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Abstract

This thesis presents the development of an embedded acquisition device and its use for the real-time
sonification of Alternating Current (AC) power system parameter variations. Specifically, a fully
custom Printed Circuit Board (PCB) was designed and manufactured. The electronics/ firmware
design, development and manufacturing of the embedded system are outlined in detail. The de-
signed system measures the voltage waveform from a North American household AC outlet (120
V/60 Hz) along with the current waveform flowing through any configurable AC devices/appli-
ances with a maximum current rating of 15 A. From the measured current and voltage waveforms
further AC mains parameters are extracted which are discussed in detail within the thesis. Using
the measured parameters, various sonification methods were developed and are computed by the
designed embedded system. The measured parameters are mapped to (Musical Instrument Digital
Interface (MIDI) signals which are played through MIDI instruments. Multi-channel MIDI is pre-
sented with various AC parameters controlling multiple different instruments in parallel including
software synthesizers and drum kit samplers. Sonification examples are presented displaying the
various introduced sonification methods. Finally, an exploratory evaluation of the full system was
made where electrical engineers evaluated several sonification strategies, providing feedback on

the initial research and suggestions for future applications.



Résume

Cette thése présente le développement d’un dispositif d’acquisition embarqué et son utilisation
pour la sonification en temps réel des variations des paramétres d’un systéme électrique a courant
alternatif (CA). Plus précisément, une carte de circuit imprimé (PCB) entiérement personnalisée a
été congue et fabriquée. La conception, le développement et la fabrication de ’électronique /micro-
logiciel du systéme embarqué sont décrits en détail. Le systéme congu mesure la forme d’onde
de tension d’une prise de courant domestique nord-ameéricaine (120 V/60 Hz) ainsi que la forme
d’onde de courant traversant tous les appareils/appareils CA configurables avec un courant nom-
inal maximum de 15 A. A partir des formes d’onde de courant et de tension mesurées, d’autres
paramétres du secteur CA sont extraits, qui sont discutés en détail dans la thése. En utilisant les
parameétres mesurés, diverses méthodes de sonification ont été développées et sont calculées par
le systéme embarqué congu. Les paramétres mesurés sont transformés en signaux MIDI (Musical
Instrument Digital Interface) qui sont joués via des instruments MIDI. Le MIDI multicanal est
présenté avec divers paramétres CA controlant plusieurs instruments en paralléle, y compris des
synthétiseurs logiciels et des échantillonneurs de sons de batterie. Des exemples de sonification sont
présentés affichant les différentes méthodes de sonification introduites. Finalement, une évaluation
exploratoire du systéme complet a été réalisée au cours de laquelle des ingénieurs électriciens ont
évalué plusieurs stratégies de sonification, fournissant des commentaires sur la recherche initiale

et des suggestions pour des applications futures.
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Chapter 1

Introduction

It is known that countries have di erent AC electrical characteristics. From 120 V/60 Hz in North
America to 220 V/50 Hz in continental Europe, one tends to think of these features as static.
It is less known that AC mains parameters are constantly changing due to the misalignment of
synchronous power generators at power stations and local changes in systesfectrical load a
component that consumes energy from a power source. Power grids are tightly controlled and
the voltage AC waveform appears to be constant and unchanging. Before the development of
Phasor Measurement Unit (PMU), power ow measurements were used to infer the state of a
power system. These estimates did not allow for direct measurement of the state of a power
system and observation would reveal that a system was static and unchanging [1]. In reality,
small variations in distribution frequency and magnitude can be observed in the power grid mains
voltage signal. These small variations occur when the system is in normambient conditions
[2]. Additionally, rare system events like a power line or equipment failure can caustransient
ring-down and forced oscillation responses to occur which have much larger variations in power
line voltage and distribution frequency [3], [4]. Power distribution quality to electrical loads
can also be observed in the current waveform, which is the power owing and consumed by the
load. Depending on its properties, the power drawn by the load can cause vast variations in

the voltage and current waveforms, e.g. in voltage magnitude. An electrical load can also cause
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delays between the times at which the voltage and current waveforms peak, which determines
the power factor, an important parameter used for monitoring the e ciency of power distribution
systems. Furthermore, non-linearities in electrical loads can caudermonic distortion, i.e. integer
multiples of the AC mains frequency, as well as high frequencies associated with switch-mode power
supplies. Understanding such factors is an essential asset for engineers working with distribution
systems, and is typically done using plots, graphs, or other visual aids. | hypothesize that with
soni cation, speci cally parameter mapping soni cation, auditory aids can simplify the process

of understanding the signi cance of data variations in power distribution systems and convey
information on the state of the system. The following sections provide a background overview of

power systems theory and separately soni cation.

1.1 Power Systems Theory

With the use of PMUs and signal processing, various information can be extracted from an AC
mains voltage and current waveform. Once voltage or current data is measured with a PMU
system, parameters can be extracted using a Fast Fourier Transform (FFT) of the measured
waveform data.

As discussed in [2], the instantaneous 60 Hz distributed AC mains voltage is a two-element

complex number:

V()= V() O = V)V (1.1)
wherej is the imaginary number, V (t) is the voltage Root Mean Square (RMS) magnitude, and
\ V () is the complex voltage number phase. This equation can also be used for the representation
of the current phasor:

L(t)= 1) O =TV (1.2)

where | is the imaginary number, | (t) is the current RMS magnitude, and\ | ( is the current
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complex number phase.
Additionally, this phasor representation can be expanded for each voltage and current harmonic

o of the 60 Hz fundamental, therefore creating the following:
Va(t) = Va()e " = Va(\ V) (1.3)
In(t) = Tn(®)e "® = 1,V (1.4)
where n is the harmonic number.

Harmonic RMS Magnitude

For both voltage and current, the RMS magnitude, V,(t) and I,(t) are calculated using the

following equation:

¥ Re@)Z+ (im (z)2
N

Kn(t)=2 (1.5)

where K »(t) is the phasor RMS magnitude ofn™ harmonic frequency bin, K represents either

voltage V or current |, z is the FFT bin output complex number, and N is the FFT Size.

Harmonic Phase

Additionally, the voltage and current bin phases are calculated using the following:

!
Im (z,)

K ,(t) = atan2 Re(z))

(1.6)

whereK _ is the, V or I, phase of then! harmonic frequency bin andz is the same as used in

equation 1.5.
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Fundamental Distribution Frequency

The phase of the 60 Hz bin can be used with the equations discussed in [2], to calculate the

fundamental distribution frequency through phase di erentiation. The initial phase before the

rst data acquisition is set to 0. After each data acquisition and FFT computation, the current

fundamental 60 Hz bin phase is subtracted from the previous data period 60 Hz bin phase to

create adV value which is equivalent to the following operation:

dv =V (1) V. (t 1)

Then, from [2]:
f(t)= iE(ZT t+ (1) = fo+ f(1)
T2 dt -0
can be further simpli ed to:

fi dv
2

f(t)= fq+

wheref; is the fundamental frequency, 60 Hz.

Power Triangle

(1.7)

(1.8)

(1.9)

For AC systems, the distributed power can be analyzed using the power triangle shown in gure

1.1.
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Fig. 1.1 AC Power Triangle

In the gure, P is the real power used for useful real work such as heat, light, and motion. Q is
the reactive power "wasted" on the support of electromagnetic elds with some being useful and
some parasitic. S is theapparent powerwhich is the total power in an AC system, therefore the
combination of the real and reactive power [5]. is the phase di erence between the voltage and

current waveform which for the fundamental can be calculated as

l(t) =V 1(t) I 1(t): (1-10)

The real, reactive, and apparent power can then be calculated for the 60 Hz fundamental power

signal, using the following equations:

Pi(t)= I?R = Vi(t) I1(t) cos( (1)) (1.12)

Qu(t) = 12X = Va(t) 11(t) sin( (1)) (1.12)

Si(t) = Va(t) 14(t) (1.13)
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Power Factor

Power factor represents the ratio of real power and the total apparent power. It can be used as a
metric for power distribution e ciency. Using the phase di erence equation 1.10, the power factor

of the signal can be calculated as:

pf (t) = P=S= Cos( 1(t)): (1.14)

Harmonic Distortion

Harmonic distortion is calculated on both the voltage and current harmonics. As discussed in [6],

there are two equations used to calculate Total Harmonic Distortion (THD) of a signal:

P )2+ (ha(@)Z + =:(hn (D)2

THD, (t) = ha(0) (1.15)
® ()7 + (ha()? + = ()2
THDk, (t) = ¢ (1.16)
(h1(1)2 + (h1)2)? + (ha(1))2 + ::(hn(1))?
where hy; hy; i hy represents the harmonic RMS value for harmonics 1, 2, ..., n [6]. Equation

1.16 represents THD of the entire AC signal, while equation 1.15 represents the THD relative to

the fundamental harmonic. K represents either voltageV, or current, |, as above in 1.5.

Non-linear Load Power Factor

As described in [7], the harmonic distortion from any non-linearity in a load should be considered
for calculating "true" power factor. When calculating power factor for any non-linear load, you

must consider the contribution from the harmonics using the below equation.

Pu(t) 1
\1
Sit) " 1+(THD,, =100p

Pfirue (1) = pfaisp  Pfaist = (1.17)
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1.2 Soni cation

Soni cation is a research method that uses sound to convey information [8]. The International
Community For Auditory Display, founded in 1992, is the main research community for the dis-
cussion and publication of works in soni cation. The community hosts a conference every year
for the introduction and discussion of new soni cation techniques/works, called the International
Conference on Auditory Display. The community is described as being "a forum for presenting
research on the use of sound to display data, monitor systems, and provide enhanced user in-
terfaces for computers and virtual reality systems. It is unique in its singular focus on auditory
displays and the array of perception, technology, and application areas that this encompasses”
[9]. Although developed before the establishment of the term soni cation, a well-known e ective
soni cation application includes the Geiger counter for measuring ionizing radiation [10].

One of the main soni cation methods is parameter mapping soni cation. Parameter mapping
soni cation, involves mapping data parameters to auditory parameters, i.e. amplitude, pitch,
etc. of sound [8]. An issue with sonication and parameter mapping soni cation is that the
soni cation of data can be unpleasing and does not necessarily produce meaningful results as
these types of soni cations can lead people to switch soni cations o . It is important to include
the user when designing an e ective soni cation [11]. Quinton et. al mention that "sound is
a temporal phenomenon and soni cation can be e ective at representing time-based data [11].
With variations in AC electrical waveforms being time-varying, soni cation is a very interesting
method to use for the analysis of such data. Additionally, few works of soni cation focused on
power systems exist, other than examples listed itChapter 2 , which primarily focus on bringing
awareness of power consumed in buildings and households.

In the rst part of the thesis, | designed a device for the acquisition of local power grid AC
mains data in collaboration with Union College, NY. Speci cally, a custom electronic circuit board
was created that allows for local AC mains power signal voltage and current, to be measured from

which various parameters are extracted. In the second part, | used the embedded system to create
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examples of parameter mapping soni cations to sound synthesis parameters for auditory analysis.
The main intent of this research is not to create "e ective" or "meaningful” soni cations but to

provide the framework for users to easily create soni cations of power system parameter variations.

1.3 Outline of Thesis

This thesis has six chapters. Chapter 1 concludes in this section and introduces the project
and relevant background information. Chapter 2 provides a literature review of existing power
system data acquisition systems and power system soni cation systems and introduces a set of
design requirements for the embedded acquisition devic&hapter 3 presents the electrical design
processes and assembly of the embedded acquisition device wi@leapter 4 presents the rmware
design processes for the data measurement and AC parameter extraction. The soni cation methods
designed and used by the acquisition device are explained Dhapter 5 with included examples
and a small-size electrical engineer evaluation of initial results. The thesis concludes wi®hapter

6 which includes a discussion of the project's impact and future work needed to expand on the

research.



Chapter 2

Power System Data Acquisition &

Soni cation Systems

This chapter presents a literature review of existing power system data acquisition systems and,
more speci cally, works on power system soni cation. It then introduces design requirements for
a custom embedded acquisition device for the soni cation of AC mains parameters, based on the

literature review, which are listed in the last section of the chapter.

2.1 Power System Voltage & Current Data Acquisition Systems

Various dual-channel AC voltage/current Integrated Circuit (IC) chips exist with corresponding
evaluation boards for power system monitoring. Microchip Technology? produces the most rele-
vant IC technology and corresponding evaluation boards.

Two of their most popular products are the MCP39f511N and the MCP3901 Analog Front End
(AFE) ICs [12], [13], which each have corresponding evaluation boards [14], [15]. Both AFE IC
and evaluation board systems are reviewed. In the following sections the IC MCP39F511N will

be referenced as IC1 and the MCP3901 IC will be referenced as IC2.

Lhitps://www.digikey.com/en/products/filter/pmic-energy-metering/765
2https://www.microchip.com/
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2.1.1 MCP39F511N AFE Power Monitor Demonstration Board

The IC1 power monitor demonstration board is an energy metering board intended for use of

60/50 Hz and 120/240V system AC voltage and current measurement.

Fig. 2.1 MCP39f511n Demonstration Board [14]

Speci cally, the board measures voltage and current separately on two data acquisition chan-
nels. The mains voltage is measured via a resistor divider, while the load current is measured
across a neutral-connected shunt resistor. For each channel, the system calculates "active power,
reactive power, RMS current, RMS voltage, active energy, (both import and export), reactive en-
ergy and other typical power quantities" [14]. The device supports two separate loads for a total
of 15 A current draw and has a user-isolated Universal Serial Bus (USB) interface. The demo
board also allows for the mains voltage and device loads to be connected via typical International
Electrotechnical Commission (IEC) input and output connectors.

The system monitors the current and voltage waveforms in the time domain. As a result, the
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device does not measure THD or voltage/current fundamental frequency, which are important
parameters needed for power system analysis. The device requires a connection from the USB
port to a separate Personal Computer (PC), for use with a corresponding power utility software
provided with the device, to compute frequency domain analysis. Additionally, this board costs
$252.99 USD per unit, which is considered expensive for our goals.

IC1 was considered for possible use in the design of a custom embedded system, but it has a

complex IC footprint with an exposed metal pad on the bottom of the IC as shown in 2.2.

Fig. 2.2 MCP39f511n IC Package Con guration [13]

This footprint con guration makes it di cult for manual soldering/assembly and an expensive
automated pick and place machine and re- ow oven would need to be used for proper assembly

on a custom Printed Circuit Board (PCB).

2.1.2 MCP3901 Evaluation Board

The MCP3901(IC2) evaluation board is a cheaper alternative to the IC1 at $130.89 USD per unit.
The IC2 evaluation board measures the same parameters as the IC1 but also measures power
factor [15]. Similar to the IC1 demonstration board, the IC2 evaluation board has an isolated
USB interface, and requires a separate PC for frequency domain analysis, extraction of THD, and

measurement of voltage/current fundamental frequency.
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Fig. 2.3 MCP3901 Evaluation Board [15]

One main di erence in the IC2 evaluation board, is that the mains voltage and load current
acquisition circuits require terminal clip connections for the input mains and the system electrical
load. Therefore it does not support typical IEC outlet connections. This makes varying the load
and disconnecting the system more complicated and therefore less of a "plug-and-play" device.

On the actual IC2 footprint level, unlike IC1, the IC is manufactured in various footprints,

including a 20-SSOP, which is very simple for manual assembly.
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Fig. 2.4 MCP3901 IC Package Con gurations [12].

IC2 allows for di erential measurement of two separate voltage channels with a maximum
di erential voltage of 500 mV per channel. Within the chip is a delta-sigma modulator with inte-
grated decimationsinc lters. In short, the chip samples the input channels at very high sampling
frequencies con gured from the input master clock signal. Additionally, it is con gured to deci-
mate (down-sample) the incoming sampled data to a power of two divisor sampling rates. 1C2 also
has con gurable channel gains and Analog-to-Digital Converter (ADC) resolution. 1C2 outputs
the acquired data and is controlled through the Serial Peripheral Interface (SPI) communication
protocol [12].

As a result of the above evaluations, IC2 became the best IC candidate for measuring high volt-
age current and voltage waveforms. Due to the system limitations and cost of the IC2 evaluation
system, the IC2 chip itself was ideal in use for the design of a custom embedded acquisition and
soni cation device. A custom embedded system allows for the AC parameter measurements/ex-

traction and soni cation parameter mapping to be completed in one stand-alone device.
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2.2 Power System Data Soni cation Works

The following sections review various published examples of power system data or related electro-

magnetic eld soni cations.

2.2.1 Powerchord

Various authors have contributed and published works discussing a soni cation system for analysis
of power consumption in households called "Powerchord" [16] [19]. Speci cally, the created system
uses Individual Appliance Monitor (IAM) units, which are wirelessly connected to a WiFi data
processing and soni cation Arduino-based module.

A diagram of the Powerchord system is shown in gure 2.5.

Fig. 2.5 PowerChord System Diagram [18]. Image used with permission from the

authors.

The Powerchord system allows for various household appliances to be plugged into the wireless
IAMs. The IAMs measure the power consumption of the connected appliances, parsing the data
every 6 seconds and sonifying it with bird sounds. Speci cally, a polyphonic Waveform Audio
File Format (WAV) trigger shield, with audio tracks on a microSD card, is used for soni cation
through WAV e triggering which is played back through a speaker.

For soni cation, the device maps the number of birds and the bird agitation level in the
auditory playback to the power consumption of the device. Additionally, each device is assigned

a speci ¢ bird type [17]. The main concept behind their soni cation is that for each appliance, as
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the power consumption increases, more birds will be heard, which will also proportionally sound
louder and more agitated. The main focus of this research was to provide energy consumption
awareness in households.

The Powerchord system did not look at any AC parameters from voltage/current other than
consumed power and was not intended for monitoring the characteristics of a power system or the

various e ects that electrical loads can have on a power system.

2.2.2 Augmentation of An Institute's Kitchen

Another e ort to awareness of energy consumption in households exists, focusing on the kitchen.
This research consisted of creating an "augmented kitchen", 16-square meters in size, that moni-
tored the power consumption of various kitchen appliances, including a dishwasher, a co ee maker,
a water kettle, a microwave oven, and a fridge. Within the kitchen also was an omnidirectional
microphone, used for recording the "environmental sound" of the kitchen [20].

The researchers created algorithms for sonifying the power consumption of the kitchen by
applying reverb to the input recorded "environmental sound". Speci cally, the recorded kitchen
sounds were processed with various lters, that applied delay/reverb e ects to the sound, and
played back through a loudspeaker also within the kitchen in real-time. The soni cation system
had 3 di erent reverb presets all corresponding to di erent levels of power consumption. The
greater the power consumption in the kitchen, the more reverb is applied to the input kitchen
audio. Preset 0 corresponds to a kitchen with all appliances o, Preset 1 is representative of
common kitchen power consumption use, and preset 2 is representative of high power consumption
use. The levels which triggered these presets were based on a baseline proposed by the researchers.

Results from this research led to conclusions that the continuous power consumption to kitchen
reverb mapping was not perceivable by evaluation audiences. The researchers believe this part to
be since changes in reverb are most easily noticed when they are not continuous and instead are
quick transient-based sounds.

Similar to the rst example, the augmented kitchen soni cation system did not look at any AC
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parameters from voltage/current other than consumed power and was not intended for monitoring
the characteristics of a power system or the various e ects that electrical loads can have on a

power system.

2.2.3 Electrical Walks

Since 2003, a series of self-guided "electrical walks" tours have been developed. Every year new
maps/tours in streets throughout the world are provided for participants to walk through. During
these electrical walks, participants wear special electromagnetic induction headphones that am-
plify the electromagnetic elds produced by various electronics and appliances in the surrounding
walk route environment. Users can walk through cities and hear the various e ects of the electro-
magnetic radiation produced throughout the tour. Speci cally, the creator notes that during the
walks, there "are complex layers of high and low frequencies, loops of rhythmic sequences, groups
of tiny signals, complex layers of pitches, long drones and many elements which change constantly
and are hard to describe" [21]. The author also mentions that some of the sounds generated by
the electromagnetic elds are similar from walk to walk and country to country but some sounds
are completely independent of speci ¢ areas/countries.

This research provides a direct audi cation soni cation routine of electromagnetic elds, but
like the previous examples, it does not directly monitor many of the ongoing AC parameter
variations within electrical power systems. Although some of these variations may be heard within
the uctuating electromagnetic elds, itis unlikely that a user could perceive changes in parameters
like distribution frequency, power factor, and other relevant AC parameters, which are needed for

this thesis soni cation research.

2.2.4 SonEnvir

The SonEnvir® project focused on the development of a general soni cation environment for con-

necting sound experts and scientists in the creation of soni cations of various types of scientic

3https://sonenvir.at/
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data sets [22].

It has also been specically used for the exploration of soni cation of power systems data
[23], when the authors discussed the use of sonication as a means for educating students on
uctuations in power systems. The article mentions an example of the oscillations caused by
ground fault failure, though no specic example of sonication could be found. The authors
also recommend the use of parameter mapping soni cation for "making audible the “character' of
uctuation behavior" [22].

Additionally, a workshop was held that combined audio design experts, soni cation experts,
and people who work with power data. The participants were split into groups and asked to
create soni cations of power consumption data over one week for households, trade and industry,
agriculture, heating, and warm water, and street lighting individually as well as a sum of all of
the former. The groups all created various mapping strategies ranging from audi cation, and
parameter mapping of consumption to amplitudes and separately frequencies. In my opinion,
most of the frequency mapping and audi cation examples that were generated are not the most
pleasing to listen to. They have the typical "droney" type of sounds of common soni cations and
high-pitched sounds that can lead people to switch soni cations o [11]. There are a few amplitude
mapping examples, where power was mapped to amplitudes of tones and in another example to

Iter frequencies. These soni cations are easier to listen to and more pleasing in my own opinion.

2.2.5 Sound For Energy Project

The Sound For Energy Project focuses on "design, develop and evaluate real-time digital sonic
interactions as augmentations of individual appliances and aggregated smart meters' outputs,
which will promote energy e ciency in the household". Recently, two developments have come

out of the project, which is discussed in the following sections.

“https://soundforenergy.net
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The Singing Shower

The singing shower is a sound-reactive shower that responds to the user's singing. The user's
singing controls water ow in a binary manner: if the user is singing then the water will ow, and

if the user is not singing then the water will not ow. The creators aimed "to reinforce the physical
connection between the user and the water ow, with their voice providing the metaphorical 'power’
required to shower" [24]. Therefore it was intended on giving a user a better understanding of the

energy that is consumed by the shower.

The Sonic Carpet

The sonic carpet is a sonic interaction device that allows a user to monitor local energy source
emission, consumption, and grid-split [25], the amount/percentage of energy provided by an in-
dividual energy source. The carpet contains six force-sensitive resistors on the underside, with
each resistor representing an energy source (wind, hydro, nuclear, geothermal, gas, solar). On
the user-facing side, above each resistor, is a symbol displaying each energy source. This allows
the user to step on the symbol, consequently pressing onto the force-sensitive resistor, and receive
auditory feedback about that speci c energy source. The system also allows the user to press
on the symbols and receive auditory feedback for multiple energy sources. When stepping on an
energy source symbol the user is provided with auditory feedback representing the emissions or
consumption of the energy source as well as the grid split. For wind, hydro, and nuclear, feedback
is provided about the power consumption of the power source. For geothermal, gas, and solar
feedback about the emissions of the power source is provided. For the three types of parameters
above, the researchers developed three individual, separate, mapping strategies.

First, for the consumption data, a Fourier Re-synthesis technique was used. "The amount of
realtime energy consumption in KWh is mapped to the amount of frequency bands whose gain is
not zero in the spectrum, after being properly scaled. The higher the consumption, the higher the

number of high-pitched frequency bands activated” [25].
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For the emissions data, frequency modulation with noise technique was used. The sound gener-
ated from the previous soni cation is "frequency-modulated by low-pass Itered white noise. The
amount of emission data in uences the amplitude of the modulation noise, the cut-o frequency
of the low-pass lter, and the amount of noise-modulated signal that is mixed with the original
one" [25].

Finally, the grid-split data is soni ed using bell sounds. Each power source is assigned a bell
tone with a speci c frequency. The percentage of energy produced by the energy source is directly
mapped to the duration that the bell tone is played back, with a range of a minimum of 0.5 and
a maximum of 3 seconds. Therefore the longer the duration of the bell tone, the more power the
energy source.

The two prototypes discussed above, introduce very novel applications for user interaction with
power systems. Speci cally, these focus again on power and energy consumption and bringing
awareness to average consumers. This is an ever-increasing important area of research and poses
for further research and discussion. The idea of an interactive system for the user to process
energy consumption entertainingly suggests strategies for improving a basic user's experience in
understanding and processing ever-changing parameters in a power system.

The emissions soni cation mapping, representing a metaphor for the cultural association of
noise with pollution is extremely interesting though. One parallel that comes to mind for power
signal quality soni cation is examining if there could be a human association with audio distortion
and distributed power THD. For example, the "dirtier" the distributed power(higher distortion),

the more audio distortion can be heard by the listener. | explore these ideas iGhapter 5 .

2.2.6 Auditory Displays of Electric Power Grids

Before coming to McGill, | created various preliminary algorithms for the soni cation of both
recorded and separately real-time, AC mains fundamental voltage magnitude and frequency [2].
The rst, primary mapping technique for this research involved one-to-one mapping of power

system voltage magnitude to Musical Instrument Digital Interface (MIDI) velocity and mapping
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power system voltage frequency to MIDI pitch. The algorithm allowed for the speci cation of
soni ed note length (corresponding to one data sample), in a user-speci ed key and tempo. Addi-
tionally, a mapping technique was created for mapping power system voltage frequency deviation
from the nominal to quantized drum kit "hits" via MIDI sampler triggering. These algorithms
were ported into a real-time version and a Proof of Concept (POC) Arduino zer® based proto-
type was introduced. The prototype allowed for real-time measurement and soni cation of voltage
magnitude and frequency using the above mapping techniques. Finally, this research introduced
the concept of the multi-channel power systems soni cation technique, where various pre-recorded
data sets were each soni ed into separate MIDI channels/instruments to create a music track. In
the speci c example shared within the paper, recorded data from 6 synchronized power stations
was soni ed to a kick drum, hi-hat, snare, crash, melody, and a "chords" channel. The "chords"
channel used the one-to-one mapping technique to generate a MIDI note that was played through
a MIDI chord e ect to create background chords.

This research only examined voltage data and did not consider power system variations across
electrical load through measurement of AC current. Therefore it did not examine parameters such
as power factor, THD, and others extracted from both the voltage and current phasors.

The above algorithms, concepts, and POC prototype served as a basis for this research and the
soni cation methods used by the device. Detailed explanations of the chosen mapping techniques

are discussed later inChapter 5 .

2.3 Design Requirements

The review provided a guide in determining the design requirements for a custom embedded
acquisition device for the soni cation of AC mains parameters used in this thesis research.

A custom embedded system PCB should be created that contains all of the data acquisition
and soni cation within one system. This eliminates the need for an external PC. Additionally, to

protect the user from high-voltage shock, the system should be split into a high-voltage side and

Shttps://store-usa.arduino.cc/products/arduino-zero
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an electrically isolated user side. The data acquisition should be on the high voltage side, while
the data processing, soni cation generation, and user interaction should be on the user side. The
system can reference the evaluation board and demo boards developed by Microchip Technology
Inc., for the design of the electronics [14], [15]. Speci cally, as mentioned due to the various
package footprint con gurations, the MCP3901 IC should be the core data acquisition module on
the mains high voltage acquisition side [12]. Also, the user side should be battery power-able so
that the system can run without being plugged into a power supply.

The system should measure the voltage and current waveforms of any con gurable electri-
cal load up to 15A. From those waveforms, the waveform phasors should be converted into the
frequency domain. From these phasors, power factor, fundamental magnitude, fundamental fre-
guency, real power, reactive power, apparent power, and power factor should all be extracted for
parameter mapping soni cation. The system is intended to sonify using MIDI signals which will
be sent to a MIDI instrument or interface. Finally, multi-channel MIDI signaling should be sup-
ported by the device, and allow for any user-con gurable quantization and timing that is within
the MIDI protocol bandwidth.

To summarize, the embedded acquisition and soni cation device should:

~ have a high voltage data acquisition side and an electrically isolated low voltage side for

soni cation and user interaction.

contain the AC mains voltage/current data acquisition and soni cation embedded within

one PCB.

should use the MCP3901 at the core of the mains voltage/current data acquisition.
support any AC electrical load up to the typical household power socket rating of 15A.
utilize the POC prototype, proposed concepts, and methods introduced in [2].

measure voltage and current phasors of connected electrical loads in real-time.
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process the voltage/current phasors in real-time and extract relevant AC parameters from the
voltage and current phasors including power factor, fundamental magnitude, fundamental
frequency, harmonics up to the 13th multiple, THD, real power, reactive power, apparent

power.

sonify the various parameters using the MIDI protocol.

support multi-channel MIDI signaling, and quantization at any user-con gured rate.
have MIDI IN/OUT ports for interfacing with a MIDI interface or MIDI synthesizer.
contain a serial port for user control and measured parameter output.

be battery power-able on the user isolated side.

be self-powered by AC mains on the high voltage side.
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Chapter 3

Electronics Design & PCB

Manufacturing

This chapter describes the electronics design and manufacturing processes for the embedded soni-
cation system. The rst section discusses the initial electronic improvements to the soni cation
system discussed in [2] and its further limitations that led to the design of a new custom acqui-
sition/soni cation system. The second section introduces the electronics system architecture and
subsystem design for the newly designed embedded system used for the power systems soni cation
research of this thesis. The third section describes the PCB layout design of the new embedded
system. The fourth section discusses the system's board manufacturing and assembly processes.

The chapter concludes with the initial bring-up and smoke testing of the assembled PCB.

3.1 Proof of Concept Prototype Updates

As mentioned in Chapter 2 , an Arduino based AC to MIDI soni cation system POC prototype
was introduced in [2]. For the initial part of the thesis research, various hardware updates were

made to this system to improve functionality and user interaction.

" The power supply electronics for the device were redesigned for improving the stability of
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the system.

~ A current sensor was also added so that current could be measured in parallel with voltage.

" Rotary encoders were added to improve user control of the system.

The updated hardware of the system can be seen in gure 3.1.

Fig. 3.1 Updated POC Real-Time AC to MIDI Soni cation Device Prototype. The
data acquisition circuit and current sense module are not visible. Those circuits are
soldered onto the tan perforated board below the green perforated board. Below the

tan perforated board is the Arduino zero board.
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3.1.1 Power Supply Electronics Improvements

The original system design used a center-tapped transformer to step down 120 V mains voltage
down to 24 V. The center tap served as a ground reference and allowed for positive and negative
power supplies to be generated using a voltage recti er and positive/negative voltage regulators
[2]. Unfortunately, the original design of the positive and negative power supplies did not follow
the voltage regulator data sheets correctly. The data sheets suggested using bypass capacitors of
speci ¢ value on the positive and negative voltage regulator inputs and outputs. On the original
POC device design, this recommendation was accidentally overlooked. These bypass capacitors
are recommended by the data sheets for lItering out noise on the regulator input and output
power circuits [26], [27]. Following the data-sheet guidelines, the appropriate bypass capacitors

were added to the system on the regulator input and outputs.

3.1.2 Current Sensor

A current sense module from SparkFun electronics was added to the system so that the AC signal
current could be measured along with the AC voltage [28]. This module was added so that power

factor, THD, and other parameters related to voltage/current phasors could be measured.

3.1.3 Rotary Encoders

Rotary Encoders were added to the system with the intent to improve user interaction with the
device. Three rotary encoders were soldered onto a green perforated board. From the green per-
forated board, connections were made between the rotary encoders and Arduino zero digital pins.
Ideally, the rotary encoders could be used for adjusting system and/or soni cation parameters.
Unfortunately, the software implementation of the encoders was never fully completed after the

realization of various issues with the updated POC prototype.
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3.1.4 Issues With Updated POC Prototype

Although the previous changes helped to improve the AC soni cation POC prototype, there were
various limitations to the system design, discussed in the following sections.

First, the initial current sensing circuit was designed to measure the mains current across a
linear, resistive load. The current drawn by the load was not considered properly, as the magnitude
of the current drawn was far too low for the current sensor module to measure. Therefore the
update did not allow for accurate current measurement and the various parameters associated
with the current phasor could not be obtained.

Second, the system used a step-down transformer for dropping down the mains voltage. Voltage
transformers inherently have voltage losses across their cores and coils which can be even more
signi cant with non-linear loads [29]. The load of the POC system was kept constant as a linear
resistive load which also signi cantly limited possible soni cation analyses. Since there are various
types of electrical loads varying in linearity, power factor, and current draw, it is important to have
a con gurable load for soni cation research. This aids in having diverse data sets for soni cation.

Third, the POC prototype did not have strong physical integrity. As mentioned previously,
the prototype consisted of various circuit boards connected along with an oversized transformer.
Various connections within the system were not mechanically robust and the device was prone to
open-circuit connections.

Finally, Arduino zero has a Cortex-M0+ core-based processor, which is designed for optimized
power consumption but lacks processing power. MO based processors are not intended for Digital
Signal Processing (DSP) applications, especially for e cient FFT computation. In contrast the
Cortex-M4 and Cortex-M7 arm based processors are recommended for such applications and are
supported by Hardware Abstraction Library (HAL) Common Microcontroller Software Interface
Standard (CMSIS) DSP libraries [30]. These libraries reduce rmware development and are signif-
icantly tested and updated. Therefore, the Arduino based prototype would not allow for e cient

extraction of voltage and current phasors using FFTs.
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3.2 Custom Embedded System Electronics Design Process High-Level

Overview

Following the review of the POC issues and limitations, a custom embedded system with a signif-
icantly more powerful arm-core processor, accurate voltage/current hardware acquisition circuits,
and proper high voltage isolation was designed. The following section discusses in detail the elec-
trical system design process, manufacturing, and assembly of the custom-embedded system for
soni cation.

The custom embedded system electronics architecture section describes in detail the electrical
design of the system including all relevant sub-circuits and sub-systems. Since the system contains
the measurement of high voltage mains, proper voltage isolation is required to protect the user
[31]. As aresult, the system is split into two main sub-systems that are properly isolated from one
another: the high voltage mains, signals, and circuits are isolated from the side that the user and
user hardware interact with. The physical isolation between the systems is discussed in further
detail in the PCB layout section.

Following this, the PCB layout process is discussed. This process is composed of creating
a model of the printed circuit board and designating all electrical layers within the system and
the voltage/ground planes Additionally, the components for the electrical design are "placed" in
a speci ¢ orientation following data-sheet guidelines and recommended PCB layout practices on
the top side of the PCB layout model. All electrical traces are "routed” which creates all of the
schematic connections.

Once the layout was complete, the board was fabricated at a manufacturing house. This
fabrication creates the physical circuit board which was then assembled by hand using a solder
stencil and a hot air machine. After the system was fully assembled it was turned on and smoke
tested to make sure that there were no signi cant short or open circuit connections and that all

generated power supplies were working correctly.
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3.3 Custom Embedded System Electronics Architecture

A detailed diagram of the custom embedded system is shown in gure 3.2.

Fig. 3.2 Electronics System Architecture Diagram
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3.3.1 High Voltage Side

The high voltage side contains the acquisition circuits for measurement of the mains voltage and
load current waveforms. At the core of the high voltage side is the microchip MCP3901 [12].
Reference designs provided by the manufacturer [32] were used as a guide for the development of
the embedded system. The SPI bus of the MCP3901 is connected to digital isolators which allow

for SPI communication between the low voltage and high voltage sides.

Analog and Voltage Power Supply Generation

The MCP3901 requires two power supplies to function. A power supply for analog data acquisition,
and a supply for digital communication. Using the speci cations listed in [12], the system analog
voltage supply was chosen to be 5V and the digital supply was chosen to be 3.3V. To generate these
power supplies, a transformer-less capacitive supply, as shown in the reference design [32] was used.
This capacitive supply drops down the 120 VRMS line voltage to a nearly Direct Current (DC)
12-volt signal. The 12-volt signal is then inputted to two separate Linear Drop Out (LDO) voltage
regulators which Iter the 12-volt signal and drop it down to DC 5V and 3.3V power supplies.
The 5V supply is referenced to the system analog ground while the 3.3V supply is referenced to

the system digital ground.

Load Current Measurement

To measure the current of the AC mains input through an AC load, a measurement technique
must be selected. The system designed for this thesis uses a current shunt resistor for measuring
current similar to the reference design [32]. AC mains is inputted into the system through an
IEC320-C14 input socket with connections to an AC socket line, neutral, and earth ground. On
the output end of the system are connections to an AC load line, neutral, and earth ground
through an output IEC320-C14 socket. The input line and earth ground are directly connected
to the load line and earth ground while there is a very small 2 .02 m resistance, high power

resistor between the AC load neutral and the mains input neutral. This allows for the AC current
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drawn by the load to be measured. It is important to note that the AC mains input neutral is
connected to the system analog ground so that the current signal can be measured as a voltage
drop across the shunt resistor. The AC line ows through the device, and then back through the
neutral connection across the shunt resistor. Depending on the properties of the load, the voltage
across the neutral shunt can have waveform phase lead or lag in reference to the line voltage, which
is directly representative of the current leading or lagging the line voltage. Using Ohm's laly the

equivalent current drawn by the load can be acquired by

V
" (3.1)
To measure the current waveform, the two terminals of the resistor are connected through
passive anti-aliasing low-pass lters with the Iter outputs connected to one di erential channel
set on the MCP3901. The MCP3901 acquires the voltage di erence across the current shunt which
is equivalent to the voltage drop across the current shunt. The system was designed to support
the typical AC socket, 15A maximum current rating. Therefore the theoretical maximum voltage

across the shunt can be calculated by
p_
Vmax =15 2 0:002 = 42.4mV (3.2)
which is well below the maximum channel di erential voltage of 500 mV.

Line Voltage Measurement

Additionally, within the data acquisition, high voltage side is the line voltage measurement. A
measurement connection is tapped o of the AC line voltage owing through the device. Since
this voltage is signi cantly higher than the rating for the MCP3901 di erential channels, the line

voltage needs to be dropped down using a voltage dividér The line voltage inputted to the

Lhitps://www.allaboutcircuits.com/textbook/direct-current/chpt-2/voltage-current-resistance-relate/
2https:/iwww.allaboutcircuits.com/tools/voltage-divider-calculator/
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system is dropped down using a voltage divider with an incorporated low pass lter. A voltage

divider is de ned by the equation

R>

Vout = Vin m

(3.3)

For this system, the voltage divider consists of two 330k resistors in series to create &, resistance
of 660k . For Ry, a 1k resistor was used. The American National Standards Institute (ANSI)
speci es the nominal voltage in a North American 120 V system to have a maximum voltage of 127
VRMS [33]. Therefore using the voltage divider resistor values and equation 3.3, the theoretical

maximum voltage inputted to the MCP3901 would be

P 1
Viax =127 72 o = 272mV (3.4)

This value is below the maximum channel di erential voltage of 500 mV and leaves extra headroom
for any voltage spikes within the local power grid that the device is connected to. The output
of the voltage divider and low pass lter is connected to one terminal of the di erential channel

inputs on the MCP3901, while the second di erential input is connected to analog ground.

3.3.2 Low Voltage User Side

The low voltage side is where the signal processing, soni cation mapping layer, and user interface

are located.

Input Power

The isolated side can be powered by either USB 5V or a rechargeable 3.7V Lithium Polymer
(LI-PO) battery. If just the battery is connected, then the main system input power is provided
by the battery. If a USB connection is also provided, the system switches the input power to the
5V DC. In parallel, the 5V DC power charges the battery using a LI-PO battery charge circuit.

The input power signal is then sent to a 3.3V LDO which generates the isolated side 3.3V DC



3 Electronics Design & PCB Manufacturing 32

power signal. The entire low voltage side runs on 3.3V, with no other power supplies needed or

generated.

MCU

At the core of the low voltage, side is the Microcontroller Unit (MCU). A STM32F722RET6
processor was chosen for its fast processing speeds and internal oating point unit. It is a very
high-performance MCU with intended uses for digital signal processing (DSP). Its core has a 32-bit
Arm Cortex-M7 processor [34].

The MCU is powered by the 3.3V isolated power supply and runs at a digital logic level of
3.3V. Therefore all digital inputs and outputs of the system are con gured to be at 3.3V logic
high. The MCU completes all of the communication with the high voltage side to con gure the
MCP3901, and acquire the data through the SPI protocol. The MCU also completes all of the
DSP and extraction of the various AC mains parameters in Firmware. Additionally, the MCU
monitors the battery health from a gas-gauge circuit through the inter-integrated circuit (I 2C)
protocol. The MCU also computes all of the parameter mapping soni cations and encodes the
soni cations into MIDI output digital signals. Finally, the MCU operates with the user interface

allowing for user control and feedback.

MIDI Interface

The main parameter mapping soni cations are computed through the MIDI protocol. The system
generates MIDI mappings within the MCU and then sends the encoded data out of a serial port
which is con gured to interface with a MIDI device. The system contains a MIDI In and a MIDI
Out circuit following the electrical speci cations for 3.3V signaling [35]. MIDI signals can be sent
into the device through a MIDI In port, while MIDI signals can be sent out from the MCU to a
synthesizer through a MIDI Out port. Currently, the MIDI In circuit is not used in the system

and could be implemented at a later time.
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User Interface & Control

The last sub-system of the isolated low voltage side is the user interface and control. It is composed
of various indicator Light Emitting Diodes (LEDs) and a control serial port. Three of the LEDs
are indicators for the status of the battery charge circuit: the rst one allows the user to determine

if the USB power is su cient/connected, while the other two indicate the status of the battery
charging. These LEDs are controlled by the battery charge circuit and speci ¢ behavior is outlined
in the functional description section for the battery circuit charge IC [36]. The system also contains
two Red/Green/Blue (RGB) LEDs which are currently not used by the system. These LEDs could
be used for user feedback to display errors or other types of feedback.

Additionally, two push buttons are connected to General Purpose Input/Output (GPIO) inputs
on the MCU. These push buttons can be con gured in rmware to allow the user to interact with
the device and simulate system events to happen or to increment/adjust parameters but are not
fully implemented in the existing system.

The nal part of the user interface is the serial port Universal Asynchronous Receiver-Transmitter
(UART) and USB interface. The MCU is con gured to have a serial port UART which allows for
data to be received and sent from the processor. A UART to USB dongle can be connected to
the UART interface and any terminal console software can be used to interact with the system.
This interface allows users to con gure/adjust the con guration settings of the MCP3901 through
simple command line commands sent from a PC. Though the system was designed to support USB
1.0 and therefore allow for USB MIDI, the USB rmware interface has not yet been con gured.
Eventually, to make the system fully stand-alone, a display screen and rotary encoders could be
added onto a daughter board for the main user interface instead of using a PC. The system was
designed with all extra processor pins routed to large through-hole test points for which rework

wires could be soldered.
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3.4 PCB Layout

After the electronics architecture was completed, the system schematics were ported over to a
PCB layout. The layout was designed using the Siemens PADS Professiolaoftware layout tool.

The PCB layout process consisted of various steps which are detailed in the following sub-sections.

3.4.1 PCB Layer Stack-Up

Before completing the component placement, the PCB layer stack-up was con gured. A PCB
layer is an electrical layer of copper traces and or planes. In between each electrical layer is a
small layer of a Flame Retardant 4 (FR4) that is often used in PCBs to provide layer-to-layer
insulation.

This system was designed as a 4-layer board with the layer stack up shown in gure 3.3.

Fig. 3.3 PCB Layer Stack-up. The PCB consists of two outer layers for signal
routing and component placement: the top and bottom layer. The internal layers of
the PCB include a ground plane layer for layer 2, and a voltage plane layer for layer

3.

3https:/leda.sw.siemens.com/en-US/pcb/pads/?cmpid=12938
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The design was con gured to have all electrical components placed on the top layer. The
second layer contains the ground planes, while the third layer contains the power plants For
this design, all signal traces are routed on the top and bottom layers of the PCB. The ground and
power planes create a plane-to-plane capacitance that helps improve Electromagnetic Interference

(EMI) performance and signal integrity [37].

Ground Plane Layer

The ground plane layer has four di erent ground planes. The high voltage side has analog, digital,
and earth ground planes. These planes are separated from the isolated low-voltage ground using
bare FR4 gaps within the layer. The FR4 gaps were designed to match the width of the digital
isolator component speci cations [38]. This plane separation, along with the SI8640BT-IS com-
ponent speci cations, creates voltage isolation of 5000 VRMS. Isolation voltage is "the highest
voltage that can be applied across a device for one second without compromising the isolation in
the device" [39].

This isolation design follows Underwriters Laboratories (UL) safety isolation requirements for
high voltage embedded system design [31]. The planes and gaps are labeled in gure 3.4, where the
isolation gaps are shown as the black spaces between the colored ground planes. The solid-colored

shapes represent each copper plane area.

“A plane is an area of poured copper that lies within an electrical layer
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Fig. 3.4 PCB Ground Planes Layout. The ground plane layer has a low voltage
(isolated) ground plane (ISO_GND), high voltage analog ground (HV_AGND) plane,
high voltage digital ground (HV_DGND) plane, and an earth ground (ETH_GND)

plane.

Power Plane Layer

The power plane layer contains 3 di erent power planes. Based on recommended guidelines for
high voltage PCB designs, mains voltage should not connect through electrical layers or to a
voltage plane [31]. Therefore the earth ground plane is duplicated on the mains voltage area of

the PCB. This is also done to reduce bare FR4 space and improve EMI performance [37].
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The high voltage side additionally has 3.3V and 5V power planes. These planes are separated
from the isolated low voltage side 3.3V plane again using bare FR4 gaps within the layer. The

planes and gaps are labeled in gure 3.5.

Fig. 3.5 PCB Power Planes Layout.The power plane layer has a low voltage (iso-
lated) 3.3V power plane(ISO_3.3V), high voltage 3.3V power plane (HV_3.3V), high
voltage 5V power plane (HV_5V) and a duplicated ETH_GND plane.

As with the ground plane section, the isolation gaps are shown within the gure as the black
spaces between the colored power planes. The solid colored shapes represent each power copper

plane area.
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3.4.2 Component Placement & Trace Routing

To complete the PCB design, all components were rst placed onto the board in the PCB layout
design tool. The high voltage side components were placed on the lower half of the PCB, above
their respective HV_AGND and HV_DGND, while the low voltage side components were placed
above the 1SO_GND plane. The digital isolators were placed between the high voltage and low
voltage side between the isolated and high voltage layer FR4 isolation.

Once the component placement was con gured, the signal routing was completed. All electrical
trace connections were routed on the top and bottom layer PCB. The nal placement and routing

can be seen in gure 3.6.
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Fig. 3.6 PCB Signal Routing & Traces. Signal Traces are labeled in blue (top layer)
and red (bottom layer) while components on top layer are outlined within various grey

shapes.

3.5 Board Fabrication & Assembly

The next process of the electronics design was to manufacture the physical PCBs. First, the PCB
layout design les were sent to a fabrication house. A fabrication house fabricates the PCBs and

provides a PCB for component assembly. The fabricated bare PCB can be seen in gure 3.7.
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