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Abstract - In this paper, a comprehensive
method for the development of an embedded PID
controller for the speed control of small scale dc
motors using a low cost FPGA(Field
Programmable Gate Array) is presented. The PID
controller in FPGA is represented in terms of
VHDL code. For choosing the controller
parameters and system identification, MATLAB is
used with the open loop step response of the motor
obtained from an experimental setup. UART
communication interface along with a glitch filter
is also implemented with the controller on the
same FPGA which makes it an efficient plug and
play device. The simulation results for the PID
controller are shown using Xilinx ISim. The
hardware implementation is made in Xilinx Spartan
6 FPGA chip with a sampling time of 10ms.

Index Terms — PID controller, VHDL,
FPGA, embedded control, small-scale dc motors.

I. INTRODUCTION

Small scale wheeled mobile robots(WMRs)
are gaining popularity these days, in applications
such as urban agriculture, rescue operations [1],
defence, and surveillance. In spite of the smallness
in size of the robots, to achieve the same
functionalities and  processing  capabilities,
embedded systems are designed and adopted in
such robot applications. Embedded systems take
real world input and provide processed output,
aiming at the optimal use of memory, power and
time. In a wide variety of low power applications,
which are run from a dc source, PMDC motors are
the most cost-effective choice [2] and they are
generally used for the mobility control of Small
scale robots. For the speed control of these DC
motors, PID controllers are most commonly used in
many industrial applications. Over the years, they
are implemented in a variety of ways in analog,
digital and microprocessor based circuits. Digital
circuit implementation has the advantage of
flexibility, precision and accuracy, greater Signal to
Noise Ratio (SNR) over analog circuits.
Microprocessor based implementation [3, 4] deals
with prebuilt digital circuits executing the
instructions, which provides greater flexibility. But
the instructions are executed sequentially and
therefore, parallelism obtained by the method of
circuit implementation is lost. It is known that

flexibility and parallelism can be obtained through
Field Programmable Gate Arrays (FPGASs). This
advantage was well utilised in a wide variety of
applications, like CNC machines[5], temperature
controllers[6], power electronic circuits[7,8] and
cyclotron heating[9].

FPGA being a reconfigurable device, it
provides improved performance than pure software
implementation on general purpose processors and
more flexibility than an ASIC solution[10].
Consequently, FPGA has the ability to act as ‘blank
hardware’ for the end user. Earlier, because of its
cost, the use of FPGA was somewhat limited. As
smaller scale FPGAs with increased density are
being designed in recent years, a wide variety of
controllers namely, PID[11], Fuzzy[12], NN
controller[13], Motion controllers[14], Control
System Processor[ 15] have been developed by
researchers. Efficiency in terms of space utilisation,
power consumption and execution time have been
studied extensively. However, cost effective
implementation setup for small scale motors has
not been addressed so far.

So, in this paper, a comprehensive method
of implementing PID controller for speed control of
small scale motors on FPGA has been developed.
A glitch filter and UART Communication interface
have also been implemented in FPGA which make
the system cost effective leading to a simple plug-
and-play type of set up for easy configuration with
PC , whenever controller reconfiguration is needed.

The presentation of the paper is further
organized as follows: section Il gives the block
diagram of the proposed digital speed control
system, section 11l describes the controller
implementation methodology, section IV deals
with system identification, section V shows the
simulation of the PID controller, section VI
presents and discusses the results obtained with the
complete hardware unit and section VII lists the
conclusions arrived at based on the theoretical and
experimental works carried out.

Il. BLOCK DIAGRAM OF DC MOTOR SPEED
CONTROL SYSTEM

The general block diagrams of the
existing and the proposed dc motor speed control
systems are shown in Fig.l. The major
improvement in the proposed system is that it does
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Fig. 1 Block diagram ot digital speed control system (a)
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not need the A/D, D/A converters and their
interfaces. Instead of A/D, a speed calculator is
incorporated along with the controller itself. This
calculator counts the pulses received from the
encoder (optical) and computes the speed of the
motor. The function of D/A converter and the
interfaces in the earlier versions is carried out by a
PWM generator, which is also implemented on the
FPGA. So all the required hardware components
are made on the available FPGA itself resulting in
reduction in area of the controller which is very
much expected in any well designed embedded
device. PWM generator gives out pulse width
modulated DC output voltage to the power
electronic switch present in the driver circuit of the
motor. The rotor speed of the motor is measured by
counting the number of pulses obtained from the
optical encoder, after removing the glitches from
the pulse signal using a signal conditioner. An
error calculator compares the measured speed and
the set speed and its output is fed to the PID
controller.

I1l. IMPLEMENTATION METHODOLOGY

The working sequence of the controller is
given in the flowchart of Fig. 2 shows that the
control system is implemented as hardware module

in FPGA, where the controller components namely,
P,I,D are computed simultaneously, resulting in
the reduction of computation time. An optical
encoder receives pulses from the motor which after
processing are given as PWM pulses for motor
actuation at the desired speed.

The speed of the motor can be calculated from
the encoder using the equation (1), where, F is the
operating frequency of FPGA device and N is the
number of clock pulses received during the fixed
slot interval of the encoder.

Speed = F

Astro, has derived an expression for the
control variable, in discrete form which includes
addition of three components namely, proportional,
integral, derivative of error in speed as shown in
equation (2) [18]. This equation has been
incorporated for developing an algorithm in FPGA
for control of the dc motor.

U(E) = P(t)+ 16 )+ D )evereeeeeeeeeerrrrrrrrressssmcnn

Each of these components are described using
the egns.(3-5). Since each of these components are
independent of each other they lend for parallel
implementation [11] so that the controller output is
obtained before the next sample of error in speed is
received. Error in speed is calculated by the error
calculator module as a difference of set speed and
actual speed. Since these modules depend on the
other output, it is implemented as sequential
modules.

P(t) = K (Yo (t) = Y(t))-evveeereeen

I(t,)= |(tk_l)+KThe(tk) .................

o
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The output of the controller is used to generate
PWM pulses by the PWM generator module where
the ON-period is given by the equation (6). [18]

KT,N
D(tk) = <

D(tk—l) T Nk (y(tk) - y(tk—l))"(S)
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IV. SYSTEM IDENTIFICATION

The experimental setup built for the speed
control of a permanent magnet DC motor rated for
24V, 200RPM, 300 mA, is shown in Fig. 3.

Firstly the system transfer function is identified
by its open loop response for a set speed of
200RPM. Since the operation reached is without
the closed loop controller, final speed reached is
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only 175 RPM as shown in Fig. 4. However,
this response is made use of along with
MATLAB system identification toolbox, to
obtain an appropriate transfer function that
would represent the mathematical model of the
system. The transfer function thus obtained is
given by equation (7). This is further validated
using the simulation of open loop response in
MATLAB and the results are shown using the
graph in Fig. 4. Equation (7) was then used for
getting the parameter values in the closed loop
condition by employing the controller auto
tuning technique, also available in MATLAB.
The parameters thus obtained are shown in
TABLE I.

w(s)  44.68s+3636
V(s) s?+32.43s+3969

DC Motor

Fig. 3 Experimental Setup
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Fig. 4 Open loop response of the hardware and validation of system identification
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Fig. 5 VHDL Simulation output of proposed controller
TABLE | CONTROLLER PARAMETERS
Tuning Values V. SIMULATION OF THE PID CONTROLLER
Parameters
K 1.8449 To ascertain the synthesizability of the
configuration of the controller, it was simulated in
Ti 88.6060 ISim environment by writing its VHDL code and
Ty 0.00012 also the code for test vector generation, needed for
obtaining the simulated hardware output. VHDL
N 14806.730 has good abstraction at higher levels than Verilog.
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Fig. 6 RTL Schematic of the proposed Controller

[17]. The test vectors, namely, set point variable,
measured variable are listed in column 1 of Fig. 5.
The output of the FPGA thus obtained is shown in
the same figure in terms of hexadecimal value as
0_ynl. The generated blocks are shown in Fig. 6 at
the register transfer level (RTL). It shows the
design abstraction of the FPGA in terms of Register
Transfer Level. The control system also includes an
UART _controller module for serial
communication, a HEX to ASCII module, as
shown in the RTL diagram in this figure.

The utilization summary of the device
after simulation of the controller for the selected
FPGA Spartan 6 LX-9 is as shown in TABLE II.

TABLE Il Device Utilization

Logic Blocks Available | Utilization
(%)

Number of Slice Registers 11440 9
Number of Slice LUTs 5720 29
Number of fully used 2039 34
LUT-FF pairs

Number of bonded 10Bs 102 5
Number of DSP 16 25




VI. RESULTS OBTAINED ON THE COMPLETE
HARDWARE UNIT

It is to be noted that the number of pulses used
for calculating the speed of the motor is a whole
number in 16 bits as measured by optical encoder,
and so a separate analog to digital converter is not
required in the hardware system. From this encoder
output, the speed calculator module computes the
speed in RPM using equation (1) which is written
as VHDL code in the FPGA. For its further action,
the calculated values in hexadecimal are captured
and converted into rotor speed in RPM. Then for
evaluating  the intended functioning of the
hardware unit, firstly the simulated closed loop
response of the DC motor was studied using
MATLAB and then the experimental response was
also obtained for a set speed of 150 RPM, both in
clockwise and anticlockwise directions. These
results are shown in Fig. 7. It is seen that the
experiments results are in close agreement with the
simulated values. It is also observed, that a
minimum settling time of about 5s is required for
this chosen system to reach the set speed.

It has been, mentioned earlier in section 1V,
that there will be a steady state error in the final
speed obtained by the DC motor, if it is operated in
the open loop mode. It is to be shown that this error
can be rectified if a closed loop operation is
adopted, even if the set speed is varied frequently,
of course keeping in view that the settling time of
5s is required for the present system. The responses
of the experimental DC motor, for this kind of
servo tracking, obtained for several set speeds both
in open loop and closed loop operation are shown
in fig. 8 and 9 respectively and compared. li is seen
that there is an error between final speed and set
speed, at every set speed in the open loop system,
whereas in the closed loop, this error is negligible.
Thus the closed loop controller actuates the DC
motor at desired speed which is essentially needed
for small scale WMR operations.

VII. CONCLUSION

A closed loop embedded controller has been
designed and implemented on FPGA Spartan LX9,
for the closed loop speed control of small range
DC motors. The hardware utilisation summary of
the FPGA reveals that only a small percentage of
the available logic blocks inside the FPGA unit are
utilised, which gives space for any additional
algorithms to be implemented in the hardware for
further enhanced working of the system. The
necessary general expressions for the design of the
controller and detailed procedure involved in the
development of this embedded controller are
presented. The various performance indices have
been evaluated and it is shown that closed loop
operation, motor attains the set speed with

negligible error compared to that obtained in the
open loop operation. UART communication
interface and glitch filter are also implemented
along with the controller on the same FPGA
which makes it an efficient plug and play device.
The setpoint tracking obtained successfully for
speeds of 50, 100, 150, 175, 125,75 RPM has also
been shown which brings out the efficacy of the
proposed closed loop controller.
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