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ABSTRACT

EFFICIENCY OF AC VS. DC DISTRIBUTION SYSTEMS IN COMMERCIAL

BUILDINGS

Decarbonization and modernization of the grid, electrification of transportation, and

energy storage are some of the trends pushing towards the significant growth of power

electronics in the past few decades. The massive application of such devices has increased

the interest in direct current (DC) power distribution as an alternative to the conventional

alternating current (AC) distribution systems in residential and commercial buildings.

This increase in non-linear loads, however, substantially increases current harmonics,

which compromises the lifespan, efficiency, and/or operability of distribution compo-

nents, such as transformers and protection equipment. Additionally, when comparing the

efficiency of AC vs. DC distribution systems, the literature is often based on simulation

studies rather than real measured data. In this regard, this study focuses on three ma-

jor topics: a) Harmonic cancellation within building circuits; b) Endpoint use efficiency

comparison for AC and DC in-building distribution systems; and c) A cautionary note

on using smart plugs for research data acquisition. The analyses are based on recorded

power consumption data from office-based appliances, made by smart plugs, combined

with detailed characterization of sampled Miscellaneous Electric Loads (MELs’) power

converters.

While harmonic cancellation studies often assume that AC converters operate across

their rated power range, measured realistic power profiles reported in this work show

that MELs operate below 40% of rated power the majority of the time when not in standby

mode. This makes the harmonic cancellation significantly lower than that predicted when

using full-range power assumptions, which could provide incorrect guidance to building
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design engineers. In contrast, increased diversity of MELs increases harmonic cancella-

tion. Blending typical office loads with lighting, for instance, improves the harmonic can-

cellation to near the levels predicted by traditional methods. Regarding the endpoint effi-

ciency of AC and DC distribution systems, no systematic efficiency advantage was found,

when endpoint AC/DC converters were compared to a similar, commercially available,

DC/DC converter powering the same load profile. That goes in the opposite direction of

prior studies, which estimate converters’ efficiency based on datasheet information or the

efficiency at rated load.
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Chapter 1

Introduction and Background

The following documents complete the author’s work for his Ph.D. research. Chap-

ters 1 through 4 discuss the main body of work, primarily focused on the experimental

analysis of DC and AC distributions systems in commercial buildings. Chapter 5 out-

lines a cautionary note when using smart plugs for research data acquisition. Chapter 6

summarizes the conclusions of this work and highlights future topics of research.

1.1 Study Design and Aims

This research is part of a larger project, DC Design and Scoping Tool (hereafter ‘DC De-

sign Tool’), funded by the U.S. Department of Energy, Office of Energy Efficiency and

Renewable Energy (EERE), Building Technologies Office (BTO) under the Emerging Tech-

nologies Program. Colorado State University (CSU) is a subcontractor for the project, un-

der prime contractor National Renewable Energy Laboratory (NREL), and in conjunction

with Lawrence Berkeley National Laboratory (LBNL) and several other entities. The term

of the project was 2018-2021.

The overall goal of the project is to equip architects and engineers to make technical

and economic evaluations of DC power distribution relative to the typical AC distribution

systems utilized in commercial buildings. The primary output of the project is a DC

Design Tool that will be integrated to OpenStudio or other building energy simulators [1].

The research performed for the author’s Ph.D. program completes a specific portion of

the DC Design Tool, namely characterization of the efficiency of devices and power distri-

bution networks. The author developed a test laboratory, performed tests, and analyzed

data at CSU’s Powerhouse Campus, Fort Collins, Colorado, USA.

The objectives of this research can be divided into three specific aims:

1



1. Characterization of harmonics and harmonic cancellation from AC/DC converters

in low voltage power distribution in commercial buildings.

2. Comparing the endpoint-use efficiency for AC and DC appliances typical of com-

mercial buildings.

3. Analyses on the power measurement accuracy of smart plug devices.

Most of the first aim was completed throughout the author’s master’s degree in elec-

trical and computer engineering. By the time of the completion of this dissertation, the

characterization dataset was expanded to 33 AC appliances, 58 AC/DC converters, and

35 DC/DC converters; the data are publicly available at https://hdl.handle.net/10217/

207807 [2]. The study analyzed both the efficiency and harmonics of external AC/DC

power converters, but only measured the harmonics of appliances with internal AC/DC

converters that could not be directly accessed to measure efficiency. Additionally, low-

cost ‘smart plugs’ were utilized to monitor the load level of the appliances over an ex-

tended period. These data were used to simulate harmonic cancellation within an AC

distribution system of a commercial building using Monte Carlo (MC) methods. Results

were published in the author’s master’s thesis and a journal article, in the International

Journal of Electrical Power & Energy Systems, entitled "Harmonic cancellation within AC

low voltage distribution for a realistic office environment" [3].

Previous studies of harmonic cancellation considered the operational range of the

power converters to be uniformly distributed across the full range of the converter’s rated

power [4–9]. However, the long-term power monitoring data (most appliances were

monitored for approximately 2 months), indicated that these converters operate over a

restricted load range, usually between 0-40% of their rated power. In effect, many con-

verters are oversized relative to the loads seen when the appliances are in use.

Monte Carlo simulations illustrated that limiting the operational power range signif-

icantly decreases harmonic cancellation, especially for higher-order (9th onwards) har-
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monic components. Additionally, a higher diversity of equipment connected to the same

system increases harmonic cancellation, including that of the critical low-frequency com-

ponents (3rd and 5th).

The second and third aims reflect the content of the author’s Ph.D. research, forming

the bulk of this document.

Regarding the second aim, almost all appliances will require some form of power con-

version between the power distribution system and the internal requirements of the ap-

pliance. This is true for both AC and DC power distribution systems. For AC distribution

systems (DS), power conversion is typically from 120, 220, or 240VAC to the internal volt-

age requirement(s) of the appliance – typically 5-24 V. For a DC DS, the conversion is from

the DC distribution voltage – typically 24, 48 or 380 VDC – to the same internal voltages.

A common hypothesis is that DC/DC power conversion is more efficient than AC/DC

power conversion. Therefore, if DC DS is efficiently powered using a central AC/DC

converter or a DC source (e.g. photovoltaics or batteries), the hypothesized advantage in

DC/DC end-point conversion efficiency will make a DC DS more efficient than a similar

AC DS.

To test this hypothesis, additional AC/DC and DC/DC converters were acquired,

paired by common power rating and output voltages. The efficiency of the converters

was then characterized, and the effective efficiency of the end-point power conversion

was developed by weighting measured efficiency by typical power consumption, using

the same power recordings as mentioned above. This comparison simulates the result a

design engineer might achieve by sourcing and substituting a DC/DC power converter

for an AC/DC power converter for any given appliance and thus represents a fair com-

parison end-point conversion efficiency between an AC DS and a comparable DC DS.

Results were published as a journal article, in the special issue Modeling and Simulation of

Power Systems and Power Electronics from the Energies journal, entitled "Endpoint Use Effi-

ciency Comparison for AC and DC Power Distribution in Commercial Buildings" [10].
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Finally, a few Belkin WEMO smart plugs were used to collect power profiles from a

variety of appliances for aim one and two. Therefore, for the third and final aim, we

evaluate the power measurement accuracy for smart plug devices from five major players

in this market: TP-Link, Belkin, Emporia, Etekcity, and Sonoff. Previous studies had a

strong focus on cybersecurity aspects, but little has been discussed about their accuracy

on taking power measurements, especially when monitoring loads with fast variations in

power, as observed in office-based appliances, such as laptops and desktops.

1.2 Background on AC vs DC Power Distribution Systems

in Commercial Buildings

The rapid increase in on-site electricity generation, battery storage, and electronic

loads that utilize DC internally, have increased interest in DC DSs. While AC systems

have dominated building power distribution for more than a century, the recent, fast-

paced, evolution of power electronics has made DC voltage control and conversion sim-

pler and more efficient, encouraging research to reassess and evaluate new opportunities

that a DC distribution might bring.

While AC power distribution utilizes well-established specifications embodied in re-

gional building codes, DC power distribution is less standardized, although there are

several efforts underway to develop a small number of standard distribution config-

urations [11–14]. Multiple parameters define different DC power distribution system

topologies, including voltage level, power rating, configuration (bipolar or unipolar), and

power quality. This study focuses on DC power distribution at low, touch-safe, voltages

(<60VDC), which can be routed in buildings without conduits and can often be powered

by multi-channel LED lighting supplies.

Solar photovoltaics (PV) has a great potential in the commercial sector, due to the

large roof area of commercial buildings [15]. Worldwide, by 2024, renewable generation

capacity is expected to grow by 50%, with PV generation the largest source type, and re-
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sponsible for 60% of this growth, mainly in commercial and industrial applications [16].

According to the US Energy Information Administration’s Annual Energy Outlook 2020,

PV installation costs are projected to decrease quickly by 2030, and the capacity for dis-

tributed solar generation to increase 50 GW in the US [17].

The energy storage market in the US is also growing. Storage power output is ex-

pected to grow from 1.2 GW in 2020 to 7 GW in 2025. The non-residential sector de-

ployed approximately 70 MWh of storage in Q2 2020 alone [18]. Additionally, climate

change has driven the production and adoption of electric vehicles. This change has di-

rectly impacted the power system, as utility distribution systems need to accommodate a

significant increase in demand to charge vehicles. Vehicles also add the possibility of grid

storage if operated in the vehicle to grid mode (V2G) [19–21].

Power consumption by lighting in commercial buildings has decreased as LED light-

ing replaces incandescent and fluorescent lighting. However, offsetting load growth is

projected in office equipment [22], which is expected to grow by 60% by 2050 [23].

Multiple studies [24–29] have proposed that, since most of this load growth operates

internally on DC voltages, DC power distribution would improve the efficiency of these

loads. Additionally, when a commercial building also has PV generation on-site, using

DC power distribution could remove the need to convert PV generation to AC for power

distribution and then to DC for use in the devices. Patterson states that, depending on the

appliance, the conversion losses from AC to DC can range from 10-25% [30], while Wu

et al. reports power conversion losses in a 380VDC bus as 8% less than in conventional

AC [31] systems. Therefore, assuming DC/DC conversion is more efficient, eliminating

AC/DC conversions and selecting efficient DC/DC power conditioning could improve

the efficiency of this growing load category.

In the few cases where DC power distribution systems have been implemented at a

large scale, they have been found to be more reliable and economic, and to need fewer

space [19, 32, 33]. The US Navy, for instance, has opted for DC distribution systems
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due to its high reliability and the high power quality requirements of certain shipboard

loads [34–36]. Data centers have also implemented distribution DC distribution systems,

due to high reliability and energy costs savings. However, data centers often rely on

uninterruptible power supplies (UPS), and distributing DC power eliminates power con-

version inside the data center [13,37–41]. Since typical commercial buildings do not have

stringent UPS requirements, similar efficiency gains may not be present.

1.3 Scope

Miscellaneous Electric Loads (MELs) are typical loads in a building that are not re-

lated to the building’s core functions, such as heating, ventilation, and air conditioning

(HVAC), and lighting. MELs include desktop and light process equipment (e.g. laptops,

monitors, TVs, phone chargers) and heavier equipment required for commercial opera-

tions (e.g. process equipment tools, electric forklifts, etc.). Due to the rapid increase in

power electronics, MELs often utilize DC voltages internally and need an AC/DC con-

verter to supply the DC power for their electronic components. As with any power con-

version, AC/DC converters have losses and also inject current harmonics that may cause

voltage distortion in the distribution system.

When comparing AC and DC distribution systems, the leading argument is that DC/DC

conversion is more efficient due to the advances in power electronics, the advancement

of DC distributed energy resources (DERs), and the increasing number of MELs oper-

ating internally on DC. However two important factors are often disregarded in past

studies [19, 42–44]: First, little attention has been given to the actual load on the con-

verters. Since converters’ efficiency curves vary non-linearly with changes in load, load

levels may have a substantial impact on the net efficiency of the converter. Based on our

experiments, MELs converters seldom operate at full load and more often operate at a

small fraction of their rated load; conversion efficiency is typically lower at low loads

than at full load. Prior studies typically make simplified assumptions about conversion
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efficiency, such as using a fixed value for conversion efficiency when comparing AC/DC

and DC/DC converters. Second, prior studies and simulations typically do not use mea-

sured loads for comparisons, but instead assume load levels or utilize data taken from

data sheets of converters.

Previous work by the author while analyzing harmonic cancellation in AC low volt-

age distribution systems indicated that cancellation using realistic load levels differed

substantially from cancellation calculated using the loads distributed uniformly over the

entire rated power of the converter. Therefore, the hypothesis of this study is that load

assumption will also have a significant impact on net (weighted by load) efficiency of

end-point power conversion – i.e. power conversion occurring at the MEL. The study

will look at losses in end-point conversion to make an endpoint efficiency comparison of

AC and DC distribution systems in commercial buildings using experimental data.

Finally, with the advances in the Internet of Things (IoT), smart devices such as smart

plugs, are becoming increasingly common in monitoring applications, such as energy

management systems. Problems related to cybersecurity are often highlighted in re-

search studies, as smart plugs, like many new IoT devices, are connected to local WiFi

networks and/or the Internet while lacking the robust security features of computers. In

contrast, little is questioned regarding the quality of measurements performed by such

devices. Since the research reported elsewhere in this work utilized appliance load pro-

files recorded by smart plugs, the author performed a detailed review of the accuracy

of one plug brand (WEMO™) which had been used in the study. Results of this ‘close

look’ revealed interesting behaviors, stimulating a more detailed examination of smart

plug accuracy, extending to several smart plug models from major players in this market.

As with the remainder of the work, this work concentrated on highly variable electronic

loads, all powered by switching power supplies, which are common in office-based ap-

pliances.

7



1.4 Document Structure

This dissertation is structured as follows:

Chapter 2 describes the study analyzing harmonic cancellation within an office en-

vironment at low voltage AC distribution. Three scenarios are investigated comprising

full load range of power converters and realistic load profiles obtained through power

monitoring with smart plugs.

Chapter 3 makes an end-point efficiency comparison for AC and DC distribution sys-

tems based on AC and DC experimental data collected in laboratory experiments.

Chapter 4 details the appliances and converters characterized for this study, and points

out where the characterization data can be freely downloaded.

Chapter 5 analyzes the accuracy of power measurements made by five different brands

of smart plugs, focusing on its usage in research data acquisition.

Chapter 6 discusses the conclusions of this research and suggest topics for future

work.
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Chapter 2

Harmonic Cancellation within AC Low Voltage

Distribution for a Realistic Office Environment

This chapter was published in the International Journal of Electrical Power and Energy

Systems. While preliminary version of this content was included in the author’s master’s

thesis [45], this chapter represent the significantly updated version that resulted from

journal submission, review, and revision.

2.1 Introduction

Non-linear loads arise when the impedance of a load changes with the applied volt-

age. For AC-power devices, these variations in impedance distort the sinusoidal current,

creating current harmonics. Most AC/DC converters are switch-mode power supplies

that are highly non-linear, and current harmonics vary substantially in both magnitude

and phase angle with the load on the supply. High current-harmonic levels increase

power losses in transformers, reducing efficiency and causing extra heating that reduces

transformer lifespan. Current harmonics can also impact power quality sufficiently to

cause either other loads to malfunction, protection failures, or metering errors [46, 47].

More buildings are now using subpanel metering to monitor loads and energy efficiency,

and the presence of harmonics may create higher errors in these submetering systems.

Miscellaneous electric loads (MELs), also known as “plug and process” loads, already

comprise nearly 50% of electrical load in commercial buildings in the United States, and

their load share is anticipated to grow to 60% by 2050 [22, 23]. In the U.S. residential

sector, televisions, personal computers, and other MELs (excluding cooking, laundry, and

dishwashing) presently account for 37% of load, growing to 42% by 2050 [22]. Such MELs

consist primarily of electronic devices with switching power supplies. With the rapid
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increase of MELs, the use of converters is increasing; today, small power electronics loads

are responsible for a substantial part of harmonic generation in commercial buildings.

Wang et al. [48] showed that the 3rd and 5th harmonics are predominant in residential

feeders. Because residential service transformers typically are grounded on both sides,

harmonics are propagated into the medium-voltage distribution system. Commercial and

industrial systems generally use three-phase delta-wye distribution transformers that are

able to trap triplen (“triple N”) harmonics [49]. Hence, while residential consumers have

a higher impact on harmonics at the feeder level, commercial and industrial loads pri-

marily impact the distribution transformers: the utility transformer and/or step-down

transformers within the building. Gomez et al. [50] found a quadratic relation between

the distribution transformer life reduction and total harmonic current distortion (THDI).

Using constant values for THDI in a simulation, they estimated that levels of THDI in

the system should be below 30% to keep a reasonable lifespan of the transformer [50]. In

cases where the source impedance is high, current harmonics may cause voltage harmon-

ics, and that can also affect the neutral wires on distribution systems. Desmet et al. [51]

found that the current in the neutral wire is quite sensitive to high-order harmonics in

the power supply voltage, which increases both safety risks and probability of system

failure [52]. Harmonics may also induce voltage on poorly shielded data or telecommu-

nication cables.

To deal with this problem and improve the system power quality, several techniques

have been applied to cancel or mitigate the harmonics at the system level and at the de-

vice itself [53, 54]. Regarding the system-level corrections, one technique is the use of

phase shifting transformers, where part of the harmonics generated in the system are

shifted 180 degrees, increasing harmonic cancellation [55]. Harmonics may also be re-

duced using series line reactors and other current-shaping devices [56, 57]. Furthermore,

passive and active filters are often utilized to mitigate harmonic content in the power sys-

tem. A passive filter combines resistors, inductors, and capacitors to capture harmonic
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currents, while an active filter uses power electronics to inject active power with match-

ing frequencies to the harmonics, but opposite phase angle so that they can be cancelled.

Active filters have gained popularity recently due to improvements in their performance

and affordability [58–60].

Power factor correction (PFC) is a widely used technique that decreases the harmonic

components at the device by increasing the power factor of the power supply. The high

pulses of current of short duration are smoothed by passive or active techniques, de-

creasing current amplitude and increasing power factor. Considering current harmonics,

switch-mode supplies can be divided into three groups: no PFC, passive PFC, and active

PFC [61]. Passive PFC topologies improve the power supply power factor by using re-

active components such as inductors and capacitors to improve the current waveshape.

Among the techniques used, one can utilize an inductor in series with the power supply,

or one inductor at the output, so that it is connected in series with the load. Alternatively,

an active PFC topology will make use of semiconductor switching devices to control the

supplied current so that its angle is in phase with the supplied voltage’s [62].

Technological advances have impacted current harmonics from some devices. As an

example, in the 1990s, electric vehicle chargers had an average THDI of 50%, whereas

recent models have a THDI averaging 7.5%, below the limit of 17.3% established by the

IEC 61000-3-4 norm [56].

Several harmonic standards have been established to maintain the network voltage

distortion at an acceptable level. Some standards establish limits for individual devices

and others for the distribution system as a whole.

The European standard IEC 61000-3-2 [63, 64] deals with limitation of harmonics for

individual devices with input current equal or below 16 A, rated at 220/380 V, 230/400

V and 240/415 V, 50/60 Hz. However, it does not present any limits for systems with

nominal voltage below 220 V. It also does not present limits to lighting equipment with

active input power below 25 W. IEC 61000-3-4 [65] extends application of 61000-3-2 for
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equipment rated above 16 A per phase, rated up to 240 V (single phase) and up to 600 V

(three phase), 50/60 Hz [66–68].

On the other hand, other norms transfer the responsibility of harmonic mitigation to

the building owner/operator. That is the case of the norms IEC 61000-2-2 [69] and IEC

61000-2-4 [70], applied for low- and medium-voltage systems. Also, in North America,

IEEE-519 [71] establishes limits for current and voltage harmonics at the point of com-

mon coupling for different bus voltages. The intent is to prevent current harmonics from

propagating and affecting other consumers connected to the power system. Norms like

EN 50160 [72], D.A.CH.CZ [73], and G5/4 [74] deal specifically with the quality of the

distribution system in different countries [75].

A final strategy for harmonic reduction is to rely in part on harmonic cancellation

at the load. When estimating harmonic cancellation, it is important to consider two

effects: attenuation and diversity. The attenuation effect happens when a distorted volt-

age is applied to a non-linear load, causing a reduction in the current harmonics gener-

ated by load, relative to the same load fed by an non-distorted supply voltage. On the

other hand, the phase angle of each current-harmonic output from a converter also varies

with converter load; this is called the diversity effect. Therefore, harmonic cancellation in-

creases when there are multiple devices at different power levels connected to the same

circuit [4, 76, 77]. Variability in both converter construction and in converter loading con-

tribute to harmonic cancellation due to diversity [78, 79]. Diversity is quantified using

diversity factor (DF), which is the magnitude of the phasor sum of all harmonic compo-

nents, divided by the arithmetic sum of those components. A lower DF corresponds to a

higher diversity of sources (i.e., more harmonic cancellation).

Most studies of harmonic cancellation focus on the distribution systems, where vari-

ations in cancellation play a significant role in the total voltage harmonic distortion in

medium- and low-voltage feeders [61,80–82]. In contrast, this study focuses on harmonics

on distribution circuits within commercial buildings. In this case, the impact of harmonics
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is primarily on the building’s distribution transformers and protection systems. Har-

monics can also produce unwanted interference between devices tied to the secondary

winding of a distribution transformer. Overestimating or underestimating harmonics

may increase costs by requiring additional equipment, such as line reactors or filtering,

that would not be necessary if harmonic cancellation was considered. Conversely, un-

derestimating current harmonics can accelerate aging of transformers, filters, cables, and

other system components; reduce power factor; and/or cause the system to fail to com-

ply with standards [83, 84]. Therefore, considering harmonic cancellation can help for

new and more efficient distribution, avoiding unexpected electrical losses, misoperation,

and premature aging of equipment [85].

Past studies of harmonic cancellation typically assumed the power level of the AC/DC

converters are randomly but uniformly distributed across their rated power power range

(20%–100% is typical) [4–9]. These power ranges are assumed; the studies did not mea-

sure the magnitude and frequency distribution of the operational power draw of the con-

verters. Assuming a uniformly distributed power range introduces two errors. First, total

power and the diversity in power level is overestimated, relative to what this study mea-

sured. Second, the studies assumed that power levels were randomly distributed over the

assumed range, while our data indicates that many controllers operate much of the time

at discrete power levels. Both assumptions may introduce errors into estimated harmonic

cancellation. Our study attempts to bound these errors by simulating multiple convert-

ers using realistic power levels taken from long-term recordings, coupled with harmonic

profiles collected from complete measurement of the converters.

2.2 Methods

Three methods are required to complete this study: (1) characterization of individual

converters across a wide range of loads; (2) characterization of the routine operational
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loads seen by the converters; and (3) simulation and comparison of harmonic cancellation.

Before detailing methods, we define metrics utilized in the study.

Three standard metrics are used in this study: total harmonic distortion (THD), to-

tal rated-current distortion (TRD), and diversity factor (DF). THD is a common metric

constrained to a single power level, and it can be used either current (THDI) or voltage

(THDV), using the standard definition in Eqn. 2.1 for current.

THDI =

√

∑
∞
k=2 |Ik|2

|I1|
(2.1)

However, because THD does not scale harmonics by total power, the impact of high

harmonics at low load levels overstates the relative fraction of harmonics on a circuit with

combined loads. Therefore, instead, TDD is more appropriated when assessing the total

distortion caused by a certain number of loads connected to the same circuit (Section 2.3).

TDD is calculated similarly to THD, but scales relative to the rated 60-Hz component of

maximum demand current, as in Eqn. 2.2 defined in IEEE-519. At maximum load, THDI

equals TDDI.

TDD =

√

∑
∞
k=2 |Ik|2

|ID(max)|
(2.2)

IEEE 519 is typically applied at the primary level of distribution transformers, and

considers full-rated or the time-averaged full load for the study period. For many build-

ings, large loads with low harmonics (e.g., directly connected motors) dilute high har-

monics from power electronics load and reduce TDD at the distribution transformer.

As the maximum demand current can be hard to estimate, the IEEE 1547 standard rec-

ommends Total Rated-Current Distortion (TRD) instead. This metric scales the distortion

relative to the rated 60-Hz component of the rated current, as shown in Eqn. 2.3.

TRD =

√

∑
∞
k=2 |Ik|2

|I1(rated)|
(2.3)
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However, in this study, the TRD is evaluated for a circuit inside a commercial build-

ing. In this application, the numerator of Eqn. 2.3 is defined as the sum of the harmonic

components for all devices connected to the circuit, while the rated load in Eqn. 2.3 is

the sum of the rated load. For laptops, we considered the rated load to be the current at

the converter’s rated power (fundamental component), and for monitors the maximum

current specified in their name plate.

TRD was calculated at the power levels measured during converter testing. Tested

MELs included a subset of laptops and monitors utilized for the load and the simulation,

and additional devices available at the laboratory were characterized individually.

Finally, high-order harmonics exhibit more variation in phase angle than lower-order

harmonics [49], both with respect to load level and between different power converters.

When multiple non-linear loads are connected to the same circuit, phase angle variation

increases harmonic cancellation. DF [4,9,61] provides a measure of harmonic cancellation:

DFk =

∣

∣

∣

∣

∣

∑
N
i=1 Ii

k

∑
N
i=1

∣

∣Ii
k

∣

∣

∣

∣

∣

∣

∣

(2.4)

Ii
k =

∣

∣

∣
Ii
k

∣

∣

∣
∠θ

i
k (2.5)

where k is the current-harmonic order injected by the ith load of N loads. DFk ranges

between 0 and 1; smaller numbers indicate higher harmonic cancellation.

2.2.1 Converter Characterization

This study focuses on appliances typical of those found in an office environment; the

environment simulated here is a building distribution circuit (120-V single phase in the

United States) supporting a variety of office equipment. Heating, ventilation, and air

conditioning (HVAC) and general lighting on separate circuits are not considered. This

type of load is commonly classified as a miscellaneous electric load, or MEL. Five types

15



of appliances were tested: laptops, monitors, working stations, printers, and network

appliances. Table 2.1 shows model identifiers and converters monitored for this study.

Table 2.1: Appliances Monitored

Smart Plug Appliance Converter Specification

1 HP Laptop 854056-002, 90W
2 DELL Laptop Inspiron LA45NM140, 45W
3 HP Laptop TPN-CA04, 45W
4 Microsoft Laptop 1620, 48W
5 Microsoft Laptop 1749, 90W
6 Microsoft Laptop 1749, 90W
7 HP Laptop GB4943 1-2011, 65W
8 Microsoft Laptop 1749, 90W
9 ViewSonic Screen VX2703MH-LED, 36W

10 HP Screen E232 Internal, 35W
11 HP Screen E232 Internal, 35W
12 HP Screen E232 Internal, 35W
13 HP Screen E242 Internal, 38W
14 ACER Screen CB241HYK Internal, 60W
15 DELL Screen P2415Qp Internal, 90W
16 HP Screen E232 Internal, 35W
17 HP Screen E273 Internal, 42W
18 HP Screen E273 Internal, 42W
19 Apple Thunderbolt Display Internal, 250W
20 DELL Screen E2010Ht Internal, 26W
21 Phillips 4k Screen 288P6L Internal, 60W
22 HP Z240 Tower Workstation Internal, 400W
23 HP Z240 Tower Workstation Internal, 400W
24 HP Printer LaserJet 1022 Internal, 300W
25 HP Printer OfficeJet Pro 9018 Internal, 30W
26 Netgear RND-6C / RN31600 Internal, 200W
27 Netgear WNR2000 v3 LSE0107A1236, 36W

All appliances analyzed in this study had AC/DC converters.

Some of the MELs utilize external AC/DC converters, known colloquially as “power

bricks”; these MELs include laptop computers, phones, and USB-powered devices. These

converters have easily accessible input power connectors (wall plug) and DC output ports
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that can be readily accessed to load the converter across its full range while collecting in-

put voltage, current, and power data. In contrast, internal converters are included inside of

appliances, often soldered into complex electronic boards, and are not readily accessible

for measurement [86]. Internal converters are common in desktop computers (e.g., work

stations) and computer monitors.

For external converters, this study utilizes resistive load banks to vary the load applied

to the converter under test. In general, load was applied between no load (0 W) and the

rated power of the converter under test in 10 load steps at approximately equal intervals.

The load banks used a pattern of parallel resistors that can be individually toggled to

produce a conductance between 0 and 0.99 Siemens with 8 binary digits of resolution.

The load banks were rated for 400 W at 20 V. The resistors were controlled automatically

via an 8-channel relay board to allow for repeated automated testing (see Figure 2.1).

Test data, including waveforms, harmonics, and the TRD for different devices can be

found in the supplementary material. There, the reader will find references to more than

sixty miscellaneous electric loads characterized in laboratory, supplementary tables and

figures regarding this study.

Internal converters could not be externally loaded with a load bank. Loads on these

converters were varied by changing the operating state of the appliance. For example,

monitors were measured in sleep mode and one or more display configurations. Desktop

computers were loaded by changing the programmatic load on the computer. Because

load was indirectly controlled, load steps were fewer and, in general, unevenly spaced.

Power was measured using a Keysight PA2203A power analyzer (PA). The PA has 4

channels, each supporting both current (0–50 A) and voltage (0–1,000 V) measurements.

The analyzer was used to capture waveforms, AC and DC signal strength, power, power

efficiency, and harmonics. Accuracy is 0.05% for voltage and current measurements and

0.1% for power measurements. For current harmonics, these performance characteristics

translate to a resolution of ±25 mA, and most analyses focus on measurements where
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(a) Internal structure of load bank (b) External view of load bank

Figure 2.1: Load banks used for testing external AC/DC converters. Internal structure (a) shows
control relays prior to installing resistor board. Screen (b) houses a Raspberry Pi controller, which
runs an automated test program. A touch screen allows the user to specify the size and voltage of
the converter. Photos: Arthur Santos

total current is ≥125 mA. In practice, PA channels were allocated to one or more devices

to allow testing of multiple devices in parallel. Figure 2.2 shows a typical measurement

configuration.

Figure 2.2: Configuration for simultaneously testing two external AC/DC converters using load
banks.
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All measurements supported analysis to the 128th harmonic (7,680 Hz in the U.S. 60-

Hz system), three times the limit (40th harmonic) specified by the norm IEC 61000-3-2.

Our team characterized each supply using current and voltage waveforms collected for 1

second, at steady state, at a sample frequency of 15.36 kHz, and used a fast Fourier trans-

form algorithm (Python numpy library [87]) to extract magnitude and angle of voltage

and current-harmonic components.

2.2.2 Power Monitoring

To acquire operation loads for appliances, we monitored 27 appliances using smart

plugs (WEMO model F7C029V2, rated for 120 VAC and 15 A) for approximately two

months. Data was recorded at 1 Hz using custom WiFi recording software.

Because the smart plugs are low-cost consumer-grade measurement equipment, and

measurements at low power levels are expected to have significantly more uncertainty

than measurements at higher power levels, our study evaluated the accuracy of the mea-

surements by loading each smart plug with resistive loads from 0.10 to 4.11 W and com-

paring the measurements by those made by the PA. The steady-state accuracy of the smart

plugs was excellent, with an average error of 0.05 W (1.2%). However, load testing indi-

cated that their measurements exhibited a time-constant-like delay. This measurement

delay has little impact on measurement accuracy for steady-state loads, as it impacts only

the first few seconds after a change in load. However, many of the converters tested

here—particularly laptop converters—changed load level often and quickly. For these

devices, the measurement time constant of the smart plug clips peak power levels suffi-

ciently to distort measurements of peak loading and estimates of the time spent at inter-

mediate load levels.

To characterize the observed smart plug time constant (τ), a sample smart plug was

step loaded using 8 purely resistive loads from 30–330 W and recorded at 1 Hz. Power

decay/rise curves were then normalized and fit to a first-order transfer function ( 1
τ∗s+1 )
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to characterize the time constant of the unit (Figure 2.3). The estimated value for τ across

all data samples is equal to approximately 2.77 s.

(a) Smart plug Upwards Power Steps

(b) Smart Plug Downwards Power Steps

Figure 2.3: Smart Plug Time Constant Calculation (a) Smart Plug Upwards Power Steps; (b) Smart
Plug Downwards Power Steps

Each smart plug power recording was then post-processed using MatLab® Simulink®

to approximately compensate for time-delay using an approximate inverse transfer func-

tion. The impact of the time constant correction varied between MELs. Printers exhibited

the least impact. For example, for the HP Printer OfficeJet Pro 9018, recordings for the

most frequent operational power was altered by 0.02%, and total power recorded was
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change by 0.10%. In contrast, power levels for laptops change rapidly, and the impact

on their most frequent power was substantially higher. For example, the most frequent

power for the DELL Inspiron Laptop (converter model LA45NM140) increased by 7.29%,

but total power changed much less (0.22%).

The corrected signal was then binned to 1-W intervals to produce probability distri-

butions for the load for each MEL, considering only periods when the unit was on (i.e.,

power consumption exceeded 1 W).

2.2.3 Harmonic Cancellation Simulation

The study simulated harmonic cancellation by adding harmonics component-by-component

for multiple converters, with each converter’s operating characteristic sampled based on

the loads recorded during the power monitoring study. Cancellation was simulated by

summing the phasor representation of the current for each harmonic and calculating the

metrics specified earlier. The simulation utilized Monte Carlo methods. A detailed appli-

cation of the Monte Carlo methods can be found in the supplementary material, Section

A.1. In brief, the algorithm was:

1. Identify a set of MELs for the test case

2. For N Monte Carlo iterations ...

(a) For each converter, sample a load level from the corresponding probability dis-

tribution recorded during the power monitoring work

(b) Utilize the selected load level based on the nearest characterized load level to

identify all current harmonic phasors

(c) Calculate the metrics described earlier (DF and TRD) using the current har-

monics of all active loads

(d) Accumulate results in the Monte Carlo output.
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Monte Carlo simulation investigates harmonic cancellation with differing numbers

and types of devices connected in parallel on one circuit. Three scenarios were developed.

In each scenario, we analyzed the DF for odd harmonic components 3–13 (3rd, 5th, 7th, 9th,

11th, and 13th) using 1,000 Monte Carlo iterations that randomized power levels. For each

iteration, software calculates and records the DF, which is then processed to extract the

mean and empirical 95% confidence interval, defined as the 2.5% and 97.5% percentiles

of the resulting distribution.

The three scenarios utilized two equipment configurations. Scenarios A and B con-

sidered 5–35 laptop converters, in increments of 5, connected to 1 circuit. This scenario

reflects an office environment for knowledge workers, each equipped with a computer.

Laptops were randomly assigned from the 9 fully characterized laptop converters mea-

sured in the study. Therefore, while all devices were laptops, there was some diversity in

the type of laptop. In Scenario A, harmonic cancellation was computed using the method

in Mansoor et al. [4,5], where load was uniformly sampled the rated load of the converter

when on (10% to 100% loading). Scenario B considers the same hardware, except con-

verter loading is randomly selected from the empirical probability distribution obtained

from the long-term monitoring study. Comparing Scenario B with Scenario A illustrates

the impact of assuming full-range power versus real power levels. Finally, Scenario C uti-

lizes a more diverse set of loads, and investigates the impact of that increased diversity

on harmonic cancellation.

2.3 Results

2.3.1 Converter Operating Power Distribution

Figure 2.4 summarizes the observed power levels for all 27 MELs during the on state

(power consumption ≥1 W). The y-axis is the percentage of the rated power for each

device during regular operation, and the x-axis is the smart plugs that they are connected

to.
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Figure 2.4: Converter operational power consumption. Results summarize approximately two
months of 1-Hz power recordings. Frequencies are shown as box-plots with whiskers representing
a 95% inner quantile range, and boxes representing the interquartile range (IQR) from the 25th to
the 75th percentile. Outliers are shown as circles.

For the laptops in our sample, typical interquartile (IQR) load is between 10% and

42% of each converter’s rated power. The maximum observed load power divided by

the converter output power rating is defined as the maximum fraction of rated power

(MFRP), and for the laptops the highest MFRP was 55.6%. Seven out of eight laptops

never used their full rated power; the converters for these seven laptops were oversized

by a factor of 3 or more relative to observed load. The converter connected to smart plug

05 has an atypical IQR of only 1.1%–2.2%, because the laptop was often in sleep mode.

The monitors on smart plugs 09 and 20 have the highest MFRP of 100% and 88.5%,

respectively, while 60% of the monitors have their MFRP equal or below 42%, indicating

that their internal converter’s rating are also oversized relative to observed loads. How-

ever, it is important to note that the built-in USB hubs in the monitors were not being

used to charge USB devices or support peripherals; the additional converter power could

be needed if USB devices were in use.
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Both desktop computers are rated at 400 W, and as configured their MFRP are 6.3%

and 11.5%. These devices are on at least 98.5% of the time, and although they are con-

stantly used to perform simulations, the typical load on their internal converters was an

order of magnitude lower than the converters’ rating (average factor of 8.7x).

The printers monitored (smart plugs 24 and 25) had similarly low MFRP: one had a

typical load of 0.7% of 300-W rated power; the other 3.3% of 30 W. Both printers were

on ≈90% of the time, but because they rarely perform printing, the power consumption

when printing is always classified as an outlier on the plot. The maximum power for

smart plug 25 was 23 W for 0.01% of the time. For smart plug 24, it was 5 W for 1.1 ×

10−6% of the time.

Smart plugs 26 and 27 were connected to a Netgear ReadyNAS RN31600 (network

backup drive) and to the router providing network services for the 27 smart plugs. Both

were on 100% of the time. The router is connected to an external AC/DC adapter, which

was not the original equipment provided by the manufacturer. This type of substitution

is not uncommon in commercial offices, where after-market converters may be quickly

swapped in for failed power supplies if voltages and plugs match and the available power

exceeds that required by the device. The converter was rated for 36 W, substantially

above the router’s actual power consumption of 3.1 W. The router’s typical load range

and MFRP were low: 2.8%–5.6% and 5.6%, respectively. The NAS had a MFRP of 21.6%,

with the same value for its typical load, indicating the converter could handle approxi-

mately 5 times the maximum load recorded.

89% of the tested appliances never operated above 60% of their rated capacity, and

three quarters (78%) had IQRs below 42%. Although converters are sized for a theoret-

ical maximum power requirement, most devices did not operate near the rated power

of their converter during typical operation. Some portion of this under-utilization is the

“as found” configuration of the appliances, which were sampled in a realistic office en-

vironment. For example, converters for desktop and monitors will be sized for using all
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available resources (such as USB ports, card slots, and sound systems), but resources are

only partially used in typical applications. Additionally, converters may be oversized

by manufacturers who utilize one converter for multiple product offerings, because the

converter will be sized for the product with the highest peak load.

These data indicate that harmonic cancellation studies using the assumption that loads

operate across their full rated power range do not accurately represent typical usage of

MELs in a common office environment. Subsequent sections quantify the impact of this

reduced operating range.

2.3.2 Calculated TRD for appliances

IEEE Std 519 recommends that the maximum load current (the denominator in Eqn. 2.2)

is the average current of the maximum demand for 12 months at the point of common

coupling. However, the analysis in this study focuses on a single circuit, and an analog

for the maximum demand current is required. We therefore define the maximum load

current as the current rating of the device at maximum power, as suggested by the IEEE

1547 standard; note that this power level did not occur in long-term recordings of the

converters powering appliances in an office environment. Figure 2.5 shows the TRD over

percentage of rated power for laptop chargers. The plot shows similar behavior for all

devices analyzed: a nearly linear increase of TRD as the converters power level increases.

2.3.3 Impact Analysis

Scenario A

In Scenario A, we randomly selected harmonic data from the 9 laptop converters and

varied the power level for each laptop in an uniform distribution from 10%–100%. Results

are shown in Fig. 2.6.
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Figure 2.5: TRD vs. percentage of rated power for nine laptop chargers characterized in laboratory.
An almost linear increase of TRD is noticed as power increases. The slope of the curve for laptop
charger 2 is significantly lower because the device has PFC.

Figure 2.6: Scenario A: DF for 5–35 laptop converters operating at a load range of 10%–100%.
Shaded area represents the 95% confidence interval from 1,000 Monte Carlo iterations; the dark
line is the mean of all iterations.
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The results show that the most substantial harmonic cancellation occurred in the higher

harmonics, as expected, because current phase angle varies more with load at higher

harmonics. Additionally, as the harmonic order increases, the confidence interval width

increases substantially, indicating that harmonic cancellation varies widely with the ran-

domly selected load levels of the converters. In the case of the 13th harmonic (and likely

higher harmonics), Monte Carlo iterations inside the 95% confidence interval range from

nearly zero cancellation (DF ≈1) to almost 90% cancellation (DF ≈0.1). These data in-

dicate that, at any given time, cancellation could range from near-zero to near-complete

at higher harmonics. Therefore, for planning purposes, a design engineer might assume

the worst case—i.e., minimal cancellation—or could take the mean case, with substantial

cancellation above the 5th harmonic (e.g., 65% cancellation, DF=0.45, for 13th harmonic).

Additionally, while cancellation increases (decreasing DF) with increased unit count,

DF plateaus for all harmonics above 20 devices. These data indicate that maximum can-

cellation is seen on any circuit with 15 or more units on the circuit. Given practical elec-

trical layouts for commercial office space, coupled with National Electrical Code (NEC)

restrictions on the number of outlets per circuit (NEC allocates of 1.5 A per outlet (180 VA

for a 120-V circuit), limiting the number of outlets to ≤10 for a 15-A circuit), this number

of devices may seldom be achieved on typical commercial building circuits. Therefore,

estimates with unit counts ≤10 units may be more applicable to most in-building circuits.

Scenario B

This scenario utilizes the same hardware setup (5–35 laptops) as Scenario A, but the

converters are loaded as observed in long-term monitoring. As noted earlier (see Fig. 2.4),

the majority of laptop converters operate at 0%–40% of rated power. This scenario reflects

a more realistic loading case, where power level is randomly selected from the distribu-

tion of loads for the laptops connected to smart plugs 1–8. Results are shown in Figure

2.7 for Scenario B, and Figure 2.8 compares Scenarios B and A.
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DF is normalized to the interval [0,1] such that the DFs represent lower the harmonic

cancellation. Since DF is an inverse representation of harmonic cancellation, the harmonic

ratio between two scenarios, A & B, in Figure 2.8 is calculated as (1−DFB)
(1−DFA)

∗ 100%.

Switching to observed power measurements reduces the harmonic cancellation sub-

stantially, and also reduces the uncertainty in the cancellation (smaller background shad-

ing in the figure). As in Scenario A, harmonic cancellation is higher for high-order har-

monics relative to lower-order harmonics, but the difference is substantially reduced. For

this scenario, the common “full-range” loading assumption overestimates harmonic can-

cellation overall, and overestimates more severely for higher-order harmonics.

Figure 2.7: Scenario B: DF for 5–35 laptops operating at load levels seen in long-term monitoring,
where loads range mainly from 10%–40%. Shaded area represents the 95% confidence interval
from 1,000 Monte Carlo iterations; the dark line is the mean of all iterations.
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Figure 2.8: Comparison of harmonic cancellation between Scenario B and Scenario A. Compari-
son was performed by dividing random iterations from Fig. 2.7 to those in Fig. 2.6. Background
represents the 95% confidence interval on the subtracted iterations; values coded green for posi-
tive change (more cancellation) and red for negative change (less cancellation). The dark line is
the mean of all iterations.

Scenario C

In this last scenario, we considered heterogeneous devices operating at realistic load

levels, in combinations representative of an office environment. The intent of the sim-

ulation is not to investigate all possible combinations of devices, but to understand if

diversity in load types has a substantial impact on harmonic cancellation. The simulation

considered 4, 10, 14, 20, 24, 30, and 34 devices connected in parallel—half laptops and

half monitors. For laptop converters, we randomly selected harmonics data from the 9

converters tested in the lab; the power level distribution is the same used in Scenario B

(A.2). For monitors, harmonic data was randomly selected from three different monitors

models tested in the lab (HP Model 273, HP EliteDisplay E232, HP EliteDisplay E242),

using the three power levels observed when the monitors were on: black screen, white
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screen, and playing a video. Power levels for each monitor was selected from a uniform

distribution comprising these three operation modes.

Figure 2.9 shows the mean and the 95% confidence interval of the current DF.

Figure 2.9: Scenario C: Current Harmonic DF—Laptops and Monitors

In Scenarios A and B, the confidence interval was wider for high harmonics. In Sce-

nario C, the confidence interval is also wider for the low harmonics, due to the greater

variety of current waveforms, which when added together in the various possible scenar-

ios, present highly variable results. This dispersion, as observed in the other scenarios,

tends to decrease with the number of loads connected to the circuit.

For Scenario C, the cancellation was considerably higher when compared to Scenarios

A and B, and the DF of the lower order harmonics, such as the 3rd, 5th, and 7th, had a

significant drop in comparison to the two previous scenarios. Considering the mean DF

for all devices in parallel, 48%–64% of the 3rd harmonic was canceled, compared to 1% in

Scenarios A. For the 5th order component, harmonic cancellation was between 45% and

60% in Scenario C, and 4% and 5% in Scenario A.
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As noted earlier, data for approximately 10 devices or fewer is typically the most ap-

plicable to commercial office space, due to the previously mentioned limitations on out-

lets per circuit in those environments. These data indicate that in an office environment

with diverse load types, supporting more units on one circuit would lead to substantially

better harmonic cancellation, and would likely not overload circuit ratings.

Finally, TRD for each scenario is shown in Figure 2.10. As is typical for TRD, in all

scenarios the mean and standard deviation of the TRD decreases (i.e., more harmonics

cancellation) as the number of loads increases. Scenario A presents the highest TRD be-

cause more laptops are operating near their full rated power. As the converters’ power

ranges start to narrow down (Scenario B), the TRD improves, and as we add more diver-

sity to the circuit, it improves more (Scenario C).

Figure 2.10: TRD for Scenarios A, B, and C calculated for 1,000 Monte Carlo iterations

These data indicate that the common full-load assumption overestimates harmonic

cancellation (Scenario A), but also overestimates TRD (Fig. 2.10). In both cases, the esti-

mates may provide incorrect guidance to design engineers.
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Building Simulation

Scenarios A-C considered electronic devices typical of office MELs: laptops and moni-

tors. However, commercial buildings include additional load types intermixed with office

MELs – although these loads may not share secondary circuits with MELs. Commercial

Buildings Energy Consumption Survey (CBECS, U.S. Energy Information Administra-

tion [88]) indicates 17% of the commercial building load is lighting, 34% MELs, and 49%

HVAC. The two scenarios considered in this section (Scenarios D and E) simulate circuits

including combinations of these loads.

For this analysis, we assume lighting has been converted to LEDs, operating at full

power, which are connected to secondary circuits shared with MELs – a reasonable as-

sumption for buildings with mixed lighting and MELs circuits on the same distribution

transformer. However, it is important to note that, for newer buildings and more recent

conversions, lighting systems often use centralized power converters connected directly

to building primaries rather than the secondaries shared with MELs. These cases more

closely resemble the prior analysis in Scenarios A-C.

Scenario D considers a realistic power levels from laptop power profiles collected by

the smart plugs. For the other MELs, following our data that indicates converters primar-

ily operate from 0-40% of their rated power, loads are randomly assigned in the 0-40%

load interval. To compare, Scenario E considers all MELs’ converters operating, uni-

formly distributed, over their full rated power. Each Scenario was analyzed through a

Monte Carlo simulation, 1000 iterations, focusing on odd harmonics between 3rd and 13th.

The quantity and model numbers of the MELs and LED drivers used in this experiment

are described in Section A.2 of the supplementary material.

The characterization data was randomly selected for each MEL. Figure A.6 in supple-

mentary material show the waveforms for a few devices considered in this simulation

and Figure 2.11 below shows the results.
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Figure 2.11: The diversity factor (DF) for each harmonic component is represented by a boxplot
with 95% confidence interval whiskers, with the boxes representing the interquartile range be-
tween the 25th and 75th percentile. Data outside the confidence interval are represented by the
circles.

Fig. 2.11 summarizes the results, harmonics and Figure 2.12-(a) shows the variation

in DF for the third harmonic component with the LEDs as a percentage of the total load

in the building. For all harmonic components, harmonic cancellation was higher with

realistic power levels. The results are reversed from prior scenarios, as one would expect

that in Scenario E (full load range) the harmonic cancellation would be higher due to

more variability in harmonics from MELs converters. However, the TRD for Scenarios D

and E for a 95% confidence interval is 2.45 % ± 1.04 % and 4.10 % ± 0.54 % respectively.

TRD is lower in Scenario D because we have converters often operating in the lower

range of their rated power. This reinforces the problem of harmonic overestimation when

assuming a uniform power distribution for MELs’ converters.
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Figure 2.12: (a) On the left, for a constant number of LEDs in the building, the plot shows the
variation of the diversity factor (DF) for the third harmonic with the LEDs as a percentage of the
total building load for Scenarios D and E; (b) On the right, for a varying number of LEDs in the
building, the plot shows the variation of DF for the third harmonic with the LEDs as a percentage
of the total building load for Scenarios F and G. There’s a narrower variability for DF in Scenario
G as it has more MELs converters operating close or at full load, which decreases the harmonic
cancellation since LED drivers are also operating at full load.

Since the LED drivers are all the same - a likely case in a lighting upgrade – their

harmonic injection is identical across all units; i.e. it adds together. Therefore, intuition

would suggest the DF should increase (i.e. harmonic cancellation should decrease) as a

set of identical loads (i.e. the LEDs) represent a higher portion of the total load in the

building. Simulations, however, indicate the opposite. To illuminate this discrepancy,

we performed two additional Monte Carlo Simulations (Senarios F and G), focusing on

change in third harmonic cancellation over a wider range of LEDs as a percentage of total

load in the building. Both simulations ran 4000 iterations with 3 MELs of each group (e.g.

laptops, phone chargers, etc.), and the number of LEDs was randomly generated between

1 and 100. Scenario F considered realistic power profiles for the MELs converters, and
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Scenario G a uniform distribution between 10-100% of rated power. For both simulations,

the LED drivers operate only at full power. Results in figure 2.12-(b).

As the LEDs become a larger fraction of the load, harmonic cancellation decreases

(i.e. higher DF). However, heteroscedasticity is noted for both Scenarios F and G: the

DF variability is higher when the LEDs represent a small fraction of the total load in the

building. As expected, when LEDs is the predominant load in the building and their

drivers are both identical and operating at rated power, there is less cancellation. When

the MELs are the predominant loads in the building though, DF varies more because in

the simulation their converters have varying load profiles.

Current lighting design practice utilizes larger, centralized, converters which tend to

be connected to the primaries of building distribution circuits (480/277V in the USA),

particularly for larger commercial buildings. This moves lighting loads, which are typi-

cally designed to operate at higher, nearly constant levels, from transformers secondaries

mixed with MELs to primary connections unmixed with MELs. As a result, harmonic can-

cellation on the MELs heavy circuits will be less than predicted by traditional methods,

as shown in Scenarios A-C. This problem is mitigated in many scenarios by combining

LEDs with MELs circuits.

2.4 Conclusions

Experimental data collected for this study clearly indicates that the actual loads on

common office power converters, even when restricted to on periods, differs substan-

tially from common loading assumptions utilized to estimate harmonics in the distribu-

tion system. Simulations using observed loads produce substantially different cancella-

tion results that are highly dependent on the mix of office equipment on an individual

circuit. However, the levels of TRD are substantially lower, when realistic load profiles

are considered. Harmonic levels are further increased by limitations on the number of
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receptacles on each circuit, leading to TRD levels in excess of 10% for common circuit

configurations.

Because much of the electrical infrastructure in commercial buildings is substantially

oversized (typical loads on building distribution transformers is often below 20%), har-

monics may not create substantial issues within that distribution equipment. However,

with efforts to improve the efficiency of in-building electrical distribution, data and sim-

ulations presented here indicate that actual harmonic levels must be considered for new

and more efficient distribution designs.
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Chapter 3

Endpoint Use Efficiency Comparison for AC and

DC Power Distribution in Commercial Buildings

This chapter was published in the special issue Modeling and Simulation of Power Sys-

tems and Power Electronics from the Energies journal [10].

3.1 Introduction

Since the “war of the currents” in the 19th century, alternating current (AC) has been

the predominant method for electrical power transmission and distribution due to the

ease of voltage conversion using transformers and the practical advantages of three-phase

systems in electrical machines [25]. However, advances in power electronics have in-

creased direct current (DC) voltage conversion efficiency and lowered its cost, increasing

interest in DC distribution at all scales. In addition, because low-voltage DC power dis-

tribution (≤60 VDC in the United States (U.S.)) does not require all cable runs to be in

conduit, it can potentially be implemented at a lower cost than AC distribution in com-

mercial buildings.

Commercial buildings consume 35% of all electricity in the U.S. [89]. Commercial

building loads include a large number of electronic devices that are classified as “mis-

cellaneous electric loads” (MELs), i.e., loads that are not related to the building’s core

functions—lighting or heating, ventilation, and air conditioning (HVAC). MELs are also

known as plug and process loads (PPLs). In 2017, MELs represented 40% of the electrical

load in commercial buildings in the U.S.; this is projected to increase to 49% by 2040 [23].

As the majority of MELs in commercial buildings are electronic, they operate inter-

nally on DC. When connected to an AC distribution system (DS), they require an AC/DC

converter to provide power at the correct DC voltages. While a DC DS could theoretically
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avoid a converter between the DC DS and the MEL, in most cases the DC DS operates

at a different voltage than the MEL. Therefore, most MELs still require a DC/DC con-

verter when connected to a DC DS. We term this last voltage/power conversion stage,

which exists in both systems, as the ‘endpoint conversion’. The focus of this study is to

characterize the efficiency of commercially available DC/DC endpoint power converters

relative to existing, standard, AC/DC converters supplied with most MELs.

Other elements of a building’s power system also impact the efficiency of the entire

building, including the performance of lighting, HVAC, on-site generation and/or stor-

age when coupled to each type of distribution system; variations in distribution system

voltage for nascent DC systems; and losses related to power quality issues in either sys-

tem [29, 32, 33, 44, 90]. These other loads and systems were not included in this study but

could be similarly analyzed.

Although DC loads are not often designed to leverage the unique advantages of DC

DS [86], one argument in favor of a DC DS over an equivalent AC DS is that the DC/DC

conversion efficiency is typically thought to be higher than AC/DC conversion efficiency [91–

93]. AC/DC converters require a rectifier followed by a capacitor to reduce the ripple

on the internal DC bus. This bus voltage is then level-shifted using an additional stage

of DC/DC conversion for the desired output voltage. In some cases, rectification and

DC/DC conversion are combined in a single module. Rectification introduces additional

losses relative to DC/DC converters, which do not require rectification, and this is one

reason DC/DC converters are often considered to be fundamentally more efficient.

Few DC distributions systems have been built at scale. Therefore studies using vary-

ing inputs provide the only comparisons between the two distribution strategies. Some

simulation studies indicate that a DC DS can be significantly more efficient than a tradi-

tional AC DS [43, 94–96]. For example, in simulations considering U.S. offices [27], DC

DS achieved a 9.9–18.5% in efficiency savings for zero net energy buildings serving small

and medium-size offices provided the building had ample battery storage.
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This simulation, however, assumed that MELs would be designed to connect directly

to the DC bus, not requiring endpoint converters; currently few MELs of this type exist.

Another simulation ( [29]) reported that a residential DC DS, without on-site generation

or storage, presented a 1.5–4.7% in efficiency improvement in comparison with a con-

ventional AC DS. The simulation used load-packaged DC/DC converters to replace the

AC/DC counterparts but did not report the efficiency for them.

Prior studies have been hampered by a lack of detailed data on the efficiency of con-

verters and statistical data on the power levels of converter loads. For example, a study in

Sweden analyzed a low voltage DC DS for offices and commercial facilities using operat-

ing voltage levels of 48, 120, 230, and 326 VDC by assuming that all converters operated at

the rated power of the appliances [96]. The authors in [43] assumed that AC power con-

verters had an efficiency rating of 90%, while DC converters had 95%, 97%, and 99.5%,

based on a survey that considered a constant value for the efficiency of the converters

when operating at different power levels. Nevertheless, the authors stated that DC/DC

converters seldom achieved 95% efficiency in practice, and therefore concluded that the

most relevant factor for improving DC DS efficiency relative to AC DS efficiency is to

improve the efficiency of DC/DC converters through technology advancements.

Other studies suggest that DC DS might not exhibit better efficiency than AC DS.

An investigation of a small residential DC DS found that when DC converters operate

at part load their efficiency is significantly worse than when operating at full load [97].

The lower efficiency at partial load is mainly due to economic factors, including the use

of low-quality electronic components [98] and a tendency to prioritize factors other than

efficiency, such as size and cost, when manufacturing or procuring power supplies.

Some organizations and programs promote higher efficiency, such as Energy Star [99,

100], Climate Savers [101, 102], DOE level VI efficiency standards for wall adapters [103,

104], and 80 PLUS [105,106]. The latter, for instance, certifies power supplies that achieve

at least 80% efficiency in energy conversion at 20%, 50%, and 100% of rated load [107]
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and also offers higher tiers of certification (bronze, silver, gold, etc.) for higher efficiency

levels. Additionally, although studies such as [108] state that efficiencies are better for

high voltage DC (500 V), DC efficiencies at this voltage are similar to those of similar AC

voltages, which are typically not used for comparisons in the literature.

For equivalent voltages, wiring conduction losses in building distribution systems

have been found to be lower in a DC DS compared to an AC DS [13]. Low voltage DC

systems require larger currents for the same power transfer. As copper losses are propor-

tional to the square of the current, this can cause unacceptable losses if the DC voltage

selected is too low for the load being served [96]. However, the same is true regarding

voltage selection for AC loads. The majority of loads inside buildings do not require high

voltage [43] and conduction losses are not generally the primary motivation for selecting

a voltage level. Prior research has established that in well-designed systems, conduction

losses are mostly negligible when compared to power converter losses [27, 97, 109]; we

therefore do not consider wiring losses in the present analysis.

Other research focused on power flow modeling of AC, DC and hybrid distribution

systems [110, 111]. To further understand AC and DC distribution choices, this study

focused specifically on the efficiency of commercially available AC/DC and DC/DC end-

use converters for common MELs, considering common DC DS voltages: 24 and 48 VDC.

The majority of the existing literature in this area used loss estimations based upon data

sheet information and constant values for converter efficiency [24, 112].

In contrast, this study performs all analyses using (a) time-series load data collected

directly from deployed electronic devices commonly found in an office environment [3]

and (b) the characterized efficiency for the full load range of each converter. The time

series allows the measured converter efficiency to be weighted by actual load, produc-

ing more realistic estimations of converter efficiency. This is the key contribution of the

present analysis. Section 3.2 explains the methods used in this study; Section 3.3, the

results achieved; and Section 3.4 summarizes the lessons learned.
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3.2 Methods

This study focused on the efficiency of endpoint power conversion, that is, the last

voltage level conversion prior to power delivery to a MEL’s internal DC circuitry (see

discussion in Section 3.2.5). The methods required for this study are:

1. Characterize the efficiency of endpoint converters across their full load range.

2. Characterize realistic loads observed in office MELs by acquiring time-series load

data.

3. Weight the converter efficiency by the observed load levels to create a weighted

energy efficiency comparable between AC/DC and DC/DC test converters.

This approach is analogous to the weighted efficiency technique developed for com-

paring the performance of photovoltaic inverters adopted by the California Energy Com-

mission [113,114]. Additionally, the study characterized a single available central AC/DC

converter to understand how its efficiency compared with that of in-building, step-down trans-

formers.

The central challenge in comparing endpoint efficiency is that most MELs are not

available in versions that support both AC and DC power systems. Most are available

only in an AC version that includes either an internal or external AC/DC converter. DC

versions are uncommon, and when available, are often tailored for automotive applica-

tions (12 VDC), rather than the distribution voltages commonly utilized in commercial

buildings [96]. To address this issue, converter testing for this study was conducted by

using matched pairs of converters.

Each pair included a commercially available AC/DC and a DC/DC converter (here-

after test converters) with similar power ratings and the same voltage outputs. The power

ratings and voltages were selected to reflect those seen in MELs utilized elsewhere in the

study, primarily office equipment, such as laptops, monitors, and network equipment.

Table 3.1 summarizes the identification and ratings of all units.
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Table 3.1: AC/DC and DC/DC test converters

Converter ID Brand Model Input Voltage Output Rated

Voltage (VDC) Power (W)

Converter 1 Mean Well IRM-30-24ST 100-240VAC 24 30

Converter 2 Mean Well RSD-30G-24 9-36VDC 24 30

Converter 3 DELL DA90PE1-00 100-240VAC 19.5 90

Converter 4 BixPower BX-DD90X-24V 24VDC 19.5 90

Converter 5 Emaks A1749 100-240VAC 15 90

Converter 6 BixPower BX-DD90X-24V 24VDC 15 90

Converter 7 Integrated REL-70-4006 85-264VAC 5/24/12 70
Power -CHCO

Designs

Converter 8 Integrated DC2-70-4006 18-36VDC 5/24/12 70
Power -CHCO

Designs

Converter 9 Integrated DC4-70-4006 36-72VDC 5/24/12 70
Power -CHCO

Designs

Converter 10 Integrated GRN-110-4003 85-264VAC 5/24/12 110
Power -CHCO

Designs

Converter 11 Integrated DC2-110-4006 18-36VDC 5/24/12 110
Power -CHCO

Designs

Converter 12 Integrated DC4-110-4006 36-72VDC 5/24/12 110
Power -CHCO

Designs

Converter 13 Integrated REL-185-4001 85-264VAC 3.3/5/12 185
Power -CHCO

Designs

Converter 14 Integrated DC2-185-4001 18-36VDC 3.3/5/12 185
Power -CHCO

Designs
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Each power converter was characterized in laboratory conditions using controlled

loads (not the MEL itself), to construct efficiency curves across the full rated power range

of the converter, primarily because, as noted in detail below, most MELs do not operate

at the full rated load of their power supplies. Long duration appliance load recordings

were then used to weigh the efficiency curves by a realistic mix of load levels to calculate

the weighted energy efficiency for both AC/DC and DC/DC appliance configurations.

The resulting weighted endpoint conversion efficiency can be compared within each pair

of converters.

Selecting pairs of converters simulates the likely design process that would be used to

convert a MEL from the common AC-input version to a DC-input version for use with a

DC DS—i.e., the design engineer would select a DC/DC power converter that (a) accepts

the correct input voltage provided by the DC DS, (b) produces the same outputs as the

AC/DC converter, and (c) serves the same anticipated load as the AC/DC converter. It

is important to note that the paired selections made by the study team do not optimize

either the AC/DC or the DC/DC converter efficiency.

Instead, the AC/DC converter is ‘given’—i.e., was the exact converter, or a close du-

plicate of the converter, from a MEL included in the study—while the DC/DC converter

was selected from common power supply vendors to have the same rated power and the

same output voltages. In actual practice, a design engineer may select a DC/DC converter

with higher or lower efficiency than the converter selected for this study. Therefore, for

some power ratings, we test more than one matched pair to illustrate how performance

may vary when selecting different DC/DC converters to replace an existing AC/DC con-

verter.

The DC market is not yet as mature and well-established as the AC; most of the

commercially available DC converters are limited to automotive 12/24 VDC applications.

Therefore, the availability of DC converters was significantly lower than those that op-
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erate in AC. This market limitation is reflected in the number of manufacturers for our

sampled DC converters and is, consequently, a limitation of this work (see Section 3.4.3).

3.2.1 Test Converters Characterization

This study focused on four types of MELs typically found in an office environment:

laptops, desktops, monitors, and network appliances (e.g. switches and routers). Table 3.2

shows all monitored appliances together with their matched test converters. Some appli-

ances were not linked to any test converter, as it was not possible to find converters with

equivalent or similar power ratings. These appliances were not included in the endpoint

efficiency comparison between AC and DC DS; however, their power profiles were con-

sidered in the grouped appliances’ operational power range analysis (Figure 3.1). The

purpose of this analysis is to capture a realistic load range during operation.

Figure 3.1: Grouped appliances’ operational power range when on. Data was collected for approx-
imately 2 months at 1 Hz resolution. Frequencies are represented by boxplots with 95% confidence
interval whiskers, with the boxes representing the interquartile range between the 25th and 75th
percentile, and the orange lines representing the medians. Data outside the confidence interval
are represented by the circles. Table 3.3 provides the whisker and median values.
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Table 3.2: Appliances and their respective AC/DC and DC/DC test converters

Smart Plug ID Device Output Voltage (VDC) Power AC/DC Test DC/DC Test
Voltage (VDC) (W) Converter Converter

Smart Plug 1 Netgear WNR2000 v3 12 36 Converter 1 Converter 2

Smart Plug 2 HP Laptop 19.5 90 Converter 3 Converter 4

Smart Plug 3 Microsoft Laptop 1 15 90
Converter 5 Converter 6

Smart Plug 4 Microsoft Laptop 2 15 90

Smart Plug 5 ViewSonic Monitor 5/12/24 36
Smart Plug 6 HP Monitor E232 5/12/24 35
Smart Plug 7 HP Monitor E232 5/12/24 35
Smart Plug 8 HP Monitor E232 5/12/24 35
Smart Plug 9 HP Monitor E242 5/12/24 38

Smart Plug 10 Acer Monitor CB421HYK 5/12/24 60 Converter 7 Converter 8, 9

Smart Plug 11 Dell Monitor P2415Qp 5/12/24 90 Converter 10 Converter 11, 12

Smart Plug 12 HP Monitor E232 5/12/24 35
Smart Plug 13 HP Monitor E273 5/12/24 42
Smart Plug 14 HP Monitor E273 5/12/24 42
Smart Plug 15 Apple Thunderbolt Display 5/12/24 250
Smart Plug 16 Dell Monitor E2010Ht 5/12/24 26

Smart Plug 17 Phillips Monitor 288P6L 5/12/24 60 Converter 7 Converter 8, 9

Smart Plug 18 HP Z240 Tower Workstation 3.3/5/12 400
Smart Plug 19 HP Z240 Tower Workstation 3.3/5/12 400

Smart Plug 20 Netgear RND-6C / RN31600 3.3/5/12 200 Converter 13 Converter 14

Table 3.3: Appliances’ Converter Power Level Distribution (% of rated load)

Laptops Monitors Desktops Network Appliances

Minimum Value 4.4 16.8 0.2 2.8
Lower Quartile 10 34.3 4.6 5.6

Median 13.3 40.5 7.0 5.6
Mean 18.2 39.8 7.3 12.9

Upper Quartile 31.1 47.4 11.5 21.5
Maximum Value 32.2 66.7 11.5 22.5

3.2.2 Converter Types

In addition to input and output voltage, converters may also be classified by the num-

ber or range of acceptable input voltages and the number and capacity of output voltages.

Converters generally fall into four classifications by input and output configuration: sin-
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gle or multiple input (SI or MI) and single or multiple output (SO or MO); a single-input,

single-output unit is a ‘SISO’ converter. In practice, multiple input converters are rare but

SISO and SIMO types are common. Of the 14 test converters purchased for this study,

six were SISO and eight were SIMO converters.

Loads in commercial buildings vary substantially in the power rating and voltages

used internally. Computer work stations and monitors, for instance, typically have SIMO

internal power converters; common outputs are 3.3/5/12 VDC and 5/12/24 VDC. Laptops

typically have SISO converters rated at 18–19.5 VDC; other voltages are created on the

computer’s motherboard. To match this diversity of loads, the study utilized several

configurations of commercially available test converters.

All the AC/DC converters were tested at 120 VAC, 60 Hz, the typical office supply

voltage in the U.S., although many accept input voltages over 200 VAC. Most DC/DC test

converters were tested at an input voltage of 24 VDC, which is the voltage standard in the

Occupied Space Standard proposed by the EMerge Alliance [11]. However, for monitors,

the study also included DC test converters rated at 48 VDC (representative of the Power

over Ethernet standard [115]), allowing a comparison of endpoint efficiency between 120

VAC, 24 VDC, and 48 VDC for a subset of MELs.

Efficiency for SISO converters was characterized using controllable resistive load banks.

Loads varied from no load to the converter’s rated power, in 10 load steps of approxi-

mately equal size. For SIMO converters, multiple scenarios with specific load levels were

applied across the three output ports (scenarios are listed in Section 3.3). Since some SIMO

converters had one output rated at 24 VDC, a higher voltage than the available resistive

load banks, the study used BK Precision 8614 DC electronic load bank to load the 24 V

port. All measurements were made using a Keysight PA2203A power analyzer (PA) for

both input and output power on each port. The PA has an accuracy of 0.05% for voltage

and current measurements and 0.1% for power measurements.
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Efficiency at the ith load level of an AC/DC (ηACi
) or DC/DC (ηDCi

) converter was

calculated using Equations (3.1) and (3.2), which also define the relevant power terms for

subsequent equations:

ηACi =
Pout(DC)i

Pin(AC)i

(3.1)

ηDCi =
Pout(DC)i

Pin(DC)i

(3.2)

3.2.3 Power Monitoring

Load profiles used in the study were measured at 1 Hz on in-use office appliances.

Measurements were made for approximately 2 months using WEMO™smart plugs (Model

F7C029V2, rated for 120 VAC / 15 A). The smart plug has a steady-state accuracy of

0.05 W; however, its readings exhibit a time-constant-like delay when power levels change

rapidly. The time constant was characterized by applying resistive load steps to the smart

plugs and fitting the rising and decaying curves to a first-order transfer function ( 1
τ∗s+1 );

fitting produced τ = 2.77 s.

The load profiles were then corrected by applying an approximate inverse transfer

function using Matlab™Simulink™. Once corrected, the loads were binned at 1 W in-

tervals for all periods when the MELs were on (defined as load ≥ 1 W) to build load

probability distributions for each MEL. Note that this correction substantially recovers

the (typically short-duration) peak loads of the MELs that are otherwise attenuated in the

smart plug recordings.

3.2.4 Endpoint Efficiency Weighted by Time Series Load Data

The efficiency of a power converter varies with the load, typically with lower effi-

ciency at lower power levels. Therefore, to estimate the operational efficiency of the

converter, it is necessary to weigh the converter’s efficiency by time series load data to
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compute the weighted energy efficiency of the converter. In general, there was insuffi-

cient access to each MEL’s converter to measure the DC output of internal converter(s)

while monitoring equipment deployed in a non-laboratory office environment. There-

fore, the DC output power was estimated using the conversion efficiency of the AC test

converter, as in Equation (3.3).

Pout(DC)i
= Pini × ηACi (3.3)

where i indicates the ith power bin, i = 1 . . . N, where N is the number of power bins for

rated load of the converter.

This step translated the measured AC load from long-duration recordings to an es-

timate of DC output power consumed by the MEL. It also assured that the AC/DC ef-

ficiency was that of the chosen test converter, rather than the converter supplied with

the MEL, which, in a few cases, may have higher or lower efficiency than the test con-

verter. To estimate DC input power for DC/DC converters, the process was reversed

(Equation (3.4)): The estimated output power calculated for each bin in Equation (3.3)

was divided by the corresponding efficiency value of the DC/DC test converter to esti-

mate the DC input power.

Pin(DC)i
=

Pout(DC)i

ηDCi

(3.4)

Time series load data provides the fraction of time (γi) that a device operates at each

load level bin, i, considering only times when the MEL load exceeded 1 W. Equations

(3.5) and (3.6) were used to compute the weighted (or net) efficiency for the AC/DC and

DC/DC test converters—i.e., comparable, weighted, endpoint use efficiency. Note that

the binned power interval, i, varies from the lowest ‘on’ load bin to the converter’s rated

power. In practice, the center of each load bin was utilized as the load for each bin. For

example, γ1 is the fraction of 1 Hz load samples where 1 W ≤ Pin < 2 W, and the power
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value for the bin is Pin1 = 1.5 W. Similarly, the last bin, which ends with the converter’s

rated power, has a value of PinN
= Rated Power − 0.5 W.

ηnet(AC) =
∑

N
i=1 Pout(AC)i

× γi

∑
N
i=1 Pin(AC)i

× γi
(3.5)

ηnet(DC) =
∑

N
i=1 Pout(DC)i

× γi

∑
N
i=1 Pin(DC)i

× γi
(3.6)

3.2.5 Context Summary

A typical layout for an AC and a DC distribution in commercial buildings is shown

in Figure 3.2. In an AC building, on-site energy storage or generation, which are often

DC internally, must be converted to AC by inverters. In a DC building, these sources are

typically coupled to the DC bus via a DC/DC converter, for example, a maximum peak

power tracker for PV or wind generation. This study did not compare the efficiency of

coupling storage and generation to either type of distribution system.

Assuming the building is coupled to grid power, an AC DS in commercial buildings

often has step-down transformers inside the building while the DC DS requires a central

AC/DC converter that converts AC grid power to the DC DS voltage. (There are ex-

ceptions where AC systems may not have step-down transformers, or DC systems may

require a DC/DC converter to couple the DC DS to a higher voltage DC bus.) Some

limited published measurements of efficiency exist for step-down transformers [116,117],

which are often substantially underloaded [118]. As the current study did not have ac-

cess to in-building transformers to characterize, no measurements were performed in this

area. In contrast, the study had access to one central AC/DC converter—a class of device

for which there are few published measurements. Therefore, the central converter was

measured, and the results are included below.

Therefore, the AC DS and DC DS architectures most often have analogous compo-

nents. For grid connected buildings, the step-down transformer in the AC DS case fulfills
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(a)

(b)

Figure 3.2: Typical (a) AC and (b) DC distribution for commercial buildings.

the same purpose as the central AC/DC converter for the DC DS, while inverters coupling

local generation and storage to the AC DS fulfill the same purpose as DC/DC converters

for the DC DS. The scope of the study did not support measurement of all components of

these two architectures, and comparisons do not include the performance of these com-

ponents.

Rather, this paper focuses on the endpoint conversion efficiency: i.e., comparing the

weighted efficiency of the AC/DC converter needed to connect a MEL to the AC DS,

to the comparable DC/DC converter necessary to connect the same MEL to a DC DS.

As noted earlier, prior studies have concluded that the endpoint conversion efficiency of

DC DS exceeds that of an AC DS [91–93]. This study performed pairwise comparisons

of commercially available converters to determine if this DC advantage exists in practice,

and if so, how large the advantage is.
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3.3 Results

3.3.1 Power Consumption Monitoring

Figure 3.1 and Table 3.3 summarize the load distribution for the 20 office appliances

analyzed when on (i.e., power consumption ≥ 1 W). The data comprised three laptops,

13 monitors, two computer work stations, and two network appliances.

These data illustrate that MELs operate at substantially less than their rated load most

of the time. In the measured data, monitors operated below 66.7% of their rated power

90% of the time, while laptops, desktops, and network appliances always operated below

32.3% of their rated power. These data showed that the typical operation is significantly

below the rated power of the converter—i.e., the converters were oversized relative to

the maximum power recorded while in use. This oversizing may be due to features in

the appliances that are seldom utilized, design decisions, or product line requirements

to use the same adapter for a range of products. As loads in a typical application are

compressed into the lower end of the converter’s power rating, the lower 1/3 to 1/2 of the

converter’s efficiency curve had a determinant impact on the weighted energy efficiency

of these converters.

3.3.2 Converter Selection

Test converters were matched to appliances by power rating and output voltage(s),

as shown in Table 3.2. In all cases, converters exactly matched the output voltage found

in the appliance’s original internal or external converter. The match in power rating was

less exact, due to poor commercial availability of both AC/DC and DC/DC converters,

which precisely matched both the output voltage and output power ratings. The rated

power of converters 3–6 matched the rated power of their linked appliances, while the

rated power of the others were approximate matches.

Additionally, within each pair of test converters, both the power rating and output

voltage(s) matched exactly. These controls assured that the test converters were repre-
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sentative of the converters in the test appliances and, more importantly, pairs of AC/DC

and DC/DC converters were closely matched to assure that comparisons of endpoint ef-

ficiency were valid.

Single Input Single Output (SISO) Test Converters

Three pairs of test converters were SISO (converter pairs 1–2, 3–4, and 5–6), which

were characterized across the full range of power using controllable load banks. Load

recordings for these converters were taken from three laptops and one router (Figure 3.3).

From Figure 3.1, the sampled MELs seldom operated above 33% of the rated power, and

often operated below that level—at median loads of 13.3%, 7.0%, and 5.6% for laptops,

desktops, and network appliances, respectively. As the efficiency of DC/DC converters

was lower at low load levels, the DC/DC converter in each pair of SISO converters typi-

cally had lower weighted energy efficiency than the AC/DC converter.

Table 3.4 summarizes the data in Figure 3.3, focusing on the lower load range, at dis-

crete fractions of rated power. In pair 1–2, the AC/DC converter efficiency exceeded that

of the DC/DC converter at all loads. For pair 3–4, the DC/DC converter had lower effi-

ciency below 10% load and higher efficiency above that load. Since the HP laptop load

level was above 10% for 99.8% of the time, the DC weighted energy efficiency was better

than the AC for this case.

For pair 5–6, the DC/DC converter has lower efficiency below 15% load—a load level

that occurred 80.8% of the time to Microsoft laptop 1 and 82.4% for Microsoft laptop 2—

and higher efficiency for the remainder of the load range, peaking at 35% load. However,

since the laptops were loaded above 35% load for 0.7% and 0.4% of the time, respectively,

the weighted energy efficiency of the DC/DC converter is lower than that of the AC/DC

converter for these appliances.

Net delta efficiency is defined as the difference between the DC/DC weighted energy

efficiency minus the AC/DC weighted energy efficiency. Only the HP laptop had a better

performance in DC, contradicting the common argument that DC converters are more
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(a) (b)

(c) (d)

Figure 3.3: Weighted energy efficiency for SISO converters, assuming load profiles for: (a) HP
Laptop, 90 W (b) Microsoft laptop 1, 90 W (c) Microsoft laptop 2, 90 W, and (d) Netgear WNR2000
v3. Efficiency curves for the test converters are represented by the dotted lines, and probability
distribution of load for each MEL is represented by the histogram. Legend provide the weighted
energy efficiency for each converter, over the period in which power was monitored (≈2 months).

Table 3.4: Delta Efficiency (DC-AC) for pairs of test converters and AC and DC weighted energy
efficiency for each appliance

Device Rated Power 1% 5% 10% 15% 20% 35% 50% 70% 100% Weighted Energy Efficiency

Netgear Eff. Conv. 9 (%) 41.7 77.9 85.2 86.4 86.9 86.8 86.4 86.2 85.8 AC 80.5%
WNR2000 Eff. Conv. 10 (%) 8.4 51.1 79.1 82.0 83.3 85.0 85.4 85.6 85.5 DC 67.1%

v3 Delta Eff (%) -33.3 -26.8 -6.1 -4.4 -3.6 -1.8 -1.0 -0.7 -0.3 Net Delta -13.4%
Eff. Conv. 1 (%) 43.8 73.2 74.1 76.1 79.8 85.2 86.3 86.9 86.5 AC 84.2%

HP Laptop Eff. Conv. 2 (%) 37.1 71.1 85.1 89.4 91.3 93.2 93.2 92.5 91.0 DC 92.8%
Delta Eff (%) -6.7 -2.0 11.0 13.3 11.5 8.0 6.9 5.6 4.5 Net Delta 8.6%

Microsoft Eff. Conv. 3 (%) 75.6 85.2 88.6 89.0 88.9 88.2 88.3 88.0 86.2 AC 88.8% */ 88.3% **
Laptop 1* Eff. Conv. 4 (%) 40.1 68.8 84.8 89.1 91.0 92.7 92.6 91.6 89.3 DC 88.3% */ 86.1% **

and 2** Delta Eff (%) -35.5 -16.4 -3.8 0.2 2.0 4.5 4.3 3.6 3.1 Net Delta -0.6% */ -2.3% **
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efficient than AC. For the other three devices (Microsoft laptops 1 and 2, and Netgear

WNR2000 v3) the AC/DC converter was more efficient for the period analyzed, primar-

ily because these devices had their highest frequency of operation at low power, exactly

where the AC/DC test converters exhibited higher efficiency than the DC/DC units.

In contrast, had this analysis utilized only the efficiency at the rated power for all load

levels, as is often done in the literature, the converters would yield substantially different

results: the DC/DC converter would have higher efficiency than the AC/DC converter

for three of the four appliances analyzed. This emphasizes the need to utilize recorded

loading data when assessing the weighted energy (i.e., practical) efficiency of converters.

It also suggests that more attention must be paid to the operational efficiency of DC/DC

converters at realistic load levels.

Single Input Multiple Output (SIMO) Test Converters

Monitors, desktops, and some network appliances make use of SIMO AC/DC con-

verters, typically as internal power supplies, to power different electronic circuits at dif-

ferent voltage levels. This section analyzed eight SIMO test converters rated at 70, 110,

and 185 watts, all from the same manufacturer: Integrated Power Designs. The test con-

verters rated at 70 and 110 W were representative of those used in computer monitors.

For these power ratings, one AC/DC test converter rated at 120 VAC (input voltage) was

paired with two DC/DC converters: one rated for 24 VDC input, the other 48 VDC input—

two common DC distribution voltages proposed for commercial buildings [11, 96].

The three output ports on each converter operated at 5, 12, and 24 VDC. The 185 W test

converters were representative of power supplies for a network-attached storage device

(Netgear RND-6C). The AC/DC version was rated for 120 VAC input; the DC/DC for 24

VDC. For this pair, the three output ports operate at 3.3, 5, and 12 VDC.

To perform efficiency tests with these converter models, load levels were defined

based on the realistic load levels shown in Figure 3.1. There were five scenarios for each

load level, in which each of the three output ports were loaded with different power val-
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ues such that the sum of the total load in all ports remained the same for all scenarios. The

efficiency was compared across these combinations of output load to determine if there

was a significant change in the converter’s efficiency based on how the ports were loaded.

As an example, for test converter 7, at 30% load, measurements for output power in the

five scenarios had a mean of 20.2 W and a standard deviation of 0.32 W; for efficiency, the

measurements resulted in 64.8% ± 0.81%.

For test converter 8, at the same load, the measurements for output power and effi-

ciency were 20.3 W ± 0.29 W and 69.7% ± 0.80%, respectively. As the variations were

below 2% of the mean for all SIMO converters, this indicated that most of the losses oc-

cur in the switching components of the power supply. Therefore, the efficiency and the

output power for each load level was defined as the mean of the efficiency and the mean

of output power, respectively, for the five loading scenarios. This methodology allowed

SIMO converters to be analyzed using the same comparisons as those used for SISO con-

verters, where we calculated the weighted energy efficiencies of the test converters based

on their single efficiency curves and the matching appliance’s time series load data.

The manufacturer specified that a minimum load of 10% on output 1 (5 VDC or 3.3 VDC

depending on the model) was required for the power supply to properly regulate the

other outputs. To meet this requirement, port 1 was always ≥10% of rated power, and if

the total load was below 10% of the rated power, only port 1 was loaded.

70 W SIMO Test Converters

To illustrate this loading plan, Table 3.5 shows the test plan for the 70 W test convert-

ers. Max Power (W) is the maximum load that the resistive load banks could handle at the

corresponding testing voltage; when not specified, the port was loaded with the BK Pre-

cision controllable load. The resulting efficiency curves for these converters are shown in

Figure 3.4; the close grouping of data points indicates that changes in the output loading

at one aggregate load level had little impact on the efficiency of the converter.
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Table 3.5: Test plan for 70W multi-output converters

Test Converters 7, 8 & 9 Max Load (W)
Rated

70
Power

Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5
Power (W) (W)

1% Out 1 (5V) 24.89 0.7 - - - -

5% Out 1 (5V) 24.89 3.5 - - - -

15%
Out 1 (5V) 24.89 7.0 7.4 7.4 7.9 8.4

Out 2 (24V) - 1.5 1.6 2.1 2.1 1.1
Out 3 (12V) 143.37 2.0 1.6 1.1 0.5 1.1

30%
Out 1 (5V) 24.89 7.0 10.5 14.7 8.4 7.4

Out 2 (24V) - 7.0 5.3 4.2 10.5 3.2
Out 3 (12V) 143.37 7.0 5.3 2.1 2.1 10.5

40%
Out 1 (5V) 24.89 7.0 14.0 8.4 11.2 9.8

Out 2 (24V) - 14.0 7.0 8.4 14.0 4.2
Out 3 (12V) 143.37 7.0 7.0 11.2 2.8 14.0

70%
Out 1 (5V) 24.89 20.0 14.7 14.7 7.4 9.8

Out 2 (24V) - 19.0 17.2 14.7 22.1 29.4
Out 3 (12V) 143.37 10.0 17.2 19.6 19.6 9.8

Both 70 W DC/DC converters (24 VDC and 48 VDC input) exhibited higher efficiency

compared with the comparable AC/DC converter across the entire tested power range.

When loaded above 1% of the rated power, the efficiency of the 48 V DC/DC converter

exceeded that of the 24 V converter.

In Table 3.6, the delta efficiency peaks near 5% of rated power: +6.8% and +8.1% for

24 VDC and 48 VDC converters, respectively. The difference decreased to 2.0% and 4.7%,

respectively, when the converters were loaded at 70% of rated power. Therefore, for these

converters, the largest efficiency advantage for DC/DC versions falls at load levels often

seen in MELs.

Table 3.6: Delta Efficiency (DC-AC) for SIMO test converters rated at 70W

Rated Power (70W) 0% 1% 5% 15% 30% 40% 70%
AC Eff. Conv. 7, 120VAC (%) 0.0 9.0 31.6 53.6 64.8 68.8 73.7
DC Eff. Conv. 8, 24VDC (%) 0.2 12.5 38.4 58.8 69.7 72.8 75.8
DC Eff. Conv. 9, 48VDC (%) 0.0 12.4 39.7 60.4 71.1 75.5 78.5
Delta Eff. [Conv 8 - 7] (%) 0.2 3.5 6.8 5.1 4.9 4.0 2.0
Delta Eff. [Conv 9 - 7] (%) 0.0 3.4 8.1 6.8 6.3 6.7 4.7
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Figure 3.4: AC and DC efficiency comparisons for 70W SIMO power supplies for the test plan
in Table 3.5. Converter 7 is the AC/DC converter (red line); the blue line shows converter 8, a
DC/DC converter with 24 VDC input; and the green line converter 9 with a 48 VDC input.

The weighted energy efficiency was simulated using time series load data of two com-

puter monitors: an Acer model CB421HYK and a Phillips model 288P6L, both rated at

60 W. Figure 3.5 shows the results for this simulation, and Table 3.7 summarizes the net

delta efficiency. Given the higher efficiency of the DC/DC test converters at all power

levels, the weighted energy efficiency of the DC/DC converters was higher than that of

the AC/DC converter. However, a substantial fraction of the appliance’s operating time

was at load levels higher than the load levels where the DC/DC converters exhibited the

highest efficiency advantage (5–15% of the rated power). The Acer monitor, for instance,

operates outside this range 99.8% of the time; the Phillips Monitor, 32.0%.

The full load efficiencies for converters 7, 8, 9 were measured in a separate experi-

ment, and they were equal to 76%, 76.3%, 80%, respectively. These values are close to

the efficiency provided by the converters’ data sheet, which is estimated at 78% at full

power for these three converter models. However, if we consider the weighted energy

efficiency for the Acer Monitor, using converters 7, 8, and 9, it was 16.5%, 11.7%, and 14%
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(a) (b)

(c) (d)

Figure 3.5: AC and DC weighted energy efficiencies for flat panel display screens: Acer
CB421HYK (60 W) in (a) and (b) and for Phillips 288P6L (60 W) in (c) and (d). Simulations were
done with 70 W SIMO test converters. Panels (a) and (c) show a comparison with DC test con-
verter rated at 24 VDC and panels (b) and (d) at 48 VDC. Efficiency curves for the test converters
are represented by the dotted lines, and the frequency when the appliance is on for each power
bin is by the bar chart.

Table 3.7: Delta Efficiency (DC-AC) for simulations with converters rated at 70W

Acer Monitor (60W) Phillips Monitor (60W)
AC 59.5% 61.4%
DC (24V) 64.6% 66.5%
DC (48V) 66.0% 67.8%
Net Delta (24V) 5.1% 5.2%
Net Delta (48V) 6.5% 6.5%
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lower than the efficiency of the converters at full-load, respectively. For the the Phillips

Monitor, those values were 14.6%, 9.8%, and 12.2%, respectively.

110 W SIMO Test Converters

The same procedure described for the 70 W SIMO test converters was followed for

the 110 W SIMO converters. Figure 3.6 shows the efficiency curves for the test converters

10, 11, and 12. Further details are in the Supplemental Material: Table B.1 shows the test

plan, and Table B.2 shows the delta efficiency, following the same methodology as above.

Figure 3.6: AC and DC efficiency comparisons for 110W SIMO power supplies for the test plan in
Table B.1. The converter 10 is the AC/DC converter (red line); the blue line shows converter 11, a
DC/DC converter with 24 VDC input; and the green line converter 12 with a 48 VDC input.

For the 110 W test converters, contrary to both the 70 W SIMO converters and data

published in other studies, both DC/DC converters had significantly worse performance

than of the comparable AC/DC converter. The biggest difference in efficiency occurred

when loaded at 5% of rated capacity: −17.9% for the 24 VDC version and −21.8% for the

48 VDC. This difference decreased to −4.9% and −1.9% at loads of 70% of rated power.
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The weighted energy efficiency simulation used the load data of a Dell monitor, model

P2315Qp, rated at 90 W. Figure 3.7 shows the results of the simulation, and Table 3.8

shows the net delta efficiency for both DC input voltages. The weighted energy efficiency

was 68.0% in 120 VAC, 48.0% in 24 VDC, and 33.5% in 48 VDC. The AC/DC weighted

energy efficiency was significantly better than the DC/DC results, with net delta efficien-

cies ranging from −20 to −34.5% (see Table 3.8). The 48 VDC converter was less efficient

than the 24 VDC at loads below approximately 30% of the rated power, but more efficient

above.

(a) (b)

Figure 3.7: AC/DC and DC/DC weighted energy efficiencies for a load profile from a Dell moni-
tor, model P2415Qp, rated at 90W. Simulations utilized efficiency data from 110W SIMO test con-
verters. Both panels utilize the same AC/DC converter. Panel (a) compares to a DC/DC converter
with 24VDC input; panel (b) with 48VDC input. Formatted as in Figure 3.3.

Table 3.8: Delta Efficiency (DC-AC) for simulation with converters rated at 110W

Test Converter Weighted Energy Efficiency (%) Net Delta Efficiency (∆%)

AC 68.0%

DC (24V) 48.0% -20.0%

DC (48V) 33.5% -34.5%
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185 W SIMO Test Converters

One pair of converters had a rated load of 185 W: an AC/DC converter at 120 VAC

paired with one DC/DC converter with 24 VDC input. The converters’ efficiency curves

are shown in Figure 3.8. Further testing details are given in Supplementary Material,Table

B.3 for the test plan and Table B.4 the weighted energy efficiencies at different load lev-

els. As with the 70 W converters, the DC/DC test converter was more efficient than the

AC/DC converter at all load levels. The largest difference (+4.1%) occurred at 5–10% of

the rated load. Above 10% of the rated power, the difference in performance started to

decrease, dropping to +2.5% when the converters were 25% loaded. This resulted in a

positive net delta efficiency of 3.3%, as shown in table 3.9.

Figure 3.8: Efficiency curves for Converters 13 and 14. Converter 13 is model REL-185-4001-
CHCO, 185W. Converter 14 is model DC2-185-4001-CH, 185W, tested at 24VDC.

Weighted energy efficiency was simulated using load profiles from a network storage

device, Netgear RND-6C (200 W); Figure 3.9. The DC/DC converter exhibited a weighted

energy efficiency of +3.3% relative to the AC/DC converter.
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Figure 3.9: AC and DC weighted energy efficiencies for Netgear RND-6C RN31600 (200 W). Sim-
ulations were done with 185 W SIMO test converters. The figure shows a comparison with DC
test converter rated at 24 VDC. Formatted as in Figure 3.3.

Table 3.9: Delta Efficiency (DC-AC) for simulation with converters rated at 185W

Test Converter Weighted Energy Efficiency (%) Net Delta Efficiency (∆%)

AC 63.7%

DC (24V) 67.0% +3.3%

3.3.3 Observations in AC/DC Central Converter Efficiency

As indicated earlier, for many commercial buildings, some or all of the power routed

to a DC DS would be provided by a central AC/DC converter (CC). Therefore, the study

also analyzed a commercially available power hub often used for this purpose, which has

a voltage input range of 90-305AC or 127-431DC. This device was tested operating at three
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supply voltages: 120 VAC, 208 VAC, and 380 VDC. The converter provides DC power via

16 output ports, rated at 100 W and 24 VDC each, and is currently sold primarily for pow-

ering LED lighting. The characterization of this device is described in the Supplementary

Information, Section B.5.

Figure 3.10 summarizes the efficiency curve for the three voltage input levels, with

their respective uncertainties, and Table B.6 in the Supplementary Material summarizes

the same data. The CC exhibited the highest efficiency when operating at higher input

voltages (208 VAC and 380 VDC), with efficiency typically above 90% for loads above 500

W.

According to the device’s data sheet, above 50% of total load (50% × 1600 W = 800

W), the power hub should have an efficiency above 95% efficiency when operated on a

380 VDC supply. However, the maximum efficiencies observed in this test were 92.6%

[92.0% to 93.2%] at 208 VAC, and 93.4% [92.6% to 94.1%], for 380 VDC, both of which are

statistically lower than the 95% peak efficiency stated in the data sheet.

The tests performed for the AC/DC central converter showed that the CC’s efficiency

was comparable to the efficiency of converters in the MELs tested [2], with higher in-

put voltages tested (208 VAC and 380 VDC) exhibiting slightly higher efficiencies than

typical MELs converters. These efficiencies are comparable to the stated efficiencies for

in-building step-down transformers [118], although test data for this type of transformer

is sparse, and, as noted above, in-building transformers are frequently underloaded and

operate below their peak efficiency.

The importance of this testing is that it highlights that neither the central nor endpoint

power converters show a systematically superior efficiency to their AC DS counterparts.

Tests of endpoint converters did not exhibit a consistent advantage for DC/DC endpoint

converters over AC/DC endpoint converters and the single AC/DC central converter

tested here (a) exhibited an efficiency comparable to in-building step-down transform-

ers and (b) did not show a significant efficiency advantage over the endpoint converters.
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Figure 3.10: CC Efficiency curves at 120VAC, 208VAC, and 380VDC, with respective uncertainties.
Outer chart summarizes the full test range. Inset chart focuses on the area with loads of 100W or
higher. Note that performance at 208VAC and 380VDC present similar efficiencies, while efficiency
at 120VAC is lower.

Therefore, for the devices tested here, the efficiency of CC (versus a step-down trans-

former) does not provide an efficiency advantage for DC DS versus the traditional AC

DS.

3.4 Discussion

3.4.1 Interpretation of Test Converters Results

For the selection of the test converters measured in this study, weighted energy effi-

ciency of DC/DC converters was not consistently superior to that of AC/DC converters,

likely due to variations in the design and performance of individual converters. These

results differ substantially from the common assumption found in the literature—namely

that the efficiency of DC/DC converters is better than that of AC/DC converters. Fur-

ther, due to the highly variable nature of efficiency curves for seemingly similar con-

verter units, these data also showed that the appliance’s load profile is a key determinant
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of weighted energy efficiency and must be considered when comparing AC and DC dis-

tribution solutions.

To compare the endpoint efficiency, we considered four scenarios to analyze converter

efficiency: (1) the maximum efficiency detected over the whole efficiency curve (peak

efficiency); (2) the efficiency at the converter’s rated load; (3) the efficiency provided by

the converter’s data sheet; and (4) the energy efficiency weighted by load. Scenarios 1,

2, and 3 are often used in literature, while Scenario 4 is the method utilized in this study.

Table 3.10 summarizes each scenario for the eight loads simulated in this study.

Data sheets for 2 of the 14 test converters (test converters 3 and 5) were not available,

and those efficiencies are omitted from the table. Due to load bank limitations, test con-

verters 10–14 could not be tested over their full range of power, and, consequently, their

peak efficiency and efficiency at full load are also missing from the table for these units.

Table 3.10 illustrates that the converters’ weighted energy efficiencies were substan-

tially lower than the efficiencies provided by their data sheets. Only test converters 4 and

6, when linked to load profiles from the HP Laptop and Microsoft Laptop 1, respectively,

had a performance above that stated in their data sheets. Overall, data sheet information

was available for four scenarios for seven test converters. For 57% of these scenarios,

the efficiencies provided in the data sheet were higher than the peak efficiency or the

efficiency at full load measured here. Therefore, based on this limited sampling, a de-

sign engineer selecting a power converter from its data sheet has an approximately 50/50

chance of seeing performance as good as the data sheet’s stated efficiency.

If the endpoint efficiency comparison was made using either peak efficiency or effi-

ciency at full load (Scenarios 1 and 2, respectively), five of six appliances would be con-

sidered to have a better performance in DC compared to AC. However, if we consider a

comparison that uses the weighted energy efficiency (Scenario 4), only four of the eight

appliances would be more efficient in DC. Additionally, differences in weighted energy

efficiency also changed substantially when comparing Scenario 1 to 4 or Scenario 2 to 4.
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For the Acer Monitor, for instance, the AC-input weighted energy efficiency was 59.5%,

while the peak and full load efficiency were both 76%.

Additional tests on converters with 12 VDC and similar input voltages were also com-

pleted and showed similar efficiency curves. These data are discussed in SI Section B.3.

To illustrate the analytic assumptions commonly utilized in the literature, a comparison

to other studies is also included in Section 3.4.2.

Taking all data and simulations together, practitioners should be cautious about mak-

ing broad assumptions regarding converter efficiency based upon power ratings or data

sheet values, or making the assumption that appliance load profiles are at or near the

rated load of converters. The values found for peak efficiency, efficiency at full load, and

data sheet efficiency were close to each other for most converters, with variations within

3.5% for the sampled converters.

This indicates that the efficiency provided in the converters’ specification documents

were measured at, or near, the load where they operate at their best performance. How-

ever, as shown here, MELs seldom operate at load levels near the converters’ peak effi-

ciency. Therefore, when the endpoint efficiency comparison is made using efficiency data

provided by any of these metrics (i.e., data sheet, peak efficiency, or efficiency at the rated

load), the results are likely to be misleading.

Finally, combining these data with the efficiency of the single central converter unit

tested here provides a cautionary note about whether existing buildings would benefit

from providing DC DS circuits to power office MELs: If one considers a CC running at

208 VAC, powered on the secondary of a building distribution transformer, and operating

at its peak efficiency (92.6% at 880 W), DC/DC converters powered by the CC’s outputs

would need efficiencies that were consistently 8 percentage points higher than compara-

ble AC/DC converters for the DC DS to have higher efficiency than the AC DS.

The measurements from this study indicated that this type of efficiency advantage is

rare: only one converter—an HP laptop powered by SISO test converters 3 and 4—had a
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AC/DC DC/DC Delta Efficiencies
Smart Appliance Test Peak Eff. Eff. at Full Eff. in Data- Wt. E. Eff. Test Peak Eff. Eff. at Full Eff. in Data- Wt. E. Eff. Delta Delta Eff. Delta Eff. Delta

Plug ID Conv. (%) Load (%) sheet (%) (%) Conv. (%) Load (%) sheet (%) (%) Peak at Full Data sheet Net
Eff. (%) Load (%) (%) Eff. (%)

Smart Netgear Conv. 1 86.9 85.8 88.5 80.5 Conv. 2 85.6 85.5 89.0 67.1
Plug 1 WNR2000 v3

-1.3 -0.3 0.5 -13.4

Smart HP Laptop Conv. 3 86.9 86.5 - 84.2 Conv. 4 93.2 91.0 >88.0 92.8
Plug 2

6.3 4.5 - 8.6

Smart Microsoft Conv. 5 89.0 86.2 - 88.8 Conv. 6 92.7 89.3 >88.0 88.3 -
Plug 3 Laptop 1

3.7 3.1 -0.6

Smart Microsoft Conv. 5 89.0 86.2 - 88.3 Conv. 6 92.7 89.3 >88.0 86.1
Plug 4 Laptop 2

3.7 3.1 - -2.3

Smart Acer Monitor 76.0 76.0 78.0 Conv. 8 76.4 76.3 78.0 64.6 0.4 0.3 0.0 5.1
Plug 10 CB421HYK

Conv. 7 59.5
Conv. 9 80.0 80.0 78.0 66.0 4.0 4.0 0.0 6.5

Smart Dell Monitor - - 85.0 Conv. 11 - - 82.0 48.0 - - -3.0 -20.0
Plug 11 P2415Qp

Conv. 10 68.0
Conv. 12 - - 82.0 33.5 - - -3.0 -34.5

Smart Phillips 76.0 76.0 78.0 Conv. 8 76.4 76.3 78.0 66.5 0.4 0.3 0.0 5.2
Plug 17 Monitor 288P6L

Conv. 7 61.4
Conv. 9 80.0 80.0 78.0 67.8 4.0 4.0 0.0 6.5

Smart Netgear RND- Conv. 13 - - 82.0 63.7 Conv. 14 - - 77.0 67.0
Plug 20 6C / RN31600

- - -5.0 3.3
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weighted DC/DC efficiency sufficient to offset losses in the CC. Additionally, if the CC

is also underloaded—the likely case given common design practice—its efficiency falls

below its peak efficiency. When loaded under 25% of its rated power, the CC’s conversion

efficiency dropped as low as 89.3–90.5% for all three operational voltages (120 VAC, 208

VAC, 380 VDC).

Therefore, while by no means a comprehensive study, the measurements performed

for this study indicate that wholesale provision of DC distribution systems in existing

commercial buildings is unlikely to provide an efficiency advantage without either (a)

substantial improvements in endpoint DC/DC converter efficiencies or (b) significant

savings achieved by reducing conversion losses in other distribution equipment not typ-

ically present, such as connected PV or energy storage converters.

3.4.2 Example Comparison to Representative Efficiency Studies

As an illustration, we compare our analysis to that of a typical literature analysis of

converter efficiency—as shown in Figure 4 of a study provided by Pang et al. [44]. In this

analysis, the authors collected efficiency data on a range of power converters at different

power ratings.

The data accumulated in this study disagree with the Pang et al. study for the fol-

lowing reasons: first, in Pang’s analysis, the efficiency of AC/DC and DC/DC converters

tends to increase with the power rating. However, our study shows that the weighted

efficiency of the converter depended on the appliance load profile and could vary sub-

stantially relative to the efficiency at the rated power. Comparing, for example, the Acer

and the Phillips Monitors, both rated at 60 W and using the same AC test converter (Con-

verter 7, rated at 70 W), the weighted efficiencies were 59.5% and 61.4%, respectively.

The Dell monitor (AC test converter 10, rated at 100 W) presented a weighted effi-

ciency of 68.0%, which was significantly lower than the 80.5% presented by a Netgear

router rated at 30 W; second, for our sampled test converters, no significant correlation
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was seen between the power ratings and efficiency at the rated power for the converters

utilized in our experiments (30–185 W); and finally, contrary to Pang’s results, the study

data did not show that the AC/DC and DC/DC converters’ efficiencies tended toward

similar values as the power rating increased.

Another study [91] analyzed AC adapters operating at different voltage inputs (AC

and DC). The operational efficiency was compared at 120 VAC and 240 VAC, with their

peak values after the input rectification (169 VDC and 339 VDC, respectively). When op-

erating in DC, the adapters presented better efficiencies. However, these tests were done

in the same converter, operating either with AC or a DC input, despite the fact that they

were not listed for DC applications. In practice, (a) the DC voltage levels considered are

quite uncommon and hardly available in the market; (b) there are no standards support-

ing these voltages unless the 380 VDC level called by the EMerge Alliance Data/Telecom

Center Standard [119]; (c) at commercial voltage levels, based on our sampled converters,

this efficiency advantage does not happen often.

3.4.3 Limitations

While realistic, there are several limitations to the experimental work performed here.

First, the analysis is limited to the selection of actual converters that we were able to ob-

tain, characterize, and analyze. The study’s focus of physical devices limited the breadth

of the analysis; purely simulation-based studies and studies using manufacturers’ prod-

uct data can draw on a much wider body of information. However, as discussed in Sec-

tion 3.4.1, such studies often lack complete information and may yield misleading results.

The advantage of our approach is the depth of analysis possible when using full converter

characterization data and realistic load levels.

As a wide range of DC/DC converters could not be tested, there exists some possi-

bility that DC/DC converters exist that are higher efficiency than those tested here. We

were able to test only a small number of manufacturers. While it is possible that the man-
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ufacturers tested are not representative of the current state of the art, other manufactur-

ers’ products were not available for general commercial purchase. However, our review

of available products suggests that a systematic improvement in DC/DC converter effi-

ciency is unlikely unless regulatory or similar outside pressures eliminate lower-performing

converters from the market. Indeed, we found no commercially available units with per-

formance exceeding those purchased for testing.

Conversely, the AC/DC converters shipped with products today may also benefit

from improved design. Given that the converters selected here did not have space or

heat constraints common for internal SIMO converters, it is also possible that the DC/DC

converters tested here were higher in efficiency than those that would be built into MELs.

We, therefore, contend that the AC-to-DC replacement process simulated here was rep-

resentative of what would happen under current market forces and product availability

constraints. Nevertheless, future studies should analyze a broader selection of converter

manufacturers and product lines if or when they become commercially available.

Finally, for nearly all MELs tested here, the loads were substantially below the rated

load when operating. The study identified two primary reasons for this under-loading.

First, since many MELs are part of larger product families, manufacturers may choose

one converter to support a broad product family, and must select that converter for the

products with the highest loads; this sizing methodology results in relative under-loading

for some products. Second, many MELs have multiple operating modes—e.g. monitors

have built-in USB hubs designed to power peripherals—which are seldom used but must

be considered when sizing power circuitry.

3.5 Conclusions

This study considered endpoint conversion, which exists in both AC and DC distri-

bution system architectures, using commercially available products for both AC/DC and

DC/DC converters. Multiple studies [91–93] have indicted that, in theory, DC/DC con-
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verters should have superior efficiency than comparable AC/DC converters. However,

the measurements performed here indicated that commercially available DC/DC con-

verters did not exhibit systematically better efficiency that comparable AC/DC convert-

ers in practice, and any efficiency advantage was substantially reduced when weighted

by realistic load profiles. For the eight appliances analyzed in this work with match-

ing pairs of AC/DC and DC/DC converters, half presented higher weighted energy effi-

ciency using the DC/DC converter, and half using AC/DC. These data suggest that either

(a) DC/DC converters are not being designed with the same rigor as AC/DC converters,

or with the same focus on maximum efficiency; or (b) prior theoretical evaluations of

DC/DC converter architectures have not accounted for all losses inherent in economi-

cally viable designs.

For building power systems that include local generation and/or storage, there may

be additional advantages to DC distribution that were not characterized in this study.

However, considering the measurements performed here, any such advantage cannot

rely on endpoint conversion for common low voltage loads to contribute an efficiency

advantage—such an advantage is simply not seen in the measured efficiency, partic-

ularly when weighted by realistic load levels. We recommend further research to ex-

pand the analysis to other categories of load, to incorporate more converter samples (as

they become commercially available for purchase), and to inform more comprehensive,

simulation-based DC distribution efficiency studies.
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Chapter 4

Characterization Dataset for Appliances and

Converters

Over the course of the author’s Master’s degree, a variety of power converters and

office-based appliances were tested and characterized in laboratory, at the Powerhouse

Campus in Colorado State University. This data is published online, and can be freely

downloaded from https://mountainscholar.org/handle/10217/207807. As the research

continued during the Ph.D., this dataset was updated with additional characterization

data and additional device. In total, 126 devices were measured, divided into:

– 58 AC/DC Converters (Including SISO and SIMO models)

– 35 DC/DC Converters and 5 SIMO (Including SISO and SIMO models)

– 33 AC Appliances

Tables 4.1, 4.2, and 4.3 show in details the devices characterized.
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Table 4.1: AC Appliances Characterized

Appliance Manufacturer Model Input Voltage Power

Box Fan Lasko B20201 120VAC 60W
Coffee Maker Keurig K10 120VAC 1425W
Dishwasher Whirlpool WDT975SAHV 120VAC 972VA

Drill Charger Snap-on CTB8172BK 100-240VAC 60W
Drill Charger DeWalt DW9118 120VAC ∼120VA

Fridge Frigidaire FCRS201RFB6 115VAC 575VA
Fridge Whirlpool WRF757SDHZ 115VAC 816VA

Hot Water Machine Bunn CWTF15-TC 120VAC 1370W
Microwave GE TSSTTVSKBT 120VAC 1300W
Microwave Whirlpool WMHA9019HV 120VAC 1800W
Mini Fridge Magic Chef HMDR310SE 115VAC 110W

Monitor HP E273 100-240VAC ∼100VA
Monitor HP EliteDisplay E232 100-240VAC ∼150VA
Monitor HP EliteDisplay E242 100-240VAC ∼150VA

Multimeter Keysight 34461A 100-240VAC 25VA
Portable Fan Honeywell HT900V4 120VAC 30VA
Power Strip ACE 3279056 120VAC 1800W

Power Strip 1 Monster Power S3A603 120VAC -
Printer HP LaserJet 1022 110VAC ∼440VA

Projector BENQ SH910 100-240VAC ∼370VA
Server HP ProLiant ML350p Gen8 120-230VAC 460W

Server DL380 - With 1 Power Cable HP HPE ProLiant DL380 Gen10 100-240VAC 500W
Server DL380 - With 2 Power Cables HP HPE ProLiant DL380 Gen10 100-240VAC 500W

Soldering Iron Weller WES51 120VAC 60W
Tea Kettle Aroma AWK-108 120VAC 1500W

Toaster Oster JES2051SN2SS 120VAC 1650W
TV Samsung UN75JU6500FXZA 120VAC 342W
TV Sharp LC-60EQ10U 110-240VAC 188W
TV Vizio E43u-D2 120VAC 264VA

TV 2 Sharp LC-60EQ10U 110-240VAC 188W
TV 3 Sharp LC-60EQ10U 110-240VAC 188W
TV 4 Sharp LC-60EQ10U 110-240VAC 188W

Water Dispenser ClearH2O D7A 120VAC -
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Table 4.2: AC/DC Converters Characterized

Converter Type Device Type Manufacturer Model Input Voltage Output Voltage Power

AC-DC SISO Fan Converter ShenZhen SOY Technology SUN-0900070 100-240VAC 9VDC 6.3W
AC-DC SISO Label Printer EDACPOWER ELEC. EA1024F2-090 100-240VAC 9VDC 27W
AC-DC SISO Laptop Charger Zmoon A1749 100-240VAC 15VDC 90W
AC-DC SISO Laptop Charger DELL DA90PE1-00 100-240VAC 19.5VDC 90W
AC-DC SISO Laptop Charger DELL - 100-240VAC 19.5VDC 90W
AC-DC SISO Laptop Charger Liteon PA-1400-02 100-240VAC 12VDC 40W
AC-DC SISO Laptop Charger Sibusa 391174-001 100-240VAC 18.5VDC 120W
AC-DC SISO Laptop Charger HP Series PPP014L 100-240VAC 18.5VDC 90W
AC-DC SISO Laptop Charger HP Series PPP017L 110-240VAC 18.5VDC 120W
AC-DC SISO Laptop Charger HP Series PPP009L-E 100-240VAC 19.5VDC 65W
AC-DC SISO Laptop Charger HP Series PPP013C-5 100-240VAC 19.5VDC 90W
AC-DC SISO Laptop Charger HP Series PPP012H-5 100-240VAC 19VDC 90W
AC-DC SISO Laptop Charger HP Series PPP009L-E 100-240VAC 19.5VDC 65W
AC-DC SISO Laptop Charger HP 740015-002 100-240VAC 19.5VDC 45W
AC-DC SISO Monitor HP Pavilion 25xw Power Supply TPV Electronics ADPC1945 100-240VAC 19VDC 45W
AC-DC SISO iPhone Charger Apple A1385 100-240VAC 5VDC 5W
AC-DC SISO Phone Charger Nokia AC-20U 100-240VAC 5VDC 3.75W
AC-DC SISO Phone Charger Samsung ETA0U10JBE 100-240VAC 5VDC 3.5W
AC-DC SISO Phone Charger Samsung ETA0U10JBE 100-240VAC 5VDC 3.5W
AC-DC SISO Phone Charger LG STA-U17WS 100-240VAC 5.1VDC 3.57W
AC-DC SISO Phone Charger LG STA-U34WVI 100-240VAC 5.1VDC 3.57W
AC-DC SISO Phone Charger LG STA-U34WVI 100-240VAC 5.1VDC 3.57W
AC-DC SISO LED Driver Mean Well APV-25-24 90-264VAC 24VDC 25.2W
AC-DC SISO LED Driver Osram Oti48 120-277VAC 10-55VDC 48W
AC-DC SISO Switch Converter Netgear SAL012F1 100-120VAC 12VDC 12W
AC-DC SISO DC Power Supply Tekpower TP6005E 110VAC 60VDC 300W
AC-DC SISO DC Power Supply Wanptek KPS3010DF 110-220VAC 30VDC 300W
AC-DC SISO Power Supply Delta Electronics PMC-12V100W1AA 100-240VAC 12VDC 100W
AC-DC SISO Power Supply Delta Electronics PMC-24V100W1AA 100-240VAC 24VDC 100W
AC-DC SISO Power Supply Omron S8VM-03024 CD 100-240VAC 24VDC 30W
AC-DC SISO Power Supply Mean Well IRM-30-24ST 100-240VAC 24VDC 30W
AC-DC SISO Power Supply Mean Well IRM-30-12ST 100-240VAC 12VDC 30W
AC-DC SISO Power Supply Mean Well RSP-1000-48 100-240VAC 48VDC 1000W
AC-DC SISO Power Supply Mean Well SE-1000-48 100-240VAC 48VDC 1000W
AC-DC SISO Power Supply Xunbuma T-1000-48 110VAC 48VDC 1000W
AC-DC SISO Credit Card Machine Converter Verizon Au-790Mu 100-240VAC 6VDC 13.5W
AC-DC SIMO Power Supply Seasonic SSR-550PX 100-240VAC 3.3VDC 66W
AC-DC SIMO Power Supply Seasonic SSR-550PX 100-240VAC 5VDC 100W
AC-DC SIMO Power Supply Seasonic SSR-550PX 100-240VAC 12VDC 348W
AC-DC SIMO Power Supply Seasonic (Fan ON) SSR-550PX 100-240VAC 3.3VDC 66W
AC-DC SIMO Power Supply Seasonic (Fan ON) SSR-550PX 100-240VAC 5VDC 100W
AC-DC SIMO Power Supply Seasonic (Fan ON) SSR-550PX 100-240VAC 12VDC 348W
AC-DC SIMO Socket with USB output Charging Essentials LA-5A-4 125VAC 5VDC 4.2W
AC-DC SIMO USB plug 2 ports No Brand US2018 100-240VAC 5VDC 10.2W
AC-DC SIMO Power Hub Driver Nextek PHD16-ACDC-DIM-P-24-6 120VAC 16 x 24VDC 1600W
AC-DC SIMO Power Hub Driver Nextek PHD16-ACDC-DIM-P-24-6 208VAC 16 x 24VDC 1600W
AC-DC SIMO Power Hub Driver Blade Nextek PHD-Blade-S9 120VAC 12 x 24VDC 1200W
AC-DC SIMO Power Hub Driver Blade Nextek PHD-Blade-S9 208VAC 12 x 24VDC 1200W
AC-DC SIMO Power Supply Integrated Power Designs REL-70-4006-CHCO 85-264VAC 5V-24V-12V 70W
AC-DC SIMO Power Supply Integrated Power Designs GRN-110-4003-CHCO 85-264VAC 5V-24V-12V 110W
AC-DC SIMO Power Supply Integrated Power Designs REL-185-4001-CHCO 85-264VAC 3.3V-5V-12V 185W
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Table 4.3: DC/DC Converters Characterized

Converter Type Device Type Manufacturer Model Input Voltage Output Voltage Power

DC-DC SISO Cigarette Lighter Gearmo GM-UCPDCARB 12VDC 5VDC 15W
DC-DC SISO Cigarette Lighter Gearmo GM-UCPDCARB 24VDC 5VDC 15W
DC-DC SISO Laptop Charger HP F1455A 12VDC 19VDC 75W
DC-DC SISO Laptop Charger Powseed PA-3900-Z3 12VDC 19VDC 90W
DC-DC SISO Laptop Charger Outtag PA-4900-OT 12VDC 19VDC 90W
DC-DC SISO Laptop Charger Bixpower BX-DD90X 24VDC 18.5VDC 90W
DC-DC SISO Laptop Charger Bixpower BX-DD90X 24VDC 18.5VDC 90W
DC-DC SISO Laptop Charger Bixpower BX-DD90X 24VDC 18.5VDC 90W
DC-DC SISO Laptop Charger Bixpower BX-DD90X 24VDC 15VDC 90W
DC-DC SISO Cig. Car Adapter RoHS CRA-HLY-PD65W 12VDC 5VDC 15W
DC-DC SISO Cig. Car Adapter RoHS CRA-HLY-PD65W 24VDC 5VDC 15W
DC-DC SISO Laptop Charger, 12V to 19V Bixpower BX-DD90X 12VDC 19.5VDC 90W
DC-DC SISO Power Supply Mean Well RSD-30G-12 12VDC 12VDC 30W
DC-DC SISO Power Supply Mean Well RSD-30G-12 24VDC 12VDC 30W
DC-DC SISO Power Supply Mean Well RSD-30G-24 12VDC 24VDC 30W
DC-DC SISO Power Supply Mean Well RSD-30G-24 24VDC 24VDC 30W
DC-DC SISO Power Supply Mean Well SD-100A-24 9.5-18VDC 24VDC 100W
DC-DC SISO Power Supply Mean Well SD-100B-12 19-36VDC 12VDC 100W
DC-DC SIMO Power Supply Integrated Power Designs DC2-70-4006-CHCO 18-36VDC 5V-24V-12V 70W
DC-DC SIMO Power Supply Integrated Power Designs DC4-70-4006-CHCO 36-72VDC 5V-24V-12V 70W
DC-DC SIMO Power Supply Integrated Power Designs DC2-110-4006-CHCO 18-36VDC 5V-24V-12V 110W
DC-DC SIMO Power Supply Integrated Power Designs DC4-110-4006-CHCO 36-72VDC 5V-24V-12V 110W
DC-DC SIMO Power Supply Integrated Power Designs DC2-185-4001-CH 18-36VDC 3.3V-5V-12V 185W
DC-DC SIMO Power Hub Driver Nextek PHD16-ACDC-DIM-P-24-6 380VDC 16 x 24VDC 1600W
DC-DC SIMO Power Hub Driver Blade Nextek PHD-Blade-S9 380VDC 12 x 24VDC 1200W
DC-DC SIMO Cig. L. Purdue - L. port Herrick Labs Purdue - 12VDC 5VDC 10.5W
DC-DC SIMO Cig. L. Purdue - L. port Herrick Labs Purdue - 24VDC 5VDC 10.5W
DC-DC SIMO Cig. L. Purdue - U. port Herrick Labs Purdue - 12VDC 5VDC 10.5W
DC-DC SIMO Cig. L. Purdue - U. port Herrick Labs Purdue - 24VDC 5VDC 10.5W
DC-DC SIMO Cig. L. Verizon - MiniUSB Verizon MIC34DUALVPC-F2 12VDC 5VDC 17W
DC-DC SIMO Cig. L. Verizon - MiniUSB Verizon MIC34DUALVPC-F2 24VDC 5VDC 17W
DC-DC SIMO Cig. L. Verizon - USB Verizon MIC34DUALVPC-F2 12VDC 5VDC 17W
DC-DC SIMO Cig. L. Verizon - USB Verizon MIC34DUALVPC-F2 24VDC 5VDC 17W
DC-DC SIMO Power Hub Driver Nextek 1600-C2-Z-380 380VDC 16 x 24VDC 1600W
DC-DC SIMO Desktop Power Supply IEI Technology ACE-4520C 24VDC 12VDC 120W
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To perform the characterization tests, a testbed capable of emulating an AC or DC

distribution was built. For an AC distribution, a 3kVA Delta-Wye transformer connected

to the utility mains converts from 480VAC to 208/120VAC into a load center. From the

100A main circuit breaker of the load center, there are six branches, each protected with a

10A circuit breaker: 4x 120VAC, 1x two-phase 208VAC, and 1x three-phase 208VAC. Each

branch has measurement boxes installed, which provide access to current and voltage

probes. For a DC distribution, a Nextek power hub is connected to either 120VAC or

208VAC, providing 16 DC outputs, each rated at 24V and 100W. Figure 4.1 shows a dia-

gram of the testbed described and Figure 4.2 is a real picture of the system.

Figure 4.1: Testbed diagram for AC distribution configuration.
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Figure 4.2: Test setup built to run characterization tests
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Chapter 5

A Cautionary Note on Using Smart-Plugs for

Research Data Acquisition

This chapter was submitted to Energies journal and is under review [120].

5.1 Introduction

Smart plugs have increased in popularity with the growth of home automation and

internet of things (IoT) applications. The smart plug market has grown from an esti-

mated $0.71 billion in 2016 to $2.59 billion in 2021 [121]. North America leads this market

due to its high acceptance of new technologies and consumers’ disposable income [122].

Smart plugs are one class of ‘smart’ IoT devices that communicate via local or internet

networking, allow connected loads to be switched on and off remotely, and often include

monitoring functions for on/off times, power consumption, and usage patterns. With the

modernization of the power grid, newer home appliances increasingly build these capa-

bilities into the appliance’s control circuitry. In contrast, the add-on smart plugs studied

here can be used to add on/off control and monitoring to legacy appliances without built-

in capabilities. For example, several smart plugs manufacturers offer an ‘away’ mode, in

which controlled loads switch on/off randomly to give the appearance that the user is

home.

The most basic function of a smart plug is to programmatically connect or discon-

nect loads remotely via Wi-fi or cellular phone networking. Technologies such as Blue-

tooth Low Energy (BLE), Sigfox, and ZigBee are also being studied and used as alter-

natives [122, 123]. In a typical implementation, households can control their smart plug

through specific apps from manufacturers, or through an application programming inter-

face (API) using common programming languages. More advanced versions, particularly
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the energy monitoring smart plugs, include low-cost circuits that measure power and en-

ergy consumption. Hence, the device can not only be controlled remotely, but, depending

on the model, it can also exchange voltage, current, and/or power consumption data via

external communication [124].

Local power measurement is particularly useful for energy management systems,

such as demand response systems, to balance demand and supply in the electric sys-

tem [125]. A simulation showed that using smart plugs to defer shiftable loads from peak

hours reduced peak demand of a household by up to 33% [126]. Smart plugs can elim-

inate appliances’ energy consumption when in standby mode by simply disconnecting

them from the wall plug; multiple studies indicate these losses are not negligible and

must be taken into consideration to improve grid efficiency [123, 127]. If people moni-

tor energy usage, they not only become aware of their energy use behavior but may also

change the way they consume energy [128, 129]. In an observational study in South Ko-

rea, when the power consumption of 125 households was monitored by smart plugs [130]

the households used 5% less energy than comparable households. The savings increased

when more appliances were monitored and were more prominent when smart plugs were

used for cooling and heating appliances, and video and audio devices.

While IoT devices in residential, industrial, and commercial buildings are essential

for this type of monitoring and control, their presence on communications networks also

raises privacy and security concerns [131–134]. For example, energy usage information

can indicate periods when residents are not at home and what their habits are [135] – a

potential security concern. A study exposed a vulnerability of Kasa HS100 and the Belkin

Wemo Mini smart plugs when operating in ‘away’ mode. Although the smart plugs sys-

tem can simulate human usage, it is statistically different from real usage patterns and

could easily be detected by an attacker either by observing acoustic and visual cues or

by wi-fi sniffing [136]. Another study analyzed security problems with the Edimax SP-

2101W smart plug [137]. They were able to launch four attacks on different fronts: device
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scanning, brute force, spoofing, and firmware. Through the attacks, they acquired the

user’s authentication credentials, allowing for malicious remote operation and malware

installation into the plug. Likewise, a variety of studies have analyzed the threats and

vulnerabilities associated with a wide range of similar IoT devices that likely occur in

smart plugs as well [138–143].

Additional applications are being built on smart plugs. As the home automation mar-

ket grows, manufacturers are tapping machine learning to perform advanced functions

such as behavior diagnosis and classification [124, 136]. Environment awareness smart

plugs (EnAPlugs) were proposed, integrating artificial intelligence and multiple sensors

in one device [144]. This would make it possible to understand the context of the load

being controlled, and also share this information. At the time of this study, none of these

advanced uses was available commercially.

Across all studies surveyed by the authors, there was a conspicuous acceptance that

power and energy usage reported by the plugs is accurate; no study validated the ac-

curacy of the devices used for measurement or control. In contrast, the authors’ recent

studies [3, 10, 45], noted substantial errors in power measurements from the smart plugs

used in the study, raising questions about the accuracy of this class of device for research

work, demand management, or other applications where accurate power measurements

are assumed. Therefore, this paper analyzes the accuracy of five commercially available

energy monitoring smart plugs from major market players Belkin, TP-Link, Etekcity, Em-

poria, and Sonoff. Live smart plug data were recorded and compared to measurements

made by a high-accuracy laboratory instrument. Section 5.2 explains the methods used in

this study; Section 5.3 presents results and discussion; and Section 5.4 summarizes lessons

learned.
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5.2 Methods

This study measures and analyzes the accuracy of power and energy measurements

from five smart plug models. When smart plugs are used to capture load data for re-

search, the monitored loads often exhibit fast variations in power consumption. Our prior

experience [3,10,45] indicates that these variations impact the measurements made by the

smart plugs. Therefore, the testing performed for this study considered not only steady-

state loads but also loads that vary at a range of frequencies. The methods required for

this study are:

1. Analyze the power measurement error.

2. Calculate and analyze the energy measurement error.

3. Estimate measurement delays

The study also did a qualitative analysis of differences between datasheet specifications

and laboratory tests.

Table 5.1 summarizes all five energy monitoring smart plugs analyzed in this study,

the technology used for communication, their prices, and the integration they offer. The

Emporia and the Sonoff devices did not offer the ‘away’ mode, although it was avail-

able for all remaining models. Table 5.2 provides data sheet specifications for key elec-

trical parameters. Since this study focused on the U.S. market, all devices were tested at

120VAC, 60Hz. Specified power consumption indicates the data sheet’s indication of the in-

ternal power consumption of the smart plug itself. Functionally, four of the 5 units were

compact enough to fit into one space on a duplex receptacle; the Belkin WEMO has a

larger body and blocks the other space.

Figure 5.1 illustrates the test setup. Power measurements reported by the smart plugs

were collected using python scripts developed by the study team. These scripts request

measurement data from the device under test via Wi-Fi at a frequency of 1Hz. Data were
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Table 5.1: Smart Plugs - Models and features

Manufacturer Model Technology Price Integration Away Mode

Belkin FC029V2 Wi-Fi $47.95 WEMO app, Alexa, Google Assistant, and Apple HomeKit Yes
TP-Link KP115 Wi-Fi $22.99 Kasa app, Alexa, Google Assistant, and Samsung SmartThings Yes
Etekcity ESW15-USA Wi-Fi $10.99 VeSync app, Alexa, Google Assistant Yes
Emporia EMS02 Wi-Fi $8.50 Emporia app, Alexa, and Google Assistant No
Sonoff S31 Wi-Fi $16.95 eWeLink app, Alexa, and Google Assistant No

Table 5.2: Smart Plugs - Electrical specifications

Manufacturer Model Voltage Maximum Current Frequency Specified Power Consumption

Belkin FC029V2 120VAC 15A 60Hz <3W
TP-Link KP115 100-120VAC 15A 60Hz not stated
Etekcity ESW15-USA 120VAC 15A 60Hz 0.7 - 1.2W
Emporia EMS02 100-240VAC 15A (1hr/day); 10A continuous 50-60Hz <3W
Sonoff S31 120VAC 15A 60Hz not stated

time-stamped when received by the script. The reference instrument (Keysight Power

Analyzer (PA) model PA2203A, power measurement accuracy of 0.1%) was connected to

the two measurement boxes in Figure 5.1, immediately before and after the smart plug

in the circuit, allowing the power analyzer to measure both the smart plug’s power con-

sumption as well as the load on the smart plug.

For each smart plug, tests were run for 15-minutes. One of the two resistors was used

to load the smart plug at any time. For each test, the resistor was switched on and off by

a solid-state relay (SSR) controlled by a microcontroller (Raspberry Pi, Model 3). Loads

were switched on and off (full cycle) at the following frequencies (time step): 0Hz (i.e.

steady-state), 0.01Hz (100s), 0.02Hz (50 s), 0.05Hz (20 s), 0.1Hz (10 s), 0.2Hz (5 s), 0.5Hz

(2 s), 1Hz (1 s), and 2Hz (0.5 s). With two resistors, 24Ω (600 W) and 240Ω (60W), and 9

switching frequencies, a total of 18 tests were performed for each smart plug.

Once the data was recorded, measurements from the smart plugs were synchronized

and compared with measurements from the power analyzer. Power error was calculated

using:

ϵP,i = |Ps,i − Pa,i|, i = 1...N (5.1)

where ϵ is the calculated error, P is one reported power value with the subscripts s and

a indicating the smart plug and the power analyzer, respectively, i indicates the ith time
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Figure 5.1: Test Setup. The Raspberry Pi switches the solid state relays by generating PWM pulses
using one General Purpose Input/Outputs (GPIOs) pin. The reference instrument was connected
to the indicated measurement boxes for both voltage and current probes.

step, and N is the number of samples being compared. Measured or reported energy is

calculated as

Ex = ∆t ·
N

∑
i=1

Px,i (5.2)

where the x may be s and a to indicate the smart plug and the power analyzer values. The

time step, ∆t, is 1 second for this study. Finally, energy error for a test is:

ϵE =
|Ea − Ep|

Ep
(5.3)

As noted below, the smart plugs are typically controlled or queried using a software

app of some type, which may also provide summaries of measured power data. Unless

otherwise noted, the app was available on the App Store® for iPhone™ and on Google

Play™ for the Android™. However, for this study, as for most research use, we utilized a

device-specific API to retrieve and store measured data. Four of the 5 devices offered a

python API to record measured data, the 5th required the use of a ‘Home Assistant’ tool.

The connectivity method for each unit is described below:
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5.2.1 Belkin WEMO

This study used the ouimeaux [145] python API, a library that provides simple com-

mands to detect the smart plug on the WiFi network and to request power consumption

information from it. The user also sets a power threshold (in the control app or the code),

above which the device starts to report measurement data; for this study, the threshold

was set to the minimum value, 0W. The app controls the smart plug, tracks electricity

usage over time, and can export data directly to the user’s e-mail.

5.2.2 TP-Link KP115

This study used the pyHS100 [146] library, which can also be used for other TP-Link

smart devices, such as power strips, wall switches, and light bulbs. TheKasa Smart phone

app allows users to control and monitor the device.

5.2.3 Etekcity ESW15-USA

This study used the pyvesync [147] library, which is also compatible with other

VeSync smart home devices, such as humidifiers, smart lights, etc.

5.2.4 Emporia EMS02

This study used the PyEmVue [148] library. The Emporia device stores measurements

remotely in the cloud; there is no option to directly query the smart plug. Addition-

ally, due to the significant data traffic on Emporia’s servers, the manufacturer limited the

number of requests that can be made for data. Therefore, the study made a single server

request, after each test, for the last N seconds of data, at 1 second time step.

5.2.5 Sonoff S31

The Sonoff unit also required additional and indirect methods to query data from the

device. First, the smart plug required Home Assistant, open-source software for home

automation which is able to communicate with a range of smart devices (currently inte-
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grates with more than 1000 devices) and performs a variety of home automation com-

mands [149]. Home Assistant was installed on a Raspberry Pi microcontroller to create

a local server. To directly access voltage, current, and power information provided by

the smart plug, the data collection software utilized the Home Assistant Community Store

(HACS), which allows users to build their own libraries and add-ons, and eWeLink [150],

a recently developed add-on for HACS for Sonoff products. Using the python utility

AppDaemon, the data acquisition software queried power measurements from the smart

plug and inserted data into Google Sheets™, using the gspread [151] library. Due to

the complexity of this data access method, measurements could not be received consis-

tently at rates faster than every 3 seconds. The reader should note that Home Assistant and

associated libraries are undergoing rapid growth and frequent change, and the method

utilized here may be obsolete by the time of publication.

5.3 Results

5.3.1 Errors in Energy Measurements

For many research or control applications, the primary quantity of interest is energy -

either as a control input or as the dependent variable of an experiment. Energy measure-

ment errors were calculated for all test units as per Eqn. 5.3, and are shown in Figures

5.2-5.4 as a function of the load switching frequency.

Energy errors follow the same pattern for all models. For steady state loads (0Hz),

the energy error is small. As the load becomes more variable (0.01-1 Hz), energy error

increases, indicating that the smart plugs are not able to accurately follow the changes in

power consumption. When the switching speed increases above 1 Hz, the smart plugs see

the load as a PWM-equivalent resistance and current, and the on/off cycling is integrated

within the power measurement, causing the energy measurement error to decrease. Sim-

ilar behavior was seen for both 24Ω and 240Ω loads, indicating that the energy measure-

ment error depends more on the variability of the load than the size of the load. While
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(a) (b)

Figure 5.2: Frequency response of energy error on smart plugs: (a) Emporia and (b) Etekcity.

(a) (b)

Figure 5.3: Frequency response of energy error on smart plugs: (a) Sonoff and (b) TP-Link.
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(a)

Figure 5.4: Frequency response of energy error on WEMO smart plug.

similar for all units, errors were largest in the Emporia and Sonoff models, with maximum

errors of 101% and 94%, respectively, and somewhat smaller for the Etekcity and TP-Link

models (71%, and 54% respectively). The Belkin WEMO had the smallest error, never

exceeding 1.7%. These results indicate that, for all models but the WEMO smart plug,

there are substantial errors in measured energy if the smart plugs are used to measure

electronic loads with a high variation on power consumption.

Unfortunately, this type of highly variable load is common in residential or office en-

vironments. To illustrate this point, it is useful to look at the load behavior for electronic

loads, such as laptops, desktops, and monitors [45]. Figure 5.5 shows the variation in

power consumption for an HP ProBook 440 G7 Laptop, converter model L25298-002, 65W,

during regular operation. The plot on the left shows the power consumption variation for

an interval of 10 seconds; the plot on the right shows data for the same test focusing on

the interval from 6.5 to 7.0 seconds.

The instantaneous active load is defined as voltage × current at any instant [152], 21

kHz in this example. However, for most instruments average power depends on the in-
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tegrating time of the instrument. When integrating over a short interval, such as one 60

Hz cycle (16.67 ms, light red curve in Figure 5.5), the reported power captures the fast

variations in load produced by power electronic loads, which have current waveforms

generally synchronized with voltage. However, if power is averaged over a longer time

window – e.g. 250 ms – reported power will average these variations across the inte-

grating period of the instrument (red curve in Figure 5.5). Therefore, individual power

measurements may deviate from instantaneous power due to the sampling period of the

meter, but, in all cases, an accurate instrument should integrate power accurately over an

extended period – i.e. it should produce an accurate energy measurement. This is clearly

not the case with 4 of the 5 smart plugs tested here.

Figure 5.5: Variations in power consumption for an HP ProBook 440 G7 Laptop during regular
operation. The plots on the left show the results for a 10 seconds time window (21000 sample
points); the plots on the right zoom in into the interval between 6.5 and 7 seconds.
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5.3.2 Errors in Power Measurements

Figure 5.6 shows the power measurement error for all energy monitoring devices,

from 0-2Hz, based upon reported and measured power for all switching frequencies, in-

cluded in the Supplementary Material. The error for each load switching frequency is

represented by a box plot, as indicated in the caption. Each smart plug is represented by

one group of four charts, where left are errors for frequencies below the Nyquist cutoff of

the load switching frequency, right is above, upper is 600W load, lower 60W.

For all models, the power measurement error is low at constant load, and substantial

when loads are switching, even when the switching period is 20s or longer. For switch-

ing frequencies below 0.5 Hz (or 0.17Hz for the Sonoff model), below the Nyquist cutoff

of the smart plug’s reporting rate, change in the load is sufficiently slow that a power

measurement instrument should reflect the on/off switching of the load. This frequency

range also represents the common frequency range for variable power electronic loads, as

noted above. None of the smart plugs reports power accurately under these conditions;

this is reflected in the both wide box plots and number of outlier observations.

For a load switching frequency of 2 Hz, and likely above, load variability is faster than

the internal measurement process, and gravitates toward the average power reading –

i.e. 1
2 peak power. However, these readings are typically unstable, and the smart plugs

report highly variable readings that frequently stray from average power. While this is

unsurprising, given the type of measurement device, it is clear that none of the units

contain filtering for high-frequency load changes, and therefore produce a substantial

number of near-random power readings that do not reflect the actual load. Figure 5.7

shows a time series for this behavior, which is representative of all models tested.

For other frequencies, each smart plug exhibited a unique set of measurement anoma-

lies. Figure 5.8 shows the power measurements with a 240Ω load switched at 0.01Hz (50s

on / 50s off). When the load was switched off, the Emporia model measured an offset

power value of 20-25W several times, while Etekcity and Sonoff had a significant offset
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Figure 5.6: Power measurement errors. Each group of plots presents results from one smart plug.
Box plots on the left in each group are for frequencies below the Nyquist cutoff of the sample
frequency (0.17Hz for the Sonoff model and 0.5 Hz for the remaining); plots on the right are for
frequencies above. Upper plot in each group is for 600W load, lower for 60W load. Lines in boxes
are medians, triangles are means, whiskers represent the upper and lower quartiles and points are
outliers.
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Figure 5.7: One-second power readings from the Belkin WEMO, compared to the power analyzer
readings. The ≈60W load was switching at 2 Hz, and the WEMO power reading reflects the
average power of approximately ≈30 W, as expected.

delay on their measurements. TP-Link had a smaller offset delay following the variations

in load, while the Belkin exhibited the fastest reaction to load changes. These delays and

offsets produce many of the large errors or outliers in Figure 5.6.

To identify reporting delays and measure their variability, a set of 5 replicate tests

were completed with each smart plug loaded with a 24Ω load switching at 0.02Hz for

15 minutes. Delays were computed at 50% of output power (≈ 300W), to avoid ‘stuck’

outputs as in Figure 5.8a. Results represent a measure of the time required for the smart

plug to react to a substantial change in load. Table 5.3 shows the average time delay and

standard deviation in the delay over the 5 replicate tests. Off and on delays are similar

for units other than the Etekcity and Sonoff units, which exhibited substantially longer

delays sensing a load had switched off.

In contrast to the other units, the measurement delay of the Belkin WEMO exhibits

a behavior similar to that of a first-order transfer function – a reaction time constant –

rather than a delay. Most of the errors shown in Figure 5.6 for the WEMO are due to this
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(a) (b)

(c) (d)

(e)

Figure 5.8: Power and energy measurements, with a load of 240Ω being switched at 0.01Hz. Top
panel energy, bottom power, measurements. While all unit showed reaction delays, some also
failed to return to low power readings and/or exhibited highly variable delays.
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source, and as a result, the mean power for the WEMO is more accurate than the other

units, and energy exhibits little measurement error. For all units, the reporting delays -

typically 3-6 times the sample frequency - would make it difficult to combine loads made

by multiple smart plugs measuring simultaneously, as is often desired for research or

control purposes.

Table 5.3: Time Delay for detecting load switching states

Model Average Time Delay - On (s) Average Time Delay - Off (s)

Emporia 6.53 ± 1.50 6.56 ± 1.44
Etekcity 4.33 ± 1.11 16.06 ± 3.16
Sonoff 3.29 ± 1.22 20.44 ± 1.29

TP-Link 5.19 ± 0.55 5.37 ± 0.62
WEMO 3.23 ± 0.45 3.06 ± 0.39

The accuracy analysis can be further subdivided into 2 additional analyses: First, ϵOn,

the accuracy when the load was on, as a fraction:

ϵOn =
∑i|Pa,i − Ps,i|

∑i Pa,i
f or i ∈ Pa,i > 0.85 · 600W (5.4)

and second, ϵO f f , the measurement offset error reported by the smart plug when the load

was off, reported as a power error in Watts:

ϵO f f =
∑i|Pa,i − Ps,i|

N
, f or i ∈ Pa,i < 0.15 · 600W (5.5)

Results are shown in Table 5.4 for the same data set as 5.3.

TP-Link was the more accurate device reporting the power measurements when the

load was on, and also the model with the lowest offset when the load was off. As pre-

viously noted, errors when the load is off, are particularly significant for the Emporia

model. The accuracy and offset measurement for the WEMO smart plug are affected by
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Table 5.4: Accuracy when load is on, and offset measurement when load is off

Model Accuracy When On (%) Offset Meas. When Off (W)

Emporia 1.97 ± 0.10 57.44 ± 1.44 W
Etekcity 4.88 ± 0.09 3.01 ± 1.61
Sonoff 2.49 ± 0.03 1.02 ± 0.26

TP-Link 0.53 ± 0.04 0.26 ± 0.05
WEMO 1.14 ± 0.03 4.28 ± 0.05

the time-constant delay behavior that it presents, since this device has a fast reaction to a

load change, but takes a considerable time to reach the steady-state value.

5.3.3 Belkin WEMO Time-Constant

The Belkin WEMO represents a special case for power measurement errors, which is

also amendable to correction post-measurement. Assuming the response of the WEMO

is represented by a first-order transfer function ( 1
τ∗s+1 ), where τ is the time constant, a set

of tests described in [3] were performed to characterize this time constant value, resulting

in τ ≈ 2.77s. Using this time constant, an inverse transfer function can be used to at

least approximately correct the distortion in the reported power measurements. Since the

exact inverse function (τ * s + 1) requires differentiation and is therefore improper, an

approximate inverse transfer function is necessary:

τ ∗ s + 1
T ∗ s + 1

(5.6)

Provided T << τ, this transfer function is implementable.

5.3.4 Parasitic Load

Results in Figures 5.2-5.4 show that all the smart plugs had internal power consump-

tion that was strongly dependent on the load connected to the plug. For small loads (e.g.

240Ω / 60 W) power consumption was within manufacturer specifications. However,

for large loads (e.g. 24Ω resistor / 600W), internal power consumption exceeded 3W,
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substantially higher than manufacturer’s specifications (Table 5.2). For the 600 W load,

internal power consumption was as high as 6.5-8.5W for steady-state loads, or over 1%

of the load. Given that the smart plugs were all rated for 15A (1800W), these data sug-

gest that the devices’ power consumption may often substantially exceed that listed in

datasheets.

5.4 Conclusions

Data collected for this study indicate that smart plugs exhibit substantial measurement

errors for all but long-duration, steady-state, loads. For highly variable power electronic

loads, which are common on residential and office circuits, errors include inaccurate and

noisy power measurements, systemic energy errors from most units, and substantial, and

often variable, reporting delays. Further, both errors and reporting delays are dependent

upon the variability in loads, peaking at frequencies where common loads, such as office

equipment, often operate.

A common assumption for low-cost measurement devices used in research studies is

that, while these devices exhibit errors in short-term measurements, the errors ‘average

out’, minimizing error when averaged over extended periods. Underlying this assump-

tion are two subsidiary assumptions: (1) individual measurements are unbiased in the

mean, and (2) errors are not dependent on the variability in measured quantity. Results

from this study support neither the main nor subsidiary assumptions. Considering the

most common long-term power measurement – i.e. ‘energy consumption’ – experiments

show substantial bias in the mean that is dependent upon load variability (Figures 5.2-5.4

and 5.8). Similarly, our data also show that smart plugs struggle to accurately report cur-

rent power values in most cases, and these errors are also dependent upon load variability

(Figure 5.6). As a result, these data indicate that the use of smart plugs for power research

and control applications should be viewed with caution, and practitioners should val-
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idate smart plug performance before committing to use of these devices in studies, as

control system inputs, in penalty or billing systems, or for similar activities.
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Chapter 6

Conclusion

The results presented in the course of this work are based on measured data extracted

from tests performed in the laboratory. In contrast, much of the literature focused on in-

building power systems based on simulation, which in turn is driven by data extracted

from vendors’ data sheets or theoretical studies of power converter performance or ap-

pliance behavior, rather than measurements of commercial supplies or appliances. The

research performed here illustrates that these assumptions can lead to significant errors,

and further, that these errors cascade through topics as diverse as in-building harmonic

cancellation assumptions, AC versus DC power distribution, and measurement devices

utilized by researchers to capture end-point load measurements.

• Harmonic cancellation: In AC distribution systems, harmonic cancellation is often

overestimated due to faulty assumptions of the load on converters. The outcome

changes significantly when actual loads on power converts are recorded.

• AC/DC versus DC/DC endpoint conversion: Based largely upon theoretical studies,

literature in this area concluded that DC/DC conversion is substantially (2.5 to 15%)

[19, 43, 93, 153, 154] more efficient that AC/DC conversion. In contrast, research

performed here indicated a significant difference between the results, based upon

observations only accessible in measurements:

– Office-based appliances’ power converters are generally oversized for appli-

ances’ load in most operating conditions, which concentrates their operation

in the lower part of the power converters operational performance curves.

– Converters efficiency curves at lower operating loads are more variable in ef-

ficiency, efficiency is lower, and efficiency drops off quickly and non-linearly

near zero load.
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– The combination of errors in load assumptions (uniformly distributed over the

power converter’s rated load) and errors in characterizing efficiency of con-

verters (DC/DC converters are more efficient that AC/DC converters over the

entire load range) compound to create errors in comparisons of these two dis-

tribution systems.

– This study, despite being based on a limited sample of commercially available

converters, shows that only half of the analyzed DC/DC converters presented

superior efficiency than AC/DC converters in the same application. The rel-

ative improvement of that half times the best efficiency found for the central

converter often falls below the conclusion of prior studies [19, 43, 95, 96, 154].

• Smart plugs: This is a case where a casual-use, informal product, has become in-

creasingly popular as a basis for research, primarily due to low cost, ease of use, and

integrated safety suitable for a study environment. Use in this environment imbues

these devices with an assumed accuracy that exceeds their actual performance. In-

deed, work performed here indicates that the performance of these devices may not

even be suitable for less accuracy-intensive applications, such as building automa-

tion or energy auditing. The performance becomes even worse when they are used

to monitor devices with fast variations in power consumption, as is often the case

of home and office loads. When monitoring such loads, the sampled smart plugs

presented substantial and variable delays reporting power measurements, depend-

ing on the load variability. Results also change significantly depending on the smart

plug model, indicating that a validation of the monitoring device to be used is nec-

essary prior to its utilization in research studies.

Much recent work [27,29,43,94–96] has concluded that DC distribution systems would

be substantially, if not significantly, more efficient than the current AC distribution sys-

tems used in buildings. A substantial portion of this conclusion rests on the performance
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analyses of devices in each architecture, much of it from theoretical studies of devices –

i.e. what should be possible with appropriate design – rather than on measurements of ac-

tual devices – i.e. what is actually designed when economic and commercial considerations

come into play.

For example, there is limited the demand for DC/DC converters, which is currently

driven by the automotive market (trucks and recreational vehicles) based upon legacy

12 and 24 V systems with a premium on low cost over efficiency. This lower demand

and the non-maturity of this segment does not push the competition as strongly as in the

AC power converter market, where power converters are manufactured with an econ-

omy of scale that enables using higher quality components at a lower cost, more design

investment, and more testing. Additionally, the AC/DC market has been subjected to

aggressive regulatory and voluntary efficiency standards, such as EnergyStar™ [99] or 80

PLUS™ [105]. These factors promote superior efficiency of these AC/DC devices relative

to DC/DC devices. Furthermore, the lack of standards and regulations in DC distribu-

tion, impede scaling of the DC market, reducing uptake of these devices and the necessary

economies of scale for suppliers to invest in efficiency improvement.

Therefore, while in theory DC distribution for commercial buildings has the potential

to achieve greater efficiency than the current AC distribution system, measurement re-

sults indicate that ‘real world’ performance may lag theoretical assumptions. While this

study does not include all parts of the distribution system, the sharp contrast between

measured and simulated results in the study areas indicate that the simulated results for

the remaining components of the distribution systems should be treated with caution, as

similar economies of scale may impact other components, such as DER power conversion,

variable frequency drives, and centralized lighting supplies.

As future topics of research there are a few that could bring relevant contributions to

the adoption and maturity of the DC market. One is regarding one of the main findings

of this work, which is the need for improvement on efficiency, quality, and cost of com-
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mercial DC-DC converters. A second area concerns the definition of regulatory standards

for DC distribution systems. If governments are interested in the adoption of renewables,

there have to be wide incentives for their penetration, including their integration with the

DC market, and standardization is a basic and urgently needed requirement. Not having

a standard code establishing the correct plug or receptacle for DC devices is a major ob-

stacle to the manufacture and sale of DC devices. In terms of regulatory standards yet,

there is also the need in finding an optimal or appropriate voltage level for residential and

commercial in-building DC distribution systems, both in terms of safety and efficiency. A

third field, would be an investigation on efficiency of devices upstream of the endpoint

conversion, such as in-buildings distribution transformers, central AC/DC converters,

and MPPTs.
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Appendix A

Supplementary Material for Harmonic

Cancellation Within AC Low Voltage

Distribution for a Realistic Office Environment

This is supplementary material for Chapter 2. The laptop converters and screens uti-

lized in this study as well as a few other miscellaneous electric loads were characterized

in a laboratory, and their harmonic data are available at: https://hdl.handle.net/10217/

207807.

Table A.1 summarizes the impact of correcting the smart plugs power logs for their

time-constant-like behavior. The impact assessment focuses on two key metrics. The col-

umn Change in Most Frequent Power summarizes the change in the statistical mode of the

distribution, while Change in Total Power indicates the change in total power consumption

of the device.
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Table A.1: Accounting for smart plug Time Constant

Category Smart Plug

Change in
Most Frequent Power

(%)

Change in
Total Power

(%)

Laptops

01 0.20 0.03

02 7.29 0.22

03 0.42 0.10

04 2.77 0.25

05 7.15 0.76

06 1.05 0.00

07 1.73 0.02

08 6.78 0.06

Screens

09 5.32 0.85

10 0.22 0.00

11 0.16 0.01

12 0.13 0.01

13 0.01 0.01

14 0.12 0.01

15 0.03 0.02

16 0.46 0.01

17 0.01 0.01

18 0.03 0.01

19 1.07 0.01

20 0.22 0.02

21 0.04 0.01

Desktops
22 0.00 0.01

23 4.08 0.10

Printers
24 0.52 0.26

25 0.02 0.10

Network Appliances
26 10.96 0.31

27 19.00 7.50
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Table A.2: Laptops’ Realistic Power Level Distribution

Load Level

10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Smart Plug 1 0.20% 0.05% 0.06% 99.68% 0.02% 0.00% 0.00% 0.00% 0.00% 0.00%

Smart Plug 2 3.41% 58.70% 16.49% 9.74% 4.62% 3.13% 2.12% 1.15% 0.41% 0.24%

Smart Plug 3 1.64% 3.95% 3.20% 48.35% 19.58% 8.00% 4.48% 7.71% 1.85% 1.24%

Smart Plug 4 18.69% 56.08% 19.77% 3.51% 1.11% 0.71% 0.12% 0.00% 0.00% 0.00%

Smart Plug 5 83.09% 8.82% 4.60% 1.54% 1.31% 0.48% 0.15% 0.01% 0.00% 0.00%

Smart Plug 6 10.77% 79.17% 8.00% 1.69% 0.27% 0.07% 0.03% 0.01% 0.00% 0.00%

Smart Plug 7 0.26% 74.30% 19.15% 4.57% 0.81% 0.33% 0.30% 0.26% 0.01% 0.00%

Smart Plug 8 54.75% 32.11% 11.11% 1.87% 0.14% 0.02% 0.00% 0.00% 0.00% 0.00%

Table A.3 shows a comparison for each harmonic component for Scenarios A, B, and

C.

Table A.3: Comparison of Harmonic Cancellation for Scenarios A, B, and C

Harmonic Harmonic Harmonic Harmonic

Component Cancellation Ratio Cancellation Ratio Cancellation Ratio

Scenario B / A (%) Scenario C / A (%) Scenario C / B (%)

3 42 to 99 2135 to 4587 7167 to 94044

5 51 to 127 659 to 1172 1675 to 27828

7 32 to 83 265 to 747 1449 to 6532

9 28 to 54 230 to 500 1315 to 8784

11 24 to 53 140 to 363 1167 to 4747

13 25 to 53 113 to 214 692 to 3904
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(a) Laptop Chargers (b) Chassis Power Supplies

(c) Workbench Power Supplies (d) Phone Chargers

(e) LED Drivers (f) Switch, Printer, Monitor, Fan and Credit Card Ma-

chine

Figure A.1: TRD over percentage of rated power for different types of appliances’ converters

Figure A.2 compares harmonic cancellation between Scenarios C and A (Figure A.3 in

the supplementary material shows the comparison for Scenarios C and B). Green num-

bers indicate increased cancellation. These results indicate that commonly used assump-
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tions underestimate the potential harmonic cancellation. In contrast to Scenario A, when

converters operate in observed power ranges, harmonic cancellation increases for low-

order harmonics due to timing variations between current flow in different converters

(see Fig. A.4 for an example).

Figure A.2: Comparison of harmonic cancellation between Scenario C and Scenario A. Compari-
son was performed by dividing random iterations from Scenario C to those in Scenario A. Back-
ground represents the 95% confidence interval on the subtracted iterations, values coded green
for positive change (more cancellation) and red for negative change (less cancellation). The dark
line is the mean of all iterations.
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Figure A.3: Harmonic Cancellation Improvement—Scenario C vs Scenario B

Figure A.4 shows the current waveforms of a laptop charger 20% loaded and of an

HP monitor. Figure A.5 shows the differences of laptop chargers rated at 90W, loaded at

100% but with different distortions.

Figure A.4: Timing variations between current flow in two different converters
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Figure A.5: Difference in current distortion for three different laptop chargers

Figure A.6 below shows the current waveforms for a few other devices used in the

simulations.

Figure A.6: Current waveforms for a few devices used in the simulations.

126



A.1 Monte Carlo Method

The harmonic cancellation simulation used the Monte Carlo method, using harmonic

experimental data for each converter, at different load steps. Each converter was charac-

terized from 0 to 100% of its rated power, in steps of 10% load. For each of the N Monte

Carlo iterations, we had several converters connected in parallel, each one at a specific

load level. Depending on the Scenario, the load level is defined by one of the following

probability distributions: (a) uniform distribution from 10-100%; or (b) a realistic proba-

bility based on the smart plug recordings. The harmonic cancellation was simulated by

summing the current harmonic phasors of each converter connected to the circuit. At

the end of the iteration, we calculated the diversity factor and total rated-current distor-

tion. After all the iterations were done, we plotted the DF average from the 3rd to the 13th

harmonic and their 95% confidence interval. In scenario B, for instance, we run a Monte

Carlo simulation with 1000 iterations using characterization data of 8 laptops. This data

is randomly associated with 5-35 laptops connected in parallel, with converters loaded at

0-40% of their rated power (realistic probability).

A.2 Devices used in Building Simulation

The models for the MELs and LED drivers used in this experiment are the following:

• 8 Laptop Chargers: same used in previous simulations.

• 3 Screens: same used in previous simulations.

• 3 Phone Chargers: Apple 5W model A1385, LG 3.57W model STA-U17WS, Nokia

3.75W model AC-20U.

• 1 Portable Fan: AC converter 6.3W model SUN-0900070.

• 1 Label Printer Chargers: AC converter 27W model EA1024F2-090.
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• 3 TVs: TV Samsung model UN75JU6500, TV Sharp model LC-60EQ10U, TV Vizio

model E43u-D2.

• 1 LED Driver: Mean Well 25W model APV-25-24.

The quantity of each device considered in this experiment is specified below.

• 40 Laptop Chargers

• 35 Screens

• 25 Phone Chargers

• 15 Portable Fans

• 10 Label Printer Chargers

• 15 TVs

• 70 LED Drivers
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Appendix B

Supplementary Material for Endpoint Use

Efficiency Comparison for AC and DC Power

Distribution in Commercial Buildings

This is a supplementary material for Chapter 3.

B.1 110W SIMO Converters - Tables

Table B.1: Test plan for 110W multi-output converters

Testing Conv. 10, 11, 12 Max Load (W)

Rated
110

Power
Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5

Power (W) (W)

1% Out 1 (5V) 24.89 1.1 - - - -

5% Out 1 (5V) 24.89 5.5 - - - -

15%

Out 1 (5V) 24.89 11.0 11.6 11.6 12.4 13.2

Out 2 (24V) - 2.5 2.5 3.3 3.3 1.7

Out 3 (12V) 143.37 3.0 2.5 1.7 0.8 1.7

30%

Out 1 (5V) 24.89 11.0 16.5 23.1 13.2 11.6

Out 2 (24V) - 11.0 8.3 6.6 16.5 5.0

Out 3 (12V) 143.37 11.0 8.3 3.3 3.3 16.5

40%

Out 1 (5V) 24.89 14.6 21.9 13.2 17.6 15.4

Out 2 (24V) - 14.6 11.0 13.2 21.9 6.6

Out 3 (12V) 143.37 14.6 11.0 17.6 4.4 21.9

70%

Out 1 (5V) 24.89 24.0 23.0 23.0 11.5 15.4

Out 2 (24V) - 27.2 26.9 23.0 34.6 46.1

Out 3 (12V) 143.37 25.6 26.9 30.7 30.7 15.4
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Table B.2: Delta Efficiency (DC-AC) for SIMO test converters rated at 110W

Rated Power (110W) 0% 1% 5% 15% 30% 40% 70%

AC Eff. Conv. 10, 120VAC (%) 0.0 30.3 61.0 79.1 83.9 85.0 85.8

DC Eff. Conv. 11, 24VDC (%) 0.0 14.8 43.2 65.3 75.5 78.2 80.9

DC Eff. Conv. 12, 48VDC (%) 0.0 12.4 39.2 63.3 75.9 79.5 83.9

Delta Eff. Conv [11 - 10] (%) 0.0 -15.6 -17.9 -13.8 -8.3 -6.8 -4.9

Delta Eff. Conv [12 - 10] (%) 0.0 -18.0 -21.8 -15.8 -7.9 -5.5 -1.9

B.2 185W SIMO Converters - Tables

Table B.3: Test plan for 185W multi-output converters

Testing Conv. 13 and 14 Max Power (W)

Rated
185

Power
Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5

Power (W) (W)

1% Out 1 (3.3V) BK 1.9 - - - -

5% Out 1 (3.3V) BK 9.3 - - - -

10% Out 1 (3.3V) BK 18.5 - - - -

15%

Out 1 (3.3V) BK 18.5 19.4 19.0 19.2 18.7

Out 2 (5V) 24.89 4.6 4.2 3.3 6.9 2.8

Out 3 (12V) 143.37 4.6 4.2 5.5 1.7 6.3

20%

Out 1 (3.3V) BK 18.5 18.5 19.0 19.4 18.7

Out 2 (5V) 24.89 9.3 4.0 12.5 7.2 12.7

Out 3 (12V) 143.37 9.3 14.5 5.5 10.4 5.6

25%

Out 1 (3.3V) BK 18.5 19.0 18.8 19.2 19.0

Out 2 (5V) 24.89 18.5 15.8 11.5 17.8 20.8

Out 3 (12V) 143.37 9.3 11.5 16.0 9.3 6.5
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Table B.4: Delta Efficiency (DC-AC) for SIMO test converters rated at 185W

Rated Power (185W) 0% 1% 5% 10% 15% 20% 25%

AC Eff. Conv. 13, 120VAC (%) 0.0 15.6 44.4 56.2 63.8 67.4 69.7

DC Eff. Conv. 14, 24VDC (%) 0.0 18.8 48.5 60.3 67.0 70.5 72.2

Delta Eff. [Conv 14 - 13] (%) 0.0 3.2 4.1 4.1 3.2 3.0 2.5

B.3 Additional Tests on Power Converters

The DC input voltages analyzed in the main paper include test converters operating

at 24VDC, and 48VDC inputs. Test converters with 12V and other input voltage ranges

were also tested, with a primary emphasis on those with 12VDC input voltages. These

tests illustrate if there are any substantial difference in converter efficiency between these

lower input voltages and the higher voltages discussed in the main paper. Table B.5 shows

how these converters were grouped and their respective specifications.

The plots shown in Figure B.1 illustrate a similar efficiency pattern: Results were

highly variable with some peculiarities at low load levels. For groups 3, 4, and 5, for

example, the AC/DC converter had the better performance than its DC/DC comparable

at all load levels, while for group 6, results are the opposite. Groups 1 and 2 show the

same pattern discussed in the main paper, where AC/DC converters were more efficient

than DC/DC for low load levels (below 10% of the converter’s rated power), DC/DC was

more efficient for loads of 10% - 50% of the rated load, and AC/DC is more efficient at

loads above 50%.
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(a) (b)

(c) (d)

(e) (f)

Figure B.1: Efficiency curves for additional AC/DC and DC/DC converters with similar power
rating and output voltage. Converters are divided in six groups, according to their rated power
and output voltage. Groups 1, 2, 3, 4, 5, and 6 are represented by (a), (b), (c), (d), (e), and (f),
respectively
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Table B.5: Groups of Additional Converters Tested

Group Converter Type Manufacturer Model Input Voltage Output Voltage Rated Power
AC-DC Laptop Charger 1 DELL DA90PE1-00 100-240VAC 19.5VDC 90W
AC-DC Laptop Charger 2 DELL PA-10 100-240VAC 19.5VDC 90W
AC-DC Laptop Charger 3 HP Series PPP014L 100-240VAC 18.5VDC 90W
DC-DC Laptop Charger 4 Powseed PA-3900-Z3 12VDC 19VDC 90W
DC-DC Laptop Charger 5 Outtage PA-4900-OT 12VDC 19VDC 90W

Group 1

DC-DC Laptop Charger 6 Bixpower BX-DD90X 12VDC 19.5VDC 90W
AC-DC Laptop Charger 7 HP Series PPP009L-E 100-240VAC 18.5VDC 65W
AC-DC Laptop Charger 8 HP PA-1650-32HJ 100-240VAC 19.5VDC 65WGroup 2
DC-DC Laptop Charger 9 HP F1455A 12VDC 19VDC 75W
AC-DC Power Supply 1 Delta Electronics PMC-12V100W1AA 100-240VAC 12VDC 100W

Group 3
DC-DC Power Supply 2 Mean Well SD-100B-12 19-36VDC 12VDC 100W
AC-DC Power Supply 3 Delta Electronics PMC-24V100W1AA 100-240VAC 24VDC 100W

Group 4
DC-DC Power Supply 4 Mean Well SD-100A-24 9.5-18VDC 24VDC 100W
AC-DC Power Supply 5 Mean Well IRM-30-12ST 100-240VAC 12VDC 30W

Group 5
DC-DC Power Supply 6 Mean Well RSD-30G-12 24VDC 12VDC 30W
AC-DC Power Supply 7 Omron S8VM-03024 CD 100-240VAC 24VDC 30W

Group 6
DC-DC Power Supply 8 Mean Well RSD-30G-24 24VDC 24VDC 30W

B.4 AC/DC central converter efficiencies operating at dif-

ferent voltage levels

Table B.6 shows the efficiency at different voltage and power levels for the AC/DC

converter characterized in this study.

Table B.6: Efficiency values for CC operating at 120VAC, 208VAC, and 380VDC

Input: 120VAC Input: 208VAC Input: 380VDC

Rated Power (%) Efficiency Rated Power (%) Efficiency Rated Power (%) Efficiency

0.0% 0.0% [0.0% to 0.0%] 0.0% 0.0% [0.0% to 0.0%] 0.0% 0.0% [0.0% to 0.0%]
5.3% 79.7% [79.0% to 80.4%] 5.3% 80.5% [79.8% to 81.2%] 5.2% 80.2% [79.5% to 80.9%]
10.7% 87.1% [86.5% to 87.7%] 10.6% 88.1% [87.4% to 88.7%] 10.6% 88.4% [87.7% to 89.0%]
16.1% 88.1% [87.5% to 88.7%] 15.9% 88.7% [88.0% to 89.3%] 15.8% 88.8% [88.2% to 89.4%]
21.2% 87.7% [87.1% to 88.3%] 20.7% 87.8% [87.2% to 88.4%] 20.6% 88.8% [88.0% to 89.6%]
26.4% 89.3% [88.6% to 90.0%] 26.1% 90.0% [89.4% to 90.7%] 25.9% 90.5% [89.9% to 91.1%]
30.5% 87.8% [87.2% to 88.3%] 30.9% 91.2% [90.5% to 91.9%] 30.5% 91.0% [90.2% to 91.8%]
35.9% 89.7% [89.1% to 90.4%] 35.8% 91.2% [90.4% to 91.8%] 35.6% 91.4% [90.6% to 92.4%]
41.1% 90.3% [89.5% to 91.1%] 40.7% 91.7% [91.1% to 92.4%] 40.5% 92.3% [91.6% to 93.1%]
46.8% 90.8% [90.2% to 91.4%] 46.0% 92.4% [91.7% to 93.1%] 45.6% 92.2% [91.6% to 92.9%]
51.8% 90.9% [90.2% to 91.5%] 51.1% 92.6% [92.0% to 93.3%] 50.4% 92.4% [91.7% to 93.0%]
56.8% 90.8% [90.2% to 91.3%] 56.1% 92.5% [91.8% to 93.1%] 55.9% 93.4% [92.6% to 94.1%]
61.8% 90.3% [89.7% to 90.9%] 61.2% 92.6% [92.0% to 93.2%] 60.7% 92.4% [91.9% to 93.0%]
67.0% 90.5% [90.0% to 91.1%] 66.4% 92.6% [91.9% to 93.3%] 65.8% 92.7% [91.9% to 93.4%]
71.8% 90.4% [89.7% to 91.1%] 71.2% 92.5% [91.7% to 93.2%] 70.8% 93.0% [92.3% to 93.7%]
77.0% 90.5% [89.7% to 91.1%] 75.8% 92.4% [91.7% to 93.3%] 75.2% 92.2% [91.5% to 92.9%]
82.0% 90.2% [89.6% to 90.8%] 81.2% 92.3% [91.5% to 93.0%] 80.0% 91.9% [91.1% to 92.7%]
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B.5 Characterization of the Central Converter

The commercially available power hub characterized for this study can operate at

three supply voltages: 120VAC, 208VAC, and 380VDC. The converter has 16 output ports,

rated at 100 W and 24 VDC each.

Sixteen chassis-mount resistors (6.8 ohms, 100W) were used to load the CC, which

defines one load level (≈85 W) for each port when that port is loaded. All measurements

were made with the power analyzer. Load was recorded starting with no ports loaded

and increasing until all 16 ports were loaded. Since the power analyzer can measure only

4 channels at one time, tests were repeated when more than 3 output ports were loaded.

For instance, with 4 ports loaded, two test runs were completed: Run 4.1 utilized Channel

1 (Ch1) for input power and channels 2-4 for output ports 1-3, followed by Run 4.2, where

channel 1 again measured the input power, and channel 2 measured the output of port 4.

Output power is:

Pout =
Nch

∑
k=1

Pch−k (B.1)

where Pch,k is the output power of channel k, for a test with Nch channels loaded. Input

power, Pin, is measured directly. However, when tests were split into multiple runs, input

power varies slightly between test runs. For NP test runs, we have Pr, r = 1, 2, ...NP,

individual power measurements. In this case, we utilize a bootstrap estimate of input

power drawn from the set of all measurements of the input power:

P = {Pr, r = 1, 2, ..., NP} (B.2)

We further assume all power measurements are normally distributed around the mean

– i.e. the stated instrument accuracy of the PA was assumed to represent 90% confidence

interval on normally distributed noise (z = 1.645). The uncertainty in the measurement
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was then calculated empirically assuming a normal distribution with parameters (µ, σ)

where:

σ =
ϵr · µ

1.645
(B.3)

where σ is the instrument measurement and ϵr the instrument accuracy (0.05%). For each

measurement of input or output power 5000 samples were drawn from the normal distri-

bution for each power measurement. A set of efficiency estimates was then calculated by

bootstrapping the above equations:

ηi =
∑

Nch
k=1 {Pch,k}i
{Pr}i

, i = 1, 2, ..., 5000 (B.4)

where i is a random draw from each of the measurement distributions, or sets of dis-

tributions. Mean efficiency is calculated as the mean of the bootstrapped distribution.

Confidence intervals, below, are calculated as the 0.025 and 0.975 fractiles of the resulting

distribution, for a 95% confidence interval on the efficiency.
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Appendix C

Supplementary Material for A Cautionary Note

on Using Smart-Plugs for Research Data

Acquisition

This is a supplementary material for chapter 5.
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C.1 Emporia Smart Plug Tests

Figure C.1: Emporia - Tests with 240Ω resistor
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Figure C.2: Emporia - Tests with 24Ω resistor
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C.2 Etekcity Smart Plug Tests

Figure C.3: Etekcity - Tests with 240Ω resistor
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Figure C.4: Etekcity - Tests with 24Ω resistor
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C.3 Sonoff Smart Plug Tests

Figure C.5: Sonoff - Tests with 240Ω resistor
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Figure C.6: Sonoff - Tests with 24Ω resistor
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C.4 TP-Link Smart Plug Tests

Figure C.7: TP-Link - Tests with 240Ω resistor
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Figure C.8: TP-Link - Tests with 24Ω resistor
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C.5 WEMO Smart Plug Tests

Figure C.9: WEMO - Tests with 240Ω resistor
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Figure C.10: WEMO - Tests with 24Ω resistor

146


	Abstract
	Acknowledgements
	Dedication
	List of Tables
	List of Figures
	Introduction and Background
	Study Design and Aims
	Background on AC vs DC Power Distribution Systems in Commercial Buildings
	Scope
	Document Structure

	Harmonic Cancellation within AC Low Voltage Distribution for a Realistic Office Environment
	Introduction
	Methods
	Converter Characterization
	Power Monitoring
	Harmonic Cancellation Simulation

	Results
	Converter Operating Power Distribution
	Calculated TRD for appliances
	Impact Analysis

	Conclusions

	Endpoint Use Efficiency Comparison for AC and DC Power Distribution in Commercial Buildings
	Introduction
	Methods
	Test Converters Characterization
	Converter Types
	Power Monitoring
	Endpoint Efficiency Weighted by Time Series Load Data
	Context Summary

	Results
	Power Consumption Monitoring
	Converter Selection
	Observations in AC/DC Central Converter Efficiency

	Discussion
	Interpretation of Test Converters Results
	Example Comparison to Representative Efficiency Studies
	Limitations

	Conclusions

	Characterization Dataset for Appliances and Converters
	A Cautionary Note on Using Smart-Plugs for Research Data Acquisition
	Introduction
	Methods
	Belkin WEMO
	TP-Link KP115
	Etekcity ESW15-USA
	Emporia EMS02
	Sonoff S31

	Results
	Errors in Energy Measurements
	Errors in Power Measurements
	Belkin WEMO Time-Constant
	Parasitic Load

	Conclusions

	Conclusion
	Bibliography
	Supplementary Material for Harmonic Cancellation Within AC Low Voltage Distribution for a Realistic Office Environment
	Monte Carlo Method
	Devices used in Building Simulation

	Supplementary Material for Endpoint Use Efficiency Comparison for AC and DC Power Distribution in Commercial Buildings
	110W SIMO Converters - Tables
	185W SIMO Converters - Tables
	Additional Tests on Power Converters
	AC/DC central converter efficiencies operating at different voltage levels
	Central Converter

	Supplementary Material for A Cautionary Note on Using Smart-Plugs for Research Data Acquisition
	Emporia Smart Plug Tests
	Etekcity Smart Plug Tests
	Sonoff Smart Plug Tests
	TP-Link Smart Plug Tests
	WEMO Smart Plug Tests


