit fabrication technology 
to form metal interconnections between logic blocks. FPGA provides its user a way to configure: The 
intersection between the logic blocks and the function of each logic block. Logic block of an FPGA 
can be configured in such a way that it can provide functionality as simple as that of transistor or as 
complex as that of a microprocessor. It can used to implement different combinations of combinational 
and sequential logic functions. 
 
This paper is organized as follows. Section 2 explains difference between FLC and conventional 
control Section 3 explains briefly the methodology of Fuzzy Logic Controller. Section 4 explains a 
hardware implementation on the reconfigurable FPGA system Section 5 explains an overall 
experimental set up for speed control of DC motor. Section 6 will give a discussion on the servo and 
regulatory response of PI and Fuzzy Logic controller. Finally, a conclusion is drawn in Section 7. 
 
 
2. Fuzzy Vs. Conventional Control 
 
In order to design a conventional controller for controlling a physical system, the mathematical model 
of the system is needed. A common form of the system model is differential equations for continuous-
time systems or difference equations for discrete-time systems. Unless physical insight and the laws of 
physics can be applied, establishing an accurate nonlinear model using measurement data and system 
identification methods is difficult in practice. Even if a relatively accurate model of a dynamic system 
can be developed, it is often too complex to use in controller development, especially for many 
conventional control design procedures that require restrictive assumptions for the plant [12, 13].As an 
alternative, fuzzy control provides a formal methodology for representing, and implementing a 
human's heuristic knowledge about how to control a system, which may provide a new paradigm for 
nonlinear systems. Fuzzy controller is unique in its ability to utilize both qualitative and quantitative 
information. Qualitative information is gathered not only from the expert operator strategy, but also 
from the common knowledge [12, 13]. Fuzzy control should not be employed if the system to be 
controlled is linear, regardless of the availability of its model. PID control and various other types of 
linear controllers can effectively solve the control problem with significantly less effort, time, and cost. 
 
The benefits of fuzzy controllers could be summarized as follows: 
1. Fuzzy controllers are more robust than PID controllers because they can cover a much wider range 

of operating conditions than PID can, and can operate with noise and disturbances of different 
nature. 

2. Developing a fuzzy controller is cheaper than developing a model-based or other controller to do the 
same thing. 

3. Fuzzy controllers are customizable, since it is easier to understand and modify their rule, which not 
only use a human operator's strategy, but also are expressed in natural linguistic terms. 
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4. It is easy to learn how fuzzy controllers operate and how to design and apply them to a concrete 
application. 

 
 
2. Structure of Fuzzy Logic Controller 
 
Fuzzy logic has rapidly become one of the most successful of today's technologies for developing 
sophisticated control systems. With its aid, complex requirements may be implemented in amazingly 
simple, easily maintained, and inexpensive controllers [20]. Fuzzy control use only a small portion of 
the fuzzy mathematics that is available, this portion is also mathematically quite simple and 
conceptually easy to understand. 
 
The fuzzy controller, have four main components: 
 The Rule-Base holds the knowledge, in the form of a set of rules, of how best to control the system. 
 The Inference Mechanism evaluates which control rules are relevant at the current time and then 

decides what the input to the plant should be. 
 The Fuzzification Interface simply modifies the inputs so that they can be interpreted and compared 

to the rules in the rule-base.  
 The Defuzzification Interface converts the conclusions reached by the inference mechanism into the 

inputs to the plant [23], [25]. 
 
 
3. FPGA-Based Fuzzy Logic Controller 
 
There are a number of reasons for using fuzzy logic in the speed control of DC motor, the primary 
advantage being the flexibility offered by fuzzy logic. The backbone of any FLC is embodied in a set 
of fuzzy rules, with two implications: 
 The fact that the control strategy is represented by a set of rules and not an elaborated set of 

equations. This allows the designer to change the basic characteristics of the Controller with 
minimal fuss, simply by redefining the rules. 

 The fuzzy aspect of the rules, deals with the imprecise definition of the system. This allows 
vagueness in the design of the control system to be tolerated to a certain degree and eliminates the 
need for a well-defined mathematical model of the plant. 

 
The following sections describe the development of FLC for speed control of DC motor. 
 
The present design utilizes three types of membership functions – Γ-function, L-function  
and Λ-function. These functions have been proven to produce good results for control applications and 
can be easily implemented into hardware. The universe of discourse of the input variables is 
partitioned into five fuzzy sets or linguistic values (B1 to B5), while the output variable can take any of 
the nine linguistic values (D1 to D9). Graphical representations of the membership functions are 
shown in Fig. 1 and Fig. 2. 
 
The crisp values of the input variables are mapped onto the fuzzy plane using the equations above. It 
gives each input variable a membership function relating to the fuzzy sets, ( 51

ii  to  BB ) . It has to be 

pointed out that in these equations, j
iB  is used to denote the linguistic value as well as membership 

function, while membership function using )(μ j i, B ix .The universe of discourse of the output variable 

is divided into nine linguistic Values. The membership functions of the output values are intentionally 
made to be symmetrical, as this will simplify the defuzzification computation. E1 to E9 are the mean 
of each function and act as the weightings to the weighted average method of defuzzification. 
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Fig. 1. Memberships function of input variable. 
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Fig. 2. Memberships function of output variable. 
 
 

Each input variable can take any of the five linguistic values, therefore 25 (= 5 X 5) rules are 
formulated. The rules have the typical fuzzy rule structure, using linguistic variables in both the 
antecedent and consequent, and are expressed in IF-THEN manner. They map the input states onto  
25 output conditions (C1 to C25). The fuzzy rules have the general form, 
 
  RK : IF x1 is k 

1A  AND x2 is k 
2A  , THEN y is CK

  (1) 

 
Then the rule base can be represented by a fuzzy associative memory (FAM) table (Table 1). 
 
 

Table 1. FAM table for FLC design. 
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The FLC design in this work incorporates Mamdani’s implication method of inference, which is one of 
the most popular methods in fuzzy control applications. In essence, Mamdani’s implication for the 
fuzzy rule of (4) is given by 
 
  1,2,....25 k    )]](xμ),(xμ [min[ max(y)μ 2A1Ak

c k
2

k
1

   (2)

 
The implication has a simple min–max structure which makes it easy to incorporate into hardware. The 
block diagram in Fig. 3 provides an overview of the controller’s internal structure. Two input variables 
are fuzzified, producing the corresponding linguistic values and membership functions . The first 

phase of Mamdani’s implication involves min-operation since the antecedent pairs in the rule structure 
are connected by a logical ‘AND’. All the rules are then aggregated using a max-operation. 
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Fig. 3. Block diagram of the operations in a Fuzzy Logic Controller. 
 
 
The dominant criterion in the selection of defuzzification technique lies in the implementation stage. 
The weighted average method is viewed to be an appropriate technique for systems involving 
hardware implementation. Due to the fact that the output membership functions are symmetrical in 
nature, the mean of the fuzzy sets can be used as weightings for the defuzzification process. This 
technique requires several multiply-by-a-constant operations and only one division process. Rule base 
moulds the functionality of an FLC. The rules are most likely to be formulated based on some level of 
human understanding of the plant. The design of the FLC in this paper is based on PI controllers .The 
rule base is constructed from the control law of a PI system. 
 
 
3.1. PI Control 
 
The proportional–integral (PI) controller is a well-known system in control engineering. It is, in 
essence, a lag compensator characterized by the transfer function 



Sensors & Transducers Journal, Vol. 121, Issue 10, October 2010, pp. 106-120 

  111

 







 

T.s

1
1K  G(s)

,
 

 
where G(s) is the gain; K is the control parameter; T is the time constant. 
 
The control law is given by the equation 
 
 


t

IpPI dte
T

KeKu
0

.  
1

.   (3)

 
where u is the control signal; e is the error, given by e = (input value) – (reference value). 
 
Differentiating (3) gives 
 
 

.e Ip K
dt

de
K

dt

du
   (4)

 

 
In discrete-time systems, (4) can be written as 
 

  )(.)()(.  T)-u(kT - u(kt) kTeKTkTeKTeK Ip   

 
  eKeKu Ip .. 

,
  (5)

 

 
where u  is the change in u over one sampling period; e  is the change in e over one sampling 
period. 
 
The values of controller parameters are found from Z-H tuning method. From the values found are 
Kp=0.12 and Ki= 0.0201. The characteristic of a PI controller can be represented by the phase plane 
diagram shown in Fig. 4. A diagonal line where u  = 0 divides the area where u  is positive and u  
is negative. 
 
 

 
 

Fig. 4. Characteristic of PI controller. 
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3.2. PI-like Fuzzy Control 
 
At this stage, the control law in (8) is not in fuzzy terms. In order to design a fuzzy controller based on 
the PI control structure, the following definitions are made: 
Let 
  E is the linguistic variable for the error e; 
 E  is the linguistic variable for the change of error e ; 

  U is the linguistic variable for the control output u. 
 
The maximum range of motor is +/- 1500 rpm. The possible error range is -750 to 750.The universe of 
Discourse of the change in error is based on experiment data from conventional controller which gives 
the range of error is +/- 150.Ouput of the controller ranges from +/- 8. Linguistic variables for E, E , 
U are defined as 
 
LE = {Negative Big(-750rpm), Negative(-500rpm), Zero(0), Positive(500rpm), Positive Big(750 rpm)} 
 

EL = {Negative Big(-150rpm ), Negative(-75 rpm), Zero(0), Positive(75), Positive Big(150)} 
 
LU = { Negative very Big(-8) ,Negative Big(-6), Negative(-4), Negative Small(-2), Zero(0), Positive  
 
Small(2), Positive(4), Positive Big(6), Positive very Big(8) } 
 
The corresponding PI control law in IF-THEN rules has the form: 
 

RK : IF x1 is  AND x2 is  , THEN y is CK , 
 
where: 

 can take any linguistic value in the set LE; 

can take any linguistic value in the set EL ; 
CK can take any linguistic value in the set LU. 
 
To implement this design into the FLC, let: 
 x1 = E 
 x2 = E  
 {   }= {Negative Big(NB), Negative(N), Zero(Z), Positive(P), Positive Big(PB)},for i =1, 2 

 {D1, D2, D3, D4, D5, D6, D7,D8,D9} = { Negative very Big(NVB) ,Negative Big(NB), Negative(N), Negative 
Small(NS), Zero(Z), Positive Small(PS), Positive(P), Positive Big(PB), Positive very Big (PVB)}. 

 
Fig. 5 shows a block diagram demonstrating the implementation of the FLC in a Speed control of DC 
motor .In this application, the input interface converts the output of the speed sensor into error and 
change of error which are used as the two inputs to the FLC. 
 
Another interface converts the output into the required value for the plant. The characteristics of the 
interfacing blocks can be described by the following equations: 
 

Input interface: 
e = VREF – Vdc;  x1 = e ; x2 = x1 – x1z-1 

 
Output interface: 

Δu = y ;  u = Δu + u z-1 
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Fig. 5. Overall block diagram of FLC based control system for Dc motor. 
 
 
4. FPGA Implementation 
 
A Field Programmable Gate Array is a digital integrated circuit that can be programmed to do any type 
of digital function. When the FPGA-based system is used for implementing the desired FLC, many 
possible designs can be tried due to the reusability of the FPGA. Often, a hardware implementation on 
the FPGA-based system is supported by many existing EDA tools for modelling, synthesis, 
verification, and implementation. The major advantage of using the EDA tools is that the same 
hardware description language code for modelling can be directly used for synthesis, verification, and 
implementation. Also, the general architecture of the FLC is invariant except for the change in the 
number of input and output variables, the number of fuzzy terms, the membership functions, the bit 
resolutions, and the control rule base according to the different applications. The FPGA consists of 
three major configurable elements: 
1) Configurable Logic Blocks (CLBs) arranged in an array that provides the functional elements and 

implements most of the logic in an FPGA. 
2) Input-output blocks (IOBs) that provide the interface between the package pins and internal signal 

lines. 
3) Programmable interconnect resources that provide routing path to connect inputs and outputs of 

CLBs and IOBs onto the appropriate network. 
 
The Target device in this case is Spartan®-3A DSP family (XC3SD1800A).The features of Spartan®-
3A DSP –2XC3SD1800A is tabulated in Table 2. 
 
 

Table 2. System resources of Spartan®-3A DSP family. 
 

System gates  1800 k 
Equivalent logic cells  37,440 

Rows  88 
Columns  48 
Total CLB 4,160 

CLB Array (one 
CLB = four slices) 

Total slices  16,640 
Distributed RAM bits 260 k 
Block RAM bits 1512 k 
DSP48As 84 
DCMs 8 
Maximum user I/O 519 
Maximum Differential I/O pairs 227 
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The FLC is divided in to 5 VHDL components. Fig. 6 shows a diagram of the FLC architecture. Each 
component is depicted with its VHDL code. The functionality of components Interface1, Interface2 
and part of the component Infer will determine the characteristics of the FLC. Input and output 
variables are designed with a resolution of 8 bits. 
 
 

Input Interface Output Interface

Fuzzification Inference Defuzzification

Input

1x
2x

5
1

1
1  B   to B

5
2

1
2  B   to B

91  D   to D

Rule base

output

 
 

Fig. 6. Components of Fuzzy logic controller  in FPGA. 
 
 

Xilinx XC3SD1800A FPGA is available in several packages and the one used for this design is the 
PC-512 package which has 512 I/O pins in total. During the generation of the bitstream, the inputs and 
outputs of the design are mapped to the physical I/O pins of the FPGA. The allocation of pin numbers 
can either be automatically performed by the implementation tools or explicitly specified by the user. 
In this design, all the pins are specified by manually assigning the appropriate pin numbers. This 
enables the designer to have full control over the function of the physical pins in the FPGA. The 
allocation of pin numbers to the I/O pads is shown by the schematic diagram of the design in Fig. 7. 
Once the hardware specifications have been confirmed, the netlist is compiled into a bitstream file 
using the Implementation procedure in Xilinx Foundation Project Manager. 

 
 

 
 

Fig. 7. Schematic diagram of the FPGA design. 
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5. Experimental Setup 
 
The experimental studies are carried out to evaluate the performance of the controller. Configuration is 
the Process by which the bit streams of a design, as generated by the development software are loaded 
into the internal configuration memory of the FPGA. To verify the performance of the controller 
design on Hardware, the VHDL code (Bit file) is downloaded into the Target FPGA device (Spartan 3 
family XC3S400) and the complete system is reset The experimental set up for this system consists of 
a DC motor , FPGA kit(with on board ADC, DAC, PWM modules), Intelligent power module. The 
overall block diagram Of Dc motor speed control is shown in Fig. 7. The DC shunt motor is chosen in 
this work whose parameters are shown in Table 3. 
 
 

FPGA FPGA
Spartran 3A DSP

Intelligent
Power Module

DC MOTOR

 
 

Fig.7. Overall block diagram of speed control of DC motor. 
 
 

Table 3. Parameters of DC motor. 
 

Type 3 PHASE DC Shunt Motor 
SPEED 1500 rpm 
Voltage 220 V 
Rating 1.0 HP 
Current 0.3A 

Electrical resistance 1 Ohm 
Electrical inductance 0.5H 

Moment of Inertia of Motor 0.01Kgm2/s2 
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5.1. Sensor - Optical Encoder 
 
Circular windows around the circular disk mounted on the motor shaft such that it rotates with the 
shaft. A LED is mounted on the one side of the disk and a phototransistor is mounted on the other side 
of the disk, opposite to the LED, the following Fig. 8 shows the speed sensor. During rotation when 
circular window come across the LED, the light passes to the phototransistor. As a result, 
phototransistor conducts and produces low output at its collector. Each time when light passes through 
window to the phototransistor, it conducts and output 
 
 

 
 

Fig. 8. Optical encoder speed sensor. 
 
 

goes low, otherwise phototransistor is off and output is high. As disk rotates the train of pulses are 
generated. The number of pulses in one rotation equals the number of circular windows on the disk. 
Therefore by counting number of pulses we can decide the position of the shaft as well as number of 
rotations performed by the shaft. By counting the number of rotations in specific time we can also 
calculate the speed of rotation. Counting the number of pulses in specific time, these pulses convert 
frequency to voltage by using frequency to voltage converter. 
 
 
5.2. Intelligent Power Module 
 
Intelligent power modules (IPMs) are advanced hybrid power devices that combine high speed, low 
loss IGBTs with optimized gate drive and protection circuitry. The power stage consists of a Variable 
source converter (VSC) fed drive. It has two stages of power conversion ,a rectifier and converter. The 
rectifier converters a fixed voltage AC to either fixed or adjustable DC voltage .The converter is 
constituted of solid state switches(IGBT), that switch the DC power on and off to produce a 
controllable and desired DC voltage .FPGA generates firing pulses for the power switches in the 
converter. IPM consists of 1. Intelligent Power Module, 2. Voltage and Current Sensor 3. Signal 
Conditioner 4. Protection, Circuit 5. Optocoupler, 6. Three phase Diode Bridge Rectifier 7. Speed 
Sensor 8. Frequency to Voltage converter. 
 
IPM has sophisticated built-in protection circuits that prevent the power devices from being damaged. 
The protection schemes available in IPM are self protection, over temperature protection, over current 
protection, short circuit protection. Three phase diode bridge rectifier is used to give rectified DC 
voltage to IPM. Output voltages and current of IPM are not directly fed to control circuits ,because 
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output voltage of IPM is high, but control circuit is operated in minimum voltage (5v).Hall effect 
transducers are used for these type of conversion .Signal conditioning circuits are used to give the 
reference signal of current and voltage to the protection circuit as well as to the ADC of FPGA kit. 
Optocoupler is used to isolate the control circuit from power circuit. Speed of the Dc motor is sensed 
by optical encoder which gives the output in terms of frequency proportional to speed. By means of 
Frequency to voltage converter, sensor output is converted in to voltage. 
 
Fig. 9 shows the FPGA Spartan®-3A DSP kit. The speed of the motor is measured by means of optical 
encoder and given as input to ADC(AD7266). The ADC used here is 12 bit, high speed, low power, 
successive approximation ADC and features throughput rates up to 2 MSPS. The set speed is assigned 
to motor by toggle switches according to the requirement. Once this is done the ADC data will be read 
and Fuzzy Logic Controller implemented will calculate output value and the output of controller in 
term changes the duty cycle of PWM to increase or decrease the speed. IPM Module consists of 
Switching power converters are used in most DC motor drives to deliver the required energy to the 
motor. The energy that a switching power converter delivers to a DC motor is controlled by Pulse 
Width Modulated (PWM) signal applied to the gate of a power transistor coming from PWM module 
FPGA kit. once the current speed equals the set speed, the motor starts running at the set speed. Again 
to change the set speed, the above procedure is repeated by changing the toggle switch position. As the 
set speed is varied, the ADC voltage also varies. It is observed that the current speed, which is 
displayed, on the ‘on board’ LCD display equals the set speed value. Fig. 10 shows the Photograph of 
the experimental setup and working model of FPGA based DC motor speed control system 
 
 

 
 

 

Fig. 9. FPGA Spartan®-3A DSP kit. 
 

Fig. 10. Real time experimental setup. 

 
 
6. Results and Discussion 
 
The Fuzzy Logic Controller is implemented in FPGA for real time control of speed in DC motor . 
Resource utilization of Fuzzy Logic Controller is shown in Table 4. It provides the information 
regarding number slices, Flip Flops, Input output blocks, total number of gates required. The 
simulation of Fuzzy logic controller is shown in Fig. 10.The Fuzzy logic controller is divided in  
5 modules, input interface, fuzzifier, inference , defuzzification, output interface .The output of each 
module is shown in simulation result. 
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The servo responses of the PI controller and FLC shown in Fig. 11 and Fig. 12. The set point is varied 
from 550 rpm to 1100 rpm .For the PI controller (shown in Fig. 10), set point tracking performance is 
characterized by lack of smooth transition between set point, as well as presence of overshoot and 
higher rise time. From Fig. 11 we can observe that the FLC having less oscillation , zero overshoots, 
less rise time. From the Fig. 10 and Fig. 11,it can be seen that FLC performs significantly better than 
PI controller. 
 
The FLC is used to control the speed of the motor while applying a load change of +10 %. The motor 
is also run with a PI controller while applying the same load changes. The variations in speed with 
time for 10% load change for PI controller and FLC is shown in Fig. 13 and Fig. 14.The FLC is able to 
compensate for the load changes considerably better than PI controller. 
 
 

 
 

Fig. 11. Servo response of PI controller for a set point change from 550 rpm to 1100 rpm. 
 
 

 
 

Fig. 12. Servo response of FLC for a set Point change from 550 rpm to 1100 rpm. 
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Fig. 13. Regulatory response of PI Controller under +10% change in speed as load. 
 
 
 

 
 

Fig. 14. Regulatory response of FLC Under +10% change in speed as load. 
 
 

7. Conclusion 
 
This paper presents an approach for the implementation of a fuzzy logic controller for DC motor on an 
FPGA using VHDL. This paper presents the implementation of a fuzzy logic controller for a DC motor 
on a Xilinx Spartan III FPGA using VHDL. The implementation of the fuzzy logic controller is very 
straightforward by coding each component of the fuzzy inference system in VHDL according to the 
design specifications. The design of the FLC is highly flexible as the membership functions and rule 
base can be easily changed. Moreover the performance of FLC is compared with PI controller for set 
point change and load change. The performance FLC was much superior than conventional PI 
controller and FLC is able to compensate load changes better than PI controller. By simply changing 
some parameters in the codes and design constraint on the specific synthesis tool, one can experiment 
with different design circuitry to get the best result in order to satisfy the system requirement. The FLC 
can also be used for control purposes in other applications. 
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