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ABSTRACT

This project describes the design, simulation and implementation of an FPGA-based
microstepping driver to control a dual H-Bridge to properly commutate a bipolar perma-
nent magnet stepper motor for precise-position tracking applications. The kernel of the
driver is a microstepping mode algorithm implemented in two ROMs as look-up tables.
This engine is used to generate the appropriate pulse width modulation (PWM) signals to
control the current levels in the motor’s windings. Because the current patterns in the win-
dings closely resemble sine waves with 90° phase shift, we used a sinusoidal (sine/cosine)
approximations function to build the look-up table to drive the motor’s windings. The
digital driver is developed with the Very high speed integrated circuit Hardware Descrip-
tion Language (VHDL). The driver is synthesized using Quartus® II, the Intel®- FPGA
software development suite tools, and targeted at an FPGA of the Cyclone-II family.
Computer simulations are carried on Quartus II simulator. The results show the effec-
tiveness and merit of this design process by testing several fractions of a full step (1/2,
1/4 and 1/8). In addition, the real-time applicability of this driver is exemplified on a
permanent magnet bipolar stepper motor.
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INTRODUCTION

A stepper motor is a brushless, synchronous electric motor that converts digital pulses
into mechanical shaft rotation. A motor that takes electrical pulses and changes them into
mechanical movement. It is one of the few motors that is essentially digital in nature. A
device is digital in nature when it can respond to digital information, a series of high and
low voltages. Stepper motors are used in various industrial applications where low power
is required and low speed, torque, fast dynamics and precise positioning are important
factors, for example Stepper motors provide a means for precise positioning and speed
control without the use of feedback sensors.

The importance and usage of the electric stepper motor has increased immensely
during the past two decades. Stepper motors, for example, are widely used in modern
electronic typewriters, word processors, and other computerized products and in medical
applications for accurate medicament dosage with peristaltic pumps or pipettes and as
motion control actuators in dialysis equipment [1].

They are important components of industrial robotic systems, large and small, and in
other machines where repeatable positioning control is required. Stepper motors for most
applications must be designed to work reliably over hundreds of thousands to millions of
cycles. Stepper motors are used in applications that require precise control of the posi-
tion of the motor shaft. Typical applications include pen positioning, rotary and indexing
table control, robotic arm movement control, laser positioning, fax machine operation,
and printer control [2].

Stepper motors are widely used for incremental motion control in such applications
as computer peripherals, X- Y positioning tables, medical instruments, and specialized
precision machinery requiring modest power. Some of the advantages of steppers include
reduced maintenance owing to lack of brushes ; simplicity of operation owing to their
open-loop design rather than expensive, elaborate feedback circuitry ; and adaptability to
digital electronic devices.

The advantages of stepper motors are low cost, ruggedness, construction simplicity,
high reliability, no maintenance, wide acceptance, no “tweaking” to stabilize, and no feed-
back components needed ; they are inherently fail-safe and tolerate most environments.
Steppers are simple to drive and control in an open-loop configuration. They provide
excellent torque at low speed, up to 5 times the continuous torque of a brush motor of
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the same frame size or double the torque of the equivalent brushless motor. Frequently,
a gearbox can be eliminated. A : stepper-driven system is inherently stiff, with known
limits to the dynamic position error [3].

Disadvantages of the stepper motor include no flexibility in step resolution, resonance
effects, relatively long settling times, and rough performance unless a micro stepper is
used. Undetected position loss may result in open-loop systems. Steppers consume cur-
rent regardless of load conditions, and they tend to run hot. Steppers tend to be noisy,
especially when operated at high speeds [3].

Microstepping was invented by Larry Durkos, a mechanical engineer of the American
Monitor Corporation. Microstepping is actually a sine cosine driving in which the winding
current approximates a sinusoidal waveform. This allows stopping and holding a position
between two standard step positions and provides smoother operation in low speeds.
PWM current control is usually combined with a nonlinear digital-to-analog converter
which allows to control the motor current.

The basic principles of microstepping are described by Akdogan[17]. This work is
focused on simulation and demonstration of microstepping technique, providing the fun-
damental mathematical background for calculating the current flow in both phases.

The most important benefit to be gained by microstepping is increased positioning
resolution. The reduction in torque ripple, especially important at lower motor speeds.
Microstepping minimizes the natural resonance problems that all stepper motors have.
Scope This project presents the design, simulation and implementation of an FPGA-
based microstepping controller to control a dual H-Bridge to properly commutate a bi-
polar permanent magnet stepper motor for precise-position tracking applications. a step
motor driver design with the aim of achieving micro-stepping features. Step motors are
analyzed and different driving modes including several possible control approaches are
discussed. An electronic board for drive and control of a bipolar step motor has been
developed and used in experiments to compare different driving strategies with respect
to their electrical and mechanical performances.

This project describes the design, simulation and implementation of an FPGA-based
microstepping driver to control a dual H-Bridge to properly commutate a bipolar perma-
nent magnet stepper motor for precise-position tracking applications. The kernel of the
driver is a microstepping mode algorithm implemented in two ROMs as look-up tables.
This engine is used to generate the appropriate pulse width modulation (PWM) signals
to control the current levels in the motor’s windings.

Related work

The initial step motor studies dates back to 1920’s [1]. A three phase variable re-
luctance step motor was introduced as a position control device, despite the fact that

2
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the identical motor structure was known and operated as an electromagnetic engine in
the 19th century [2]. During this time, permanent magnets were first used in step motor
structures, and step motor torque and step precision were gradually increased through
inventions [3]. The General Electric Company created, patented, and produced the hybrid
step motor that is still in use today in 1952 [4]. Step motor technology advanced in the
1960s and 1970s as a result of advances in computer technology.

Furthermore, because step motors are discrete, using them has grown easier and more
preferred as microprocessors become more widely used.

Mechanical switches operated by hand were the first instances of devices used to excite
step motors. Later, more advanced and independent driver alternatives have been used
thanks to the development of switching devices such thyratron gas tubes. These switches
were gradually replaced by thyristors and transistors. With the appearance of the integra-
ted circuits, the implementation of logic circuit of drivers became simpler with lower costs.

Because of their affordability, ease of use, and inexpensive driver solutions, step motors
are appealing and frequently utilized in the industry. There are several ways to integrate
a driver’s power converter block ; different manufacturers offer partially or fully on-chip
solutions. ST Microelectronics’ L297–L298 integrated circuits are among of the most well-
known  driver options.

Step motors can also be driven by extremely complex single chip solutions that are
currently available on the market. Examples of this kind of drivers are the Allegro A3981
[5], A4980 [6], and AMIS-30523 [7]. Discrete driver solutions are still often utilized even
though on-chip solutions provide straightforward assembly and a fully working drive cir-
cuitry with a small number of external components.

For the majority of integrated driver integrated circuits, drive control logic circuitry
possibilities are also restricted and unchangeable. On the other hand, a PCB level driver
that uses a microcontroller device to manage the driver logic provides a versatile setting
for optimizing different driver algorithms. The processor, which generates the driver logic,
is the main part of a PCB level step motor driver. Step motor drivers frequently use DSPs
(Digital Signal Processors) as processors in addition to microcontrollers.

In recent years, step motor driver solutions based on Field Programmable Gate Arrays
(FPGA) have also been introduced. An FPGA-based open-loop step motor driver is pro-
posed by Le and Jeon [8]. The reasoning behind FPGA-based solutions is because they are
compatible with Application Specific Integrated Circuit (ASIC) conversion, which may
make them preferable even though they are more expensive and difficult to build.

A step motor driver solution realized with a new generation PIC family is introduced
in an application note from Microchip [9].

3
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Motivation

My personal motivation when choosing a topic for my Master’s project was my interest
in FPGA technology and the advantages of synthesized hardware over the classic micro-
controllers or any other device used to perform the operations involved in the control of
Alternating Current Motor methods. My intention was to find a useful application where
FPGAs could have a real improvement of performance and time response. This is why,
while defining the experimental part of the project, a good option was the implementation
of a motor control method in VHDL.

Outline

This report contains four chapters. Chapter 2 introduces step motors which are the
mechanical components to be driven with the driver circuitry and provides a discussion
on step motor control methods. Chapter 3 highlights The proposed driver circuit and
discusses experimental work and their results. Finally, Chapter 4 puts forward conclusive
remarks and future directions.
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Chapitre 1. THEORITICAL BACKGROUND

This chapter deals with the fundamental ideas behind step motor theory. The dis-
cussion is opened with the basic operation principle of step motors in the first section.
Different types of step motors in use and different winding structures are mentioned in
this chapter. Afterwards, several methods that are used to excite and operate step mo-
tors are discussed. Microstepping method, a primary focus of this project, is presented in
chapter. An overview that covers different aspects related to FPGAs is mentioned.

STEP MOTOR THEORY

1.1 Basic operation of stepper motor

Angular displacement of step motors is possible with moving active parts with ma-
gnetic force which is induced with discrete electrical pulses.

A basic type of step motor, called the hybrid step motor, consists of a permanent
magnet, toothed rotor made from two sections, or “cups,” that are opposite in polarity.
The electromagnetic stator is also toothed. This section explains the principles of motion
inside a 4-phase hybrid stepper motor in order to make an introduction to the basic
concepts of step motors. Different types of step motors are discussed and for simplicity, a
3-phase hybrid stepper motor is used to explain different excitation modes in the following
sections in more detail.

Basic structure of a hybrid step motor is shown in Fig. I.1. The rotor is in two sections
and has 50 teeth on each section.The half-tooth displacement between the two sections is
retained. The stator has eight, each with five teeth, making a total of 40 teeth then the
step angle is 1.8°. Visualize that a tooth is placed in each of the gaps between the stator
poles, in which case there would be a total of 48 teeth, two less than the number of rotor
teeth.

Fig. I.1 : Cross sectional diagram of a 4-phase hybrid step motor.

The stepper motor uses the theory of operation for magnets to make the motor shaft
turn a precise distance when a pulse of electricity is provided [11]. The shaft of a stepper

6



Chapitre 1. THEORITICAL BACKGROUND

motor rotates at fixed angles when it receives an electrical pulse. The electrical pulse
magnetizes the motor’s stationary field, called the stator field. The magnetic stator field
moves the permanent magnet. The permanent magnet is called the rotor or armature.
The rotor steps forward to align with the stator’s magnetic field (N to S and S to N)
and stops movement until another stator field is energized [14]. If we manually rotate the
magnet without energizing any coils, we get the ‘notched’ feeling whenever a relatively
larger magnetic force is generated, because of the alignment of the permanent magnet
with the core of the electromagnets. This force is termed ‘detent torque’ [16].

Fig. I.2 when no power is applied to the motor, the residual magnetism in the rotor
magnets will cause the rotor to detent or align one set of its magnetic poles with the
magnetic poles of one of the stator magnets. When the rotor is in a detent position, it
will have enough magnetic force to keep the shaft from moving to the next position. This
is what makes the rotor feel like it is clicking from one position to the next as you rotate
the rotor by hand with no power applied [11].

Fig. I.2 when power is applied, it is directed to only one of the stator pairs of windings,
which will cause that winding pair to become a magnet. One of the coils for the pair will
become the north pole, and the other will become the south pole. When this occurs, the
stator coil that is the north pole will attract the closest rotor tooth that has the opposite
polarity, and the stator coil that is the south pole will attract the closest rotor tooth that
has the opposite polarity. When current is flowing through these poles, the rotor will now
have a much stronger attraction to the stator winding, and the increased torque is called
holding torque [11].

Fig. I.2 : Non energized and Clockwise current in coil.

If rotor and stator teeth were aligned at 12 :0’clock, they would also be aligned at 6
o’clock. But at 3 and 9 o’clock the teeth would be misaligned. However, due to the dis-
placement between the sets of rotor teeth, alignment will occur at 3 o’clock and 9 o’clock
at the other end of the rotor [12].
In practice, the windings are arranged in sets of four and wound such that diametrically

7



Chapitre 1. THEORITICAL BACKGROUND

opposite poles are the same. Thus, referring to Fig. I.1, the north poles at 12 and 6 o’clock
attract the south-pole teeth at the front of the rotor and the south poles at 3 and 9 o’clock
attract the north-pole teeth at the back. By switching current to the second set of coils,
the stator field pattern rotates through 45°, but to align with this new field, the rotor
only has to turn through 1.8°. This is equivalent to one-quarter of a tooth pitch on the
rotor, giving 200 full steps per revolution [12].

Note that there are as many detent positions as there are full steps per revolution,
namely, 200. The detent positions correspond with rotor teeth being fully aligned with
stator teeth. When power is applied to a stepper drive, it is usual for it to energize in the
zero-phase state in which there is current in both sets of windings. The resulting rotor
position does not correspond with a natural detent position, so an unloaded motor will
always move by at least one-half step at power on. Of course, if the system were turned
off other’ than in the zero-phase state, or the motor is moved in the meantime, a greater
movement may be seen at power-up [12].

For a given current pattern in the windings there are as many stable positions as there
are rotor teeth (50 for a 200-step motor). If a motor is desynchronized, the resulting po-
sition error will always be a whole number of rotor teeth, or a multiple of 7.2° : A motor
cannot “miss” individual steps. Position errors of one or two steps may be due to noise,
spurious step pulses, or a controller fault[10].

1.2 Stepper motor parameters

1.2.1 Step Angle

Step angle is defined as the angle at which the rotor of a stepper motor moves when
one pulse is applied to the input of the stator. It is expressed in degrees.

One electrical period of stepper motor corresponds to 4 full-step of mechanical move-
ment. That is, 360 degrees of electrical angle doesn’t same the stepper motor’s rotation
angle. One full electrical period finishes atter four full mechanical step, which corresponds
to 90 degrees of electical angle [17].

Mechanical angle represents the step angle of the step. In the full step mode of a
1.8° motor, the mechanical angle is 1.8°. In the 10 micro step mode of a 1.8° motor, the
mechanical angle is 0.18º. An electrical angle is defined as 360° divided by the number of
mechanical phases and the number of micro step. In the full step mode of a 1.8° motor,
the electrical angle is 90°. In the 10 micro step excitation of a 1.8° motor, the electrical
angle is 9º [18].
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θ = |(Ns −Nr) ∗ 360°

(Ns ∗Nr)
| (1.1)

where :
Nr= number of rotor teeth
Ns= number of stator teeth

1.2.2 Resolution

The resolution or the step number of a motor is the number of steps it makes in
one revolution of the rotor. The smaller the step angle, the higher the resolution of the
positioning of the stepper motor [19].

Resolution =
step angle

steps per revolution
(1.2)

Resolution =
number of steps

number of revolutions
(1.3)

1.2.3 Steps per each revolution

Steps per each revolution =
360

step angle
(1.4)

Revolution per second =
(steps per second)

(steps per revolution)
(1.5)

Step angle Steps per revolution
0.9° 400
1.8° 200
3.6° 100
7.2° 50
15° 24

Tab. I.1 : Steps per revolution correspond to each step angle.

1.2.4 Stepper motor speed

RPM (revolutions per minute) is the measure used to describe the speed of an electric
motor [21].
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RPM = (
steps per second

steps per revolution
) ∗ 60 (1.6)

However, a slightly different formula (1.7) is used to calculate the maximum speed of a
stepper motor [20].

Wmax =
V

(2Limax ∗ spr)
(1.7)

where :
Wmax = Maximum speed of the stepper motor
V= actual applied voltage
imax= maximum current
L= winding inductance

1.3 Types of stepper motors

This section lists and describes different types of step motors according to their magne-
tic structure and how magnetic flux triggers the motion of their rotors. The first type of
step motor is the permanent magnet motor, which utilizes permanent magnets to perform
electromechanical rotation. The second type is variable reluctance motors are discussed
further and several different variants are given . Finally, the hybrid step motors com-
bine mechanical and electromagnetic properties of the former two types to achieve higher
torque within the same physical volume.

1.3.1 Permenant magnet (PM) stepper motor

Permanent magnet step motors have cylindrical magnet rotors and single pole electri-
cal phases. When a phase is excited, magnetic flux occurs inducing north or south pole on
a single stator teeth, which in turn aligns the permanent magnet rotor inside. Illustration
of a permanent magnet step motor is shown in Fig. I.3.
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Fig. I.3 : Permenant magnet stepper motor.

The tin-can, or “canstack,” motor shown in Fig. I.4 is perhaps the most widely used
type in commercial, nonindustrial applications.It is essentially a low-cost, low-torque,
low-speed device ideally suited for use in computer Peripherals [12].

Fig. I.4 : Cutaway diagram of a permanent magnet stepper motor. (Courtesy of Parker
Compumotor Division)

The main feature of the permanent magnet motor is that a permanent magnet is used
for the rotor, which means that no brushes are required. The drawback of this type of
motor is that it has relatively low torque and must be used for lowspeed applications [11].

1.3.2 The variable reluctance (VR) stepper motor

The variable-reluctance motor is a type of motor where the rotor is not cylindrical
but looks like bars with several teeth on it. The rotor teeth are made of soft iron. In
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the non-energized condition, there is no magnetic flux in the air gap, as the stator is an
electromagnet and the rotor is a piece of soft iron [22] Thus, the rotor spins freely without
detent torque [12]. Variable reluctance motors are normally constructed with three or five
stator windings, as opposed to the two windings in the PM motors [22].

The amount of torque for this type of motor is still small, so it is generally used for
small positioning tables and other small positioning loads. Since this type of motor does
not have permanent magnets, it cannot use the same type of stepper controller as other
types of stepper motors [11].

Variable-reluctance motors are seldom used in industrial applications. These motors
are not sensitive to current polarity and thus require a different driving arrangement com-
pared to other types [12].

Fig. I.5 : Variable reluctance stepper motor.

1.3.3 Hybrid Stepper Motor(HSM)

Construction of permanent magnet motors becomes very complex below 7.5 degrees
step angles. Smaller step angles can be realized by combining the variable reluctance mo-
tor and the permanent magnet motor principles. Such motors are called hybrid motors
[16]. it is the most widely used because it gives much smaller step angles, as small as 0.9
degrees per step [16]. hybrid motors combines features of both the variable reluctance and
the permanent magnet stepper motor in that it combines a permanent magnet core and
a toothed rotor [23].

A typical hybrid motor is shown in Fig. I.6. The stator construction is similar to the
permanent magnet motor, and the rotor is cylindrical and magnetized like the PM motor
with multiple teeth like a VR motor. The teeth on the rotor provide a better path for
the flux to flow through the preferred locations in the air gap. This increases the detent,
holding, and dynamic torque characteristics of the motor compared to the other two types
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of motors[16].

the stator construction of Permanent magnet motors and hybrid motors is very simi-
lar, a common control circuit can easily drive both types of motors [16].

Fig. I.6 : Hybrid stepper motor.

1.4 Step Motor Winding Types

1.4.1 Unifilar Winding

Unifilar, as the name implies, has only one winding per stator pole. Stepper motors
with a unifilar winding will have 4 lead wires [24].

1.4.2 Bifilar Winding

Most motors are described as being bifilar wound, which means there are two identical
sets of windings on each pole. Two lengths of wire are wound together as though they
were a single coil [12].

1.5 Unipolar and Bipolar Winding Drive

Two leads on each of the four coils of a stepper motor can be brought out in different
ways.
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Fig. I.7 : motor lead configurations

If the wires are brought out with one or two center tap(s), it is called a unipolar motor
and if the coil ends are brought out as shown in Fig. I.18 , then the motor is called a
bipolar motor.

Fig. I.8 : Unipolar and bipolar lead configuration

1.5.1 Unipolar Winding Drive

The stepper motor is called unipolar stepper motor because current flows in only one
direction in each winding and will energize its coils at a single polarity. It is also called
bifilar because it contains two coils whose polar orientation is opposite each other while
wrapped on the same core with a center tap. The unipolar stepper is also called four-phase
because it has four windings to energize. The unipolar stepper motor requires only that
a driver switch one polarity of current to its windings [22].

Unipolar stepper motors has either 5 or 6 wires to connect. They are most commonly
found with step angle 1.8° per step (200 steps per full rotation) or 3.6° per step (100 steps
per full rotation) or 7.5° per step (48 steps per rotation ) [22].

1.5.2 Bipolar Winding Drive

The bipolar stepper motor has two sets of windings alternating positions. The bipo-
lar stepper motor moves by energizing its coils first one polarity and then reversing the
polarity as the rotor is turned, hence the designation bipolar [22].
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The bipolar stepper motor is so named because each winding is energized in both
directions. It’s called unifilar because each pole has a single winding and it’s also called
two-phase because it has two separate windings [22].

Bipolar stepper motors are stronger and faster than unipolar stepper motors of the
same size because a bipolar stepper motor has half the number of windings(a single win-
ding that isn’t center tapped). However, a bipolar stepper motor requires that the driver
be able to switch the polarity of the stator windings, and this makes the bipolar driver a
more complex circuit [22].

The bipolar controller must be able to reverse the polarity of the voltage across either
coil, so current can flow in both direction. And, it must be able to energize these coils in
sequence. This circuit is called an H-bridge. Two such circuits are needed to drive both
coils of bipolar stepper motor, and is commonly called a “dual Hbridge” [25].

1.6 Full-Bridge Converter

The full-bridge converter is a topology that allows winding current to flow in both di-
rections and it is the typical driving circuitry for bipolar step motors. Full-bridge converter
has two legs as shown in Fig. I.9. Each leg contains two transistors that can pull each
wire high or low and act as switches and two antiparallel diodes, also called catch diodes.
The center points of the two legs are the output ports of the bridge and connected to the
phase of stepper motor. Full-bridge circuitry is also called H-bridge [26].

Fig. I.9 : H-bridge for the first winding.

One technique to drive the bridge is turning Q1 and Q4 on while turning Q2 and Q3
off as the first state, and in the second state turning Q2 and Q3 on while turning Q1 and
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Q4 off. In full-bridge terminology, this type of driving is referred as bipolar driving mode.

This H-bridge will control the current through one of the windings. Since there are
two windings, we need to double this circuit.

Fig. I.10 : H-bridge for the second winding.

Q1 and Q2 (or Q3 and Q4)must never be close at the same time. If that happens, a
direct path between the power supply voltage and ground which is of very low resistance is
created, which ultimately results in a short circuit. A short circuit can lead to destruction
of the H-bridge, or some other component in the circuit.

The basic work principle of the H-bridge to rotate the stepper motor in the case of
bipolar motor is : if Q1 and Q4 are turned on, the left side of the winding will be connec-
ted to the power supply, and the right to the ground while Q2 and Q3 are turned off.
The current flows through the winding and make the first step to start rotating the the
stepper motor.

if Q5 and Q8 are turned on, the left side of the winding will be connected to the power
supply, and the right to the ground while Q6 and Q7 are turned off. The current flows
through the winding and make the second step to rotate the the stepper motor.

If Q2 and Q3 are on while Q1 and Q4 are turned off, the winding will be energized in
the opposite direction that means the winding will be powered in the reversed direction
and third step will be done.

If Q6 and Q7 are on while Q5 and Q8 are turned off, the winding will be energized in
the opposite direction that means the winding will be powered in the reversed direction
and fourth step will be done.
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the sequence will be repeated to cause the motor run.

Fig. I.11 : The winding current Flow in forward and reverse direction.

1.7 Step Motor Excitation Modes

There are four stepping modes of driving the stepper motor. The stepping mode refers
to the sequence pattern in which stator coils are energized.

1.7.1 Wave Drive Excitation

Wave stepping involves turning on one winding at a time where only a single phase
winding is excited at a time [23]. All phases are excited one by one in an alternating
sequence as represented in Fig. I.12.

Fig. I.12 : Wave drive excitation.

This operation is called full-step excitation since it causes rotation in full natural steps.

Tab. I.2 gives the winding energizing step patterns for unipolar stepper motor in the
case of wave step excitation.
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A B C D
1 On
2 On
3 On
4 On

Tab. I.2 : Step pattern of wave excitation using unipolar winding drive.

Tab. I.3 gives the winding energizing step patterns for bipolar stepper motor in the
case of wave step excitation.

A1 A2 B1 B2

1 - +
2 + -
3 + -
4 - +

Tab. I.3 : Step pattern of wave excitation using bipolar winding drive.

The excitation sequence for wave excitation is given in Fig. I.13.

Fig. I.13 : wave drive or single coil excitation.

1.7.2 Two-Phase On Excitation

Two-phase on energizes two windings at a time, and the rotor turns to align its perma-
nent magnet at a point halfway between the two energized windings as illustrated in Fig.
I.14. Two-phase uses twice the power of wave stepping because two windings are turned
on [22]. This operation is also called full-step excitation since it causes rotation in full
natural steps.
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Fig. I.14 : Two-pahse on excitation.

If the two coils are energized simultaneously, the rotor takes up an intermediate posi-
tion, since it is equally attracted to two stator poles.

Greater torque is produced under these conditions because all the stator poles are
influencing the motor. The motor can be made to take a full step simply by reversing the
current in one set of windings. This causes a 90° rotation of the stator field, as before.
In fact, this would be the normal way of driving the motor in the full-step mode, always
keeping two windings energized and reversing the current in each winding alternately.

Tab. I.4 gives the winding energizing step patterns for unipolar stepper motor in the
case of two-phase on step excitation.

A B C D
1 On On
2 On On
3 On On
4 On On

Tab. I.4 : Two-phase on drive excitation using unipolar winding drive.

Tab. I.5 gives the winding energizing step patterns for bipolar stepper motor in the
case of two-phase on step excitation.

A1 A2 B1 B2

1 - + - +
2 - + + -
3 + - + -
4 + - - +

Tab. I.5 : Two-phase on drive excitation using bipolar winding drive.

The excitation sequence for two-phase on excitation is given in Fig. I.15.
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Fig. I.15 : Two-phase On Excitation

1.7.3 Half-Step Excitation

In half-step excitation, the actual step angle is divided into half and all rotor positions
from both wave drive excitation and two-phase on excitation are offered. Higher angular
precision but less torque are the effects of this process.

By alternately energizing one winding and then two (Fig. I.16), the rotor moves
through only the half actual angle at each stage, and the number of steps per revolu-
tion will be doubled.

Fig. I.16 : Half step excitation.

Most industrial applications make use of this stepping mode. This mode results in
much better smoothness at low speeds, and less overshoot and ringing occur at the end
of each step.

Tab. I.6 gives the winding energizing step patterns for unipolar stepper motor in the
case of half step excitation.
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A B C D
1 On
2 On On
3 On
4 On On
5 On
6 On On
7 On
8 On On

Tab. I.6 : Half-step drive excitation using unipolar winding drive.

Tab. I.7 gives the winding energizing step patterns for bipolar stepper motor in the
case of half step excitation.

A1 A2 B1 B2

1 - + - +
2 - +
3 + - - +
4 + -
5 + - + -
6 + -
7 - + + -
8 - +

Tab. I.7 : Half-step drive excitation using bipolar winding drive.

The waveform of the excitation sequence for two-phase on excitation is given in Fig.
I.17.

Fig. I.17 : Excitation sequence waveform of half step excitation.

1.8 Microstepping Mode

The main topic of this project is the microstepping excitation mode. It will be noted
from the prior discussion that energizing both windings with equal current produces inter-
mediate step position halfway between the one-phase on positions.if two phase current are
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Unequal, the rotor position will be shifted toward the stronger pole. This effect is utilized
in the microstepping drive, which is an electronic technique that divides a step motor’s
natural step into numerous little steps by proportioning the current flowing through the
motor’s windings to provide additional position between the poles of the rotor [27].

Accurate microstepping places increased demands on the accuracy of current control in
the drive, particularly at low current levels. A small phase imbalance that may be barely
detectable in a halfstep drive can produce unacceptable positioning errors in a microstep
system [27].

The amount of resolution (number of steps) can be increased by manipulating the
current that the controller sends to the motor during each step [28].

Subdivision of the basic motor step produces a series of intermediate step positions
between the one phase-on points. It is clearly desirable that these intermediate positions
are equally spaced and produce approximately equal torque when the motor is running[27].

Some applications are required smaller angle than full step angle. Half-step and micro-
step driving modes were developed with this aim. Thus, the stepper-motor runing modes
include full-step, half-step and micro-stepping modes. Half-step modes has 1/2 rate of
full-step. Microstepping modes have 1/4, 1/8, 1/16, 1/32 rates of full-step with stepping
rate equal to 800, 1600, 3200 steps per a revolution, respectively.

The current can be varied in one winding with a sine function of an angle θ and in
the other winding with a cosine function of ′θ′ as shown in Fig. I.18.

Fig. I.18 : Current applied to the stator winding.

The total current applied to the windings is

Istat =

√
(It sin θ)2 + (It cos θ)2 (1.8)
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Istat = It ∗
√

sin2 θ + cos2 θ (1.9)

Here, Istat represent the final stator current. θ is electrical phase angle. It is rated
maximum winding current, Ia and Ib are the current of stator winding A and B, respec-
tively, so that,

Ia = I∗t sin θ (1.10)

Ib = I∗t cos θ (1.11)

In practice, current that in one winding is constant in half of full step and it changes
as a function of sin θ, in other winding. Then, the final stator current is,

Islat =

√
I2t + (I∗t sin θ)

2 = It
√

1 + sin2 θ (1.12)

In microstepping mode the amount of current flowing through the windings in each
step have to be controlled at discrete levels.

The reference signals used to control the discrete current levels in each of phase win-
dings can be obtained from the sinusoidal approximations to the static torque-displacement
(T-θ) characteristic curve [27].

Fig. I.19 : Linear approximation to T-θ curves.

The MCRs for microstepping controllers typically have static torque around a detent
position and a nonlinear relationship between the angular displacement θ and the current
i.
The static torque (T) of a two-phase stepper motor can expressed as a function which is
given by

T = f(i, θ) (1.13)

When the torque is zero, the normal detent positions take place at an angle of nθs,
where n is 1, 2, 3, etc. and �s is a regular step size.
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Current references for each phase winding must be computed from (1.1) if sub-detent
positions are required at an angle of n θs/m, where m is the number of microsteps.

As illustrated in Fig. I.20, the function can be approximated by a sinusoidal approxi-
mation of the T-θ curve in Fig. I.19.

Fig. I.20 : Linear and sinusoidal approximation to T-θcurve.

Using the sine approximation to T − θ curves, the following description of each phase
torque can be given.

T1 = −T0I1 sin θ
T2 = T0I2 sin (θ + θs)

(1.14)

T0 is peak static torque. by setting T1 + T2 = 0 at any microstep detent position, we can
obtain

−T0I1 sin θ + T0I2 sin (θ + θs) = 0 (1.15)

l2
l1

=
sin θ

sin (θ + θs)
(1.16)

We arrive to
I2
I1

=
tan θ

tan θ cos θs + sin θs
(1.17)

The restoring torque at any microstep detent must be equal to T1 or T2 in order to
maintain the T- θ curve characteristic for microstep mode.

T0I2 sin (θ′ + θs)− T0I1 sin θ′ = T0 sin
(
θs
m

)
(1.18)

Where
θ′ = θ − θs

m
and m = 1, 2 . . . , etc. (1.19)

The combination of (15) and (16) can leads to

I1 =
sin

(
θS
m

)
lann θ

tan θ cos θs+sin θs
sin (θ′ + θs)− sin θ′

(1.20)

For different ministep detent positions, current of phase 1 and current of phase 2 can be
found from (1.18) and (1.20).
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Fig. I.21 shows the effect of dividing the ‘electrical angle’ into smaller, equal angles,
and the corresponding current is given to the stator windings [28].

Fig. I.21 : Current flow in stator windings.

1.8.1 Look Up Table

This approach is the fastest and most flexible way to implement any arbitrary calcu-
lation.

An LUT [29] is a set of memory locations which contains some precalculated value.
The memory locations of a sine LUT store duty value which are calculated using one of
the following methods.
1/ Using sine mathematical relations at different angle � :

LUT(n) = A ∗ sin θ (1.21)

where n is memory word length used for LUT and determines the resolution of the syn-
thesizer. The angular resolution ∆θ for an LUT with memory words equal to L is given
by [2]

∆θ = θ(i)− θ(i− 1) =
2Π

L (1.22)

where i varies from 0 to L − 1. When input clock frequency is fixed, varying L produces
sinusoid of different frequency. Angle θ at any sample instance can be expressed as

θ(i) = ∆θ ∗ i (1.23)

Substituting θ (i) into (1), we get

LUT(n) = A ∗ sin 2Π

L ∗ i (1.24)

2/Using cosine mathematical relation 2:

D(step_number) = cos( (step_namber ∗ π)
(number_of_steps+ 1)

) ∗ (2(bits_rsolution) − 1) (1.25)
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Using relation 2 [30], the following duty cycle values were calculated for a 16 microsteps
per full step sequence using an 8-bit resolution PWM waveform :

Step
Number D Step

Number D

1 251 9 24
2 238 10 70
3 217 11 114
4 188 12 154
5 154 13 188
6 114 14 217
7 70 15 238
8 24 16 251

Tab. I.8 : Duty cycle values for microstepping.

3/using software
To increase the accuracy of the stored values, it is preferable to do it in MATLAB. In

case microstepping with m= 8, by typing these commands :
np=32;
A=255;
t=linspace(0,1-1/np,np) ;
sin_table = (round(sin(2*pi*t)*A))

Fig. I.22 : Generated values for microstep 8.

The generated values will be converted to hexadecimal and stored in the appropriate
address.

1.8.2 Pulse Width Modulation

The GPIO device provides a method for sending digital signals to external devices.
This can be useful to control devices that have basically two states : on and off. In some
situations, it is useful to have the ability to turn a device on at varying levels.

One way that this can be accomplished is through pulse modulation. The basic idea
is that the computer sends a stream of pulses to the device. The device acts as a low-pass
filter, which averages the digital pulses into an analog voltage.
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By varying the percentage of time that the pulses are high versus low, the computer
can control how much average energy is sent to the device.

The percentage of time that the pulses are high versus low is known as the duty cycle.
The duty cycle is calculated as below

Duty Cycle =
ON Time

Period
(1.26)

The frequency of a PWM signal is constant but the time the signal remains high varies
as shown in Fig. I.23.

Fig. I.23 : PWM signal.

The frequency of PWM [31] determines how fast a PWM completes a period. The
frequency of a pulse is shown in the figure above.
The frequency of PWM can be calculated as follows :

Frequency =
1

TimePeriod
(1.27)

TimePeriod =
1

ON Time +OFF Time
(1.28)

The output voltage of the PWM signal will be the percentage of the duty cycle. For
example, for a 100% duty cycle, if the operating voltage is 5V then the output voltage
will also be 5V. If the duty cycle is 50%, then the output voltage will be 2.5V.

If the resolution of PWM signal is n-bit, that is for a value of 0 there will be a duty
cycle of 0% and for a value of (2n) there be a duty cycle of 100%.

1.9 Field Programmable Gate Array

A field-programmable gate array (FPGA) is an integrated circuit and it belongs to
a wide family of programmable logic components. An FPGA is defined as a matrix of
configurable logic blocks (CLBs), linked to each other by an interconnection network,
which is entirely reprogrammable [32]. The conceptual architecture of an FPGA device is
shown in Fig. I.24.
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Fig. I.24 : Architecture of FPGA.

Lookup table (LUT) which contains storage cells that are used to implement a small
logic function is the basic elements of CLB. If the LUT have k input then number of bits
that can be configured are 2k [33].

An FPGA can be described as ”field programmable” because it provides users the
ability to modify the hardware to satisfy specific use case requirements after the manu-
facturing process using, for example, a hardware description language.

The first FPGA was introduced by Xilinx in 1985. Nowadays, most of the commer-
cially available FPGAs are manufactured by Xilinx and Altera (Intel), which make up
90% of FPGAs market, but recently more companies have started developing their own
FPGA boards [34].

1.10 Benefits of FPGA and its Applications

The comparison between FPGAs and modern microcontrollers [35]is one of the most
debatable topics in the technological world.

Despite the fact that microcontrollers are relatively cheaper general-purpose devices
that are capable of performing lots of computing, FPGAs are still a major player when it
comes to extensive computing.

Microcontrollers can also be considered an ASIC implementation since they mainly
offer a fixed architecture. This means that microcontrollers suffer from the same draw-
backs as ASICs when compared to FPGAs. This is evident from the small number of
input and output ports within Raspberry Pi and Photon. On the other side, FPGA offers
an enormous number of I/O ports compared to these microcontrollers. Therefore, this is
where the FPGA offers an edge over microcontrollers since it can be tailored to suit the
exact needs of a specific application, unlike their counterparts which are limited by the
manufactured ports and hence one can neither expand inputs and outputs if the applica-
tion required more of them, nor save some resources if they are in excess.
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Therefore, the major advantage of an FPGA over any ASIC or microcontroller is the
fact that it allows developers to design and try out different implementations and configu-
rations and assess their performance in the field before proceeding to the manufacturing
stage which costs a tremendous amount of resources.

1.11 VHDL Coding

VHDL stands for “VHSIC (Very High-Speed Integrated Circuit) Hardware Descrip-
tion Language”.It is a comprehensive language that allows a user to deal with design
complexity.Design, and the data representing a design, are complex by the very nature
of a modern digital system constructed from VLSI chip. VHDL is the first language to
allow one to capture all the nuances of that complexity, and effectively manage the data
and the design process. It arose out of the United States Government’s Very High Speed
Integrated Circuits (VHSIC) program, initiated in 1980.

In March 1986, the IEEE take on the effort of standardizing VHDL. The new lan-
guage standard known us IEEE 1076. IEEE 1076 was approved in 1987.This standard is
the current definition of VHDL and is the language adopted in this project [36].

1.12 DE2 Board

the Altera DE2 Educational and Development board was used in this experiment in
order to check the flexible implementation with FPGA and to get the better and safely
ways to use these specifications during any design implementations. The DE2 board has
Altera Cyclone® II 2C35 FPGA device and Altera Serial Configuration device – EPCS16
that allow the user to implement a wide range of designed circuits, from simple circuits
to various multimedia projects.
Fig. I.25 illustrates the layout of the board and indicates the location of the connectors
and key components.

Fig. I.25 : The DE2 board.

29



Chapitre 1. THEORITICAL BACKGROUND

The Altera DE2 Development and Education board’s aim is provide the best means
of guidance to learn about digital logic, computer architecture, and FPGAs. It exposes
students and professionals to a wide range of topics by utilizing modern hardware and
CAD tools. The board has an extensive set of features that make it suitable for use in a
lab setting for college and university courses, as well as for a range of design projects and
the creation of complex digital systems [37].

1.13 Quartus II Software

Intel Quartus II is programmable logic device design software produced by Intel ; ear-
lier to Intel’s procurement of Altera, the apparatus was called Altera Quartus Prime, prior
to Altera Quartus II. Quartus Prime empowers the investigation and blends of Hardware
description language (HDL) plans, which empowers the designer to compile their plans
and perform timing examination.

As explained before is an FPGA programmable after the manufacturing process. The
QuartusII software allows the user of the DE2 board to define the circuit in the FPGA
using VHDL hardware description language or a schematic design entry method, in which
a graphical diagram of the circuit can be drawn. Furthermore, the necessary pin assign-
ments can be adjusted with the Quartus II software, to define in which way the circuit
of the FPGA shall be connected to the other components on the board such as switches,
LEDs or expansion headers. In the following we will briefly explain the different steps that
have to be carried out for programming and configuring the FPGA on the DE2 board
using the Quartus II software [39].

1.14 The RS332_082 5V Stepper Motor

This is a 4-phase Unipolar hybrid stepper motors from RS PRO are high performance
DC motors, perfect for applications requiring precise movement or rotation in steps. They
combine characteristics from both variable reluctance stepper motors and permanent ma-
gnet stepper motors, offering a versatile motor suitable for a range of applications.

Fig. I.26 : Hybrid stepper motor.
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Holding torque : 460 mNm

Stepping angle : 1.8°

Rated voltage : 5 V

1.15 The 4 Phase L298N Stepper Motor Driver PCB

The L298N integrated circuit is a high voltage (up to 46V), high current (total DC
current up to 4A) dual full-bridge driver designed to accept standard TTL logic levels
and drive inductive loads such as relays, solenoids, DC and stepper motors. The block
diagram of the L298N dual full-bridge driver is shown in Fig. I.27.

Fig. I.27 : Block diagram of L298N.

Two inhibit inputs, ENABLE A and ENABLE B, are provided to disable the device
independently of the input signals. The emitters of the lower transistors of each bridge
are connected together and the corresponding external terminal, SENSE A and SENSE
B, can be used for the connection of an external sensing resistor. An additional supply
input is provided so that the logic works at a lower voltage.

This module has maximum of 5.5 V for logic control voltage, and maximum of 35 V
for motor driving voltage and it is capable to supply maximum 2 Ampere of current per
coil to the motor.

This is one of the most versatile of the small motor driver chips. It’s designed to drive
either two DC motors or one bipolar stepper motor. The L298N requires clamp diodes
mounted externally for proper operation.
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Fig. I.28 : L298N dual motor driver IC.

1.16 The SN74LS244N Three Octale Buffer

The SN74LS244N is an octal buffers and line drivers are designed specifically to im-
prove both the performance and density of three-state memory address drivers, clock
drivers, and bus-oriented receivers and transmitters. The designer has a choice of selec-
ted combinations of inverting and non-inverting outputs, symmetrical, active-low output-
control (G) inputs, and complementary output-control inputs. These devices feature high
fan-out, improved fan-in, and 400-mV noise margin.

Fig. I.29 : SN74LS244N three octale buffer.

Fig. I.30 : Pin diagram of SN74LS244N.

1.17 1N4002 Diode

The 1N4002 diode belongs to the family of the 1N400x diode series, which are most
commonly used in household electronic appliances. It allows the flow of current only in
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one direction, that is from anode terminal to cathode terminal just like a normal diode.
It is referred to as a general-purpose rectifier diode used for rectification purposes. The
1N4002 diode is shown in the figure below. The grey strike on the diode is used to identify
the cathode terminal.

Fig. I.31 : 1N4002 diode.

1.18 Capacitor

A bypass capacitor is just a capacitor intended to smooth out ripples (variations) and
transients on the V+ power line. These bypass capacitors are usually .1 µF to .22 µF.

A capacitor is a device that resists a change in voltage. A bypass capacitor attached to
your power bus will sit there at the usual Vcc voltage level. When a voltage spike appears,
the capacitor will quickly absorb the energy, trying to keep the voltage constant.

When the voltage drops, the capacitor will discharge energy back into the circuit
trying to keep the voltage up. So when your H-bridge spikes the V+ line, the bypass caps
sitting there (usually .1 to .22 µF) will greatly reduce the effects of that current shunt.

Fig. I.32 : Capacitor.
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The microstepping mode algorithm implemented in ROM as look-up tables was used
to generate the appropriate pulse width modulation (PWM) signals to control the cur-
rent levels in the motor’s windings. Because the current patterns in the win- dings closely
resemble sine waves, we used a sinusoidal (sine/cosine) approximations function to build
the look-up table to drive the motor’s windings. The digital driver is developed with the
Very high speed integrated circuit Hardware Descrip- tion Language (VHDL). The driver
is synthesized using Quartus® II, the Intel®- FPGA software development suite tools,
and targeted at an FPGA of the Cyclone-II family. Computer simulations are carried on
Quartus II simulator.

2.1 The On-chip Hardware Design of Wave, Two-phase
on and Half Step Controller

To visualize and compare different drive excitation mode to control stepper motor, we
constructed this stepping motor drive system. Fig. II.1 depicts the block diagram of the
stepper motor controller. The block diagram consists of the necessary input and output
ports that will be used to communicate to and from the FPGA to generate the appropriate
sequence to drive the four coils to achieve a visual representation for wave,two phase-on
and half step modes.

Fig. II.1 : Block diagram of stepper motor controller to drive the system in wave,two
phase-on, half step modes.

we declared an entity that consist of :
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Fig. II.2 : Entity declaration of the stepper controller that control the stepper motor in
three different modes .

internal_clk takes the 50 MHZ system clock as an input. It comes from the internal
oscillator of the DE2 board and it was used to control the timing of our stepper motor
control sequence. rst is used to disable are enable the stepper motor. dir determines the
direction in which the motor rotates. speed is used to adjust the speed of the stepper
motor by controlling the frequency of at which we send step pulses to the motor driver. A
clock divider was employed to configure the clock frequency to match the desired speed
of the stepper motor. A higher pulse frequency results in a faster rotation, while a lower
frequency results in a slower rotation. mode is an input signal that selects a particular
operationg mode or configuration for the stepper motor. Q is an output ports for control-
ling each of the four phases of stepper motor. led are four leds on DE2 board that should
represent the stepper motor’s phases and display the pattern according to the sequence
and selected mode.

The compilation of the VHDL file was successful. To test and verify the functional
correctness of our design, simulation using Quartus® II simulator was done. The simu-
lation waveforms result for the full step and half step excitation is reported in Fig. III.3
and Fig. II.4 .

Fig. II.3 depicts the pulse generated at each rising edge of the clock input. This pulses
are the drive enable pulses Q[0], Q[1], Q[2] and Q[3] corresponds the stator pahse in
programmed sequence. The pulses Q[0], Q[1], Q[2] and Q[3] are the simulation results ob-
tained from simulator for clockwise rotation of motor. In order to reverse the direction of
rotation we reverse the sequence of the pattern in the opposite direction. If the sequence
is 1000, 0100, 0010, 0001 we switch it to 0001, 0010, 0100, 1000. As the stator switches
the excitation phase in the time sequence, the stable position of the rotor gradually moves
from left to right and then drives the rotor to rotate.

Fig. II.3 : Timing Sequence Diagram of a Stepping Motor Driven in The Full-step Mode
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In Fig. II.4 the sequence of pulses was programmed to generate the half step excita-
tion sequence. The drive enable pulses Q[0], Q[1], Q[2] and Q[3] are the simulation results
obtained from simulator for clockwise rotation of motor. In order to reverse the direction
of rotation we reverse the sequence of the pattern in the opposite direction. In our archi-
tecture the sequence was 1100, 0100, 0110, 0010, 0011, 0001, 1001, 1000 we switch it to
0011, 0010, 0110, 0100, 1100, 1000, 1001, 0001.

Fig. II.4 : Timing Sequence Diagram of a Stepping Motor Driven in The half-step Mode

After the simulation process, we assigned the selected pins as inputs or outputs accor-
ding to design requirements.

2.2 The On-chip Hardware Design of Microstepping
Controller

In VHDL there is no native support for trigonometric functions like sine and cosine,
or for other complex math such as hyperbolic functions, square roots, etc. Calculations
like these in digital logic can be slow and resource-hungry, and FPGA designers have
different approaches for performing the calculations quickly and/or reducing the amount
of necessary logic. Fig. II.5 illustrate the top-level file of the most important part in this
project which is the microstepping controller.

Fig. II.5 : The block diagram representation of the system.

In this figure, Clock_50 is used as an input port for the system clock signal.
PWM are four output ports to generate the pulse width modulation signal to control the
amount of current in each phase. Outp are four 8-bit output ports , To provide values of
n-resolution sine wave.

The TOP block diagram contains many other blocks diagram inside it, each repre-
senting an essential part of the microstepping controller. Each of them will be discussed
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deeply in the following subsection. The TOP level structure is the most important module
that cotains all modules in the design. All the signals of comming modules will be map-
ped in the entity of TOP and assigned the input or output value based on the dataflow
diagram.

2.2.1 ROM Module

The microstepping mode algorithm was designed as lookup tables(LUT’s) implemen-
ted in read only memory(ROM) block. The count selects an address in the block, and the
data contents at that address are the output. The process is explained step by step in the
coming discussion. Fig. II.7 illustrate the block diagram of the ROM.

Fig. II.6 : Block diagram of ROM.

As discussed in chapter 1, ROM stores and retrieves data based on the value of an
address signal. Storing data using addresses is refers to look-up tables. The Clk is used as
an input clock signal to control the timing and operation of the ROM. For this purpose,
a special module is used to make the necessary scaling.

The obtained values usnig method 3 in chapter 1 are converted into suitable 8 bits
binary numbers and stored in look-up tables for each phase. The up counter is used for
each LUT’s addressing. Count is an input port that indicates the current address, ranging
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from 0 to N-1.

N is the number of addresses used to store the values. It depends on the used reso-
lution m. In the case of m=2, each of LUT’s have 8 addresses. For m=4, each of LUT’s
have 16 addresses. For m=8, each of LUT’s have 32 addresses. For m=16, each of LUT’s
have 64 addresses.

The digital architecture of the stepper motor controller is going through simulation
process before implemented into physical experiment. The simulation is to inspect the
functionality of the stepper motor controller with a given input value. The literal text
and analog waveform display of the outputs for m=8 can be shown as follow in Fig. II.7
and Fig. II.8, respectively. Fig. II.7 shows the waveform obtained from the simulator tool
in Quartus 2 package. This waveform is in literal text display format.

Fig. II.7 : Simulation result of microstep controller for m=8.

Fig. II.8 shows the outputs in analog waveform display format with step display style.

Fig. II.8 : analog waveform display format with step display style.

When driving stepper motors with full steps the output of the stepper motor driver
looks like a square signal and produces rough movements. The bigger the micro-stepping
the more the output signal looks like a sine wave and the stepper motor moves more
smoothly. But there is a downside to this. With increasing micro-stepping value the
torque drops a quite lot and if the value is too great it could happen that the motor
can’t produce enough torque to even turn. Usually 1/4, 1/8 or even 1/16 can produce
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satisfactory smooth movements while still producing enough torque.

2.2.2 PWM Module

a pulse width modulated signal is a square wave signal that has different duty cycles.
It is a technique to provide a logic “1” and logic “0” for a controlled period of time. It is
a signal source involves the modulation of its duty cycle to control the amount of power
sent to a load [40] .

Fig. II.9 show the top level file of PWM Module.

Fig. II.9 : Block Diagram of PWM.

In this project an 8 bit PWM resolution of a VHDL description is used. We start
the description of the block diagram by specifying its external interface, which includes a
description of its ports.
Clk_10 is an input port to control the timing and operation of the PWM. For this pur-
pose, a special module is used to make the necessary scaling. Duty_Cycle is an output
port from the ROM used as an input port in this design. PWM_oUT is an output port
made to control the H-bridge circuits.

An 8 bit data register is used to store the data value. The data values that stores in the
register will determine the duty cycle of the pulse width modulation output. An 8 bit up
and down counter. Counts up or down based on the pulse width modulation PWM_Out
signal and generates terminal count whenever counter reaches the maximum value or when
it transists through zero .terminal count is used to automatically load the data value to
generate different pulse width modulation out with different duty cycle. The duty cycle
is computed using the formula :

Duty Cycle =
Intger value of 8− bit word

period
(2.1)

The PWM period is declared as a constant. Since the PWM resolution is 8 bit, then
the period is set to 255 which is the maximum 8 bit value. Thus the input duty can
take values from 0 to 255. Thus duty cycle of the PWM signal can be varied from 0 to
(255/256)*100 = 99.6 %.
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In the Vhdl file of PWM, there are two processes to deal with. The first process is
sensitive to Clk_10 signal. It checks whether the count has reached the end of the period.
If so, it resets count to zero. Otherwise, it increments the count by 1.

The second process is sensitive to changes in the count signal. It compares the count
with Duty_Cycle value. If the count is less than the Duty_Cycle, it sets PWM_Out to 1,
indicating the ON state of the PWM signal. Otherwise, it sets PWM_Out to 0, indicating
the OFF state of the PWM signal.

To summarize, the PWM module is used to generate a PWM signal on PWM_Out
where the duty cycle is controlled by the Duty_Cycle input. The duty cycle determines
the proportion of time the PWM signal is in the ON state within one period.
This PWM signal is used to control the stepper motor in microstepping mode, where the
duty cycle corresponds to the microstepping level. The motor can be controlled based on
the state of the PWM signal.

The resulting simulations for 8-bit resolution of PWM generation unit for different
duty cycle is shown below in Fig. II.10 to Fig. II.11.

Fig. II.10 : Simulation result of designed system for m=8 in literal text display format.

Fig. II.11 : Simulation result of designed system for m=8 in analog waveform display
format.
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When we zoom in Outp1 in Fig. II.12, we obtain :

Fig. II.12 : Switch cycles for m=8.

This waveform is the analog waveform display with step display style for microstep-
ping =8. For m=8, we must have 16 word. Thus, the waveform consists of 16 switching
cycles. According to the graph, the time interval for 16 switching cycles is 204µs.

To get periodic time of switching cycle, we divided 204 �s by 16 we get 12.75µs.

The periodic time for each switching cycle is the PWM period TPWM . The PWM
frequency is 1 over TPWM wich equals to 78 KHZ.

the stored value in ROM at this interval is 32 in hexadecimal which represents 50 in
decimal. The period is 255. Using equation (2.1) :

dutycycle =
50

255
= 19.6%

The rotation of the motor depends on the number of pulses sent to the motor and the
speed can be controlled by changing the frequency of the pulse signal.
The formula for the speed of step motor and used in the code :

Count =
main clock

desired frequency
− 1 (2.2)

Fig. II.13 : Simulation result of designed system for m=4 in literal text display format.
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Fig. II.14 : Simulation result of designed system for m=4 in analog waveform display
format.

2.3 the Off-chip Hardware Design Of Stepper Motor
Controller

This section introduces the step motor driver circuit, which is designed and imple-
mented as part of this project. This driver performs the bipolar micro-step excitation of
four-phase hybrid step motors.

Generation and timing of electrical pulses to generate motor steps are accomplished in
a functional unit which is called the digital control of the driver. These pulses are passed
to IC driver, which shift the level of electrical inputs to operate a set of switches inside the
full-bridge converters introduced in Chapter 1. The full-bridge circuit drives the current
for the motor windings according to electrical pulse inputs.

The whole driver system is introduced in the first section to provide a general discus-
sion on the problem. The section continues with the full-bridge converter in the second
section, with the IC driver in the third section and with the digital control counterpart
in the fourth section.

To evaluate and compare the benefits of microstepping, we constructed a stepping
motor drive system, installed the system with an algorithm based on the proposed control
method.

The stepping motor drive circuit is implemented on project board as seen in Fig. II.15.
Also, an accompanying test setup composed of an ALTERA DE2 development and edu-
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cational board.The driver is synthesized using Quartus® II, the Intel®-FPGA software
development suite tools, and targeted at an FPGA of the Cyclone-II family.

four-phase unipolar hybrid step motors is used in the tests. The name of this motor is
stepper motors Type 23 (RS stock no. 332-082). It offers a 1.8 degree step angle, holding
torque with 460 mNM, detent torque with 30 mNm, resistance with 5 ohm, inductance
with 10 mH and current with 1 mA for each phase.

Fig. II.15 : Implemented step motor driver on project board.

Fig. II.16 : Experimental setup : step motor on project board, driver in the right and the
DE2 board in the right of PC controller interface which is seen in the left.

2.3.1 Stepper Motor Drive Circuit design

AC power and DC power can’t drive stepper motor due to the special character of
stepper motor. To attain the normal working state of stepper motor special equipment
is needed. Therefore, SN74LS244N and L298N is used in the driven module to make the
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motor working.

L298N is applicable to high voltage, large current motor driver and belongs to pro-
ductions of ST, it depend on two independent of H full bridge driver. It is dedicated to
bipolar stepper motor.

In order to protect the outputs of the FPGA from the effects of voltage and a transis-
tor current that are too high, the SN74LS244N was used. The SN74LS244N serves as an
intermediary between the low-level digital signals from the FPGA and the inputs of the
L298N motor driver, ensuring signal integrity, compatibility, and reliability. It can help
protect the FPGA from voltage spikes or other electrical noise that may be generated by
the motor driver and its connected motors.

The two kinds chips above are suitable for two phase bipolar and unipolar four phase
stepper motor either. When the FPGA assigned direction and clock signal, driver module
will receive commands, SN74LS244N pulse distributor will generate excitatory phase se-
quence automatically. Signal that can drive stepper motor will be produced by L298N’s
power amplifier. The advantage of the cooperation of L298N and SN74LS244N is that has
low assembly costs and high reliability. So, the driven circuit is easy to control and design.

Each bridge in L298N is driven by means of four gates the input of which are In1 ;
In2 ; EnA and In3 ; In4 ; EnB. The In inputs set the bridge state when The En input is
high ; a low state of the En input inhibits the bridge. All the inputs are TTL compatible.

A non inductive capacitor, usually of 100 nF, must be foreseen between both Vs and
Vss, to ground, as near as possible to GND pin. An external bridge of diodes are required
when inductive loads are driven and when the inputs of the IC are chopped ; Shottky
diodes would be preferred. As shown in the previous section, the compilation of our vhdl
file was successful and the desired output was determined by the result of the simulation.

Next step is to assign the four output ports used to control the phases of stepper motor
to the corresponding pins of the FPGA development board. The SN74LS244N operates
on a 5V supply voltage. We Connected the VCC (Pin 20) of the SN74LS244N to the 5V
power supply. The GND (Pin 10) and output enable 1G (Pin 1) of the SN74LS244N are
connected to the ground (0V) of your system.

The SN74LS244N has 4 input lines(A1, A2, A3 and A4) and 4 output lines (Y1, Y2,
Y3 and Y4). To connect FPGA with SN74LS244N, we connected the desired FPGA port
to the corresponding input of the SN74LS244N. The 4 output lines (Y1, Y2, Y3 and Y4)
are connected to the corresponding inputs of the L298N. The 4 output lines (Y1, Y2, Y3
and Y4) of L298N are connected to the corresponding inputs of the L298N. Fig. II.18
depicts the schematic diagram of a part of Stepper Motor Drive Circuit design used to
drive a four-phase stepper motor.
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Fig. II.17 : Shematic diagram of L298N driver to control a four-phase bipolar stepper
motor.

The driver implemented in this project uses PWM technique for driving the phase
winding currents. PWM signals control the winding excitation of each phase where the
duty cycle is proportional to the absolute value of the current waveform at a single micro-
step. A full bridge circuit for each phase ensures that during the on state of the PWM,
phase windings are energized and during the off state phase currents decay The FPGA
generates PWM outputs which are generated by using the power control PWM module
which simplifies generation of the needed gate signals for half-bridge switches.

Four pulse width modulation output ports of the FPGA, namely PWM_1, PWM_2,
PWM_3 and PWM_4 were used to control a dual-H-bridge drive circuit. The two H-
bridges drove the four phases of the stepper motor.

By driving the switches of each half-bridge of L298N driver with respective PWM
signals, the duty-cycle of which varies with time according to a modulating signal.
The duty cycle of PWM pulse is provided by FPGA and is exerted to L298N driver input
to control the switching process.

In this project we tested the funcionallity of the system using 1.8 four phase hybrid
stepper motor with maximum speed 75 rpm at low frequencies which means that speed
was low to visualize the different resolutions of stepper motor. In the stepper controller
that can drive the stepper in wave, two-phase on and half step, we used a switch that
can control stepper motor in four different speeds. For example if the frequency is 3HZ,
12HZ, 47HZ, 190HZ the speeds will be 0.9 rpm, 3.6 rpm 14 rpm, 57 rpm, respectively.

In stepper motor that uses microstepping controller for m=8, if we select the frequency
at 4 hz the switching cycle for each data word will be 16 ms which is the PWM period
TPWM . The PWM frequency is 1 over TPWM which equals to 62 HZ.
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CONCLUSION

Implementing controls in an FPGA simplifies the system at a hardware level and al-
lows scaling and extending it much more easily than if it was made with real hardware.
A notable advantage is the fact that an FPGA directly controls signals instead of bits, so
that unlike a microcontroller, the delays are much smaller.

Basic principles of stepper motor, and there different types and comparison of stepper
motor are presented. Various modes of excitation namely full step, half step and micro
step have been discussed.

The project Implementation and verification of a hardware-based controller for a bi-
polar stepper motor on an FPGA collects the result of a period of documentation and
research in the field of stepper motor, especially regarding their control methods. a brief
overview of FPGAs and stepper motors is also done. practical development of the work,
the hardware description is made using ROM as LUT’s and PWM signals was generated
to control the current levels in the motor’s windings. The microstepping mode algorithm
have been developed, implemented, simulated and successfully verified with the VHDL
language in Quartus II.

The driver implemented in this thesis uses PWM for driving the phase winding cur-
rents. PWM signals control the winding excitation of each phase where the duty cycle
is proportional to the absolute value of the current waveform at a single microstep. A
fullbridge circuit for each phase ensures that during the on state of the PWM, phase
windings are energized and during the off state phase currents decay.

As a general conclusion, I consider the purposes of the project achieved and I want to
show my personal satisfaction of having been able to enjoy, both in studying and working
on the project.

Futur Work

Rapid extension and enhancement of HDL designs is facilitated by the flexibility and
power of FPGAs. These paragraphs include descriptions of a few of the suggested enhan-
cements.

One possible development of the project for the stepper motor control system would
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be to convert from an open-loop to a closed-loop version, monitoring the motor’s phase
current or connecting an encoder to the shaft. The effective torque of the motor, or the
amplitude of the sine signals, could be changed by other components if these variables
are able to be controlled independently of frequency. This would presumably result in
increased performance, particularly from the motor, which would become dependable at
lower speeds and with varying loads.

We can also improve the design’s flexibility and modularity to facilitate future updates
and simple interface with other control systems.

Optimizing the microstepping controller for high speeds and use higher-resolution en-
coders or sensors to provide more accurate feedback, allowing the controller to better keep
track of the motor’s position at high speeds.

Lastly but not least, by implementing error correction mechanisms to account for
missed steps or position errors at high speeds and implement safety features, including
emergency stop mechanisms, to ensure safe operation even at high speeds.
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