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Abstract
Electricity is supplied and consumed within our power system via alternating current (AC)
using a three phase distribution systems which normally consists of the generation and
transmission of three sinusoidal voltages of equal amplitudes with phases 120° spaced apart
[1, p. 267].
Courses such as Murdoch University’s Electrical Power Engineering undergraduate degree
exist to prepare future engineers for a career within the power industry; to be successful
such courses need to incorporate exposure to both theoretical and practical concepts
including the investigation of three phase power.
Currently Murdoch University does not possess equipment suitable to expose students to
practical three phase concepts at low “safe” voltages. Students in their later years of study
have achieved suitable knowledge to safely practice concepts at mains voltage levels but
students in their first and second years of studies are restricted to considering concepts at a
theoretical level only.
This project was concerned with developing a low voltage three phase function generator
that could be used in teaching environments to allow students to proceed with experiments
safely and relatively unsupervised. The design goals were to produce a device capable of
producing a three phase supply at safe levels (around 12 volts RMS) with a controllable
frequency switchable between at least 50 and 60 Hz. Features were to include real time
voltage measurements of each phase and an ability to simulate an unbalanced supply fault.
The project was completed by incorporating an Arduino Uno microcontroller using direct
digital synthesis to produce three distinct outputs in the form of pulse width modulated
(PWM) signals representing sinusoidal waveforms. These PWM signals were used in turn to
feed a three phase full bridge integrated circuit to produce amplified signals which, after
being fed through a low pass filter, produce three sinusoidal waveforms spaced with 120°
phase differences.
The output waveforms produced are considered to be of sufficient quality for the
application as described; waveforms appear within 2.7° of the target 120° phase difference
and total harmonic distortion values measured during testing phases range from 0.847% to
2.39%.
It has been recommended that future revisions of this device incorporate features including
over voltage and over current protection to protect against misuse. Additionally,
refinements to the output filter and peak follower circuit would provide improvements to
the overall performance of the device.
This project is considered to have been successfully completed. The function generator
prototype developed over the course of this project satisfied most design objectives and
could be used immediately within a classroom environment.
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1 Introduction
The generation and distribution of electricity to supply both commercial and residential
consumers generally consists of three phase power systems distributing an alternating
current (AC) supply. Three phase systems offer benefits over single phase systems,
including offering a constant (rather than pulsating) power transfer [1, p. 270] in spite of
the sinusoidal nature of each individual phase, as well as enabling the use of three phase
induction motors used widely in industry through the production of a constant rotating
magnetic field [1, p. 822].
It is important for students who choose to take on Electrical Engineering to gain practical
exposure to these concepts in a safe and controlled environment before being exposed to
them in high voltage situations, where a lack of knowledge poses a risk to what is generally
costly plant and equipment as well as to themselves and to others in the vicinity.
Students undertaking Electrical Power Engineering at Murdoch University have the
opportunity to explore three phase power in detail in their third and fourth year of studies
using Lab-Volt equipment (Electric Power Technology Training Systems Series 8010), which
offers students the ability to use three phases of power in a safe and controlled manner,
albeit at relatively high voltages (up to 440V).
For obvious safety reasons, students in their earlier years of study are not exposed to these
unsafe voltages with practical experiments currently being performed using a maximum
voltage of 30V using bench top DC power supplies (such as the Dick Smith Electronics
Q1770) or a single phase function generator (currently in use is the Escort EGC-3235A). The
lack of a ‘safe’ low voltage three phase AC supply means that when students encounter
three phase AC for the first time in ENG243: Circuits & Systems II, students have the
opportunity to explore these concepts only in a simulated form; Laboratory #7 of ENG243:
Circuits & Systems II asks students to create a simulation of a three phase system in MATLAB
[2], scope currently also exists for students to simulate a three phase circuit using ICAPS
simulation software.
This project focuses on the development of a safe, low voltage (around 12 volts RMS) three
phase function generator that could be used in first and second year engineering classes to
give students practical exposure to these three phase power concepts. The output should
be around 12 volts RMS and output a frequency at least switchable between 50 and 60 Hz.
Each phase should be capable of delivering 250 mA. A variety of faults such as unbalanced
loads should be able to be displayed.
It was intended prior to beginning research for this design that operation of the device is as
intuitive as possible with the completed device containing minimal controls. The aim is that
operation of the device does not detract from the concepts being investigated by students.
The project goal was to take the device to working prototype stage with at least one
finished device produced in a form that could be used immediately in a teaching
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environment. This was expected to include software and hardware design as well as
documentation for safe user operation.
The full design brief for this project as issued by Murdoch University is reprinted in Appendix
A.

1.1 Commercially Available Alternatives
It has been considered that an “off the shelf” solution may be available to provide required
functionality. Some investigation reveals that such desktop function generators exist, but
are prohibitively expensive.
 The Hioki 7075 waveform generator offers up to 4 simultaneous waveforms at ±10V,
and can create a three phase signal by outputting three sine waves at 120° phase
difference. This device has been recently discontinued, but appears to have sold new
for US$9999 [3], making it unrealistic to supply sufficient units for a class of up to 20
students.
 Agilent technologies offer the ability to produce a three phase signal by
synchronising the clocks of three function generators. Agilent models 33210A,
33220A and 33250A (with prices ranging from $2795 - $5272 [4]) offer this
functionality, but three units would be required for each experiment being
performed, also making this a non-viable solution.
More cost effective options are available, such as the 3PS-02A60 60 Hz three phase voltage
source offered by Zap Studio, LLC which is a breadboard compatible PCB available for US$55
[5], offering 60Hz three phase output at 12 V peak-peak. This is of course more realistically
priced but does not offer any of the additional functionality specified in the project brief.

1.2 Design Strategies Considered
Given that a low voltage DC supply is readily available in the laboratory environment via
relatively inexpensive off the shelf units the challenge here will be to convert a single DC
voltage into a three phase AC signal.
Three options were initially considered for implementation of this project:

1.2.1 Option 1: Resistor Ladder (R-2R ladder)
An analogue signal such as a sine wave can be created using an R-2R resistor ladder to
achieve digital to analogue conversion (DAC) of microcontroller outputs (refer figure 1-1).
This configuration consists of a series of resistors, where an n Bit DAC is created with a
ladder made up of n resistors of value R and n resistors of value 2R – theoretically R can be
any value. An R-2R ladder operates by creating an array of voltage dividers; depending on
the states of the digital signals entering the ‘rungs’ of the ladder the output voltage is varied
accordingly. By passing the output through a low pass filter a reasonably accurate analogue
signal can be created providing that the circuit uses resistors of a suitably low tolerance.
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Figure 1-1: An 'n' bit R-2R resistor ladder network [6]

This type of DAC has been used successfully in the Instructables.com project Arduino
Waveform Generator [7] to create a waveform generator that outputs various wave shapes.
This project implements a sine wave by recalling values to send to an 8 bit R-2R DAC from a
pre-calculated sine wave in a look up table of 20,000 stored integers. Whilst the accuracy of
this sine wave is not described in detail, the output appears to be reasonable and would be
expected to be suitable for this project.
This Instructables.com project has been completed using an Arduino Uno Microcontroller
which offers 14 digital I/O pins [8]. To create the same level of detail, 3 sine waves out of
phase would require 3 * n digital outputs, or in this case 3 * 8 = 24. This is beyond the
capabilities of the Arduino Uno board’s 14 digital pins. While other variants of the Arduino
platform offer more outputs, notably the 54 digital pins accessible on the Arduino Mega [9]
and Due [10], a design decision has been made to develop this project using an Arduino Uno
(see chapter 2.2). It is also expected that other options considered for this project would
offer more flexibility and ability for customisation.

1.2.2 Option 2: Three Phase Full Bridge with Switching Via Electronics
A more conventional method that is commonly used to create AC signals from DC supplies is
a full bridge inverter (see more in chapter 2.1). This circuit is generally constructed of
switching devices (commonly MOSFETs) and diodes (as per figure 1-2). By operating the four
switches in the device in an appropriate sequence the output voltage of the circuit is a pulse
sequence that represents a sinusoidal waveform. Depending on the switching sequence
used this circuit can output a variety of waveforms ranging from a simple square wave to a
pure sine wave [11, pp. 202-245]. Outputs are generally passed through a low pass filter to
achieve a usable waveform.
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Figure 1-2: Full bridge Inverter topology [11, p. 188]

One analogue method of generating a switching sequence suitable for use with a full bridge
circuit is to compare a sinusoidal control signal with a triangle wave of a higher frequency
(figure 1-3). When the sinusoidal signal is greater than the triangle signal a switch is
considered to be closed, otherwise the switch is open. The result is a PWM control signal
known as Bipolar Voltage Switching; this is detailed more in chapter 2.1.1 of this report.

Figure 1-3: Sinusoidal PWM control signal [11, p. 204]

In practice, the PWM switching could be created using electronics only, with sinusoidal and
triangular waves created using function generator ICs being compared via a voltage
differential comparator IC such as the Texas Instruments LM311 [12].
This would potentially work well and be relatively simple, although given that user control
options would also be required and that a microcontroller would likely be implemented in
the final project to provide some measurement and display functionality it is perhaps a
redundant solution.
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1.2.3 Option 3: Three Phase Full Bridge with Microcontroller Switching
An alternative implementation method considered utilises the same three phase H-bridge as
described above but makes use of a microcontroller to create the required PWM switching
sequences. This option was pursued as the most suitable for use in this design as it allowed
more customisation via software than previous options and also meant that the same
microcontroller could provide user interface functions such as variable frequency and
output voltage amplitude.
It was anticipated that this method could provide a PWM switching sequence suitable for
use with a full bridge circuit, and was therefore chosen at an early stage for implementation
within this project.
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2 Literature Review
This literature review provides background on some of the key concepts involved in the
implementation of the function generator design described in chapter 1.2.3. While these
chapters should not be considered as all-inclusive references on each of the topics, it is
intended that they provide sufficient background to give context to the design aspects of
this project.

2.1 Full Bridge Inverters
Devices used to convert DC to AC are known as inverters; inverters serve to convert a DC
input voltage to a symmetric AC output voltage of a magnitude and frequency as required
for a particular application [13, p. 226]. For example a household inverter in Australia would
be designed to output AC power at 240 volts RMS at a frequency of 50 Hz as per Australian
electrical grid requirements.
As described in chapter 1.2.2, the basic switch mode converter inverter circuit most
commonly used is shown in figure 1-2 [11, p. 188]. This circuit is generally known as a full
bridge circuit (or as an H-bridge circuit due to the physical layout of the circuit diagram
resembling a capital letter H [14]). The circuit consists of a constant DC supply (VDC) that is
fed into a series of switching devices and diodes. While in practice any switches can be used
in this circuit, generally semiconductor switching devices are used, such as bipolar junction
transistors (BJTs) or more commonly metal oxide semiconductor field effect transistors
(MOSFETs) [13, p. 227]. These semiconductor switching devices effectively act as
controllable switches. An ideal device can be considered to switch instantly, conduct large
currents (with a nil voltage drop) when on and block large currents when off [11, p. 20].
The inverter circuit is useful in power electronics due to its ability to change the direction
and magnitude of output current as well as the magnitude and polarity of the output
voltage [11, p. 188]. By controlling each of the 4 switches (labelled as Q1 – Q4 in figure 1-2)
the output of the inverter circuit can be controlled.
This project focuses on the use of a full bridge circuit as an inverter for DC-AC conversion,
although it must be acknowledged that the same inverter topology is used for other
applications including for DC motor drives and within switch mode DC power supplies, albeit
with different switching methods potentially used [11, p. 188].
The full bridge circuit is made up of two legs, each leg containing two switches and two
antiparallel diodes [11, p. 189]. Generally switches in each leg are switched alternately; it is
important to note that if both switches (i.e. Q1 and Q2 or Q3 and Q4) are closed
simultaneously a short circuit across VDC would result. In practice a period known as a
blanking time [11, p. 189] is left between switch change states to avoid short circuits due to
non-ideal switching devices where the component may not open or close instantly. For
analysis this blanking time can be ignored although it does need to be applied in practical
circuit design.
The diodes in a full bridge circuit are known as feedback diodes [13, p. 228] or flyback
diodes [15] to protect the switching devices against reverse currents being fed back into the
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system, particularly as spinning inductive loads such as motors could induce a current after
switches open [13, p. 228].
Understanding of a full bridge inverter circuit is simplified by first inspecting a half bridge
circuit, which consists of only two diodes and two switching devices (refer figure 2-1).

Figure 2-1: Half bridge inverter circuit [11, p. 211]

Note that shown in the half bridge circuit in figure 2-1 are two additional capacitors, marked
as C1 and C2. These capacitors generally would have large values and equal capacitance
values. Assuming that equal charges are stored across the capacitors we can determine that
the voltage across each capacitor must be equal to VDC/2. If sufficiently large and equal
component values have been chosen for C1 and C2 it is reasonable to assume that point o
as marked on figure 2-1 remains constant with respect to the negative DC bus, and Vout can
be said to be equal to VAo.
Four switch combinations are possible with two switches. Neglecting the both switches
closed state (which would cause a short circuit and should be avoided) the remaining states
are as per table 2-1.
Table 2-1: Half bridge inverter switch states and output voltages

Switch Q1
On
Off
Off

Switch Q2
Off
On
Off

Vout (VAo)
½ VDC
-½ VDC
0

The period of time that each switch is conducting and therefore the period at which these
output voltages apply for can be controlled by the period of open or closed time within each
switching cycle; this ratio of on time as a fraction of the whole switching period is known as
the duty cycle [11, p. 162]. The simplest switching sequence possible with this circuit
involves each switch alternating being on and off for equal periods, therefore having a duty
cycle of 0.5. This results in a square wave output with peaks at ½VDC and -½VDC.
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To build on this further, consider the full bridge inverter already described as per figure 1-2.
With two switching bridges the maximum output voltages can be twice that of the half
bridge inverter with the same DC power supplying the circuit. Knowing that this circuit is
made up of two parallel half bridge circuits it becomes clear that the output voltage of each
leg of the inverter is the same as that in the half bridge configuration; that is, VAo = ± ½VDC
and VBo = ± ½VDC. By switching diagonally opposite switches together from the two bridges
of the inverter the output of each inverter leg has the opposite voltage polarity output.
That is, at any one time:

Equation 2-1

Additionally, with respect to the neutral point on the circuit (at the DC negative bus):

Equation 2-2

Comparing this to the half bridge inverter, with the same input power and twice the output
voltage this implies a reduction by half of the output current level which can be an
advantage at high power levels [11, p. 212].

2.1.1 PWM Inverter Switching
While the output described thus far offers a square wave of scalable frequency that may be
useful for some applications most AC power systems now require a sinusoidal waveform or
at least a waveform more closely resembling such a wave. Additionally other switching
sequences can offer the ability to scale the amplitude as well as frequency of the waveform.
This is generally achieved with a pulse width modulated (PWM) switching sequence, where
the desired output waveform is represented by a train of pulses of varying width.
Traditionally this PWM sequence is generated by comparing a sinusoidal control signal (Vctrl)
with a switching frequency wave represented by a repeating triangle waveform (Vtri) [11, p.
203]. By modulating the relationship between both the amplitude and the frequency of the
two waveforms an appropriate PWM switching sequence (VPWM) can be created:

Equation 2-3 [11, p. 204]

Equation 2-4 [11, p. 204]

For example, figure 2-2 shows a triangular switching frequency of approximately 5 times the
frequency of the control sine wave it overlays.
The ratio of frequencies of Vtri to Vctrl is known as the frequency modulation ratio (mf):

Equation 2-5 [11, p. 204]
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In this case:
Equation 2-6

The PWM signal is created by comparing the two signals as per equations 2-3 and 2-4 which
can then be used as a control signal for a full bridge inverter circuit. One switch is closed on
a high signal, the other closes on a low signal. Passing the output of this signal through a low
pass filter (as shown in the third waveform in figure 2-2) begins to recreate a signal starting
to approximate a sine wave.

Figure 2-2: PWM switching sequence (mf =5)

Increasing the switching frequency to a value much higher than the frequency being
generated is generally preferable; figure 2-3 shows a similar frequency of mf ≈ 24 with an
output voltage that is easily recognisable as having sinusoidal properties.

Figure 2-3: PWM switching sequence (mf =24)

Switching sequences such as these where a single switching sequence is used to control full
bridge inverter diagonal switch pairs (Q1 and Q4 open together while Q2 and Q3 are open
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before alternating to Q2 and Q3 closed with Q1 and Q4 open) are known as bipolar voltage
switching sequences.
While not used within this project, unipolar switching sequences as shown in figure 2-4
involve a dedicated switching sequence being generated for each leg of the inverter,
generally with two inverted sinusoidal control signals. The line-to-neutral voltages of legs A
and B of the inverter (VA0 and VB0) are based on the switching sequences of the second and
third plots. Given that the output of the line-to-line voltage of the inverter is known to be
(as per equation 2-2) the final plot shows the effective switching pattern
used. This added complexity in the generation of the switching pattern effectively doubles
the switching frequency [11, p. 217], as can be seen by visually comparing the triangular
switching frequency in figure 2-4 with the effective switching frequency in the final plot
within the same figure. Doubling of the switching frequency results in a reduction in the
harmonics associated with the switching frequency [11, p. 217] as well as smaller ripple
current on the DC side of the inverter [11, p. 218].
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Figure 2-4: PWM unipolar switching

It is worth noting at this stage that with an increase in the availability of microcontroller
devices PWM switching patterns are able to be generated directly using alternate methods
such as direct digital synthesis as used within this project. This means that in many cases a
direct comparison of two waveforms may not be required.

2.1.2 Three Phase Inverters
Generating three phase power using full bridge inverters can be achieved with three
dedicated full bridge inverters, with each inverter supplying a waveform displaced by a 120°
phase shift relative to the others [11, p. 225]. Alternatively it is possible to create a single
three phase full bridge inverter using three separate half bridge inverters (figure 2-5) with
dedicated switching sequences for each leg (as per the unipolar sequence described in
2.1.1).

Figure 2-5: Three phase full bridge inverter topology [11, p. 225]

Each switching sequence uses a sinusoidal control signal 120° out of phase of the others
(figure 2-6) compared with a single triangular switching frequency.
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Figure 2-6: Three phase full bridge inverter switching patterns [11, p. 227]

This results in three separate line-neutral voltages, VA0, VB0 and VC0.
As per equation 2-2, the line-line voltages then can be derived from these line-neutral
voltages, with:

Equation 2-7

Equation 2-8

Equation 2-9

This inverter topology forms the basis of the full bridge inverter circuit used within this
project.

2.1.3 Applications
The full bridge circuit is used in many different applications. Three common applications
that are significant to this project are:

2.1.3.1 Solar Inverters
Photovoltaic (PV) modules are used worldwide to generate electricity from sunlight; with
growing concerns around reducing the use of traditional fossil fuels a rapid uptake of PV
technology is occurring. The National Energy Market (NEM) in Australia measured an
increase in PV capacity within the network from 23MW in 2008 to an estimated 1450MW by
February 2012 [16].
PV modules by their nature are known to generate DC electricity, which is unable to be used
within modern supply grids without first converting it to AC electricity. While different
inverter topologies exist that may incorporate transformers, boost converters or other
technologies to vary the level of the inverter output, generally the MOSFET switched full
bridge configuration remains as standard technology [17].
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2.1.3.2 Variable Speed Drives
Three phase induction motors are used widely in industrial applications and consist of three
windings spaced at 120° relative to each other [11, p. 400]. After applying three phases of
sinusoidal voltages to the stator of the motor, the motor rotates at a speed closer to the
synchronous speed (ns) of:

Equation 2-10 [1, p. 825]

Where P is the number of poles of the motor and f is the frequency of the voltage being
applied.
Equation 2-10 suggests that the speed of the motor can be controlled by varying the
frequency of the applied voltage. Based on this concept, variable speed drives are often
used in industry for speed control applications such as control of pump or fan speed. The
basic topology of such drives is shown in figure 2-7 and consists of an AC waveform being
rectified to a DC signal via a rectifier/filter circuit combination before being passed into a
three phase full bridge inverter where techniques described in chapters 2.1.1 and 2.1.2 are
used to create the an AC waveform of the required frequency and amplitude.

AC

Rectifier

DC

Filter

DC

Three Phase
Inverter

AC

Motor

Figure 2-7: Variable frequency drive topology [11, p. 418]

The concepts involved here in creating a three phase full bridge with a variable frequency
output are not unlike that used within the design of this project (albeit with no rectifier
stage as the input to the device developed is already a pure DC signal).

2.1.3.3 DC Motor Control
While control of DC motors does not involve DC-AC conversion it is included here because
the identical circuit design is used to provide motor speed and direction control.
DC motors are generally single speed/single direction devices as the speed and direction of
the system is determined by the magnitude of voltage and direction of current flow.
With reference to figure 2-8 by closing only switches Q1 and Q4 the current flows from left
to right. Conversely, when switches Q2 and Q3 are closed current flows in the opposite
(right to left) direction. The average DC voltage applied can be carried by varying the duty
cycle to alter the width of the PWM pulse applied.
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Current direction

Current direction

Figure 2-8: DC motor control switching

The fact that DC motor control uses identical circuit configurations as in inverter
applications means that integrated circuits (IC) designed for motor control were able to be
incorporated into this project.

2.2 Arduino Platform
The Arduino microcontroller platform [18] is an open source electronics prototyping
platform released originally in 2005 by Massimo Banzi and his team from the now obsolete
Interaction Design Institute Ivrea (IDII) in Italy [19]. Initially developed with a goal of
offering students a microcontroller board priced at no more than $30 (US) as part of Banzi’s
role at IDII of promoting interactive design and teaching students electronics skills [19] there
are currently 23 official variations of the Arduino board available [20] as well as third party
clones. At May 13th 2011 more than 300,000 official boards had been sold worldwide [21].
Being open source, hardware designs are freely shared and plans for boards are published
under a Creative Commons licence to allow others to develop further as required, or
recreate on a breadboard for their own purposes [18]. Software is freely available to
download from the Arduino website at www.arduino.cc and a range of example programs
(which within the Arduino environment are known as sketches [22]) and libraries as used by
the platform are freely available.
Arduino boards are designed to be programmed using the Arduino IDE programming
language (currently version 1.0.5 with version 1.5 being tested in BETA [23]) which is based
on similar languages Wiring (also developed at IDII) [24] and Processing (developed out of
the MIT Media Lab) [25], both of which were based on C/C++ functions and compiled as
C/C++ before being sent to the Arduino hardware.
Arduino has been traditionally constructed since its first release with an Atmel AVR
microcontroller such as the 8 bit ATmega328 with 32KB of on board memory used in the
Arduino Uno [8], although as at October 22 2012 [26] Arduino released the Arduino Due
board which uses a 32 bit ARM core microcontroller and offers a faster 84MHz clock and 96
KB of usable memory [10].
Boards within the Arduino range are designed to interface with different pieces of hardware
via the on-board digital and analogue inputs and outputs. To extend the capabilities of the
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platform, boards that plug directly on to the top of the Arduino, known as shields [27], are
available either preconfigured for particular purposes (such as to add Wifi communications
capability [28]) or in a blank form that allow users to customise shields for their own
projects [29].
After the popularity that the Arduino platform has developed there are now many resources
available online where users worldwide share projects that have been developed using
Arduino.
Although a variety of different boards are available within the Arduino range from an early
stage it was intended to use the Arduino Uno R3 within this project due to its availability,
compatibility of accessories and relatively inexpensive cost (as at 2nd November 2013 an
Arduino Uno R3 as pictured in figure 2-9 is available from the Arduino store for €20.00 [20],
which at time of writing was equivalent to AUD $28.59 [30]).

Figure 2-9: Arduino Uno R3 [31]

As noted above, the Arduino Uno is based on the Atmel ATmega328 microcontroller and as
such consists of an 8 bit processor with 32 KB of flash memory. The board also incorporates
a 16 MHz ceramic resonator that provides the Uno’s 16 MHz clock speed [8]. Connectivity is
via the board’s 14 digital I/O pins (6 of which can provide a PWM output) as well as 6
analogue input pins. It is worth considering that other boards within the Arduino range
offer significantly more I/O pins, notably the 54 digital pins accessible on the Arduino Mega
[9] and Due [10]. Both of these boards also offer significantly more flash memory for storing
software, with 256 KB on the Arduino Mega [9] and 512 KB on the Arduino Due [10]. These
technical limitations of the Arduino Uno platform are not considered to be restrictive here,
and it is anticipated that the additional cost as well as fewer available online resources will
offset any benefit in proceeding with more advanced boards.
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2.3 Direct Digital Synthesis
A direct digital synthesis (DDS) device is a type of waveform generator that generates
periodic signals by choosing from stored samples of data representing a repeating
waveform.
As an alternative to this other arbitrary waveform generators (AWGs) may dynamically
generate each sample of waveform. AWGs allow a user to define the signal being
generated, such as with the Agilent 33500B series of generators [32] where waveforms can
be created in MATLAB or Excel or captured from an oscilloscope and imported via USB or
edited via the generator’s front panel, meaning that a waveform generator may produce
any type of signal rather than solely repeating functions. This may result in limits to
achievable frequency precision [33]. Additionally the processing time taken to generate
each waveform sample adds complexity to the generator and may even reduce stability of
the system by consuming necessary processing power of the device [34].
In a simple DDS model, as shown in figure 2-10, a stable clock steps through one or more
cycles of a waveform (commonly a sine wave) stored in read only memory (ROM). The
digital amplitude of the signal at each point is converted via a digital to analogue converter
(DAC) to generate the output signal [35].

Clock
fc

Address
Counter

SIN Lookup
table

Register

DAC

Low pass filter

fout
Figure 2-10: Fundamental direct digital synthesis system [35]

The flaw inherent within this simple DDS system is that the output frequency is dependent
on the reference clock frequency and the ROM lookup table contents. This means that
these parameters must be varied before the output frequency can be changed. Figure 2-11
shows a basic block diagram of a more flexible DDS system that uses hardware or software
known as a numerically controlled oscillator (NCO) [35] to allow dynamic variation of the
system’s output frequency.
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Phase Accumulator

Desired frequency
fo

Phase Register
(Tuning word
‘M’)

Σ

Phase to
amplitude
converter

Phase Register

DAC
Clock
fc

Low pass filter
fout

Figure 2-11: A flexible direct digital synthesis system [35]

This NCO based DDS system is based on a phase accumulator which is updated once each
clock cycle. For a phase accumulator n bits wide, 2n clock cycles pass before the phase
accumulator cycles back to zero [35]. This phase accumulator value is used to reference a
position within the ROM table of waveform values as per the fundamental model as
detailed in figure 2-10. Within each clock cycle the phase accumulator is incremented by a
phase register value M (known as the Tuning word [36]). An M value of 1 implies that each
clock cycle the phase accumulator value would increment by 1 causing the DDS system to
step through each possible value within the ROM waveform values. Varying M means that
the step size between samples of the waveform varies, in turn producing a different
frequency of the same waveform.
Figures below use ‘phase wheels’ to demonstrate an exaggerated version of this process
with values of M = 1 and M = 3 respectively for figures 2-12 and 2-13. In figure 2-12, with M
= 1 the phase accumulator steps through a maximum number of addresses within the ROM
waveform table. Figure 2-13 shows a tuning word value of M = 3, meaning that the
waveform is completed faster. This exaggerated wheel only contains 12 points, where a real
phase accumulator would contain 2n points, meaning that the interval stepped each clock
cycle would be expected to sample enough points of the waveform to still create a useful
output signal.

Figure 2-12: Phase wheel showing phase accumulator register for M = 1 [35]
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Figure 2-13: Phase wheel showing phase accumulator register for M = 3 [35]

The phase accumulator is therefore a counter of modulus M that increments each time the
system clock cycles by 1 [35]. The counter overflows back to zero after it reaches its
maximum count of 2n [37]; the larger the value of the tuning word M, the faster the phase
accumulator overflows back to M, implying a higher frequency is attained with a larger value
of M.
The desired output frequency of the DDS device and the tuning word can be related using
what is known as the tuning equation [36] as per equation 2-11.

Equation 2-11 [35]

(Where fo is the output frequency, M is the tuning word, fc is the system’s reference clock
and n is the length (in bits) of the phase accumulator.)
The tuning equation is more likely to be used in its rearranged form as in equation 2-12.

Equation 2-12

In this form the tuning equation allows a DDS device to calculate the value of the tuning
word M as required to achieve a desired output frequency given other known (and
theoretically stable) parameters. The value of M actually used can be truncated in a
practical DDS system to use only the lower bits; where n=32 the resolution of the tuning
word is over 4 billion, far greater than is required for a practical system. By truncating to a
lower bit value of resolution n’ and using only the first significant values a lookup table of
only n’ values can be used, potentially saving memory and processing time without
sacrificing significant waveform resolution [35].
Varying M dynamically while in operation is possible with the speed of update being limited
only by the rate at which the value can be recalculated or loaded from a register [35].
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3 Project design
The following chapters aim to document the design and build process for the waveform
generator device developed for this project as well as provide additional background
information relevant to the design process not covered within chapter 2.

3.1 DDS Sine Wave Generator
Several methods exist that could create an appropriate PWM switching model. Martin
Nawrath of the Academy of Media Arts, Cologne, describes a method of digital to analogue
conversion (DAC) using Direct Digital Synthesis (DDS) in his project Arduino DDS Sinewave
Generator [38]. This method uses a look up table of sine wave values to output a
correspondingly sized pulse from a PWM enabled digital output – refer to chapter 2.3 for
more detail on the direct digital synthesis concept.
It was decided during early design stages to attempt to use Martin Nawrath’s Arduino DDS
Sinewave Generator project [38] as a base for PWM switching sequences for use with full
bridge inverter circuits.

3.1.1 Martin Nawrath’s Arduino DDS Sinewave Generator Project
Nawrath’s code uses a direct digital synthesis method to produce a variable frequency sine
wave of 5 volt peak-to-peak amplitude. Using the Arduino’s internal clock timer, a
calculated tuning word steps through a 32 bit phase accumulator and in turn a stored look
up table of sine wave data. This determines the width of the PWM pulse to represent the
desired analogue waveform being produced.
For a full discussion on the operation of Nawrath’s DDS generator code, refer to Appendix
B.1.
Nawrath’s DDS generator can be easily replicated using the software made available via his
website [38] and requires a potentiometer connected to +5 volts and ground with the wiper
to analogue pin 0 and a low pass filter to filter the output. The original project uses a fifth
order Chebyshev low pass filter with a cut-off frequency of 12 kHz. This is sufficient to filter
the 31.37 kHz switching frequency (refer equation B-4) while still passing the range of
frequencies (0 – 1023 Hz) able to be output by the device. Although it appears to work well,
this high order filter is deemed to be excessive for this application.
Using components mounted directly onto a prototyping shield on an Arduino Uno (figure 31), a 10kΩ potentiometer is connected to analogue pin 0 and a simple first order filter is
created using at hand components of a 10kΩ resistor and a 4.7nF polyester film capacitor.

19

Development of a Low Voltage Three Phase Power Supply for Educational Use 2013

Figure 3-1: Simple DDS generator hardware

To check for suitability of this filter for this application, the cut off (or break) frequency can
be calculated using equation 3-1.

Equation 3-1 [1, p. 306]

A break frequency of 3386 Hz will pass the expected range of up to 1023 Hz so this filter
should suffice for this application. (The final design will incorporate a lower range of
frequencies and also a lower break frequency in the filter.)
Construction of this device with no changes other than the reduction in the order of the low
pass filter yields instant results; figures 3-2 and 3-3 show both the PWM pulse train as well
as the same signal after passing it through the filter described above. The resulting
waveform is a clean, undistorted sine wave of approximately 5 volts peak-to-peak.
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Figure 3-2: Filtered and unfiltered output of DDS sine wave generator

Figure 3-3: Filtered and unfiltered output of DDS sine wave generator (detail)

Obviously this PWM pulse train is of a similar form as those used in full bridge inverters as
described in chapter 2.1. This pulse is intended to be the basis for the three phase function
generator developed for this project.

3.1.2 Updated DDS Generator with Three Phase Output
Nawrath’s DDS generator creates a single waveform on PWM enabled digital pin 11 using
the process described in chapter 2.3. The three phase inverter described in figure 2-5
contains six switches; this indicates that up to six distinct switching patterns would be
required. The Arduino Uno offers six PWM channels, with two channels linked to each of
the three on board timers and each channel tied to a different digital output pin (refer table
B-1 in Appendix B). It is expected that each PWM channel should be able to generate a
distinct DDS signal each representing one of six switching patterns. Based on full bridge
theory (chapter 2.1) these six switching patterns should be produced as pairs with each
pattern having another as its direct inverse.
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Modifications are made to Nawrath’s DDS code to implement a DDS generated PWM
pattern on each of the six PWM outputs; refer to Appendices B.2 and D for more details on
the Arduino code used.
Inspecting the output of these indicates that in need six distinct PWM signals can be
generated with appropriate offsets as per figures 3-4 to 3-7. Note that the figures clearly
show the PWM pairs from each timer being the inverse of each other.

Figure 3-4: PWM signals on digital pins 11,3, 10,9 on oscilloscope channels 1 – 4 respectively.

Figure 3-5: PWM signals (after low pass filter) on digital pins 11,3, 10,9 on oscilloscope channels 1 – 4 respectively.
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Figure 3-6: PWM signals on digital pins 6 and 5 on oscilloscope channels 1 and 2 respectively.

Figure 3-7: PWM signals (after low pass filter) on digital pins 6 and 5 on oscilloscope channels 1 and 2 respectively.

It is also possible to generate the inverse of any PWM signal using electronics. A simple NOT
gate would suffice in inverting the signal, although any delays in time taken to invert the
signal could potentially lead to both switches being closed together creating a short circuit
across the DC supply. As noted in chapter 2.1 practical switches may require a blanking
time between switching actions resulting in both switches being open simultaneously; a
NOT gate would obviously not accommodate this (it should also be acknowledged that the
PWM inverse pairs as described above would also not incorporate a blanking period).

3.2 Full Bridge Inverter
As covered in chapter 2.1 full bridge inverters (or H-bridge) circuits consist of four switches
(or six switches for a three phase inverter) generally paired with flyback diodes for reverse
current protection. In practice MOSFET transistors are preferred in inverter design because
of their higher power handling capability [11, p. 29] although a simple full bridge circuit can
be constructed using BJT transistors. Figure 3-8 shows a simplified circuit constructed of
NPN bipolar junction transistors (BJTs). Omitting the flyback diodes as shown simplifies the
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circuit further but removes the protection that the diodes would normally offer against
reverse currents. As this simple circuit is not expected to be connected to devices that
would generate such currents this is not considered to be an issue.

Vout

Figure 3-8: BJT (NPN) full bridge circuit diagram

A NPN BJT (as per figure 3-9) is known to operate as a switch; when a sufficiently large
current (IB) is passed to the base of the device it is considered to be ‘on’ (saturated) and will
pass a current through from the collector to the emitter (IC) [11, p. 24]. In this circuit as the
switches (X1 and X2) are passing a voltage to the transistors, resistors are placed in series
with the transistor base to limit the current (in this case 10 KΩ resistors are used).
Collector

Base

Emitter
Figure 3-9: NPN BJT Transistor [1, p. 626]

Testing this circuit on a breadboard (not pictured) before soldering to prototyping PCB leads
to the circuit shown in figure 3-10 which is tested with the DDS generator output as
produced in chapter 3.1.
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Figure 3-10: NPN BJT Full Bridge

Figure 3-11 shows the line-to-line output of this device with VS = 5 volts (powered directly
from the Arduino Uno 5 volt supply) and fed through the same simple first order filter
described earlier in this report.

Figure 3-11: NPN BJT line-line output

These signals are reasonable and it is likely that they could be improved upon but it is worth
noting some considerations that must be taken into account with this circuit as well as the
design of full bridge circuits in general.
Firstly, as already noted this simplified circuit does not contain flyback diode protection.
While not necessarily a problem at this stage this would require consideration in a final
design to allow for the device being attached to an inductive load where current cannot
change instantaneously and could still flow after switches are opened [1, p. 158] or to a
motor that after removal of a current source may act as a generator and induce a reverse
current. These diodes would obviously be easy to add with design decisions being mainly
based on choosing diodes with a DC blocking voltage sufficient to block the DC supply.
Secondly, BJTs are not commonly used in full bridge circuits. As noted previously MOSFETs
are generally preferred due to their faster switching time and power handling ability [11, p.
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29]. Additionally the standard TO-220 MOSFET configuration provides a tab used for
mounting a heat sink [39] which is preferable for heat dissipation in high power switching
devices.
Finally, this circuit, as with many full bridge circuit configurations, does not contain any
short circuit protection. If upper and lower transistors are ‘on’ at the same time a short
circuit is created across the DC source which will produce a large current and potentially
damage equipment.
For this project a configuration already exists that offers solutions to these issues in the
form of full bridge DC motor control integrated circuits (ICs). As covered in chapter 2.1.3.3,
full bridge circuits offer the ability to provide control of both speed and direction of DC
motors. Generally these integrated circuit are rated only for lower power applications
(often used for small DC motor control within toys and smaller robots built by hobbyists) but
given that this project only requires a low power full bridge they are expected to be able to
be adapted for use in this project.
Two IC options were considered for this project; the L298N dual full bridge driver [40]
(figure 3-12, left) and the L293D push-pull four channel driver [41], (figure 3-12, right). Both
devices contain four half bridge circuits, which are intended to be used either individually or
in pairs for either single direction or reversible direction motor control.

Figure 3-12: L298N (left) and L293D quadruple half bridge drivers

Both devices also have short circuit protection on board with on board logic that only allows
one switch per bridge to be enabled at a time, preventing any possibility of a current
overload from incorrect switch timing. This means that theoretically the three bridges in a
three phase full bridge only require three (not six) switching signals and a blanking time to
prevent short circuits does not need to be accounted for with software.

26

Development of a Low Voltage Three Phase Power Supply for Educational Use 2013
While offering higher device ratings (with a peak output current of 3A per channel [40, p. 2])
and 15 lead package with an external heat sink tab for the addition of a heat sink in need,
the non-standard pin configuration of the L298N dual full bridge driver made this device
more difficult to incorporate into a design. Additionally the lack of smoothing capacitors
[40, p. 1], the need for external sensing resistors [40, p. 1] as well as absence of on board
flyback diode protection made the L298N a less suitable choice for this project.
The L293D push-pull four channel driver is configured as a power-DIP device meaning that
heat dissipation is still available via lead pins [39], in this case via the four centre pins that
also serve as ground pins of the 16 pin DIP device [41, p. 1]. The device offers a lower
output current than the L298N, with only 600mA available per channel, although this is still
far in excess of the 250mA per channel requirements as per the design specifications
(Appendix A). The L293 allows a DC supply voltage of up to 36 volts [41, p. 2], which based
on full bridge theory (see chapter 2.1) allows a theoretical AC output of up to 1/2 * 36 = 16
volts amplitude for a half bridge circuit or up to 36 volts amplitude for a full bridge circuit.
Based on these parameters the L293 IC is considered to be suitable choice for the full bridge
within this design.
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Figure 3-13: L293D Pin Layout [41, p. 2]

An L293D (as per the pin layout in figure 3-13) is added to a breadboard (figure 3-14) with
the ICs +5 volt supply fed (VSS on pin 16) directly from the Arduino Uno and the DC supply
voltage (VS on pin 8) supplied from an external 30V/2.5A variable power supply. The L293D
enables a ‘high’ signals on the four switch inputs when voltages between 2.3 and 7 volts are
received and a ‘low’ signal on voltages ranging from -0.3 and 1.5 volts; the Arduino PWM
output of 0 - 5 volts fits suitably into this range. Input 1 (pin 2) is fed from the Arduino Uno
pin 11 PWM output of the DDS generator from chapter 3.1. Powering this circuit yields
successful results as per figure 3-15. This oscilloscope display shows the PWM pulse from
the DDS generator of a single channel boosted to 13.8 volts (an arbitrary value) on channel
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2, channel 1 shows the same signal passed through a low pass filter to filter the 31kHz
switching frequency.

Figure 3-14: Initial L293D test circuit on a breadboard

Figure 3-15: Initial L293D test output

Subsequent tests of multiple phases were also successful. The oscilloscope display in figure
3-16 shows two of three filtered phases being displayed simultaneously (three phases were
generated although the oscilloscope available at this time allowed a maximum of two
channels to be displayed).
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Figure 3-16: Initial L293D test output – two phases displayed

3.3 Output Filter
By design, the DDS generator used in this project outputs using a PWM pulse at a switching
frequency of approximately 31.37 kHz (refer to equation B-4). Within this signal is the user
specified output waveform frequency. As Nawrath discusses in his original project [38] and
as touched on in earlier chapters of this report the undesired frequencies can be filtered
from the output signal with the use of a low pass filter.
Low pass filters are able to pass low frequencies while blocking higher frequencies; the
frequency at which the filter begins to pass signals to the output is known as the cut off or
break frequency (fB) [1, p. 306].

3.3.1 First Order Filter
A first order low pass filter consists of a resistor and capacitor as per figure 3-17. The values
of these two components determine the break frequency as per equation 3-1 (from chapter
3.1.1). As this circuit only contains one energy storage device it can be described by a first
order differential equation [1, p. 181] hence the first order name.

Figure 3-17: First order low pass filter circuit [1, p. 305]

The transfer function H(f) of a filter is defined as the ratio of the output voltage of the filter
to the input voltage of the filter .
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Equation 3-2

The transfer function of a first order low pass filter is known to be:

Equation 3-3 [1, p. 306]

Therefore the magnitude and phase angle of this transfer function are given by equations 34 and 3-5 respectively.
|

|

√
Equation 3-4 [1, p. 307]

Equation 3-5 [1, p. 307]

Plotting the magnitude (in decibels) and phase of a transfer function with a logarithmic scale
for the frequency is known as a bode plot. The bode plot for the low pass filter described in
chapter 3.1.1 with R = 10kΩ and C = 4.7nF (therefore with a break frequency as per equation
3-1 of 3386.3 Hz) is displayed in figure 3-18, clearly showing the break frequency after 3000
Hz.
Bode Diagram
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Figure 3-18: Bode plot of RC filter (fB = 3386.3 Hz)

A break frequency closer to the 100Hz maximum output of the waveforms generated by the
device would be expected to filter out more unnecessary signal. Rearranging equation 3-1
to solve for capacitance value yields equation 3-6.
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Equation 3-6

Now solving using the same 10kΩ resistor value and a new break frequency chosen at 150
Hz:

Equation 3-7

The closest available capacitor value to this is 0.1 µF. Recalculating using equation 3-1
shows that this rounding slightly alters the break frequency of this circuit to 159.2 Hz. This
new circuit is shown in figure 3-19 with a new bode plot in figure 3-20.

Figure 3-19: Improved first order low pass filter circuit
Bode Diagram
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Figure 3-20: Improved first order low pass filter bode plot

Testing this new circuit as the output filter on the DDS generator and full bridge circuit
combination yields excellent results (figure 3-21).
Inspecting the attenuation of the filter at the 31.4 KHz switching frequency (equation B-4)
using equation 3-4 and the calculated break frequency of 159.2 Hz:
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|

|

√

√
Equation 3-8

Converting this value to decibels yields:
|

|

|

|
Equation 3-9

This indicates that while most of the switching frequency is filtered, a small amount still
appears to be being passed.
Refer to details in chapter 4.4 for more information.

Figure 3-21: Three phase output of DDS generator with improved first order filter

3.3.2 Second Order Filter
An improved output is expected by implementing a higher order filter; Nawrath implements
a fifth order Chebyshev low pass filter into his original design [38]. While a fifth order filter
is perhaps considered excessive for this application an unsuccessful attempt to implement a
second order filter was made during the design process. The low pass filter, as shown in
figure 3-22, introduces an inductor (L) to the first order circuit previously considered. Given
the presence here of two energy storage devices, the circuit must be described by a second
order differential equation [1, p. 198] hence this circuit is known as a second order low pass
filter. This circuit can be characterised by the transfer function as shown in equation 3-10.
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Figure 3-22: Second order low pass filter circuit [1, p. 331]

Equation 3-10 [1, p. 331]

Here, f0 is defined as being the resonant frequency, which is the frequency at which the
impedance of the filter is purely resistive. This implies that the impedance of the capacitor
and the impedance of the inductor are equal and cancel each other. The resonant
frequency is known to be equal to:

√

Equation 3-11 [1, p. 322]

QS is the ratio of the reactance of the filter at resonant frequency to the resistance as per
equation 3-12. Higher values of QS result in a higher peak at the resonant frequency (see
magnitude bode plot in figure 3-23). It is normally preferable to design filters that have
constant gain at the pass band and therefore filters are normally designed to minimise QS.

Equation 3-12 [1, p. 322]
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Figure 3-23: Second Order low pass filters with varying QS values [1, p. 331]

Design of a second order filter for this circuit started with inspection of available
components. As 10mH inductors were on hand this component was selected as a starting
point. A resonant frequency of 150 Hz (the same as the break frequency used for the first
order filter) was chosen.
Equations 3-11 and 3-12 are applied to calculate capacitor and resistor values. Equations
are rearranged and then used to solve for component values:

Equation 3-13

Equation 3-14

Rounding to available component values, this circuit is constructed using a 100µF capacitor
and a 10Ω resistor as per figure 3-24, with these rounded component values changing the
resonant frequency slightly to 159.15 Hz. The bode plot of this filter is shown in figure 3-25.
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Figure 3-24: Second order low pass filter circuit (version 1)
Bode Diagram
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Figure 3-25: Second order low pass filter (version 1) bode plot

Equation 3-10 was used to inspect the attenuation of this second order filter in decibels at
the 31.4 KHz switching frequency (equation B-4):
|

|

|

|
|

|
Equation 3-15

This offers a significant improvement over the attenuation at the switching frequency of the
first order filter designed in 3.3.1.
Initially this filter was constructed with a severely underrated inductor which melted
immediately upon use. A Murata 1410606C was selected as a more appropriately sized
inductor. This component has a rated current of 0.6A [42] which is the same as the
maximum output current rating of the L293D full bridge IC. The circuit was reconstructed as
per figure 3-26 and the output measured.
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Figure 3-26: Second order low pass filter (version 1)

Disappointingly, the waveform from this filter was inferior to that of the first order filter
constructed in chapter 3.3.1. Figure 3-27 shows that the second order filter output on
channel 1 is a noticeably more distorted waveform than the first order filter waveform
displayed on channel 2. It was suspected that this distortion could be attributed to
component selected for use within the circuit.

Figure 3-27: Second order low pass filter (version 1) output (CH1) vs. First order filter output (CH2)

This prompted a redesign of the filter and all review of all three components.
As equation 3-12 implies a smaller value of the resistance within the circuit can be achieved
by increasing the value of QS. Less resistance in the circuit is generally desirable as it
permits a larger current output. Figure 3-23 shows that larger QS values lead to peaks
around the resonant frequency in the pass band rather than leading to the preferred case of
an approximately constant gain. This peak can be mitigated by also increasing the resonant
frequency fS. As in this case there is a very large frequency ratio between the desired
output of the function generator (1-100Hz) and the switching frequency of the DDS system
(approximately 31kHz) the resonant frequency can be increased without getting too close to
the unwanted switching frequency.
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Initially, the inductor used was changed in favour of a high frequency inductor as used in
switch mode power supplies. High frequency toroid chokes were purchased that were rated
at a maximum inductance value of 470µH [43]. This component is sourced for use in the
filter.
Selecting 500 Hz as the resonant frequency and increasing QS to 5, equation 3-14 was
reused to calculate a new resistor value of 0.29Ω. Three 1Ω resistors in parallel achieve a
suitably close value of 0.33Ω.
Finally a new capacitor value was selected. Using equation 3-13 with the new inductor and
resonant frequency values a new capacitor value of 215.6µF was calculated. Selecting from
available component values a 220µF capacitor value was chosen, this time from a low ESR
range of capacitors to ensure that effects of equivalent series resistance within the
capacitor are minimised.
This new circuit and the accompanying bode plot are shown in figures 3-28 and 3-29
respectively. As shown from the bode plot the effect of the larger QS value is shifted to
higher frequencies where the peak is not expected to interfere with the signal.

Figure 3-28: Second order low pass filter circuit (version 2)
Bode Diagram
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Figure 3-29: Second order low pass filter (version 2) bode plot
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Once again, inspecting the attenuation of this second order filter at the 31.4 KHz switching
frequency (equation B-4) using equation 3-10:
|

|

|

|
|

|
Equation 3-16

While this is less than the attenuation provided by the prior second order filter (equation 315), it still offers a significant improvement over the first order filter designed in 3.3.1.
Testing this filter showed that the output of this filter (figure 3-30) was not an improvement
over the first attempt; in fact it appears to be slightly more distorted.

Figure 3-30: Second order low pass filter (version 2) output (CH1) vs. First order filter output (CH2)

Further attempts to improve performance of the second order filter were equally
unsuccessful. The cause of the unexpected behaviour of the filters used here is not known.
While it is believed the theory behind the filter design used within this project is sound,
clearly an unknown factor is causing issues.
After losing an extended period of time during the course of this project due to illness it was
decided to incorporate the first order filter design described in chapter 3.3.1. This filter has
an undesirably high amount of series resistance, potentially limiting the amount of current
that the device can supply. In this instance, due to time constraints this compromise has
been deemed acceptable.

3.4 Liquid Crystal Display
Liquid crystal displays (LCDs) interfaced with the Arduino platform are generally based on
the Hitachi ND44780 driver [44], generally identified by the commonly used 16 pin interface
as per that shown in figure 3-31. Different manufacturers may produce different versions of
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compatible displays, potentially offering different character resolutions. Figure 3-31 shows
a 1602 display, capable of displaying two lines of sixteen characters of text.

Figure 3-31: Hitachi HD44780 driver based 1602 LCD

3.4.1 Parallel (4 bit) Interface
Interfacing these Hitachi based displays with the Arduino is made relatively simple with the
availability of libraries written for this purpose, with the Arduino LiquidCrystal.h library
bundled with the Arduino IDE software. Based on example sketches also bundled with the
software, loading and initialising this library for use is relatively simple. At the beginning of
the sketch the following lines are included:
// include the library code:
#include <LiquidCrystal.h>
// initialize the library with the numbers of the interface pins
LiquidCrystal lcd(12, 11, 5, 4, 3, 2);

[44]
This loads the library and informs the board which pins are in use - LiquidCrystal lcd(12, 11,
5, 4, 3, 2) informs the Arduino that the digital pins 12,11,5,4,3 and 2 are wired to the LCD
register select pin (RS), enable pin (E) and data pins 5 through to 2 (D5-D2) respectively. The
use of four data pins rather than all eight enables 4 bit rather than 8 bit operation [44]. 4 bit
operation allows text to be displayed on the LCD as required for this application and
requires fewer pins than 8 bit mode so is being used for this project. 4 bit operation here is
initialised automatically by initialising the use of only four data pins. Additional pins on the
LCD are wired to +5 volt or ground buses and the V0 pin on the LCD is wired to the wiper of
a potentiometer for display contrast adjustment [44].
Trials using the LCD were successful, generally requiring the use of no more than the
commands lcd.setCursor() to select the position on the display and lcd.print() to send text to
the display.
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3.4.2 I2C Interface
Concerns over the use of six digital pins for this application prompted further investigations
into alternative communications methods leading to the investigation of I2C (InterIntegrated Circuit) [45] bus communications options. I2C was developed by Philips
Semiconductors, now known as NXP Semiconductors [46, p. 3], more than 30 years ago [47,
p. 4]. This communications protocol uses only two lines for communication, a serial data
line (SDA) and a serial clock line (SCL) [46]. The Arduino Uno, by design, uses analogue pins
4 and 5 for SDA and SCL respectively. Multiple devices can be connected to SDA and SCL,
with each device being referenced when communication with a unique I2C address [46, p.
3].
A 16 pin LCD can be interfaced with an Arduino via I2C using several methods, with the
easiest being to make use of an I2C extender board as shown in figure 3-32. This board
easily interfaces directly with the LCD with sixteen input pins to connect direct to the LCD’s
sixteen output pins.

2

Figure 3-32: 16 pin LCD I C interface

New libraries were sourced to interface with the LCD over I2C; User F. Malpartida has made
available updated libraries that extend the capabilities of the default LiquidCrystal.h libraries
online [48]. These libraries were installed and modifications made to code based on Edward
Comer’s example on bitbucket.org [49]. The important item to update is the I2C address; as
it was not known in this instance it was able to be identified using the I2C Scanner available
at arduino.cc [50].
#include <Wire.h>
#include <LCD.h>
#include <LiquidCrystal_I2C.h>
//lcd wiring: SDA=A4 and SCL=A5
#define I2C_ADDR
0x27
#define BACKLIGHT_PIN
3
LiquidCrystal_I2C

lcd(I2C_ADDR);

Once the Arduino board is successfully communicating with the LCD using the I2C protocol
the commands to write to the display are unchanged from the 4 bit parallel communications
method described above.

40

Development of a Low Voltage Three Phase Power Supply for Educational Use 2013
Ultimately while both methods were successful in interfacing the Arduino Uno with the LCD
display it was decided to use the 4 bit parallel communications method. By the end of the
project most of the six analogue inputs were in demand (with three being used for voltage
measurements, one for frequency control and one for control of the unbalanced supply
simulation) while multiple digital pins were still available, even after losing an additional six
to LCD control.

3.5 Peak Voltage Measurements
While the output of the circuit can be measured easily using an oscilloscope the design brief
for this project also includes a requirement that the output voltages for each of the three
phases be displayed on the final device.
The Arduino Uno has the ability to read a DC voltage with a 0 – 5 volt range on any of the six
analogue inputs. Using a simple voltage divider circuit as per figure 3-33 the voltage at any
point can be scaled to be within this range. Equation 3-17 shows that the voltage across Vout
can be represented as a ratio of resistors.

Equation 3-17 [1, p. 73]

+
Vout
-

Figure 3-33: Basic voltage divider circuit

The values of these two resistors were chosen so that current lost to the voltage divider
circuit is small compared to the current flowing to the load. The current divider rule
(equation 3-18, with reference to figure 3-34) implies that to maximise the current across
the load, RB (the resistance to the peak follower circuit) must be much higher than RA (the
low pass filter resistance).
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+
Vout
-

Figure 3-34: Basic current divider circuit

Equation 3-18 [1, p. 74]

Assuming a theoretical maximum input of 30 volts based on the output of the Dick Smith
Electronics Q1770 DC supplies available for use with this equipment, to obtain a voltage no
greater than 5 volts across R2 and choosing a large resistor value of 100kΩ for R1 to
minimise current losses, R2 can be calculated by rearranging equation 3-17.

(

)

(

)
Equation 3-19

Therefore using a voltage divider with 100kΩ and 20kΩ resistors, the voltage across the
20kΩ resistor can be read by the Arduino.
The problem of course is that this assumes a DC voltage while the intended purpose of this
device is to produce AC waveforms. At any single point in time the sinusoidal waveform
may be at any stage in its period meaning that the voltage is unlikely to be read exactly at
the peak of its cycle. This can be resolved using what is known as a peak follower circuit
with the simplest form of this circuit shown in figure 3-35.
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Figure 3-35: Simple peak follower circuit [51, p. 217]

The diode in this circuit provides half wave rectification by omitting negative currents from
the AC waveform and the capacitor charges up to store the highest point of the input signal
[51, p. 217]. The effect of this is shown in figure 3-36 where it is immediately noticeable
that the peak voltage is held potentially for longer than is required; decreases in the input
voltage would also need to be detected. It is also noticeable that the maximum voltage
within the peak follower circuit is lower than the actual peak of the input voltage by the
amount of the diode voltage drop (around 0.6 volts).

Figure 3-36: Peak follower circuit output on simple sine wave

Both of these points can theoretically be accounted for. Firstly, by adding a resistance in
parallel with the capacitor (as in figure 3-37) the capacitor will discharge upon decreases in
the input voltage. The rate of discharge can be determined by calculating the time constant
(τ) for the RC circuit, known to be:

Equation 3-20 [1, p. 182]

The time constant is known to be the time taken for a resistor/capacitor (RC) circuit to
charge to 63.2% of its maximum value or discharge to 36.8% of its initial value [1, pp.
182,184]. By choosing an appropriate resistor/capacitor combination the value across the
capacitor will also discharge. The design decision needs to be made such that the capacitor
discharges in little enough time to update quickly for drops in voltage but at the same time
hold the peak for long enough that it can reliably be measured. The variation in the voltage

43

Development of a Low Voltage Three Phase Power Supply for Educational Use 2013
stored across the capacitor due to the magnitude of τ is known as the voltage ripple [11, p.
80] and is an effect well known in AC-DC rectifier circuits.

Figure 3-37: Improved peak follower circuit

Secondly, the diode voltage drop can theoretically be accounted for in software by adding
back an offset to the measured value assuming that this voltage drop is to remain relatively
constant. More accurate active peak follower circuits are possible to be built incorporating
operational amplifiers that incorporate feedback to work around the diode voltage drop. At
this stage this is considered unnecessary for the level of accuracy required here.
From at hand components a 10µF capacitor was selected. To achieve a time constant of 1
second which is deemed enough to allow a fast enough decay time while holding the
voltage steady for the Arduino to reliably detect the peak equation 3-20 is rearranged to
solve for the resistor value:

Equation 3-21

Simulating this circuit (figure 3-38) demonstrated that decay was present as expected but
the peak was still being held for a sufficient time that reading the value via the analogue
input of the Arduino was able to be performed successfully.

Figure 3-38: Peak follower circuit with capacitor and resistor (τ=1)
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An at hand 1N4004 diode was used to construct this improved peak follower circuit with a
10µF capacitor and a 100kΩ resistor which is attached to the output of the generator.
The circuit performed as expected with a voltage of almost constant magnitude held just
below the peak of the output sine wave with a very slight ripple. (Refer figure 3-39).

Figure 3-39: Voltage follower circuit output

As this voltage is within the Arduino’s analogue input range of 0 to 5 volts it was able to be
recorded by the Arduino analogRead() function, which by default reads an integer value
between 0 and 1023. This value cannot be scaled directly between the 0 – 30 volt range as
there is a small loss between the input and output peak voltages and the diode voltage drop
needs to be accounted for.
Assuming the voltage drop is near to being constant at the range of values in question and
that the relationship is near to being linear, the values can be mapped to a linear equation
by experimentally recording a range of values and then fitting a trend line. The equation of
this line is expected to be in the y=mx+c form where m represents the slope of the line (in
this case the scaling factor between analogue read value and the voltage output of the
generator) and c represents the voltage drop across the diode.
By adding some temporary code to display the analogue reading for each of the three
channels in the Arduino serial monitor the exact analogue value corresponding with various
voltage settings can be determined. Each phase is measured separately as small variations
in component values due to manufacturing tolerance may result in different measurements.
Table 3-1 shows a range of values taken for each phase.
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Table 3-1: Analogue/voltage readings for a range of values

Reading #
1
2
3
4
5
6

Phase A
Analogue Voltage
value
(V)
59
5.6
168
11.2
213
13.8
305
18
370
22.2
460
26.6

Phase B
Analogue Voltage
value
(V)
57
5.8
161
11.2
232
14
287
18
414
22.2
487
26.4

Phase C
Analogue Voltage
value
(V)
59
5.6
177
11.4
217
13.8
319
18.2
388
22.2
489
26.6

Plotting these values in Microsoft Excel (Phase plots are displayed in figure 3-40) shows a
near linear relationship as expected. Using Microsoft Excel to fit a trend line provides an
equation for this line. The R2 value on each plot is the coefficient of determination, an
indication of how well a trend line fits the data that it represents [52, p. 187]. R2 values
greater than 0.99 for each plot indicate a good fit of this equation with the data recorded.
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Figure 3-40: Relationship between analogue reading and peak-peak voltage

These equations were added to the Arduino sketch inside of the main loop, with readings
taken each cycle of the main loop, and the LCD display updated with the peak-to-peak
voltage every second (refer code in Appendix D).
When comparing values with oscilloscope readings they are accurate within ±0.2 volts,
deemed to be of a sufficient level of accuracy for this purpose.
Chapter 5.2 discusses possible methods for future upgrades to improve the accuracy of
these measurements.
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3.6 Unbalanced Supply Simulation
The project design brief (Appendix A) specified that the function generator developed for
this project incorporate an ability to simulate an unbalanced supply. After consultation with
Dr Gareth Lee, project supervisor, it was decided that given the type of experiments that
this function generator was likely to be incorporated into as well as the knowledge level of
the students taking part it was best that this functionality be kept as simple as possible.
It was decided to incorporate a simple toggle switch to turn on or off an unbalanced supply
in a single phase. Dr Lee suggested that this need only be of a fixed value, but during
implementation it was decided to give the ability to alter this setting if required.
The DDS method implemented for this project uses a look up table of sine wave data that
determines the magnitude of the output waveform at any point in time. One method of
changing the magnitude (albeit to a single fixed value) would be to use a simple if/else if
statement to set the OCRnX register used to determine the PWM pulse width (see Appendix
B.1) to a different look up table that contains a sine wave of a different amplitude. It would
in fact be simple to implement any number of different waveforms by incorporating
different look up tables although it is perhaps outside the scope of this project (see chapter
5.4 for further discussion on this).
A second method of adjusting the signal magnitude was to scale the value being fed to the
OCRnX command. This method was implemented into the final project. This has the
advantage that it offers more possibilities for user controllable magnitude than fixed look up
tables which would require separate tables for each magnitude. Additionally less of the 32
kilobytes of the on board memory of the ATmega328 microcontroller on the Arduino Uno
would be consumed.
A potentiometer connected to +5 volts and ground with the wiper connected to analogue
pin 1 is wired to the Arduino and a simple SPST toggle switch is connected to feed +5 volts
to digital pin 2. Within the main loop of the Arduino sketch the following code is added:
buttonState = digitalRead(2);
magread=analogRead(4);
if (buttonState == HIGH)
{
//valA=71;
valA=magread/1023*100;
valB=100;
}
else
{
valA=1;
valB=1;
}

With the OCRnX command within the timer 2 interrupt for the phase 3 PWM output (digital
pin 9) changed to the following:
OCR1A=valA*(pgm_read_byte_near(sine256 + (uint8_t)(icnt +
offset240)))/valB;

47

Development of a Low Voltage Three Phase Power Supply for Educational Use 2013
The valA and valB variables provide a scaling factor that is applied to the output compare
register value of timer 1A depending on the state of the toggle switch. These variables are
declared in the sketch as data type byte as they will only ever be set as values between 0
and 100 [53]. Two scaling factors are required as valA (which is scaled by the position of the
potentiometer on analogue pin 1) must be byte value which does not allow floating point
values hence valA will be truncated to an integer. By multiplying valA by 100 the integer is a
percentage, valB (another byte) is used to divide the output compare register by 100 to
bring it back to the correct scale. When the switch on digital pin 2 is off, both valA and valB
are set to 1, meaning no scaling to phase 3 takes place.
Implementing this method worked well (figure 3-41) with the exception of some switch
debouncing that needed to be accounted for.

Figure 3-41: Unbalance supply simulation

3.6.1 Debouncing Circuit
On first trials toggling the switch to turn on the unbalanced supply on phase 3 produced
some unexpected results with signal noise appearing each time the switch state was
changed. After some investigation it was revealed that this was caused by unstable signals
on digital pin 2 from the switch high/low state. Research indicated that this effect was
caused by switch debouncing.
Switch debouncing occurs when a switch changes state and the mechanical contacts literally
bounce back and forth before settling on the new state [54, p. 1]. Typically the switch
bouncing action causes the contacts of the switch to contact and separate between 10 and
100 times over a 1 millisecond period [51, p. 506]. While this effect may not be noticeable to
the human eye a microcontroller with a clock speed of 16 MHz such as the Arduino Uno [8]
used within this project will easily detect some if not all of this effect.
Several common solutions to switch debouncing exist. Commonly a small delay is added
with software to ignore subsequent state changes after the first. This solution is simple and
inexpensive with no additional hardware required and only a small amount of code being
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necessary. In this case a software related delay was determined to be best avoided to
ensure that the timing of the DDS process was not affected.
Alternatively an RC debouncing circuit could be added to add a hardware related delay as in
figure 3-42. Closing the switch initiates the charging of the capacitor. The output voltage
signal Vsw only registers as high once the capacitor is fully charged rather than on first
contact or on subsequent switch bounces. Changing the time constant τ of the circuit by
varying the values of the resistor and capacitor (refer equation 3-20) will change the
response time of the circuit.

Vsw

Figure 3-42: An RC debouncing circuit [54, p. 12]

A more sophisticated solution and ultimately what has been implemented into this project
as a solution is a bistable flip-flop circuit consisting of two coupled NAND logic gates as in
figure 3-43. Here the circuit has only two stable states (hence the name bistable [51, p.
506]) that require a low signal on either IN1 or IN2 to change states. The circuit maintains
the last state set until a new low signal is received on the opposing input. Because of this
the circuit is also known as a Set-Reset (SR) latch as its inputs must be set high to set or
reset the output. Due to the relatively large distance between switch contacts the bouncing
effect is generally on a single contact, not back and forth between the two; hence only one
state change is registered [54, p. 11].
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̅

Q

̅
Figure 3-43: Bistable (SR) flip-flop [51, p. 506]

A practical application of this circuit is shown in figure 3-44 where a single pole double
throw (SPDT) switch is used to ground (and complete the circuit) of two 5 volt signals,
completing one circuit at a time to provide two distinct high signals. This circuit was able to
be implemented into the project easily using an SN74HC00N IC which offered 4 NAND gates
for use in such a circuit. As per datasheet recommendations [55] the two unused NAND
gates had inputs tied to a known voltage (in this case ground) to keep their outputs in
known states [56].

Vsw

Figure 3-44: SR debouncing circuit [57]

Re-testing the unbalanced supply feature with the addition of this debouncing circuit
resulted in correct operation.

3.7 Power Supply
3.7.1 DC Supply for Output Waveforms
The Murdoch University engineering laboratories contain a number of Dick Smith
Electronics Q1770 DC power supplies that offer a variable output between 0 – 30 volts and 0
– 2.5 amps. Logically it would make sense to make use of existing hardware as much as

50

Development of a Low Voltage Three Phase Power Supply for Educational Use 2013
possible, so the design of this function generator has been undertaken with the intention of
using these power supplies to provide the DC input supply for the full bridge circuit.
As discussed in chapter 2.1 the output of a full bridge circuit is scaled by the magnitude of
the input DC voltage. This means that the amplitude control specified in the project brief
(Appendix A) is accounted for by the nature of full bridge operation.
A device redesign could be performed that incorporates a dedicated power supply into the
device meaning that amplitude control would be required. This could very easily be pursued
using the same technique implemented in the unbalanced supply discussed in chapter 3.6
where the output compare register value OCRnX is scaled based on the position of a
potentiometer on an analogue pin. The only consideration here would be that the
maximum DC supply entering the circuit would need to be limited to no more than the 36
volt maximum of the L293D full bridge IC [41] used in this design.

3.7.2 DC Supply for Arduino Microcontroller
By design, the Arduino microcontroller in this project uses a dedicated power supply rather
than using the variable DC supply discussed in 3.7.1. There are several reasons for this
design decision.
Firstly, the DC supply providing power for the output waveforms has a variable output
starting from 0 volts. An Arduino Uno has a recommended operating voltage range of 7 –
12 volts DC [8] meaning that if the devices shared supplies, when operating at voltages
lower than 7 volts, the Arduino board (and therefore the DDS system) would not operate.
As well as meaning that low amplitude waveforms could not be generated this could also be
a point of confusion for students taking part in relevant engineering classes.
Secondly, given that the maximum output of the DC supply is 30 volts, a voltage regulator
would be required to convert this voltage to an appropriate level to avoid damage to the
Arduino board. Commonly used regulators include the LM78XX series of regulators.
Choosing an LM7809CT regulator [58] would mean that a maximum of 35 volts [58] could be
input to the regulator and it would output a constant 9 Volts, right in the middle of the safe
operating range. Concerns here are that if the regulator were operating at 30 volts for a
period of time there may be excessive heat dissipated within the device that could
otherwise be avoided. The LM78XX regulators are distributed in a TO-220 package [58]
meaning that heat sinks could be attached but inside a closed box this could still pose
problems after long periods of operation if insufficient ventilation was allowed for.
For example, assuming that a maximum 35 volts was supplied to a LM7809CT that is
regulated to 9 volts and with a typical 250mA current:

Equation 3-22

While 6.5 watts of power dissipated as heat inside a closed space is not excessive,
alternatives exist that mean this can easily be avoided.
To avoid these issues a separate 9 volt/1 amp DC power supply with a 2.1mm plug (as per
figure 3-45) has been sourced to use as a dedicated supply for the microcontroller as well as
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powered ICs used in the circuit that require a dedicated supply. This supply can be plugged
direct to the Arduino itself as it outputs within the safe operating range on the Arduino Uno.

Figure 3-45: Dedicated Arduino 9 Volt DC Supply

The use of this dedicated supply also has an additional benefit in that the L293D full bridge
IC used in the circuit outputs a small signal based on its 5 volt supply. This means that a
small waveform (approximately 3.8 - 4 volt peak-to-peak in magnitude) is able to be
obtained from the function generator even if no additional power supply is attached,
allowing for simple device operation at low voltages for testing and demonstration purposes
when output waveforms greater than 4 volts are not required..

3.8 Reverse Polarity Protection
To prevent a user inadvertently wiring the DC power supply incorrectly to the completed
device a reverse polarity protection circuit was added to the inputs of the design.
The first iteration incorporated a simple diode on the DC input supply as in figure 3-46.
Diodes are known to conduct current in one direction by taking advantage of the reversebias region of the diode’s volt-ampere characteristics [1, p. 486]. This means that when the
circuit is wired correctly the diode allows the circuit to act normally, while when the circuit
is wired with the power supply inverted the diode current is forced to be very small in
magnitude and effectively acts as an open circuit, preventing damage to the design.
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Figure 3-46: Reverse voltage protection with diode

This works well in practice and was implemented using an on hand 1N4004 diode which has
a peak DC blocking voltage of 400 volts [59], well above the 30 volt maximum expected to
be applied to this device. The issue with this design is that a diode is known to contain a
small voltage drop (approximately 1 volt in the case of the 1N4004 [59]) meaning that the
supply to the circuit is reduced by this same amount. In this case the loss of 1 volt is
acceptable but ultimately this design was improved upon given that better solutions were
available.
The second circuit considered which was ultimately incorporated into the final design uses a
P-channel MOSFET (figure 3-47) to provide the same protection without the inherent
voltage drop [60]. By inserting the MOSFET into the circuit in a reversed configuration the
intrinsic body diode allows the current to flow across the drain and source of the MOSFET.
A P-Channel MOSFET turns on when the gate-source voltage VGS is sufficiently negative.
Assuming an ideal intrinsic body diode with no diode voltage drop, VG = 0 volts, VS = 30 volts,
therefore:

Equation 3-23

Hence the MOSFET turns on allowing current to flow freely with effectively nil drain-source
resistance (RDS) and bypassing the intrinsic diode.
If the voltage source is connected incorrectly to the circuit with the negative lead to the
MOSFET and the positive to ground, now VG becomes -30 volts and VS = 0 volts.

Equation 3-24

As VGS is positive the MOSFET cannot turn on and no current can flow. The circuit now acts
as an open circuit.
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This circuit is designed using available IRF9540N P-Channel MOSFETs, which it is noted has a
maximum gate source voltage (VGS) of ±20 volts. This is resolved with the addition of the
BZX11 zener diode as in figure 3-47 where VGS is limited to a theoretical safe level of a
maximum of 19 volts based on the zener diode’s 11 volt nominal zener voltage [61].

Figure 3-47: Reverse voltage protection with P-MOSFET [62]

While this design worked well, it was considered after the completion of the project that
this design limits VGS to -11 V when the correct polarity is used but allows a VGS of +30 V if
the circuit is wired incorrectly. This could be resolved by incorporating back to back zener
diodes as per figure 3-48, noting that an additional forward voltage drop due to the extra
diode would also affect the circuit. Interestingly, the fact that the circuit built (as per figure
3-47) performed as intended without incorporating this additional diode suggests that the
maximum gate-source voltage of the diode is perhaps larger than that described within the
manufacturer’s specifications.

Figure 3-48: Reverse voltage protection with P-MOSFET and back to back zener diodes
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3.9 PCB Design
Based on actions described in the initial project plan submitted for this project [63] the
original intent was to design a printed circuit board (PCB) and have it manufactured
professionally to make the final device easier to replicate allowing Murdoch University to
implement the devices into teaching activities.
Due to time constraints deadlines for arranging manufacture and delivery of PCBs were not
met. Instead the final product was soldered to a 140x95mm Universal pre-punched
experimenter’s board purchased from Jaycar Electronics [64] as per figure 3-49.

Figure 3-49: Circuit board for finished design (prototype version)

Rather than ignore this aspect of the project entirely a board has been designed to allow the
continuation of this project by future staff or students.
Several PCB CAD (computer assisted design) tools were evaluated prior to any design work
being completed.
A seemingly popular tool ranking high on internet searches is ExpressPCB
(www.expresspcb.com). ExpressPCB offers their proprietary circuit schematic design and
PCB design packages (ExpressSCH and ExpressPCB) as free downloads. These packages
appear to be simple to use, come without size or component number limitations and link
direct to ExpressPCB’s online ordering service. However ExpressPCB does not appear to
allow designs to be exported from their software into any other standard format meaning
that if one were to decide to use a different manufacturer for future orders the board would
need to be redesigned in a different package. As this board is being designed with the
intent of being used and perhaps refined over a period of time this is an unacceptable
restriction to impose on the project.
The second tool considered for use was EAGLE PCB from Cadsoft USA
(http://www.cadsoftusa.com) which once again offers schematic editor and PCB layout
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design tools. The EAGLE PCB Light Edition of the package is available as freeware for nonprofit users with several limitations: The useable board area is limited to 100 x 80 mm,
designs are limited to 2 signal layers (top and bottom) and the schematic editor can only
create single sheet drawings [65]. These restrictions are not limiting in this instance. (The
limited board size was briefly considered but as the allowable PCB area is only slightly
smaller than the prototype board designed (figure 3-48) and with manufactured PCBs being
expected to allow significantly more compact designs this was not considered to be
significant.) EAGLE PCB (both the full and light editions) contain an ”Autorouter” option that
optimises the conducting copper traces on the PCB surface based on the wiring in the
schematic and other parameters that a user may choose to enter. Completed PCBs can be
exported to a range of formats for compatibility with PCB manufacturers. Based on these
points it was decided to proceed with a PCB design using EAGLE PCB Light Edition.
While some aspects of EAGLE PCB are challenging to work with, particularly the parts list
that is extremely comprehensive (to the point of being overwhelming), a schematic and
board were successfully designed as per figure 3-50 and 3-51. The 100 x 80 mm area
restriction did not pose any problems to the design; components could easily be packed
closer together if required. More detailed versions of this image and accompanying EAGLE
files are included in Appendices E and F of this report.

Figure 3-50: EAGLE circuit schematic (complete)
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Figure 3-51: EAGLE PCB design

NOTE: As this board has not yet been tested it would be strongly advised to produce a single
test board before going to a larger production run, particularly regarding track widths of the
paths carrying higher currents.

3.10 Completion for Use in Laboratory Environment

Figure 3-52: Final circuit on prototyping breadboard

During design and testing phases the function generator device developed was assembled
on a breadboard (figure 3-52) which is not a practical or permanent solution for use in a
teaching environment. As covered in chapter 3.9 the original intent to manufacture a PCB
was not able to be completed. Instead the prototype device was eventually soldered to a
Universal pre-punched experimenter’s board as per figure 3-49. By design PCB mounted
potentiometers were used for the adjustment of both the LCD contrast and the magnitude
of the unbalanced supply. It is assumed that these do not need to be accessed during the
course of normal experiments being conducted at the level intended for use, however if
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necessary they could be moved to panel mounted potentiometers as with the frequency
adjustment control.
To prepare the device for use in a laboratory the function generator was packaged inside of
a sealed plastic electronics project box with switches, potentiometers and the LCD display
protruding through the casing and panel mounted ‘banana’ plug sockets for both the input
and output voltages. An empty case with a clear lid of dimensions 186 x 146 x 75 mm was
purchased [66] for this purpose.
The circuit board for the function generator was cut slightly to fit within the case and then
mounted using self-adhesive PCB supports as shown in figure 3-53. New holes were drilled
in the board as predrilled holes proved too close to the edge of the board to be practical for
use.
Given that the self-adhesive PCB mounts were too large for the holes drilled in the Arduino
board, figure 3-53 also shows that the Arduino board was mounted partly using a screw into
one of the case’s pre-drilled holes and partly using cable ties and self-adhesive cable tie
mounts. This provided a secure mounting option that allows the board to be able to be
removed as required.

Figure 3-53: Detail of circuit board and Arduino mounted into the final project housing

To interface the circuit board with the Arduino board a Freetronics ProtoShield Basic [67]
was used to create a custom shield that provided secure connections with the board while
also being removable if access was required to the board itself (figures 3-54 and 3-55).
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Figure 3-54: Custom Arduino Shield

Figure 3-55: Custom Arduino Shield mounted within project housing

The project box purchased included a clear lid specifically to allow a user to see the interior
electronics but also make the LCD mountable behind the plastic for protection. Four holes
were drilled and stainless steel PCB supports were used to mount the display slightly offset
to the interior of the case (figure 3-56).
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Figure 3-56: LCD mounting inside project enclosure

Banana plug sockets were mounted on the case for both the DC input (figure 3-57) and AC
output (figure 3-58), and a 2.1mm DC jack was added to the back for the device for the
dedicated Arduino Power supply (figure 3-57).

Figure 3-57: DC input banana jacks (left) and Arduino DC supply 2.1mm DC jack (right)

The completed project ready for use is shown in figure 3-58 showing mounting locations for
banana jacks for voltage input and output, frequency adjustment potentiometer and
unbalanced supply on/off switch.
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Figure 3-58: Final completed device

Testing of this final device performed as anticipated. Refer to chapter 4 for details on the
results of these experiments.

3.10.1

Alternative Design

Towards the end of the project it was suggested by Dr Gareth Lee that an alternative design
could incorporate an exposed PCB mounted on a board with all controls surface mounted
on the PCB. This would result in a similar form factor to the Power Pole Board developed at
the University of Minnesota [68]. These boards (as shown in figure 3-59) are used currently
at Murdoch University in Power Electronics laboratories.
The advantage of this design is that it would require less hardware to manufacture, with a
wood or Perspex sheet as the base obviously expected to be less expensive than the $22
AUD price [66] of the housing used for the prototype produced. Logically, as this device is
likely to only be incorporated into one or two teaching laboratory sessions per year,
minimising the cost of the final design would be of particular importance.
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Figure 3-59: Power Pole Board in use at Murdoch University

At the same time, it would be pertinent to ensure that an exposed device is durable enough
to withstand long term use if such a design were to be implemented. The enclosed design
includes a whole Arduino Uno interfacing with the function generator. The nature of
Arduino boards being that devices can be unplugged for experiments means that this might
not be a durable design as planned.
The solution would be to redesign the circuit to incorporate only necessary hardware from
the Arduino board. The Arduino brand is known as a prototyping platform [18] as the
boards allow users to easily interface with the ATmega328 microcontroller. While many
users choose to incorporate a $30+ board into their final project it is also possible to omit
the Arduino board and reduce requirements down to only a handful of components.
The resource Building an Arduino on a Breadboard on the Arduino website [69] details the
parts required for this configuration (table 3-2). Components marked with an asterisk (*) are
not required by the microcontroller, rather for power regulation. If a quality 5 volt power
supply was used directly these parts could be omitted from the design.
Table 3-2: Components required for wiring a standalone ATmega328P [69]

Qty
1
1
2
2
1
2
1
2
1
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Component
1x ATmega328P microcontroller
1x 7805 Voltage regulator *
2x LEDs *
2x 220 Ohm resistors
1x 10k Ohm resistor
2x 10 uF capacitors *
1x 16 MHz clock crystal
2x 22 pF capacitors
1x small momentary normally open button
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Incorporating these components into a future version of the function generator would allow
this alternate form factor to be implemented, however it is also worth remembering that
the EAGLE PCB Light software licensing restrictions constrain the maximum PCB size to
100 x 80 mm [65] meaning that it is possible that an alternate PCB design package would
need to be chosen if these additional components are unable to fit within the design area.
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4 Results
Given that the nature of this project was to develop a working three phase function
generator suitable for use in a teaching environment the measure of success is based on the
quality of the output waveforms as well as the ability to simulate a three phase system.

4.1 Waveform Quality
A standard measure of quality of a sinusoidal wave form is to perform a Fourier analysis on
the waveform and calculate its total harmonic distortion (THD). These techniques can be
used to evaluate the output of the function generator (figure 4-1). For a discussion of these
concepts refer to Appendix C.

Figure 4-1: Three phase output

The Tektronix TPS2014 oscilloscope used for the duration of this project offers functionality
that will report on both the Fourier analysis and THD1 of a waveform.
Initial analyses were performed by inspecting Phase A using a voltage of 19 volts (peak-topeak) with a 56.9 Hz signal as displayed in figure 4-2.

1

The Tektronics oscilloscope harmonics analysis offers two different values for THD; THD-F and THD-R. In
power applications the definition agreed upon [84] is a ratio with respect to the waveform’s fundamental
frequency as per equation C-2, hence this report considers THD-F and disregards THD-R (which is defined as
being a ratio with respect to the waveform’s fundamental RMS value [84]).
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Figure 4-2: Phase A waveform

The Phase A signal (figure 4-2) appears to be a clean, sinusoidal waveform and a harmonics
analysis (as per figure 4-3) shows a THD of 1.12%

Figure 4-3: Phase A Harmonic analysis

Repeating this analysis (table 4-1) with a range of voltages over the 0-30 volt input range did
not vary the value significantly.
Choosing a fixed voltage (arbitrarily chosen to be 20.0 V peak-to-peak) and varying the
frequency indicates that at higher and lower frequencies there appears to be a slight
increase in distortion, albeit not to a noticeable level (table 4-2).
The Fourier analysis of this signal (figure 4-4) shows the fundamental frequency at 56.9 Hz
as a strong component with harmonics appearing at multiples of this frequency (113.8 Hz,
170.7 Hz, 227.6 Hz, et cetera). The first harmonic that appears decreases significantly from
the fundamental to -36.0 dB, hence the relatively low THD values appearing.

65

Development of a Low Voltage Three Phase Power Supply for Educational Use 2013

Figure 4-4: Phase A fast Fourier transform (50.0 Hz per division)

Several methods were considered that could reduce these harmonics further. Firstly, it is
known that values for mf, being the ratio between the switching frequency and the
frequency being generated (equation 2-5) should be an odd integer [11, p. 206]. Here the
ratio mf is not determined by design, rather by the frequency that the user selects using the
front panel. This leads to an uncontrolled value for mf that is unlikely to be an odd nor an
integer.
Secondly, it is likely that with a higher resolution look up table than the 8 bit (256 values)
table in use within this design fewer harmonics would be present.
Given that the THD values attained without these matters being addressed are considered
sufficiently accurate for the planned application, these methods were not investigated
further.
Repeating the analysis at 5.00 kHz per division (figure 4-5) shows the 56.9 Hz fundamental
with the next significant signal being at 31.4 kHz, which is known to be the switching
frequency of the PWM signal (equation B-4). This signal is significantly less at
-45.2 dB. It is possible that with the introduction of a higher order filter (see chapters 3.3.2
and 5.1) this switching frequency could be minimised further although it is perhaps
unnecessary as it appears to have a minimal effect on the output signal.
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Figure 4-5: Phase A fast Fourier transform (5.00 kHz per division)

As expected, repeating these tests on Phase B and C yielded similar results (tables 4-1 and 42).
Table 4-1: %THD at fixed 56.9 Hz frequency and varying voltage

Phase
A
A
A
A
B
B
B
B
C
C
C
C
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Voltage (peak-peak)
6.08
11.1
19.4
23.2
6.08
11.1
19.4
23.2
6.08
11.1
19.4
23.2

THD (%)
1.39
1.44
1.12
0.997
0.952
1.12
1.08
1.23
0.869
0.991
0.92
1.22
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Table 4-2: %THD at fixed 20.0 volt (peak-peak) and varying frequency

Phase
A
A
A
A
B
B
B
B
C
C
C
C

Frequency (Hz)

THD (%)

42.2
56.8
72.8
99.9
42.2
56.8
72.8
99.9
42.2
56.8
72.8
99.9

2.08
0.982
1.02
2.39
2.07
0.975
1.04
1.09
2.1
0.935
0.892
0.847

Interestingly, Phase C shows a slightly lower value for harmonic distortion of 0.920%.
Whether this is significant is unknown, although the fact that repeat values were also
generally lower than other phases indicates that it may have a cause that could be
measurable. It is suspected that a more accurate filter from components manufactured
closer to their nominal value being randomly selected may have influenced these results. It
is also possible (but unlikely) that the 16 bit timer 1 used for this phase may be slightly more
accurate than the 8 bit timer 2 used for phases A and B, although the fact that timer 1 was
set to 8 bit mode was expected to have had both operating with a similar level of accuracy.

4.2 Three Phase Power Analysis
Other aspects of the function generator considered when assessing the performance of the
device included whether the phases operated as expected in terms of a three phase power
system.
The nature of a balanced three phase power system is that the three phases are each of the
same magnitude and 120° apart. That is:

Equation 4-1 [1, p. 267]

Equation 4-2 [1, p. 267]

Equation 4-3 [1, p. 267]

Where Van, Vbn and Vcn are the line-to-neutral voltages of phases A, B and C and VY is the
magnitude of these line-to-neutral voltages.
Or in phasor representation:
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Equation 4-4 [1, p. 268]

Equation 4-5 [1, p. 268]

Equation 4-6 [1, p. 268]

A phase angle analysis of the output waveforms using the Tektronics TPS 2014 oscilloscope
(figure 4-6) shows that these angles are nearly correct with a slight error.

Figure 4-6: Phase analysis of three phases

This can be likely accounted for with the necessary rounding that occurred when designing
the offset constants as used in the DDS generator to produce the B and C phases.
byte offset120=85; //256/3;
byte offset240=171; //256/3*2;

The variables offset120 and offset240 are both used to phase shift a position in a look up
table of 256 values, corresponding with the 8 bit phase accumulator (8 bit = 2 8 = 256). This
means that the offsets must be of the data type byte, thus the offsets must be of an integer
value between 0 and 256. As the 256 value resolution of the look up table is less than the
360 degrees in a period some rounding must take place.
For example, converting the 120° phase shift to a byte value:

Equation 4-7

This value is rounded to 85. Inspecting the effect of this rounding error:

Equation 4-8
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This shows that phase shifts cannot be exactly 120° in this DDS system, although this
accuracy is expected to be sufficient for the intended teaching application. A higher
resolution look up table and phase accumulator could be implemented to decrease this
error.
The second relationship tested here is that the magnitude of line-to-line voltages with
respect to line-to-neutral voltage is:
√
Equation 4-9 [1, p. 272]

Where VL is the line-to-line voltage magnitude and VY is the line-to-neutral voltage
magnitude.
Furthermore, the line-to-line voltages and the line-to-neutral voltages can be related by:
√
Equation 4-10 [1, p. 273]

√
Equation 4-11 [1, p. 273]

√
Equation 4-12 [1, p. 273]

Inspecting the oscilloscope output in figure 4-7 (where channel 1 is Van, channel 2 is Vbn and
channel 3 is Vab) shows that the peak-to-peak voltages of Van is 20.0 volts and Vab is 34.4
volts. Halving these values gives VL = 17.2 volts and VY=10 volts. Applying equation 4-9:
√
Equation 4-13

Implying that equation 4-9 is valid for these results.

Figure 4-7: comparison of line-neutral and line-line signals

70

Development of a Low Voltage Three Phase Power Supply for Educational Use 2013
Figure 4-8 shows a phase delay between peaks measured to be 1.8ms. Calculating the
phase difference in degrees:
(

)
Equation 4-14

Figure 4-8: comparison of line-neutral and line-line signal phases

Now applying equation 4-10:
√

√
Equation 4-15

This implies that equation 4-10 is valid.

4.3 Magnitude of Output Waveforms
The design brief (Appendix A) specifies that the waveforms created by the function
generator should have a magnitude of approximately 12 volts RMS. Based on full bridge
theory (chapter 2.1) the magnitude of output waveforms in an ideal circuit should be equal
in magnitude to the DC input supply. In practice losses in the circuit mean that the output is
actually going to be less than this.
Figure 4-9 shows the waveforms output (at an arbitrary frequency setting) showing the
peak-to-peak output voltages of the three generated waveforms with a maximum 30 volt
DC input.
It is worth noting that the three phases have slightly different waveform magnitudes, with
Phase C in particular always having a slightly higher magnitude than Phases A and B. This is
likely due to the manufacturing tolerances of components used within the circuit. Of note is
the ±20% tolerance within the 0.1µF capacitor [70] used within the output low pass filter. A
redesign with lower tolerance components would be expected to improve this magnitude
variance although in this situation it is considered to be acceptable.
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Figure 4-9: Voltage magnitudes with DC input = 30 V

Given this magnitude difference was small Phase A was chosen for analysis. The waveform
displayed in figure 4-9 shows a peak-to-peak voltage of 26 volts meaning that the peak
waveform amplitude is half of this value, or 13 Volts.
The root-mean-square (RMS) value of a sinusoidal waveform is known to be:

√

Equation 4-16 [1, p. 231]

(Where VRMS is the root-mean-square voltage and VM is the amplitude of the voltage signal).
Therefore, with an amplitude of 13 volts:

√

Equation 4-17

While lower than the approximate 12 volt RMS output described in the project design brief
after consultation with the project stakeholder, Dr Gareth Lee, it was advised that the 12
VRMS described was fairly arbitrary and that this value was considered to be acceptable for
use in experiments within the intended laboratories.
The output voltage of the device when no DC supply voltage was applied (figure 4-10) was
approximately 4 volts peak-to-peak on each channel. As per the L293D driver data sheet
[41] the minimum output voltage is 4.5 volts, implying that this minimum voltage is sourced
from the L293D +5 volt supply voltage after the subtraction of approximately 0.5 volts due
to the voltage drop caused by the IC’s internal output diodes..
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Figure 4-10: Voltage magnitudes with DC input = 0 V

4.4 Real Time Voltage Measurements
As covered in chapter 3.5 real time voltage measurements were achieved with the aid of a
peak follower circuit (figure 3-37). During final testing stages the peak follower circuit
began to exhibit less accurate measurements.
Figure 4-11 shows that a test of the accuracy of these measurements against the
oscilloscope readings (at maximum voltage) revealed that the accuracy of these readings
since initial testing (chapter 3.5) had decreased. Analysing these results (table 4-3) showed
that voltage readings were within ±0.9 volts of the actual result.

Figure 4-11: Voltage magnitudes on oscilloscope vs. function generator (sample 1)
Table 4-3: Collated voltage magnitudes on oscilloscope vs. function generator (sample 1)

Phase A
Phase B
Phase C
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Oscilloscope
Measurement
26.7
25.2
25.1

Device
Measurement
25.8
25.2
26.0

Difference
(V)
0.9
0.0
-0.9

Difference
(%)
3.37
0
-3.58
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Inspecting a lower voltage (figure 4-12 and table 4-4) showed similar levels of inaccuracy at
this range.

Figure 4-12: Voltage magnitudes on oscilloscope vs. function generator (sample 2)
Table 4-4: Collated voltage magnitudes on oscilloscope vs. function generator (sample 2)

Phase A
Phase B
Phase C

Oscilloscope
Measurement
8.0
8.2
8.6

Device
Measurement
8.6
9.0
8.7

Difference
(V)
-0.6
-0.8
-0.1

Difference
(%)
-7.50
-9.76
-1.16

While voltages were being measured within 10% of oscilloscope measurements, possibly of
sufficient accuracy to allow a user to gauge the magnitude of the output without making use
of external measuring equipment, this accuracy could be improved upon.
At this late stage there was insufficient time to revisit this aspect of the project for redesign
but it was suspected that the diode voltage drop within the peak follower circuit (figure 337) was causing these measurement errors. Refer chapter 5.2 for further discussion on this.
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5 Recommendations for future work
This project was considered successful in that design goals were achieved, however there is
scope to improve the design further. Time and resource limitations due to the limited 16
week period over which the project took place prevented these features from being
implemented. It is proposed that there is scope here for a future project to be undertaken
to revisit this design.

5.1 Improvements to Filter Design
Chapter 3.3 details the first order low pass filter that was incorporated into this design to
filter out switching frequencies from the output signal after unsuccessful attempts to
implement a second order RLC low pass filter.
It is still believed that the filter theory applied in the design of the higher order filter is
sound. It is possible that another factor overlooked in the design process prevented
successful implementation.
A higher order filter is likely a better option, particularly as the first order filter implemented
here incorporated a reasonable amount of series resistance into the design. It is possible
that the remnants of the 31.4 kHz switching frequency remaining in the Fourier analysis
demonstrated in chapter 4.1 would be reduced further with an improved filter design.

5.2 Active Peak Follower Circuit for Voltage Measurements
While the peak follower circuit used to take phase voltage measurements was reasonably
accurate at time of design, it has proven erratic in later testing and it is evident there is
scope for improvement.
It is suspected that the voltage drop from the diode which has been assumed to be constant
in calculations is varying as the magnitude of the current varies, which matches what is
known of diode operation, particularly when inspecting the Shockley diode equation
(equation 5-1)
( )
Equation 5-1 [1, p. 489]

It is believed that the implementation of an active peak follower circuit such as that in figure
5-1 would improve this by using feedback from the voltage at the capacitor to eliminate the
voltage drop across the diode.

75

Development of a Low Voltage Three Phase Power Supply for Educational Use 2013

Figure 5-1: Improved Op-amp peak detector circuit [51, p. 217]

5.3 Fault Protection
There is much scope for implementing additional fault protection into the device
constructed.
Firstly, the device does not incorporate any over current protection on either the inputs or
outputs of the device. Excessive current could easily damage the device, most likely by
exceeding the rated currents of the L293D full bridge IC. Over current protection could take
several forms; a simple disposable fuse could be added on the input lines to prevent
excessive current entering the device or more sophisticated circuitry could be implemented
to monitor the current at all times on an analogue input to the Arduino, including reconsidering the abandoned L298N dual full bridge driver discussed in chapter 3.2 [40] which
incorporates current sensing resistors. Upon sensing a high current event the Arduino could
respond accordingly.
Secondly, the device does not contain any barriers between the switching signal and the full
bridge circuit, potentially exposing the Arduino board to a high voltage in the event of a
serious fault. Optocouplers such as the Vishay ILD2xxT [71] incorporate infrared LEDs and
phototransistors to transmit a signal optically to avoid direct links between control signals
and higher voltage devices. Such devices could easily be incorporated into this design.
Finally the function generator in its current form allows a user to connect the input voltage
to the output terminals, potentially injecting a reverse voltage to the full bridge circuit. It
was considered that the addition of a simple diode could prevent this fault but as the output
is an AC signal this would serve to half rectify the output waveforms.

5.4 Generation of Other Waveforms
Full featured function generators offer the ability to produce output of other wave shapes
including square and triangle waves.
Although not documented in detail in this report, a DDS system can be used to reproduce
any waveform by replacing the lookup table of sine wave data with a different wave shape.
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This was experimented with at early stages of this project (figure 5-2), although it was
decided to not implement this feature in early stages of the design. This could be adopted
for a future iteration of the device although the usefulness of a three phase square or
triangle wave generator needs to be considered.

Figure 5-2: Triangle wave DDS output

5.5 Testing and Implementation of Manufactured PCB
As per chapter 3.9 the initial intent of this project was to incorporate a fully tested
professionally manufactured PCB into the final prototype but this was not able to be
implemented before the end date of the project period.
Appendix E includes EAGLE PCB schematics and a proposed PCB layout that needs to be
tested in a small run before being produced in larger numbers for use in the laboratory
environment.
Possible modifications after review of these recommendations for future work would likely
also be of benefit before proceeding further with this design.
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6 Conclusion
The function generator developed over the course of this project satisfied most design
objectives with a final prototype delivered as shown in figure 6-1.

Figure 6-1: Final completed device

This final device uses a quadruple half bridge motor driver integrated circuit to create the
three phase inverter topology required for this design, combined with a direct digital
synthesis method of generating appropriate switching sequences for control of the output
of the bridge. If required the same switching patterns generated could be used to control
an inverter constructed from MOSFET devices to produce a higher powered device.
The three phases output from the generator appear as high quality waveforms with total
harmonic distortion values often less than 1%, with maximum distortion observed being
2.39%. These values would be considered adequate for use in the teaching environment for
which the device has been designed.
It has been recommended that fault protection be implemented into the design in a future
revision to provide over voltage and over current protection. Additionally refinements to
the output filter and peak follower circuit would provide improvements to the overall
device.
This project has been considered successful as the waveform generator produced could be
used immediately in a classroom environment to demonstrate three phase concepts.
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Appendices
Appendix A: Project Design Brief
The following design brief has been reproduced from the Engineering Thesis Projects
document from semester 2, 2012 [72].
Three phase power function generator
Supervisor: Dr Gareth Lee
It is difficult for second year students to undertake experiments with three-phase power
since we do not have an effective power source and because the mains voltage is too large
to allow safe experimentation. This project is concerned with developing a safe three-phase
"function generator" that will produce low voltage three phase signals (about 12 V RMS) at
a controllable frequency (at least selectable between 50Hz and 60Hz). It could be a low
power device, capable of delivering 250mA on each of the three lines.
This can be achieved using a microcontroller to generate three PWM signals which would
control a set of switching transistors and filters. The resulting system would be very similar
to the variable speed/frequency drives (VSDs/VFDs) that are used for controlling induction
motors in industry. The function generator could also make real-time measurements of
peak voltage on the a/b/c phases and line currents across the phases to current limit the
outputs. It should detect and display a variety of output faults such as unbalanced load and
perhaps even allow the output peak voltage to be controlled. Most of these features could
be achieved from software within the microcontroller but some simple electronic design
would also be needed.
Required Prerequisite: ICSE student who is interested in electronics.
Recommended Prerequisite: Electrical Power Engineering.
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Appendix B: Description of Arduino DDS Code
Appendix B.1: Martin Nawrath’s Original Implementation
While Nawrath completed his project on an Arduino Duemilenove, chapter 2.1 of this report
discusses the intention to complete this project using an Arduino Uno which is effectively a
newer revision of the same board. The Duemilanove shipped with 16KB of on-board
memory [73], half of that on board the Uno [8]. Most of the same functionality is present
with both boards offering a 16MHz clock speed and compatibility of software and
accessories.
The Arduino Uno and Duemilenove both use Atmel ATmega168/328 microcontrollers, which
contains 3 on board timers: Timer 0, Timer 1 and Timer 2. Each timer is tied to two of the six
PWM outputs as per table B-1.
Table B-1: Arduino Timer parameters [74]

Timer
0
1
2

PWM pins
Digital 5 / Digital 6
Digital 9 / Digital 10
Digital 3 / Digital 11

Bits
8
16
8

The Arduino offers two basic types of PWM; fast PWM and phase correct PWM.
Fast PWM counts from zero up to the maximum timer value (this value would be 2 n-1,
where n is the value bit size of the timer; for an 8 bit timer this would be 28-1= 255 [75])
repeatedly before overflowing to zero. The PWM output is high when the timer counts zero
and stays on until the timer reaches the output compare register (OCR) value determined by
the user [74]. The duty cycle D for the timer can be represented by:

Equation B-1

Where D is the duty cycle of the PWM pulse, OCR is the output compare register set for the
timer (a value between 0 and 2n-1) and n is the bit value of the timer.
Phase correct PWM on the other hand offers a more symmetrical output as the timer
counts from zero up to 2n-1 (for an n bit timer) and then back down to zero. The PWM
output turns ‘on’ at zero and then turns ‘off’ when the timer reaches the OCR value, then
turns back ‘on’ as the timer passes the OCR value again on the way back down to zero [74].
The duty cycle D for the timer when using phase correct PWM can be represented by:

Equation B-2

Where D is the duty cycle of the PWM pulse, OCR is the output compare register set for the
timer (a value between 0 and 2n-1) and n is the bit value of the timer.
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In both cases the Arduino timer PWM settings can be accessed directly using the Atmega328
register settings which are fully documented in the Atmel ATmega48PA/88PA/168PA/328P
Datasheet [76].
Nawrath’s DDS system uses timer 2 on the Arduino to change the output of the PWM pulse
on digital pin 11; the duty cycle of the PWM pulse is scaled to represent the required
magnitude of the sine wave amplitude.
Using an interrupt service routine attached to timer 2, the DDS process is completed as in
figure 2-11 where a phase accumulator value (variable phaccu) is used to reference the
correct location within a look up table of 256 values representing a sinusoidal waveform.
Nawrath uses cbi and sbi to set and clear register bits and other settings. These are
standard methods within the AVR environment (the C based environment directly used by
Atmel microcontrollers such as that used on the Arduino [77]) used for setting and clearing
bits and can be enabled by defining both of them as macros at the top of an Arduino sketch
with the following headers:
#ifndef
#define
#endif
#ifndef
#define
#endif

cbi
cbi(sfr, bit) (_SFR_BYTE(sfr) &= ~_BV(bit))
sbi
sbi(sfr, bit) (_SFR_BYTE(sfr) |= _BV(bit))

[77]
For consistency these cbi/sbi macros are used where possible in this project as Nawrath has
used them extensively in the sketch on which this project is based.
Setting up timer 2 in readiness for use with PWM, Nawrath calls upon code once in the
void_setup() block within the sketch to set up timer parameters:
// timer2 setup
// set prescaler to 1, PWM mode to phase correct PWM, 16000000/510 =
31372.55 Hz clock
void Setup_timer2() {
// Timer2 Clock Prescaler to : 1
sbi (TCCR2B, CS20);
cbi (TCCR2B, CS21);
cbi (TCCR2B, CS22);
// Timer2 PWM Mode set to Phase Correct PWM
cbi (TCCR2A, COM2A0); // clear Compare Match
sbi (TCCR2A, COM2A1);
sbi (TCCR2A, WGM20);
cbi (TCCR2A, WGM21);
cbi (TCCR2B, WGM22);

// Mode 1

/ Phase Correct PWM

}

[38]
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The timer/counter control registers A and B for timer 2 (TCCR2A and TCCR2B) each consists
of 8 bit settings (tables B-2 and B-3).
Table B-2: TCCR2A - Timer/counter control register A [76, p. 158]

Bit
(0xB0)
Read/Write
Initial Value

7
COM2A1
R/W
0

6
COM2A0
R/W
0

5
COM2B1
R/W
0

4
COM2B0
R/W
0

3
R
0

2
R
0

1
WGM21
R/W
0

0
WGM20
R/W
0

Table B-3: TCCR2B - Timer/counter control register B [76, p. 161]

Bit
(0xB1)
Read/Write
Initial Value

7
FOC2A
W
0

6
FOC2B
W
0

5
R
0

4
R
0

3
2
WGM22 CS22
R
R
0
0

1
CS21
R/W
0

0
CS20
R/W
0

Inspecting the code in smaller blocks in conjunction with the Atmel
ATmega48PA/88PA/168PA/328P Datasheet [76] reveals the following:
sbi (TCCR2A, WGM20);
cbi (TCCR2A, WGM21);
cbi (TCCR2B, WGM22);

// Mode 1

/ Phase Correct PWM

[38]
Bits [WGM22 WGM21 WGM20], located across both TCCR2A and TCCR2B), determine the
Waveform Generation Mode setting (hence the WGMxx naming convention used). A
setting of [0 0 1] selects mode 1 indicating phase correct PWM has been enabled [76, p.
160].
cbi (TCCR2A, COM2A0);
sbi (TCCR2A, COM2A1);

// clear Compare Match

[38]
Bits [COM2A1 COM2A0] in register TCCR2A determine the compare Output mode for the
PWM mode selected, here this will relate to phase correct PWM mode. A setting of [1 0]
sets the PWM signal high at zero before toggling to low when the timer reaches the OCR
value while counting up, then turns back to high as the timer passes the OCR value again
when counting down [76, p. 159].
// Timer2 Clock Prescaler to : 1
sbi (TCCR2B, CS20);
cbi (TCCR2B, CS21);
cbi (TCCR2B, CS22);

[38]
Bits [CS22 CS21 CS20] determine the Clock Select setting by applying a timer pre-scaler to
the timer clock; [0 0 1] sets a pre-scaling value of 1.
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The PWM frequency for phase correct PWM is then determined by equation B-3.

Equation B-3 [76, p. 153]

Where fOCnxPCPWM is the frequency of the phase correct PWM on timer n and PWM output x,
fclk_I/O is the Arduino clock frequency (known to be 16MHz for the Arduino Uno [8]) and N is
the timer clock prescaler (in this case set to 1 as above).
Therefore equation B-3 can be implemented for the PWM output frequency of timer 2A.

Equation B-4

This PWM output frequency is used as the reference clock for a DDS system as described in
chapter 2.3 as well as the timer 2 interrupt sub routine clock speed. Using the DDS tuning
equation (equation 2-12) a 32 bit tuning word is calculated using the PWM frequency as the
DDS reference clock. This also requires a desired output frequency to be specified; Nawrath
uses a potentiometer attached to 5 volts and ground with the wiper attached to the Arduino
Uno analogue pin 0.
dfreq=analogRead(0);
// read Pot on analogue pin 0 to adjust
output frequency from 0..1023 Hz

[38]
This allows selection of an unscaled value for the output frequency so that the available
range of frequencies will be the same as the range of analogue read values 0 – 1023 [78].
Nawrath implements the tuning equation (Equation 2-12) as below, recalculating a new
tuning word every second to account for the user being able to adjust the position of the
potentiometer and therefore the desired output frequency. Note that as the variable
tword_m (representing the calculated tuning word) is used within the timer interrupt
subroutine, the timer 2 interrupt is disabled before calculation and then re-enabled
immediately afterwards.
cbi (TIMSK2,TOIE2);
tword_m=pow(2,32)*dfreq/refclk;
sbi (TIMSK2,TOIE2);

// disable Timer2 Interrupt
// calculate DDS new tuning word
// enable Timer2 Interrupt

[38]
This calculated tuning word is used each iteration of the timer 2 interrupt to increment the
phase accumulator and determine the magnitude of the PWM pulse.
phaccu=phaccu+tword_m; // soft DDS, phase accu with 32 bits
icnt=phaccu >> 24;
// use upper 8 bits for phase accu as frequency
information, read value from ROM sine table and send to PWM DAC
OCR2A=pgm_read_byte_near(sine256 + icnt);

[38]
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As described in chapter 2.3 the 32 bit phase accumulator is truncated so that only the upper
8 bits of data are used. This means that a smaller look up table is able to be used; hence the
table of sine values in use here consists of only 256 values (256 = 2 8)2.
This look up table has been saved within the Arduino’s Flash memory as part of the sketch
rather than in SRAM where it would have consumed memory normally required for dynamic
variables created and manipulated during run time [79]. Writing to Flash memory requires
the inclusion of the pgmspace.h library [80], hence the inclusion of this library at the
beginning to the sketch.
#include "avr/pgmspace.h"

[38]
Recalling relevant data from the waveform look up table is achieved with the use of the
pgm_read_byte_near function [80], with the truncated 8 bit phase accumulator
(represented by the variable icnt) being used as the address of the value required. Feeding
this value to the OCR2A command sets the duty cycle of the output compare register A for
timer 2 which is linked to the PWM output on Arduino digital pin 11 [81].
Nawrath also makes a point of disabling timer 0 during the set up stage of this sketch in an
effort to ensure that the precise timing required from timer 2 is not inadvertently delayed
by other timing operations occurring simultaneously.
cbi (TIMSK0,TOIE0);
available

// disable Timer0 !!! delay() is now not

[38]
As he notes via comments in the software and documented elsewhere by the manufacturers
of the Arduino [74] timer 0 is used internally by the Arduino for delay() and millis() functions
(as well as other timing related functions) so the disabling of this timer effectively also
disables these commands. Nawrath acknowledges this and provides the following
workaround within the timer interrupt sub-routine:
if(icnt1++ == 125) {
c4ms++;
icnt1=0;
}

// increment variable c4ms every 4 milliseconds

This provides a substitute timer that can be called on elsewhere in the code for timing
purposes. While it is not exact it is precise enough for other non-precise timer applications.
This works as the period (T) of each cycle of the timer 2 sub-routine is equal to:

2

Although not incorporated into this design, a larger look up table could be used for greater accuracy.
Nawrath was limited by the Arduino Duemilenove’s 16 KB of flash memory which has been doubled to 32 KB
on the more advanced Arduino Uno used within this project. This means that a 10 bit table with 1024 values
10
(2 =1024) could be easily used with the phase accumulator truncated to a smaller value (icnt=phaccu >> 22).
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Equation B-5

125 steps of this time step is equal to 3.984 milliseconds, which is close enough to 4
milliseconds that it a variable named c4ms is used as a counter for this value.
Elsewhere, in the main loop of the sketch, Nawrath writes:
if (c4ms > 250) {
c4ms=0;
}

// timer / wait for a full second

[38]
This effectively causes a delay of 1 second that can be used for timing purposes; in need the
c4ms variable could be used to create other timer flags if more or less frequent timing
events needed to occur.

Appendix B.2: Updated DDS Generation with Three Phase Output
To adapt Nawrath’s DDS generator for use as a three phase function generator the following
code modifications are performed:
//******************************************************************
// timer2 setup
// set prscaler to 1, PWM mode to phase correct PWM,
31372.55 Hz clock
void Setup_timer2() {

16000000/510 =

// Timer2 Clock Prescaler to : 1
sbi (TCCR2B, CS20);
cbi (TCCR2B, CS21);
cbi (TCCR2B, CS22);
// Timer2 PWM Mode set to Phase Correct PWM
cbi (TCCR2A, COM2A0); // clear Compare Match
sbi (TCCR2A, COM2A1);
sbi (TCCR2A, COM2B0); // set Compare Match
sbi (TCCR2A, COM2B1);
sbi (TCCR2A, WGM20);
cbi (TCCR2A, WGM21);
cbi (TCCR2B, WGM22);
}

// Mode 1

/ Phase Correct PWM

Settings for timer 2 are relatively unchanged except for the addition of settings for timer 2B
(PWM output on digital pin 3). Timer/counter control register A (TCCR2A) is updated with
bits [COM2B1 COM2B0] being updated as [1 1] to enable setting OC2B on compare match
when counting up and clearing when counting down [76, p. 160]. This is the opposite of
Nawrath’s existing settings for timer 2A, hence the PWM signal is inverted.
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// timer0 setup
// set prscaler to 1, PWM mode to phase correct PWM,
31372.55 Hz clock
void Setup_timer0() {

16000000/510 =

// Timer0 Clock Prescaler to : 1
sbi (TCCR0B, CS00);
cbi (TCCR0B, CS01);
cbi (TCCR0B, CS02);
// Timer0 PWM Mode set to Phase Correct PWM
cbi (TCCR0A, COM0A0); // clear Compare Match
sbi (TCCR0A, COM0A1);
sbi (TCCR0A, COM0B0); // set Compare Match
sbi (TCCR0A, COM0B1);
sbi (TCCR0A, WGM00);
cbi (TCCR0A, WGM01);
cbi (TCCR0B, WGM02);

// Mode 1

/ Phase Correct PWM

As timer 2 and timer 0 are both 8 bit timers with identical settings [76, pp. 94-112], the new
settings for timer 0 match those of timer 2, note the changes in register and bit identifiers.
//******************************************************************
// timer1 setup
// set prscaler to 1, PWM mode to phase correct PWM, 16000000/510 =
31372.55 Hz clock
void Setup_timer1() {
// Timer1 Clock Prescaler to : 1
sbi (TCCR1B, CS10);
cbi (TCCR1B, CS11);
cbi (TCCR1B, CS12);
// Timer1 PWM Mode set to Phase Correct PWM
cbi (TCCR1A, COM1A0); // clear Compare Match
sbi (TCCR1A, COM1A1);
sbi (TCCR1A, COM1B0); // set Compare Match
sbi (TCCR1A, COM1B1);
sbi
cbi
cbi
cbi
}

(TCCR1A,
(TCCR1A,
(TCCR1B,
(TCCR1B,

WGM10);
WGM11);
WGM12);
WGM13);

// Mode 1

/ 8 bit Phase Correct PWM

Timer 1 settings are mostly the same as the new settings in timer 2, although as timer 1
offers up to 16 bit resolution the waveform generation mode (WGM) bit description settings
differ. Bit settings for [WGM12 WGM12 WGM11 WGM10] of [0 0 0 1] choose 8 bit phase
correct PWM mode [76, p. 136] making timer 1 operate the same as timers 2 and 0.
The timer 2 interrupt service routine is updated to enable the additional PWM outputs as
follows:
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OCR2A=pgm_read_byte_near(sine256 + icnt);
OCR2B=pgm_read_byte_near(sine256 + icnt);
OCR1A=(pgm_read_byte_near(sine256 + (uint8_t)(icnt + offset120)));
OCR1B=(pgm_read_byte_near(sine256 + (uint8_t)(icnt + offset120)));
OCR0A=(pgm_read_byte_near(sine256 + (uint8_t)(icnt + offset240)));
OCR0B=(pgm_read_byte_near(sine256 + (uint8_t)(icnt + offset240)));

Note that only a single tuning word is required, a single sine wave look up table and a single
phase accumulator value. The phase shifts required for PWM associated with timers 1 and
0 are created by introducing an offset to the address location; variables offset120 and
offset240 are declared earlier in the sketch3.
byte offset120=85; //256/3;
byte offset240=171; //256/3*2;

Finally, Nawrath’s DDS generator outputs a range of frequencies between 0 and 1023 Hz, a
range arbitrarily left as the default values as read from analogue input 0 on the Arduino
board. The design brief for this project specifies an output frequency is required that is
switchable between 50 and 60 Hz as a minimum [72].
The value read from analogue pin 0 is easily mapped to a different range. Here it is decided
that 0 – 100 Hz is a reasonable range of frequencies to make available to the user that
meets design requirements and provides some extra flexibility. Nawrath uses a variable
called dfreq that is simply the value read directly from analogue pin 0.
dfreq=analogRead(0);
// read Poti on analog pin 0 to adjust
output frequency from 0..1023 Hz

[38]
To scale this a new variable dfreqa to replace the value directly read as an analogue input
and the dfreq variable becomes a scaled version. Initially this is performed using the
Arduino map function.
dfreqa=analogRead(0);
dfreq=(map(dfreqa,0,1023,0,100));

This works but was later changed when a greater frequency resolution is required. The map
function only outputs integer values with decimal values being truncated [82].
dfreqa=analogRead(0);
dfreq=dfreqa/1023*100;

3

Note the rounding errors in variables offset120 and offset240, which are discussed in more detail in chapter
4.2. The use of a larger look up table would decrease these errors and improve accuracy of the phase
differences between the three waveforms.
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Here simple mathematics is used to scale the value to a floating point number (after
ensuring that data types are set as type float). The value can then be used later to the
precision required.
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Appendix C: Fourier Analysis and Total Harmonic Distortion
While not an in-depth discussion of the concepts the following serves as a brief introduction
to Fourier analysis and Total Harmonic Distortion of a waveform as background to results
discussions is chapter 4.1.
Fourier analysis of a waveform recognises that any repeating waveform can be represented
by the sum of n individual sinusoidal waves of appropriate frequencies, amplitude and
phases [1, p. 297] where n can be any number between 1 and infinity. For example figure C1 shows two plots. The plot on the left is a relatively simple repeating waveform while the
plot on the right is three sine waves that sum together to form it.

Figure C-0-1: Fourier series example 1: Repeating wave

Taking this to an extreme the Fourier analysis of a square wave shows that a square wave
can be represented by an infinite number of sine waves of the form:

Equation C-1 [1, p. 298]

The first 5 components of a square wave recreated with this analysis are displayed in figure
C-2 alongside the result of summing these terms. Adding an infinite number of terms from
this series would produce a perfect square wave; these first five terms are beginning to
produce a waveform of the same general shape.

Figure C-0-2: Fourier series example 2: Square wave (first 5 components)

A pure sine wave would be comprised only of the fundamental frequency (denoted as V1)
which is recognised as being the sine wave with the lowest frequency within the Fourier
sum [11, p. 38].
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When analysing a voltage or current waveform the total harmonic distortion (THD) of a
waveform is the ratio of all harmonic components to the fundamental component
expressed as a percentage.
√
Equation C-2 [83]
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Appendix D: Software
The following Arduino sketch was written in Arduino IDE 1.0.5 for use with an Arduino Uno.
A soft copy of this file is included within the folder Appendix D on the compact disk that
accompanies this project as Three_Phase_function_generator_FINAL.ino
//Three phase function generator developed as part of the Thesis report:
//"Development of a Low Voltage Three Phase Power Supply for Educational
Use"
//
//By Michael Chapman
//August - November 2013
//
//Acknowledgements to Martin Nawrath for his work on which this sketch is
heavily based:
//http://interface.khm.de/index.php/lab/experiments/arduino-dds-sinewavegenerator/
#include "avr/pgmspace.h"
#include <Wire.h>
#include <LiquidCrystal.h>
LiquidCrystal lcd(12, 10, 7, 6, 5, 4);
// table of 256 sine values / one sine period / stored in flash memory
PROGMEM prog_uchar sine256[] = {
127,130,133,136,139,143,146,149,152,155,158,161,164,167,170,173,176,178,181
,184,187,190,192,195,198,200,203,205,208,210,212,215,217,219,221,223,225,22
7,229,231,233,234,236,238,239,240,
242,243,244,245,247,248,249,249,250,251,252,252,253,253,253,254,254,254,254
,254,254,254,253,253,253,252,252,251,250,249,249,248,247,245,244,243,242,24
0,239,238,236,234,233,231,229,227,225,223,
221,219,217,215,212,210,208,205,203,200,198,195,192,190,187,184,181,178,176
,173,170,167,164,161,158,155,152,149,146,143,139,136,133,130,127,124,121,11
8,115,111,108,105,102,99,96,93,90,87,84,81,78,
76,73,70,67,64,62,59,56,54,51,49,46,44,42,39,37,35,33,31,29,27,25,23,21,20,
18,16,15,14,12,11,10,9,7,6,5,5,4,3,2,2,1,1,1,0,0,0,0,0,0,0,1,1,1,2,2,3,4,5,
5,6,7,9,10,11,12,14,15,16,18,20,21,23,25,27,29,31,
33,35,37,39,42,44,46,49,51,54,56,59,62,64,67,70,73,76,78,81,84,87,90,93,96,
99,102,105,108,111,115,118,121,124
};
#define cbi(sfr, bit) (_SFR_BYTE(sfr) &= ~_BV(bit))
#define sbi(sfr, bit) (_SFR_BYTE(sfr) |= _BV(bit))
byte phase1=11;
byte phase2=3;
byte phase3=9;

//PWM output for phase 1
//PWM output for phase 2
//PWM output for phase 3

byte offset120=85; //256/3;
byte offset240=171; //256/3*2;
byte valA = 1;
byte valB = 1;
float dfreq;
float dfreqa;
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float magread;
byte Voltreadcount = 0;
float
float
float
float
float

vmaxA;
vmaxAold;
voltreadAinst;
voltreadAinstmagold=0;
voltreadAinstmag;

float
float
float
float

vmaxB;
vmaxBold;
voltreadBinst;
voltreadBinstmag;

float
float
float
float

vmaxC;
vmaxCold;
voltreadCinst;
voltreadCinstmag;

const double refclk=31372.549;

// =16MHz / 510

// variables used inside interrupt service declared as voilatile
volatile byte icnt;
// var inside interrupt
volatile byte icnt1;
// var inside interrupt
volatile byte c4ms;
// counter incremented every 4ms
volatile unsigned long phaccu;
// pahse accumulator
volatile unsigned long tword_m; // dds tuning word m
int buttonState = 0;

// variable for reading the pushbutton status

void setup()
{
Serial.begin(9600);

// connect to the serial port

//set up LCD
lcd.begin (20,4); // LCD = 20x4 characters
lcd.home (); // go home
lcd.print("Frequency:");
lcd.setCursor(0,1);
lcd.print("Phase A :");
lcd.setCursor(0,2);
lcd.print("Phase B :");
lcd.setCursor(0,3);
lcd.print("Phase C :");
//pins 11,3,9 (phase 1,2 & 3) set up as output for three phases
pinMode(phase1, OUTPUT);
// pin11= PWM output phase 1
pinMode(phase2, OUTPUT);
// pin3= PWM output phase 2
pinMode(phase3, OUTPUT);
// pin9= PWM output phase 3
pinMode(2,INPUT);
Setup_timer1();
Setup_timer2();
// disable interrupts to avoid timing distortion
cbi (TIMSK0,TOIE0);
// disable Timer0 !!! delay() is now not
available
sbi (TIMSK2,TOIE2);
// enable Timer2 Interrupt
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dfreq=50.0;
// initial output frequency = 1000.o Hz
tword_m=pow(2,32)*dfreq/refclk; // calulate DDS new tuning word
}
void loop()
{
while(1) {
buttonState = digitalRead(2);
magread=analogRead(4);
if (buttonState == HIGH)
{
//valA=71;
valA=magread/1023*100;
valB=100;
}
else
{
valA=1;
valB=1;
}
voltreadAinstmag=analogRead(3);
voltreadAinst=voltreadAinstmag*0.0525+2.4448;
if (voltreadAinst>vmaxA)
{
vmaxA=voltreadAinst;
}
voltreadBinstmag=analogRead(2);
voltreadBinst=voltreadBinstmag*0.0469+3.4504;
if (voltreadBinst>vmaxB)
{
vmaxB=voltreadBinst;
}
voltreadCinstmag=analogRead(1);
voltreadCinst=voltreadCinstmag*0.049+2.8222;//1023*38.14;
if (voltreadCinst>vmaxC)
{
vmaxC=voltreadCinst;
}
Voltreadcount++;
if (Voltreadcount>50)
{
Voltreadcount=0;
vmaxAold=vmaxA;
vmaxA=voltreadAinst;
vmaxBold=vmaxB;
vmaxB=voltreadBinst;
vmaxCold=vmaxC;
vmaxC=voltreadCinst;
}
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if (c4ms > 250) {
// timer / wait for a full second
c4ms=0;
dfreqa=analogRead(0);
//Read voltage on analog 1 to see
desired output frequency, 0V = 0Hz, 5V = 100Hz
//dfreq=(map(dfreqa,0,1023,0,1000))/10; //map analogue read to
frequency - this method not used as returns integer values only
dfreq=dfreqa/1023*100;
//map analogue read to frequency
lcd.setCursor (11,0);
// go to position (10,0) in 1st line
lcd.print("
");
//clear old frequency
lcd.setCursor (11,0);
// go to position (10,0) in 1st line
lcd.print(dfreq,1);
lcd.print(" Hz");
if ((round(vmaxA*10)) != (round(vmaxAold*10))) //only update if
significant change to reduce flickering
{
lcd.setCursor (11,1);
// go to position (11,1) in 2nd line
lcd.print(vmaxA,1);
lcd.print(" Vpk ");
}
if ((round(vmaxB*10)) != (round(vmaxBold*10))) //only update if
significant change to reduce flickering
{
lcd.setCursor (11,2);
// go to position (11,2) in 3rd line
lcd.print(vmaxB,1);
lcd.print(" Vpk ");
}
if ((round(vmaxC*10)) != (round(vmaxCold*10))) //only update if
significant change to reduce flickering
{
lcd.setCursor (11,3);
// go to position (11,3) in 4th line
lcd.print(vmaxC,1);
lcd.print(" Vpk ");
}
cbi (TIMSK2,TOIE2);
tword_m=pow(2,32)*dfreq/refclk;
sbi (TIMSK2,TOIE2);

// disble Timer2 Interrupt
// calulate DDS new tuning word
// enable Timer2 Interrupt

}
}
}
//******************************************************************
// timer2 setup
// set prscaler to 1, PWM mode to phase correct PWM, 16000000/510 =
31372.55 Hz clock
void Setup_timer2() {
// Timer2 Clock Prescaler to : 1
sbi (TCCR2B, CS20);
cbi (TCCR2B, CS21);
cbi (TCCR2B, CS22);
// Timer2 PWM Mode set to Phase Correct PWM
cbi (TCCR2A, COM2A0); // clear Compare Match
sbi (TCCR2A, COM2A1);
cbi (TCCR2A, COM2B0);
sbi (TCCR2A, COM2B1);
sbi (TCCR2A, WGM20);
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cbi (TCCR2A, WGM21);
cbi (TCCR2B, WGM22);
}
// timer1 setup
// set prscaler to 1, PWM mode to phase correct PWM,
31372.55 Hz clock
void Setup_timer1() {

16000000/510 =

// Timer2 Clock Prescaler to : 1
sbi (TCCR1B, CS10);
cbi (TCCR1B, CS11);
cbi (TCCR1B, CS12);
// Timer2 PWM Mode set to Phase Correct PWM
cbi (TCCR1A, COM1A0); // clear Compare Match
sbi (TCCR1A, COM1A1);
cbi (TCCR1A, COM1B0);
sbi (TCCR1A, COM1B1);
sbi
cbi
cbi
cbi

(TCCR1A,
(TCCR1A,
(TCCR1B,
(TCCR1B,

WGM10);
WGM11);
WGM12);
WGM13);

// Mode 1

/ Phase Correct PWM

}
//******************************************************************
// Timer2 Interrupt Service at 31372,550 KHz = 32uSec
// this is the timebase REFCLOCK for the DDS generator
// FOUT = (M (REFCLK)) / (2 exp 32)
// runtime : 8 microseconds ( inclusive push and pop)
ISR(TIMER2_OVF_vect)
{
phaccu=phaccu+tword_m; // soft DDS, phase accumulator with 32 bits
icnt=phaccu >> 24;
// use upper 8 bits for phase accumulator as
frequency information.
// Note: >> is bit right shift operator, >>24 shifts 24 bits to right
leaving upper 8 bits (32-24=8)
OCR2A=pgm_read_byte_near(sine256 + icnt);
// read value fron ROM
sine table and send to PWM DAC
OCR2B=(pgm_read_byte_near(sine256 + (uint8_t)(icnt + offset120)));
//OCR1A=pgm_read_byte_near(sine256 + (uint8_t)(icnt + offset240));
OCR1A=valA*(pgm_read_byte_near(sine256 + (uint8_t)(icnt +
offset240)))/valB; //Phase C scales with potentiometer position depending
on switch on digital 2
if(icnt1++ == 125) { // increment variable c4ms every 4 milliseconds to
provide timing as timer 0 disabled
c4ms++;
icnt1=0;
}
}
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Appendix E: PCB Designs
EAGLE PCB files containing the following design are attached as electronic files within the
folder Appendix E on the compact disk that accompanies this project.
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Appendix F: Final Schematic
EAGLE PCB files containing the following design are attached as electronic files within the
folder Appendix F on the compact disk that accompanies this project.
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Appendix G: User Manual
The documentation over the following pages is also attached as electronic files within the
folder Appendix G on the compact disk that accompanies this project.
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