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Abstract

Wireless Power Monitoring at Plugs and Panels
by
Michael Christian Lorek
Doctor of Philosophy in Engineering — Electrical Engineering and Computer Sciences
University of California, Berkeley
Professor Kristofer S.J. Pister, Chair

In 2012, electricity generation was responsible for over 30% of carbon emissions in the US
- surpassing the transportation sector - and predictions to 2040 show this trend continuing
with current technologies. Electrical submetering provides improved spatial and temporal
resolution into how buildings use their energy, and case studies have shown that improve-
ments driven by submetering data can lead to 5-30% reductions in electrical energy usage.
However, traditional building submetering technologies present unfavorable cost, installa-
tion, and form factor attributes that inhibit the widespread deployment of these systems.
This dissertation details the design and characterization of easy-to-install, low-cost wireless
sensors for submetering building electrical power at the circuit breaker and plug load levels.

Discussed first is a sensor installed on the external face of a circuit breaker that non-
intrusively measures line voltage and circuit current waveforms, and calculates the real power
dissipated in that circuit. The PCB-based sensor uses a Hall effect sensor, a 1920 Hz sampling
rate to handle non-linear loads, can measure power levels below 10W, uses all off-the-shelf
components with a BOM under $10, and can be installed without hiring an electrician. The
total installed cost to submeter an entire panel using the sensor system is roughly $250 -
a 10x reduction compared to traditional technologies. Data is presented that verifies the
efficacy of the submetering sensor system in a lab setting as well as a real-world residential
installation.

Next, the details of a plug-through energy monitor for ubiquitous electrical monitoring
of plug load devices in buildings is presented. Using a non-invasive inductive current sensing
technique, the current flowing through a plug load device is measured without a series-
sensing element that breaks the circuit. This enables slim profile hardware, and eliminates
the series resistor power dissipation inherent in traditional current sensing implementations.
The prototype can be embedded into an outlet faceplate and easily retrofit onto any existing
outlet for long-term measurement of AC power parameters. The sensor includes 802.15.4

wireless connectivity, a 1920 Hz sampling rate, and a measured noise floor of approximately
2W with a BOM around $5.



The new sensor technologies presented in this dissertation are shown to be effective power
meters, and are also cheap to build with standard printed circuit board manufacturing
processes. Thus, these meters are commercially viable and have the potential to bring
building submetering to the masses. Commercial building owners could save over $0.20/ft2-
yr by spending approximately $0.15/ft? to install plug and panel metering. Given an average
household, homeowners could save over $130/yr with a ~ $375 investment to meter their
panel and wall outlets. If this technology was installed in all US residential and commercial
buildings, the reduction of greenhouse gas emissions would be equivalent to that of over 2
trillion miles driven every year in a 30 mpg car. In buildings that are very inefficient, a much
greater reduction in consumption is possible. With continued development and integration,
ideas presented in this work could lower the cost of the metering hardware by another 5-10x,
and make the goal of ubiquitous electricity submetering more easily attainable.



To Alice.
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Chapter 1

Introduction

Electricity generation has been the dominant source of greenhouse gas (GHG) emissions in
the United States for many years, based on estimates dating back to 1990 [1]. In the US
in 2013, approximately 2,100 million metric tons of COs equivalent were created by the
generation of approximately 3.8 trillion kWh of electricity [2]. Around 39% of this electrical
energy was generated from coal, 27% from natural gas, and 13% from renewable resources.
As seen in Figure 1.1, electricity generation was responsible for 31% of all US GHG emissions
in 2013, compared to 27% attributed to the transportation sector. Upon further dissection
of the 2013 US GHG emissions due to electricity generation, it is shown that approximately
36% were created by electricity usage in the residential sector, and 35% from the commercial
sector. Thus, the electricity used in buildings that we interact with on a daily basis is
making a substantial negative impact on the environment due to the associated greenhouse
gas emissions.

Electricity Generation Emissions
by Sector

Agriculture
3%\

Total Emissions by Sector

Industry
26%

36%

U.L7%
Commercial
35%

Figure 1.1: 2013 US greenhouse gas emissions [1].
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Figure 1.2: US residential electricity usage predicted to 2040 [2].

The breakdown of electrical energy dissipation by end use in US residential and commer-
cial buildings with projections to 2040 can be seen in Figures 1.2 and 1.3, respectively [2].
While core building requirements such as heating, ventilation, air conditioning (HVAC), and
lighting were previously the major electrical energy sinks in buildings, that is no longer the
case today. In 2015, Figures 1.2 and 1.3 show that the electricity consumption attributed
to the ’Other’ category - miscellaneous plug loads that are not required for typical building
functioning and occupancy - is the dominant end use in both building types of discussion.
Therefore, plug load devices need to be a major focus in efforts to reduce the greenhouse gas
emissions caused by electricity usage in buildings.

Projections to 2040 do not show a reduction in building electrical energy usage or GHG
emissions based on the development and adoption of current technologies [2]. These estimates
also show plug loads’ electricity usage to increase exponentially and become an increasingly
problematic electrical energy sink in buildings. The portion of electricity generated from
coal in 2040 is predicted to decrease slightly to from 39% to 34% due to greater use of clean
energy sources, however, overall GHG emissions still increase due to higher total electricity
generation. Therefore, it is critical for new solutions to be developed and deployed that

!Based on Reference case projection: a ”business-as-usual trend estimate, given known technology and
technological and demographic trends.”
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Figure 1.3: US commercial electricity usage predicted to 2040 [2].

reduce greenhouse gas emissions by making buildings more energy efficient, in addition to the
continued proliferation of renewable energy sources. In this work, novel sensor technologies
for wireless electrical submetering at circuit breaker panels and plug loads is presented as a
practical and effective way to reduce electricity usage in buildings.



Chapter 2

Electricity Metering Background

2.1 Overview

In the last fifteen years, intelligent whole-building electricity meters have been deployed in a
handful of states, including the PG&E SmartMeter [3] in California. These devices provide
two-way communication between the electricity provider and each metered building. This
enables the utility provider to charge rates that vary across the day and reward customers
for using electricity during periods of lower demand on the electrical grid. A customer can
also visualize a time series of their building’s aggregate electricity usage in an online interface
to help them be more energy conscious. Building electrical submetering aims to meter the
electricity usage in buildings at the circuit and/or plug levels to obtain electricity usage
information with higher spatial and temporal resolution.

Submetering generates data that is more disaggregated to end use and ideally measures
the electricity usage of individual loads directly. Compared to whole-building electricity data,
submetering data is more valuable to building managers and tenants. The data provides
detailed insight into how a building’s electrical energy is dissipated, and is fed into a central
smart building management system for logging, visualization, and algorithmic processing.
With metering points closer to the end electrical loads, sensor data better highlights faulty
or outdated building electrical appliances and enables monitoring-based commissioning to
improve energy efficiency. Monitoring-based commissioning is the process of continuously
examining a building’s metering data to identify beneficial retrofits, verify energy efficiency
improvements after retrofits, and track the building’s performance over time. Submetering
data also more effectively motivates tenants to change their behavior in order to save energy,
since the data is more closely associated with their habits and actions in the building.

Buildings research shows that electricity submetering combined with data analytics and
maintenance follow-up can reduce buildings’ electricity usage by 5% to 30%, across a wide
range of building types [4]-[11]. However, very few buildings are outfitted with the submeters
required to achieve these savings because of various factors, including: expensive hardware
and installation costs, lengthy installation times, and intrusive metering hardware. For me-
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tering at the circuit breaker panel, the installed cost of current technologies is typically over
$1,000 per panel, and plug load metering costs around $50 per outlet with wireless commu-
nication. In order to promote the widespread deployment of building electrical submetering
and realize the associated impactful environmental benefits, it is critical to develop new
sensor technologies that are unobtrusive, easy to install, and cheap.

2.2 Metering Hardware State-of-the-Art

Circuit Breaker Panel Meters

Today’s commercially available circuit breaker panel submetering technologies require bulky
current transformers (CTs) and voltage connections to be installed inside the panel. A photo
of a traditional submetering installation is shown in Figure 2.1a, and a wiring diagram of
the system in Figure 2.1b. To install a system such as this, an electrician must either
shut down the building’s power or perform dangerous hot work on the panel. The installer
must remove the electrical panel’s protective cover, and spend significant time to install
metering components, external conduit, and enclosures to cover the equipment and signal
leads. The total installation cost can subsequently be dominated by the labor required
to carefully install all hardware, conduit, and wiring by skilled tradespeople, while also
adhering to safety and building code requirements. This results in an installed cost that
is approximately $1,000 — $5,000 per panel [5], [12], [13]. Thus, a typical mid-size, mid-
life commercial building requiring several tens of metered panels can cost up to $100,000
for three-phase submetering. The time required to recoup the costs associated with the
submetering installation are then undesirably long, and building owners are less likely to
make the investment. Therefore, a great need exists for a circuit breaker panel submetering
system that can be installed without an electrician for minimal time and money expenditure.

To meet these goals, it was proposed to replace the in-panel hardware with wireless,
non-contact-based sensor devices placed on the outside of the circuit breakers. This provides
a number of benefits. First, installation on the outside of the circuit breaker panel does not
require an electrician. Second, since the system is self-contained on the exterior panel face,
no external wiring or conduit must be installed. The idea of fastening a sensor to the external
face of a circuit breaker to non-intrusively measure the circuit’s current was first published in
2010, by researchers at UC Berkeley [14]. In this work, the authors designed a mesoscale (= 4
cm long) piezoelectric cantilever with permanent magnets at its tip. In a magnetic field, the
cantilever deflects and a voltage can be measured that is proportional to the incident field,
and, subsequently, the nearby electric current. These cantilever-based current sensors were
shown to be linear and have a current measurement noise floor of approximately 0.17 Agryss
when installed on a circuit breaker. No external power supply is fundamentally required for
these devices, and the sensor actually extracts energy from the external magnetic field that
could be used to power the rest of the sensor node’s electronics. The cm-scale devices are
capable of extracting 22uW of power with 12 Agys flowing through a circuit breaker at 60
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(b)

Figure 2.1: (a) Traditional current-transformer-based in-panel submeter installation. (b)
Wiring diagram showing voltage and current measurement signal lines.
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Hz, and a 1 MQ load connected across the cantilever. Later work integrated the mesoscale
sensors with interface electronics and an 802.15.4 wireless link, providing proof of concept
that non-intrusive current measurement at the circuit breaker face could be used to track
real-world loads [15].

Another non-intrusive sensor designed for the face of circuit breakers was presented in
2013 [16]. This work used a giant magnetoresistive (GMR) magnetic field sensor to measure
a circuit breaker’s current. The sensor node is an assembly of three printed circuit boards
(PCBs), including a Zigbee radio and a rechargeable battery. It occupies a volume of 0.56
cm?, and is claimed to be the smallest Zigbee-compatible sensor node in existence at the time
of publication. While very impressive from a size standpoint, the system suffers from signal
integrity issues including non-linearity and hysteresis, in addition to having short battery
life, which limit its real-world metering applicability.

While non-contact-based panel meters have previously been presented in the literature,
they suffer from multiple drawbacks that make widespread deployment difficult and limit the
practical value of the data that is acquired. Multiple works have shown current magnitude
sensors, but these systems do not sense the line voltage, and, thus, cannot calculate real
power dissipation [14]-[17]. Many of these systems also have low sampling rates that do
not perform well with non-linear loads, and prevent the ability to detect and diagnose load
faults by examining the spectral content of the acquired signals. In [18], a 1 kHz current
signal sample rate is reported, however the sensor itself is too large to submeter individual
circuit breakers, and the system has difficulty dealing with multi-phase power systems. The
new sensor system detailed in Chapter 3 of this dissertation solves all of these problems and
offers a low-cost, practical, and effective circuit submetering solution [19], [20].

Plug Load Meters

Various plug load meters exist commercially today, many of which are sold at common brick
and mortar stores such as Home Depot and Lowe’s. These meters typically sell for around
$50 with and $20-30 without wireless connectivity; examples of these meters are shown in
Figure 2.2. Today’s meters are expensive, sit visibly at the wall outlet, are physically and
aesthetically obtrusive, and often block neighboring duplex receptacles. As a result of these
drawbacks, the meters are mainly used for occasional auditing of devices’ energy usage as
opposed to widespread continuous monitoring.

One plug load sensor proposed in the literature is tied to a plug load’s power cable, and
calculates the load current by monitoring the magnetic field [25]. This sensor is small and
non-intrusive, however it requires a unique calibration profile for every load. The calibration
is automatic, but requires a circuit breaker panel meter and a complex algorithm. Computing
the calibration for the sensors becomes more intensive as the number of loads grows, and also
when the loads’ power dissipation and power factor vary with time. Therefore, this solution
would be difficult to scale up to large buildings with hundreds of plug loads per panel.

Another plug load sensor developed at the University of Michigan uses a surface mount
inductor to measure the current non-intrusively by sensing the associated magnetic field
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(a) (b)

Figure 2.2: (a) Kill A Watt EZ plug load meter [21]. (b) SmartPower Outlet plug load meter
[22]. Image credits: [23], [24].

[26]. The sensor is a a slim form factor, and sits between a plug and outlet in a plug-through
arrangement. The sensor also measures the line voltage, calculates real power, and transmits
data over a Bluetooth Low Energy (BLE) wireless link. The work is similar in a number
of ways to the research presented here in Chapter 4 [27], and was published simultaneously.
The sensor in [26] will be discussed further in Section 4.5 of this document, after the relevant
work in this dissertation has been introduced.

2.3 Buildings Research Case Studies

Commercial
Circuit Metering

The Bank of America building in San Francisco is the second tallest building in the city at
52 stories, with a floor area of 1.5 million square feet [28]. When energy managers realized
the building exceeded its energy budget by a factor of three, they took action and installed
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120 electrical submeters across half of the building [4]. Even with expensive traditional
submetering technologies, the submetering data led to energy savings that paid for the
metering installation in a matter of only days. The data enabled improvements that reduced
the building’s energy consumption by 30%, and saved $1 million in energy costs in the first
year.

Another study was completed at a major tenant residing in a 400,000 ft? commercial space
in New York City [4]. After installing electricity submeters and using the data to examine
hourly consumption profiles, improvements were identified that reduced the building’s total
electrical energy consumption by 795,850 kWh, or 18%, in the first year. The peak demand
was also decreased by 57 kW, or 8%, due to changes made based on the submetering data.
These reductions led to savings of $160,000 in electric utility costs in one year.

A third study of interest involved three multi-tenant office buildings in Washington,
D.C [5]. The results of this study are particularly compelling because the buildings were
performing well, with high energy star ratings (71-86) and building management systems
before the submetering systems were installed. Even in this case, the submetering data
led to 13% lower electricity consumption after one year, averaged over all three buildings.
The submetering data highlighted bugs in the pre-existing building management systems
that would have otherwise been difficult to track. Energy savings were realized mainly by
operational adjustments of control systems, and didn’t require any major capital. The first
year monetary savings exceeded the submetering installation expenses by $74,000. These
results are very exciting because they show that even buildings with much attention and
technology dedicated to maximizing energy efficiency can still see significant improvements
from submetering data.

Plug Load Metering

Due to the limitations in plug metering hardware discussed earlier, there is a scarcity of
case studies investigating the impact of plug load metering on building energy efficiency.
One case study found a 6% reduction in energy was possible by metering workstations in
a commercial building and introducing competition between tenants. However, this study
left many plug loads unmetered and was conducted in an EPA office building where tenants
were likely already energy conscious [6].

Residential

Residential buildings research has thus far focused on improving efficiency using electrical
energy data from entire homes and apartments, instead of individual circuits or devices, due
to the large expenses associated with the installation of today’s submetering systems. An
overview of the results of these residential metering studies are discussed below.

Much research was conducted over the last few decades to investigate the impact of
displaying energy data in households via an in-home display [4], [7]-[9]. The studies show
that feedback of energy information in real-time motivates tenants to change their behaviors,
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and can lead to energy reductions of 5-20%. Also promising are research results that show
the homes’ energy efficiency improvements tend to persist over time [7]. Follow-up interviews
with tenants reveal that the energy-saving behavioral changes they made during the study
period were no longer actively on their mind, and were integrated into their daily routines
and habits.

The New York State Energy Research and Development Authority (NYSERDA) has been
performing studies on the impact of individually metering apartments in multi-family build-
ings for over twenty years [10]. This enables each apartment to be billed independently for
only the electricity they use, and, thus, motivates tenants to reduce their energy usage. The
results of the NYSERDA case studies indicate that metering each apartment typically re-
duces the building’s energy consumption by 10-26% after the first year. NYSERDA research
also shows that these savings tend to persist over long periods of time. Due to the energy
improvements they have witnessed first-hand, NYSERDA currently provides incentives for
multi-family building owners to install separate meters. As of December 2015, NYSERDA
will subsidize 50% of the installed cost, up to $250 per meter [29].

The addition of circuit or plug submetering systems to these buildings can provide contin-
uous real-time energy information that is much more valuable since it is more disaggregated
to the end use of the electricity. It is not a stretch to think that the real-world benefits of
submetering in the residential sector would mirror that of the commercial sector, and may
even surpass it. Residential tenants have one critical additional incentive compared to the
commercial sector: reducing the money paid out of their own pocket every month to the
utility provider.

University

A study published in 2009 looked at the impact of monitoring-based commissioning in 26 Uni-
versity of California and California State University campus buildings [11]. Whole-building
meters and submeters were installed in the studied buildings and connected to energy in-
formation systems. Based on the analyzed meter data, 1120 deficiencies were identified
across the buildings; HVAC deficiencies were most common, found at 65% of sites in the
study, with air-handling and distribution system deficiencies found at 59% of the locations.
Consequently, the most common fixes were adjusting HVAC set points. Without any cap-
ital retrofits, the buildings on average reduced their electricity consumption by 9%, and
decreased their peak demand by 4%. The study also found that buildings with laboratory
facilities saw the greatest absolute energy reductions and, thus, had the shortest payback
periods.
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Chapter 3

Peel-and-Stick Electricity Meter for
Panel Submetering

3.1 Introduction

In this chapter, the design and characterization of a Peel-and-Stick Electricity Meter (PASEM)
sensor PCB built using Commercial Off-The-Shelf (COTS) components for metering indi-
vidual circuit breakers is presented. A PASEM design based on commercially available
components is practical for widespread adoption due to its standard PCB fabrication and
assembly requirements. The sensor measures a circuit breaker’s current and voltage with a
1 kHz analog front end bandwidth and 1920 Hz sampling rate. The system shows very good
measurement performance and the PASEM can be built for a component cost below $10 in
moderate quantities. In the next section, an overview of each panel submetering hardware
subsystem and the flow of sensor data will be discussed. A block diagram of the in-panel
system can be seen in Figure 3.1, and a photo of a real installation in a lab with five metered
breakers can be seen in Figure 3.2. The entire system is powered by one standard AC-DC
converter plugged into a nearby power outlet.

Figure 3.1: PASEM system block diagram showing sensing techniques, PASEM, and wireless
base station.



CHAPTER 3. PEEL-AND-STICK ELECTRICITY METER FOR PANEL
SUBMETERING 12

Figure 3.2: PASEM system installation on circuit breaker panel. Five PASEM devices
installed with wireless base station at bottom. Circuit breakers labeled for reference.
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Figure 3.3: Assembled Peel-and-Stick Electricity Meter with US quarter dollar coin for size
reference.

3.2 System Overview

PASEM Board

Each PASEM sensor board is equipped with an analog front end for current and voltage
signal conditioning, as well as a Texas Instruments MSP430G2131 microcontroller. Details
of the sensing and analog circuits will be discussed in Section 3.3. The entire PASEM board
consumes around 16 mA average from a 5V supply. The current consumption is dominated by
the Hall effect sensor, which consumes 10 mA. Potential future work to drastically reduce the
power consumption is shown in Section 5.1. A close-up image of the 19 x 12 mm? assembled
PASEM PCB board can be seen in Figure 3.3. The cost breakdown of the components on
the PASEM PCB is shown in Table 3.1, quoted from large electronic component distributors
for a quantity of 100 PASEM boards.

The PASEM’s microcontroller is used for two purposes in the system: sampling the analog
voltage and current sense signals, and transmitting samples to the wireless base station via
a wired bus. To preserve information in the harmonics of the sensed current signals, a
1920 Hz sampling rate is used in the 10-bit microcontroller ADC. This sampling frequency
was selected because it is a power-of-two multiple of the 60Hz fundamental line frequency,
enabling straightforward computation of the fast Fourier transform (FFT) without aliasing.
Thirty two samples (one 60 Hz cycle) of both the voltage and current sense signals are stored
in the microcontroller’s memory at all times. The sampled data from each PASEM sensor
is sent over a UART serial link to the panel base station.
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PASEM Component Cost
Microcontroller $1.13
2x Amplifier ICs $3.21
2x Linear Voltage Regulator ICs | $1.14
Hall Effect Sensor $1.04
Passives $1.83
2x6 Header Block $1.05
Total $9.40

Table 3.1: Simplified bill of materials for PASEM board.
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Figure 3.4: Signal processing block diagram showing current and voltage analog sensing
circuits, and DSP real power calculation technique.
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Wireless Base Station

In this system, a Raspberry Pi with custom adapter board functions as a base station for
PASEM devices installed on the breaker panel. Python scripts run on the Raspberry Pi that
manage the UART serial link. Voltage and current samples from the PASEMs are received
by the wireless mote over the wired bus, and subsequently transmitted to a computer for
further processing.

Laptop Computer

A laptop receives wireless data transmissions from the breaker panel wireless base station,
and also performs subsequent DSP computations on the received samples. Python scripts
are executed on the laptop that unpack the PASEM signals, calculate parameters of interest
such as the metered breakers’ line voltage signal and real power usage, and report the data to
a cloud-based Simple Measurement and Actuation Profile (sMAP) server [30] for convenient
viewing.

3.3 Sensing Implementation

Voltage Sensing

The analog circuits used in the capacitive voltage sensing scheme can be seen in Figure 3.4.
The sense capacitance is essentially a parallel-plate capacitor formed between the bottom
metal plane of the PASEM board and the conductor in the circuit breaker. For large capac-
itive coupling, careful PASEM board layout consideration was practiced to keep the bottom
layer densely filled with metal. Assuming C.,s remains constant, the capacitor current can
be monitored to obtain the time-derivative of the breaker’s line voltage:

. d’U L (t)
sense — Csense
' dt

and if m >> 60 Hz:

d’UL (t)
‘/sense ~ Rf Csense 7

Current Sensing

At the heart of the current sensing scheme is a Hall effect sensor that detects magnetic
fields generated by currents flowing through a metered circuit breaker. The sensor used
in this work is an SIP package A1301 Hall effect sensor by Allegro MicroSystems, with a
2.5 mV/Gauss sensitivity. A diagram of the current sensing analog circuitry is shown in
Figure 3.4. Since the output of the hall effect sensor is single-ended, a reference needs to
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be generated for the instrumentation amplifier’s inverting input. To create this reference,
the output of the hall effect sensor is averaged by the f, =~ 0.3 Hz R,;C; low-pass filter
(Ry = 10kQ,Cy = 47pF). The amplified current sense signal is then passed through the
fp = 1 kHz RyCy (Ry = 1652, Cy = 10pF) anti-aliasing filter and is sampled at 1920 Hz by
the microcontroller’s ADC.

Real Power Estimation

Figure 3.4 outlines the technique used to estimate real power once a circuit breaker’s I, se
and Viense (dvjt(t)) signals are obtained in the digital domain. To calculate real power, a
signal representing the circuit’s line voltage, v (t), must be determined. Assuming that
v (t) is sinusoidal, shifting the phase of the measured Ve, signal by 90° is analagous to
integration. A software phase-locked loop was created in Python that tracks the phase of
the Viense signal, and synthesizes an ideal sinusoid with phase matched to vy (), shown as
awvr(t) in Figure 3.4. Example measured Igense, Viense ; and avp(t) signals can be seen in
Figure 3.10a.

To calculate the instantaneous power waveform, a vy, (t) and I, are multiplied together.
The mean of this instantaneous power signal provides an estimate of the real power dissipated
in the circuit, in arbitrary units. A calibration constant must be found to map the power
output of the system to real power in Watts. This calibration constant can be found by
applying a known load to a submetered circuit while monitoring the software DSP real
power estimator output. Assuming the PASEM boards’ analog circuits are well matched
and the sensors can be placed in the same location on identical breakers, the calibration
routine must only be performed once for every type of breaker to be metered. Once the
calibration factors are determined, they are programmed into the laptop’s Python script for
real-time data logging in units of Watts.

3.4 Experimental Results

In the characterization of the PASEM prototype, measurements were completed in a lab-
oratory environment as well as in an actual residential installation. Figure 3.5a shows the
internals of a common residential circuit breaker with a bimetallic strip trip mechanism.
When the current through the breaker is large enough, the heat dissipated in the bimetallic
strip causes a deflection that breaks the circuit. A second type of circuit breaker, which func-
tions fundamentally differently, is shown in Figure 3.5b. The solenoid in this second type of
circuit breaker concentrates the magnetic field in its surroundings, creating a magnetic force
on nearby current-carrying conductors. As current increases past the breaker’s rated limit,
the magnetic force becomes large enough to actuate the breaker. It is important to note that
the breakers tested in this work are of the first type and do not contain solenoids, which would
increase the magnetic field magnitude around the breaker by 10-20x. If solenoidal breakers
were to be considered, the design of a high resolution current sensing system would be much



CHAPTER 3. PEEL-AND-STICK ELECTRICITY METER FOR PANEL
SUBMETERING 17

(a) (b)

Figure 3.5: (a) Thermal-actuated circuit breaker innards with bimetallic strip and PASEM
placement annotated. (b) Magnetic-actuated circuit breaker innards with solenoid and
PASEM placement annotated.

easier due to the drastically increased signal-to-noise ratio (SNR). This work focused on the
more challenging, but also more prevalent, thermally (thermal-magnetic) actuated circuit
breakers. Investigations have shown that most thermal and thermal-magnetic breakers have
internal geometries and current paths that are similar to Figure 3.5a.

Evaluation of Real Power Estimation Accuracy

To characterize the real power estimation performance of the PASEM sensor, its voltage and
current sense outputs were monitored across a wide range of load currents. The test setup
will now be described in detail. The PASEM device was powered by a 5V DC power supply
and mounted onto the face of a circuit breaker in a bench top circuit breaker panel. The
bench top panel is powered with a standard US power plug, which was plugged into the
wall through a 20A power meter to provide reference power measurements. Incandescent
lightbulb loads of various power ratings were switched on to load the breaker with different
current magnitudes. The PASEM voltage and current sense signals were sampled with 16x
averaging by an oscilloscope and subsequently processed in software to calculate real power.
Figure 3.6 presents the results of this experiment, comparing the output of the PASEM sensor
with the reference power meter. In this plot, the y-axis is a log scale, and measurement errors
are less than 1% of full scale (1 kW) and typically less than 2% of measurement. From this
plot, it is apparent that this sensing technique is effective, showing strong correlation with
a reference meter down to load power levels below 10W.
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Figure 3.6: PASEM output vs. reference power meter, showing great correlation to sub-10W
load powers.

Long-Term Capacitive Voltage Sensing Accuracy

Shown in Figure 3.7 is the line to neutral voltage vs. time in a 480V, 3-phase system,
measured both with the PASEM V... circuit and a standard, contact-based reference volt-
age measurement. Considering this plot, it is apparent that the voltage in a building can
change over time and it is important for the PASEM device to track this variation correctly.
After a single point calibration of the PASEM’s Vi.,s to the contact-based measurement,
the maximum error between the two measurements is always less than 1% of the reference
reading. The PASEM system is able to track these changes in voltage, and the changes are
automatically accounted for in the calculation of real power.

Current to Voltage Phase Error Characterization

Phase error between current and line voltage signals leads to error in the calculation of real
power dissipation. Therefore, maintaining a small phase error between channels is critical in
a power meter design. From AC power theory, the real power dissipated in a load is:

1
Preal = T/ U(t)i(t) dt = VRMS [RMS PF (31)
T
PF' is the power factor of the load, and for sinusoidal voltage and current waveforms:

PF = cos (01044) (3.2)
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Figure 3.7: Long-term, 480V 3-phase line-neutral voltage measurement. PASEM analog
Visense oOutput vs. contact-based measurement.

= Oloaq = cos *(PF) (3.3)

where 0,,,4 is the load’s current-voltage phase difference. The worst-case percent error in
real power calculation due to an error in the current-voltage phase measurement is then:

Cos(eload + 967”7"07")
c08(010aa)

A plot of real power calculation error vs load power factor based on Equation 3.4 for various
meter phase errors is shown in Figure 3.9. Real-world loads typically have power factors
greater than 0.9 due to regulations and additional charges to customers with low power
factor electricity draw.

To characterize the phase error of the PASEM meter, the following test was performed
with the entire system installed in a full circuit breaker panel, as shown in Figure 3.2. With
a resistive load applied to a metered breaker, the phases of the digitized Isense and a vy (t)
signals were compared over many 60 Hz cycles. Raw data shows a systematic phase error of
1.6°, which was subtracted out as this can be accounted for in software when V... is shifted
by (ideally) 90° to create cvvy,(t). In Figure 3.8, a histogram of the phase difference between
the PASEM’s digital current and voltage signals is shown. The standard deviation of the
phase error is 3.4°; and is likely due to amplitude noise on the Vie,se and Ig,se signals that
leads to errors in phase estimation. As shown in Equation 3.4 and Figure 3.9, a 3.4° phase

§Preqs = 0PF =1 — (3.4)
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error translates to 0.18% error in real power measurement for a resistive load (power factor
= 1), and 3.05% error at power factor = 0.9. This is a promising result and is representative
of the phase error introduced by all parts of the signal processing chain. The histogram
appears to roughly follow a Gaussian shape. Thus, the effective phase error between current
and voltage signals can be reduced by averaging over multiple cycles, which will subsequently
minimize errors in real power estimation.

Figure 3.8: Measured current-voltage phase difference for a resistive load.

Performance with Non-Linear Loads

The outputs of the PASEM sensor with a resistive load connected through a TRIAC dimmer
were examined to investigate how the sensor performs with a non-linear load. Figure 3.2
shows the test setup that was used for these measurements. The time domain waveforms
measured during this test are shown in Figure 3.10a. These signals are shown with no
averaging and were sampled at 1920 Hz using the PASEM’s on-board microcontroller. It
can be seen that abrupt changes in the circuit’s current introduced by the TRIAC are tracked
in the digitized I4.,s. signal. The frequency domain representation of the measured digital
Lsense signal is also shown in Figure 3.10b. As expected, odd harmonics are prominent due
to the TRIAC triggering events. This verifies the 960 Hz usable signal bandwidth resulting
from the ~ DC to 1 kHz analog front end, and on-board PASEM ADC’s 960 Hz Nyquist
frequency.
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Figure 3.9: Real power calculation error vs. power factor for various phase errors. Real-world
loads are typically designed to have PF > 0.9.

Residential Installation with Real Loads

The PASEM system was installed on a single breaker in a home to test the sensor in a
real-world environment with various load types and transients. The breaker panel used for
this test was also outfitted with a TED 5000 whole house meter to serve as a reference
for calibration and measurement validation. During this experiment, the PASEM and base
station were powered by a 5V DC power supply plugged into a wall outlet near the circuit
breaker panel. A laptop receiving wireless PASEM sensor data, executing Python DSP
software, and uploading data to an SMAP server was placed in a room adjacent to the
breaker panel.

The PASEM was installed on the dwelling’s kitchen circuit, which contains multiple
appliances. Calibration of the sensor was completed by plugging different resistive loads into
a kitchen wall outlet (with other loads static), and monitoring changes in the output of the
PASEM and TED meter. A plot of the power data from both the PASEM-metered kitchen
circuit and the reference TED meter over a period of 8 hours is shown in Figure 3.11. It
can be seen that the PASEM sensor’s measurement trends are consistent with the TED5000
meter when the various kitchen appliances are used. Differences in the trends of the two
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(b)

Figure 3.10: (a) Sampled Isepse, Viense, and phase-corrected line voltage signals for a TRIAC
dimmer with resistive load. (b) FFT of sampled I, signal in (a).
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Figure 3.11: PASEM residential kitchen circuit vs. whole house meter data.

curves shown are due to load changes on other circuits in the residence. It is interesting
to see that the kitchen circuit is often using over half of the total power dissipated in the
duplex residence.

In-Panel Crosstalk Characterization and Correction

Shown in Figure 3.12 is an illustration that depicts how a PASEM’s Hall effect sensor will
detect magnetic fields from currents in adjacent circuit breakers, in addition to the breaker
to which it is fastened. Hall effect sensors typically have one sensitive axis, and the output
signal is proportional to the total resultant field from all sources in that direction. This
results in erroneous estimates of the circuit breakers’ currents. Figure 3.12 presents a simple
case with current in three neighboring breakers, but this is only part of the picture. In a real
installation, there may be tens of currents flowing nearby. The exact effects of this crosstalk
are difficult to predict since the current path varies between breakers, which changes the
shape of the magnetic vector field, and the geometry between circuit currents and PASEM
sensors also changes from panel to panel. Therefore, accounting for the crosstalk is much
more difficult than for the sensor system in Chapter 4.
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Figure 3.12: Circuit breaker panel crosstalk vector illustration.

Using the in-panel PASEM system installation shown in Figure 3.2, the signal crosstalk
between neighboring circuits and sensors in the panel was characterized. With five sensors
installed on consecutive breakers, the real power dissipation reported by all PASEMs was
monitored with a resistive load applied to only the middle circuit. The results of this ex-
periment can be seen in Figure 3.13. This circuit breaker panel is wired in a split-phase
120V /240V configuration resulting in a 180° phase difference between the line voltage of
adjacent circuits. This causes the alternating positive/negative power measurements visible
in Figure 3.13, however, the sign of the measured real power at sensor £ is opposite what
is expected. This is likely due to interference from other current-carrying conductors in the
lower region of the breaker panel, highlighting a source of crosstalk besides the conductors
inside the circuit breakers themselves. From this experiment, it is apparent that in-panel
crosstalk from other conductors can lead to substantial errors in a circuit’s real power es-
timation, and these effects must be accounted for to obtain valuable data in a real-world
deployment.

Previous work in [17] showed that signals incident on the sensors from multiple conduc-
tors can be deconvolved to account for the current magnitude crosstalk between breakers.
However, this technique requires applying a known load to every circuit in the panel to mea-
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Figure 3.13: Real power measured by all five sensors due to a load on the center circuit.

sure the cross-sensitivity matrix, which can be a difficult and time-consuming task in a full
installation. In [20], the authors built upon this technique and created a method to account
for crosstalk that operates on the PASEM real power measurements and does not require
manually measuring the cross-sensitivity matrix. This crosstalk cancellation method first
uses the results from an electromagnetic simulation of a circuit breaker panel to estimate
all breaker-to-sensor sensitivity parameters and provide initial crosstalk mitigation. If the
types of circuit breakers in the panel are known ahead of time, this will lead to improved
accuracy of the initial electromagnetic model. A statistical matching algorithm then mon-
itors changes in multiple breaker signals simultaneously to improve the sensitivity matrix
over time, further reducing errors due to the effects of nearby conductors on a circuit’s power
measurements. This technique was shown to be effective and resulted in average errors in
real power measurement that were less than 5% after only a short learning period. The
accuracy of the algorithm would increase as more data is examined over a long period of
time. A hardware solution to improve the system’s capability to account for these crosstalk
effects is introduced in Section 5.2.
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3.5 Comparison to State-of-the-Art

This work [19], [20] [15] In-Panel Meters
Mfg Process Standard PCB Custom MEMS | PCB, ferromagnetics
Resolution ~ 80mA; 10W ~ 100mA < 1W
Bandwidth Fnyquist = 960 Hz RMS — DC
Outputs I, V, Real Power Current only I, V, Real Power
Power 16 mA @ 5V Zero
Installed Cost ~ $10 per circuit High > $1000 per panel

Table 3.2: PASEM sensor comparison to state-of-the-art.
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A table comparing the PASEM sensor system presented in this chapter to relevant work
from academic literature and traditional in-panel circuit metering technology is shown in Ta-
ble 3.2. Compared to the work in [15], the PASEM is able to measure line voltage, in addition
to current, and calculate real power to provide more valuable AC power information. The
PASEM system can be fabricated today for a low cost using commercially available compo-
nents and PCB fabrication infrastructure, compared to the expensive custom MEMS process
required by [15]. Traditional current transformer-based in-panel metering technologies are
more accurate than the sensor presented in this work and also do not suffer from crosstalk
issues. However, these in-panel systems have installation costs that are prohibitively high.
With future algorithm and hardware development, the PASEM sensor system presented in
this work could potentially match the accuracy of these traditional meters for a fraction of
the required install cost and time.
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Chapter 4

Plug-Through Energy Monitor for
Wall Outlet Electrical Devices

4.1 Introduction

To help combat the fastest growing energy dissipator in buildings, a new type of sensor is
needed that can ubiquitously meter plug loads and deliver continuous energy data that is
disaggregated to end use. In the following sections, a plug-through energy monitor (PTEM)
for plug load electrical devices is presented. This meter uses an inductive current sense coil
printed directly into the PCB, resulting in a low-cost, low-power, wireless plug load meter
that can be integrated into an outlet’s faceplate for near-invisible metering hardware.

4.2 Inductive Current Sensing

To measure an electrical current, typically the circuit is broken, a series resistor is inserted in
the loop, and the voltage across the resistor is monitored to measure the current according
to Ohm’s law. This technique is simple and effective, but has a number of drawbacks.
Considering AC power meter applications, the sensor itself must be thicker than the blades
of the plug (15.9 mm) in order to break the circuit and measure the current, leading to
the clunky commercial meters available today. Power is also dissipated in the series current
sense resistor, given by: P = 12, Reense- If T1oaa = 10A and the sense resistor is 10 mS2, the
power dissipated in the resistor is 1W; this is a substantial amount compared to the power
required by the metering electronics.

In this work, inductive current sensing is used to measure the load current without
breaking the load circuit loop. The physics governing this current sensing technique will
now be discussed. When a current flows, it is accompanied by a rotational magnetic field as
dictated by Ampere’s Law:
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(a) (b) (c)

Figure 4.1: (a) PTEM sensor PCB. (b) PTEM installed on outlet with 3D-printed faceplate.
(c) Kill A Watt EZ plugged into installed PTEM for size comparison.

L. . 9D

In addition, B = ,uﬁ is the magnetic flux density, and the magnetic flux through a surface
S is given by:
¢;ﬁ§wﬁ (4.2)
s

If the current is time-varying, the magnetic flux density, and, by extension, the magnetic
flux, are also time-varying. As described by Faraday’s Law and Lenz’s law, a time-varying
magnetic flux density is accompanied by a circulating electric field:

. 0B

Applying Stokes’ theorem gives:

L 99
fﬂm_—a_%w (4.4)

Thus, if a loop of wire encircles a surface with a changing magnetic flux, the corresponding
circulating electric field produces an electromotive force that is proportional to the time
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Figure 4.2: Inductive current sensing conceptual diagram.

derivative of the linked magnetic flux. Since the magnetic flux is linearly related to the
flowing current, the voltage measured across the terminals of the wire loop is proportional to
the time derivative of the current generating the magnetic field. This fundamentally creates
a mutual inductance between the flowing current and the wire loop(s). In this power meter
application, the mutual inductance between the load-current-carrying conductor and the
sense coil on the PTEM sensor allows for the non-intrusive measurement of dié%d. For the
ideal case of an infinite wire current:

i a¢total . N a¢ . ,UAzloop N r2 X 32(15) . 6’2(t)
vems (t) = =5, __,;<E>k__2 o 2 /n do) =ar =M%

2 2
k=1 T2+ Yy

where

A, X r2

M:uz [/ %dl’] (46)
s =1 L/T1 xre 4+ Y

with the load current infinite wire at (0,0,0) and the axes oriented as shown in Figure 4.2.

Here N is the number of wire loops, A, is the depth of the wire loop in the z-direction,

and v, is the y-coordinate of the k** wire loop.
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4.3 Sensor System Design

Inductive current sensing offers two main benefits in the context of plug load meters. First,
since the circuit does not need to be broken, the sensor itself can have a very slim profile,
limited only by the thickness of the PCB and electronics. Also, the power dissipation of
the sensor itself will be lower and independent of load current, since no voltage is dropped
across a series sensing resistor. Figure 4.1 presents photos of the prototype PTEM sensor
in comparison to the Kill A Watt EZ [21] meter that clearly show the improvement in form
factor. The PCB was designed to meter both plugs in a common US duplex outlet so that
some circuitry can be shared to reduce the cost per plug metered. This also allows the meter
to integrate nicely with a plastic cover and act as a faceplate replacement. The system design
details of the plug load meter will now be discussed.

The PTEM PCB is powered from the AC mains, and contacts the plug blades with
sheet copper tabs soldered to the board. Due to the sensor’s close proximity to a high
voltage conductor, care must be taken to reduce capacitive coupling to the board by keeping
impedances low. To reduce manufacturing costs, the PCB was designed with only two layers,
and low cost components make the BOM around $5 in large quantities. The RF performance
of the sensor is very good - 802.15.4 packets are reliably received by a USB dongle at a range
of ~ 120 ft through multiple cubicles and walls. The power dissipation of the sensing and
wireless communication electronics was measured to be 9.8 mA from a 3.6V supply when
sending a 72-byte packet once per second. This is dominated by current draw associated
with the microcontroller’s oscillators and could be decreased by 10x with a board redesign.

PCB-Printed Inductive Sense Coil

With the current-carrying plug blades inserted through recesses in the PCB, the magnetic
field lines form loops (infinite wire model) that are parallel to the plane of the board and
governed by the right-hand rule. A vector field plot of the magnetic flux density in the
region near the plug conductors and inductive sense coil is shown in Figure 4.3. This plot
shows the resulting magnetic field due to both conductors when modeled as infinite wires
and carrying the same current in opposite directions. Therefore, to sense this magnetic field
using an inductive coil, the sensor coil must form loops with a surface normal vector that
is parallel to the surface of the PCB. To create this helical structure, a series of traces and
vias between the top and bottom metal layers was used. Compared to using a surface mount
inductor for sensing, this approach allows the meter inline thickness to be only that of the
PCB (vs. PCB + inductor!). An 0402 inductor is = 0.65 mm thick, or approximately 40%
of the thickness of a standard PCB.

As evident in Figure 4.3, the magnetic field from the two current-carrying conductors
add constructively in the region between the two plug blades. In order to obtain a stronger
signal, and thus better signal-to-noise ratio, this is a natural place to place the inductive cur-

! Assuming sense inductor placed as in [26]
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Figure 4.3: Magnetic flux density vector field plot around plug conductors and sense coil
region. Model assumes infinite wire currents with locations annotated.

rent sensor coil. Figure 4.4 shows the total magnetic flux density y-component in the region
between the plug blades, per Amp flowing through the load. The PCB-printed coil design
used in this work can be seen in Figure 4.1(a). It has approximately 50 turns and measure-
ments indicate that this design yields a mutual inductance of around 42 nH, compared to
31 nH as predicted by Equation 4.6.

Power Supply Circuits

The sensor PCB uses the circuit shown in Figure 4.5 to generate a stable DC voltage supply
for the board’s electronics from the AC mains. When vy, is decreasing, diode D1 connects
node A to ground (neutral voltage), making Vo1 = —VLine pear. During the other half cycle,
diode D2 conducts and connects node A to node B. Assuming the Zener voltage is constant
and the other diode voltage drops are negligible, the average current through D2 is:

iD2,avg = Cl (QULine,peak - VZeneT) fLine (47)

This current then splits between the LDO input and Zener diode, depending on the current
draw of the electronics.
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Figure 4.4: Spatial variation of B, between plug conductors, per Amp through the load.
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Figure 4.5: AC-DC converting power supply circuit.
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Figure 4.6: Inductive current sensing analog front end.

Microcontroller and RF

A CC2350 system-on-chip from Texas Instruments that includes an 8051 pcontroller and
802.15.4 low-power radio is used in this sensor design. A folded dipole antenna is printed in
the PCB, based on a reference design from TI. The onboard 14-bit sigma-delta ADC samples
current and voltage measurement channels at 1920 Hz to keep harmonic content to 960 Hz.
This gives the sensor the capability to measure non-linear loads accurately, and identify
a load’s harmonic content if desired. The embedded firmware is capable of performing
averaging over multiple cycles to improve the signal-to-noise ratio of the measurement. To
reduce power consumption, the microcontroller and radio go into a low-power mode, and
wake up periodically to sample and transmit data. The signal averaging and sleep timers
can be adjusted to change the transmitted sample rate.

Current and Voltage Sensing

The analog front end circuit used in the inductive current sensing scheme can be seen in
Figure 4.6. The sense coil can be considered as a Thévenin equivalent source with ~ 3()
resistance. At the frequencies of interest, the inductance of the sensor coil can be neglected.
The first amplifier stage is a continuous time integrator, proceeded by an inverting amplifier
gain stage. An anti-aliasing filter precedes the ADC, with a cutoff frequency at approximately
1 kHz. There are two copies of this circuit on the board - one for each plug.

Since the sensor board contacts the line voltage directly, the load’s voltage can be easily
sensed with a resistive divider from the mains. The circuit used to sense the line voltage is
shown in Figure 4.7. The bottom side of the resistor divider is biased by an opamp buffer at

@, which centers the divided line voltage waveform around the middle of the ADC range.
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VLine(t)

Figure 4.7: Line voltage sensing analog front end.

Laptop DSP Software

Sensor data is transmitted using the CC2530 radio to a laptop with an 802.15.4 USB receiver
dongle. The time series data is received and processed in Python to calculate Vzys, Iruis,
P,cai, power factor and apparent power. For a large deployment, these metrics could be
computed locally by the pucontroller on each sensor node to reduce the load on the wireless
network.

Crosstalk Cancellation

The total time-varying magnetic flux, %, linking each inductive sense coil is due to a vector
summation from all sources of time-varying magnetic fields. In this case, the two main
sources are the AC currents flowing through each plug in the duplex outlet. Ignoring other

sources of magnetic field, this can be represented by the following inductance matrix:

8' oa
Ueoily | _ My My % (4.8)
Vcoils M1 Mo Boady
where Ve, and ve.q, are the top and bottom coil voltages, 7,44, and 7,44, are the top
and bottom plug currents, and the M terms are material and geometry dependent param-

eters. After integration in analog hardware, the sampled signals available to the onboard
microcontroller are:

0 oa 0 oa, . .
'ésensel = / <M171 * Zlatdl + MLQ * Zlatd2>dt = Q * Zload1 + b * Zloadg (49)

8' oa a oa . .
bsenses = / (MQ,1 % Zlatdl + My, * %ﬁ)dt = ¢ % ijoad, + d * T10qd, (4.10)
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The constants of integration can be ignored here, as the electronics keep the analog signals
centered around VDTD Equations 4.9, 4.10 can then be put in the following matrix form:

= Z:sensel _ a b Z:loadl (411)
Lsenses c d Loads
Once the a,b,c,d parameters are known, this matrix relationship can be inverted to
deconvolve the two load currents from the signals measured at both sensor coils:

. -1 r. .
= Load; _ a b Lsense, _ « 6 lsensey (4 12)
iloadg c d Z.sensez Y 5 isenseg ’
- Z.loadl - Oﬂlsensq + ﬁ?senseg (413)
Loady = Vlsenser + 5Zsenseg

The geometry between the sensors and conductors remains fixed, thus, the «a, 3,7v,0 pa-
rameters can be calculated by matrix inversion offline only once (based on measurement of
a,b,c,d), and then programmed into firmware/software. The sensor system can then com-
pute these simple arithmetic operations in real-time to perform crosstalk cancellation during
data acquisition. This is similar to the idea presented in [17] and Section 3.4, except the
technique is more easily and effectively implemented since the geometry between conductors
and sensors is the same in all installations in this case.

4.4 Experimental Results

Laboratory Characterization
Calibration and Accuracy

In order to measure the a, b, ¢, d calibration coefficients in Equation 4.11, the following proce-
dure was performed. A current transformer connected to an oscilloscope served as a reference
current measurement. For each test case, the current transformer output and PTEM’S i4epse,
and Tsense, signals were logged simultaneously over a ten minute period. To determine the
coeflicients, a best fit line was plotted between the two variables. The slope provides the
calibration factor used to convert the current measurement channel’s ADC output from units
of ADC codes to units of Amps. While sweeping 4jpqq, With 4144, = 0, coefficients a and ¢
can be determined:

o isensel (4 14)
iload1 iload2:0
isensez
¢ = Lsenses (4.15)
Zloadl 7:loadz =0

Next, by sweeping ioq4, With 7,44, = 0, coefficients b and d are found:
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Figure 4.8: PTEM ig4epse, vs. current transformer for various ¢;,q4,, With 2044, = 0.

isense
b= —+

. (4.16)
Zloadg z.loadl =0
1
d= 2 (4.17)
Zloadg iloadl =0

A plot of the measured data and best-fit line for the self-sensitivity of ijp0d, t0 @sense,
(coefficient a) is shown in Figure 4.8. The correlation of determination for the data was
computed, and the r? value is very close to 1, verifying that the sensor output matches
the current transformer very well across a range of currents. The standard deviation of
the PTEM’s current measurement is typically a factor of 100-1000 smaller than the mean.
Measuring the noise of the system with no load current, the p + 30 noise is ~ 20 mA RMS,
corresponding to 2.4W with 120 V RMS mains and unity power factor.

To calibrate the PTEM voltage measurement channel, a Watts Up Pro [31] meter was
used as a reference voltage meter. The voltage data from the Watts UP Pro and PTEM’s
Vsense Signal were logged simultaneously over a period of 10 minutes, and the ratio of the
mean values was used to find the voltage channel calibration coefficient. This coefficient only
needs to be measured once, and then programmed into software or firmware.
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Inductive Current Sensor Analog Front End Bandwidth

Shown in Figure 4.9 are sampled waveforms from the output of the PTEM sensor with a
resistive load connected through a TRIAC dimmer. The TRIAC dimmer creates sharp tran-
sitions in the current waveform when it switches, introducing significant harmonic content
into the current waveform. In the middle plot, it is visible that the PTEM is able to track
the changes quickly when the TRIAC switches. The bottom plot shows the FFT of the
current waveform, with signal content up to the 960 Hz Nyquist frequency.

Entertainment Center Metering

In order to test the prototype sensor with real world loads, the PTEM was installed on an
outlet with six electronic devices connected via a power strip. The connected loads were: a
cable modem, wireless router, digital cable box, 40” LCD TV, AV receiver, and Xbox One.
The Watts Up Pro meter was also configured to measure and log the AC power parameters
of this outlet for comparison. The power time series data from this test is shown in Figure
4.10. The traces are shown with smoothing over ~ 30 seconds to reduce high-frequency
fluctuations and highlight longer-term trends in the power data.

While the traces from the PTEM and Watts Up Pro both have the same shape, the Watts
Up Pro meter is consistently reporting a higher value. Examining the voltage, current, and
power factor datasets from both meters, it is clear that this disparity is due to a difference in
the meters’ current measurements. Applying a scaling factor of 1.16 to the PTEM current
reading makes the two power time series match almost perfectly. It is unclear whether the
erroneous current measurement is from the Watts Up Pro or the current transformer that
was used as the PTEM’s current calibration reference.

Crosstalk Cancellation

The effectiveness of the crosstalk cancellation algorithm was tested by applying a sequence
of loads to both the top and bottom plugs and monitoring the estimates of 7,44, and #;oqd,,
with and without the algorithm presented in Equations 4.12 and 4.13 activated. Figure
4.11 shows the measured 7;,,4 signals compared to the actual load currents without the
deconvolution algorithm enabled. From these plots, it is apparent that the error due to
crosstalk is substantial - an error of approximately 0.5 A is introduced on 4,4, When there
is an 11 A load applied to ijoq4, slightly before the 4 minute mark. This error remains when
lload, — 0 around t = 5.8 minutes. Crosstalk in the opposite direction is also visible when
l10ad, changes, although the effect is less noticeable on 7;,44, due to the disparity in currents.

Figure 4.12 presents the same time series of data with the crosstalk cancellation algo-
rithms enabled. It is clear that the technique is effective; the large errors on 4,44, are now
much reduced. While the measured traces in Figure 4.12 do not match the ideal load cur-
rents exactly, the accuracy can likely be improved by better measurement of the a,b,c,d
parameters in Equation 4.11 with a more repeatable test setup.
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Figure 4.9: TRIAC dimmer with resistive load; top: vgense(t), middle: 444, (t), bottom:

FFT[i10a4, (t)].
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Figure 4.10: Entertainment center power timeseries with ~ 30 second smoothing. Digital
cable box, cable modem, and wireless router always on.

4.5 Comparison to State-of-the-Art

Although their PowerBlade sensor is also based on non-intrusive current measurement, the
authors in [26] took different approaches to multiple aspects of their plug load power meter
design. First, considering the form factor, they designed a sensor that is arranged in a plug-
through manner between a plug and wall outlet, but it is meant to be associated with the
load itself and to be moved from outlet to outlet. While this makes it easier to associate a
stream of sensor data with a specific plug load, it could also be troublesome. First of all,
the sensors need to be moved around and kept track of, compared to the PTEM which is
“out of sight, out of mind” at all times after a simple, quick installation. In a commercial
environment, different people are coming and going all the time, often bringing various plug
loads to and from home, and it would be difficult to meter all of these loads using the
PowerBlade.

Compared to the 802.15.4 wireless communication protocol used in the PTEM design, the
PowerBlade’s use of Bluetooth Low Energy (BLE) is less amenable to large-scale deployments
that aim to meter all outlets in a building. The 802.15.4 protocol, network stack, and
accompanying hardware have been in development for many years to optimize wireless mesh
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networking in applications just like this. The technology enables these networks to support
thousands of devices and send packets with ~ 99.999% delivery rates. The sensor nodes
can also operate with very low radio energy budgets due to radio duty cycling enabled by
time synchronized channel hopping [32]. The BLE wireless communication employed in
PowerBlade is more suitable for smaller numbers of nodes and point-point communication.

Overall, the PowerBlade sensor is appropriate for applications similar to today’s com-
mercial meters, instead of what is targeted in this work: ubiquitous monitoring of all plug
loads in large buildings. In order to really benefit from submetering by evoking behavioral
changes, and monitoring-based commissioning, it is critical for all circuits’ and plug loads’
data to be delivered to an energy information dashboard or building management system.
This becomes more difficult with the PowerBlade, due to the limitations listed above. A
comparison of the PTEM sensor presented in this chapter, the PowerBlade, and the Kill A
Watt EZ meter is shown in Table 4.1.

. Kill A Watt
This work [27] | PowerBlade [26] EZ [21]
5.1257 x 2.57 x
. 9 9 1 i 9 1
Size [l x w x t] | 445" x2.6"x 357 | 17 x 1”7 x 5 157

Noise floor:

Resolution | y=144 mA, o %QQOVW, Y;i::@_ T ew
=1.8 mA RMS, &5
05% CI: 1.8% at 352%\7 CI:O%';% g

Accuracy 200 mA, 0.2% @ | {0 TP > 0.2%

1200W,  PF=l,

2T A Viine = 120VrMms
450 mW idle [26];
Power 9.8 mA from . ,
Dissipation 3.6V 180 mW ROW @ 4jpeq = 10

Analog BW > Ivuguist

Bandwidth - 1.26kHz; analog
Fyquist = 960H 2 BW not reported
Data Interface | 802.15.4 wireless | BLE wireless Onboard display
Measured
Wireless Range >40m 20m N/A
Cost per plug Mir: < $5 Mir: $10 — 15 Purchase: $28

metered

Table 4.1: PTEM sensor comparison to state-of-the-art.



43

Chapter 5

Future Work

5.1 Tunneling Magnetoresistive Sensor for PASEM

A1301 Hall | TMR2102 TMR2703 TMR2905
sensor [33] [34] [34] [34]
Sensitivity! 2.5 mV/G 24.5 mV/G 67.5 mV/G 250-300 mV /G
RMS Magnetic | 5 N N N
Noise? ~19 mG ~274 uG ~274 uG ~141 uG
Equivalent
NOcilse FlOOI‘4 380 HlARMS 5.5 mAR]\/[S 5.5 IIlARMS 2.8 mARMS
Bias Current® | 10 mA 110 uA 83 uA 1 mA
Bandwidth 20 kHz > 100 MHz > 100 MHz > 100 MHz
Package Size 1.5x4x3mm 3x3x0.7omm | 3x3x0.75mm | 3x3x0.75mm
[ x w x t] SIP DFNS8 DFNS8 DFNS8

Table 5.1: PASEM Hall effect sensor vs. TMR sensor comparison table.

In the PASEM circuit breaker metering system of Chapter 3, the accuracy of the power
measurement is limited by the noise of the Hall effect sensor that is used to measure magnetic
field and calculate the circuit’s current. This noise can be reduced by averaging the signal
over many cycles. However, performing this averaging introduces some difficulties in practice.
Integrating over a long period of time, say one second, requires a precise frequency reference
to drive the ADC’s sampling clock without introducing phase shift that causes error in the

Wpp =5V

215torder LPF, f, = 1 kHz

3 Assumes flat noise spectral density

4Breaker current equivalent, assuming 50 mG/Amp through breaker (thermal type). No averaging
Vpp = 5V
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Figure 5.1: TMR sensor measured frequency response.

real power calculation (see Figure 3.9). A crystal oscillator frequency reference can be added
to the sensor to serve this purpose, but can still only be used for 64-128x cycle averaging.

Tunneling magnetoresistive (TMR) sensors are based on quantum mechanical tunneling,
are typically used in hard disk drive read heads, and have properties that are far superior
to the Hall effect sensors used in the aforementioned PASEM work; see Table 5.1. The
magnetic sensitivity of TMR sensors can be >100x higher, leading to relaxed requirements
in subsequent amplifiers. At the same time, the noise levels are >100x lower than the Hall
sensor used in this work, which substantially improves the current measurement resolution
without any averaging. With much improved signal and noise characteristics, the power
dissipation of the TMR sensors can also be two orders of magnitude lower than Hall sensors.

Therefore, a TMR sensor could be used to make a much lower power, more accurate circuit
breaker power sensor based on the concepts presented in this dissertation. By integrating
a TMR sensor in a new PASEM design and duty-cycling the microcontroller and analog
amplifiers, the PASEM board’s total current consumption could feasibly be reduced to about
250 pA. As an initial step towards this goal, the sensitivity of a prototype TMR sensor was
measured in a Helmholtz coil. The measured sensitivity at various frequencies can be seen
in Figure 5.1 in comparison to the A1301 Hall effect sensor. It is believed that the variation
in sensitivity with frequency is due to non-idealities in the test setup.
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5.2 Single-Chip Vector Sensing Breaker Meter

20 mm

(a) (b)

Figure 5.2: (a) Single-chip vector magnetic field sensing power meter block diagram. (b)
PCB prototype sensor with 4x4x2 array of 3-axis magnetic field sensors.

Again considering Figure 3.12, it can be seen that the magnetic field vectors incident on
the PASEM sensor have different orientations depending on the source of the field. With one
single-axis magnetic field sensor per PASEM, the information captured about the fields makes
this differentiation difficult. However, if many vector magnetic field sensors are integrated
in a PASEM sensor, a much more detailed picture of the magnetic fields can be obtained.
With more information about the fields, and, thus, the currents, more effective crosstalk
mitigation should be possible.

A photo of a prototype vector magnetic field sensor PCB designed and tested is shown
in Figure 5.2b. This sensor has a 4x4x2 array of analog 3-axis anisotropic magnetoresistive
(AMR) magnetic field sensors. An example measurement taken with the vector sensor on a
circuit breaker with a solenoid inside is shown in Figure 5.3. As expected due to the solenoid,
the measured magnetic field takes on the characteristic shape of a magnetic dipole. A few of
the sensors are not working properly, due to difficulties realigning the magnetic domains of
the AMR sensors. It is easy to imagine that having real-time measured data like this could
drive the development of a plethora of new intelligent algorithms for power sensing.

Figure 5.2a is a block diagram of the single-chip vector magnetic field sensing power meter.
A number of vector Hall sensor elements [35]-[38] would be integrated on the same substrate
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as the other CMOS circuits. The analog and mixed-signal circuits could be power-optimized
for the specific bandwidth and dynamic range required in this application. Digital signal
processing hardware would also be included for efficient computation of crosstalk cancellation
algorithms and AC power calculations. Integrating all of these application-specific circuits
into one chip could decrease the cost of a circuit breaker power meter by roughly another
5-10x, making panel submetering installation a total no-brainer for building owners. From
very conservative estimates® extrapolated from reported submetering installation costs and
energy savings in [5], a low-cost single-chip meter could easily enable installation payback
periods of <2 weeks in commercial buildings. While similar data is not available for real-
world residential installations, an average payback period of ~ 8 months” is likely attainable
with $50/panel installed submetering costs [2].

Figure 5.3: Measured magnetic field with 4x4x2 vector sensor array on solenoidal circuit
breaker.

65% energy consumption reduction in buildings with pre-existing high efficiency ratings. A factor of 50
reduction in first year submetering project costs compared to today’s commercial submetering solutions.
5% energy consumption reduction in an average residential building with one panel.
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Chapter 6

Conclusions

Immense efforts need to be made by the human race to reduce the harm being done to the
earth by the emission of greenhouse gases. People need to be more aware of their energy
usage, and realize that the majority of this can be traced back to sources that are harmful
to the environment. While reducing GHG emissions associated with the transportation
sector has been very much in the public eye, not nearly as many people are aware of the
substantial contribution that electricity usage is making to global warming. While building
studies are lacking in some areas due to drawbacks associated with traditional technologies,
submetering has been shown to enable 5-30% reductions in electrical energy consumption
in many building types through monitoring-based commissioning and occupant behavioral
changes.

In Chapter 3, a new sensor system has been presented for building submetering at the
circuit breaker panel that solves many issues inhibiting the widespread adoption of cur-
rent technologies. The measurements in this paper have shown that our sensor accurately
measures real power with a 960 Hz usable bandwidth, and it works well in a residential instal-
lation with various types of loads. Our submetering solution includes cost effective hardware
that is suitable for installation without an electrician, and is easy to produce without an
exotic manufacturing process. The installed cost of our system is estimated to be $250 per
panel - ~ 10x lower than other available solutions - with installation time also decreased
substantially. Future work was presented that could further decrease the system’s installed
cost by another 5-10x.

In Chapter 4, the design and characterization of a low-cost, plug-through energy monitor
for electrical submetering of plug load devices in buildings was discussed. The sensor uses
an inductive current sensor printed into the PCB to measure current non-intrusively. This
enables a form factor that is ~ 10x thinner than traditional plug meters, and allows the
device to be hidden out of sight behind an outlet faceplate. Inductive current sensing also
allows the meter itself to be very low power, consuming only 35 mW for power sensing and
802.15.4 wireless communication. Voltage and current signals are sampled at 1920 Hz for
handling non-linear loads, and the measured noise floor is approximately 2.4W with 120 V
RMS mains. The PTEM sensor can be fabricated using a standard 2-layer PCB process and
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its BOM cost is only & $5. The sensor was tested in a real world deployment and it is able
to effectively measure time-varying loads with non-unity power factors.

In this dissertation, effective and practical sensor systems with the potential to enable
pervasive building electrical submetering at plugs and panels have been presented. Increasing
the energy efficiency of buildings needs to become a widespread effort, and this should be
supported by new government regulations and incentives. If all buildings in the United
States were to improve their energy efficiency by only 10%, this would reduce greenhouse
gas emissions by an amount equivalent to approximately 2 trillion miles driven in a 30 mpg
car, every year [39], [40]. Hopefully the novel technologies developed by this research work
can be true catalysts in these future efforts.
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