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ABSTRACT

DEVICE CHARACTERIZATION ON ENERGY DESIGN AND SCOPING TOOL FOR

DC DISTRIBUTION SYSTEMS AND A STUDY ON HARMONICS IN AC/DC

CONVERTERS IN LOW VOLTAGE DISTRIBUTION

DC appliances have resurged with the evolution of power electronics and their mas-

sive application in Miscellaneous Electric Loads. The increase of DC distributed gener-

ation and battery storage has also helped boost the scientific community’s attention to

this other alternative. This work collects consumption data from appliances and convert-

ers connected to an AC distribution. The appliances that are focused on in this study

are called Miscellaneous Electric Loads (MELs), which comprise all electronic loads in a

building that are not related to lighting, heating, and air conditioning. The harmonics

of these devices are analyzed in this paper as part of a relevant project funded by the

Department of Energy of the United States: the Energy Design and Scoping Tool for DC

Distribution Systems.

This work also presents results from another study, still within the scope of the same

project, which aims to collect power consumption data on appliances commonly found in

an office environment (laptop, screens, desktops, phone chargers, and network devices)

over a period of approximately two months. This data will give a real estimate of these

appliances’ AC/DC converter operating range regarding their rated power and will al-

low a more complete analysis of the emission of harmonics in the power system and a

comparison of harmonic cancellation in low voltage distribution systems versus the total

cancellation potential.
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Chapter 1

Introduction

1.1 DC Loads and Distribution

systems have been the standard for electricity transmission and distribution, due to

the ease of voltage level conversion using transformers. However, advances in power

electronics have made voltage conversion in DC devices possible and inexpensive and

increased the fraction of DC loads in people’s daily lives. Along with the high penetra-

tion of renewable systems, these are some of the main factors that have motivated the

reappearance of DC power systems and have lead to the rapid growth in its application,

whether it is in power generation, transmission, distribution or consumption.

The implementation of DC systems has increased considerably in buildings, telecom-

munications, and has been shown to be more efficient, reliable, and economic, and to use

less space than conventional AC in some cases [1–4]. Some small microgrids also benefit

from DC distribution, particularly those located in rural areas, where electrical charges

such as LED lights, phone chargers, and radios – all internally DC – are the predominant

loads [5]. In distributed generation,solar photovoltaic systems and most energy storage

systems also operate in DC. However, DC systems still need to overcome challenges, par-

ticularly in standardization and market inertia, which have impeded the production of

large numbers of devices directly powered by DC rather than by local AC/DC convert-

ers.

In transmission systems, high voltage direct current (HVDC) lines have proven ad-

vantageous in certain long-distance power transmission implementations. Hydroelectric

power generated at the Itaipu Dam, for example, is transmitted from Paraguay (50Hz) to

Brazil (60Hz) and is a good alternative for dealing with the different grid frequencies [6].
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HVDC can also be advantageous for long distances, compared to AC transmission lines,

and can improve security, resiliency, and more [7].

Studies have been also analyzed the pros and cons of direct and indirect effects of

DC distributions systems for commercial buildings. The Department of Energy of the

United States (DOE) is currently funding research in this area, including this thesis and

the studies associated with it [8, 9].

This study is focused on miscellaneous electrical loads (MELs), which are devices that

consume electrical energy in a building and are not associated with core functions (HVAC

and lighting), like coffee makers, computers, cell phones, microwaves, etc. These MELs

operate internally in DC, but are powered in AC, generating conversion losses that might

be lower if these devices were operating directly in DC. Therefore, DC distribution sys-

tems may be of interest.

Different architectures have been described for AC and DC distribution systems, across

a range of voltage levels [10–13]. These systems should be able to provide power with

high efficiency, be reliable, and operate at low cost. Aspects that can define the topology

of the system are the voltage levels, power quality, power rating and system lifespan.

The advancements in power electronics allowed high efficiency when converting the

AC grid power into DC, including integration of internally-DC local generation and stor-

age. However it would also be possible to distribute electricity in buildings using DC, by

converting into the desired voltage level, an distributing via a (currently un-standardized)

DC distribution network.

There are two types of DC distribution systems. The first is the unipolar system,

which is a DC system with two conductors (positive and negative) and therefore has only

one voltage level for the consumers. The other is the bipolar distribution system, which

uses three conductors (positive, negative and neutral) providing different voltage lev-

els [14–16]. In some scenarios, bipolar DC distribution provides more options for power

conversion, increasing system efficiency, although it requires increased capital cost.
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Overall losses of DC distribution system are estimated to be lower since it wouldn’t

need to have many conversion stages. Recent work comparing AC to DC distribution

networks [17], indicates that DC distribution systems at 380VDC in data centers can save

7% and 28%, respectively, compared to the same system running in 415VAC and 208VAC.

In DC distribution systems coupled to AC systems, there are at least two conversions

present: one in the distribution transformer and the other in a central AC/DC recti-

fier [18]. Studies show that DC distribution for commercial buildings have 12% expected

savings, with potential to go up 18% [19]. The efficiency of a DC distribution system

varies according to the efficiency of the converters used, the voltage level and the topol-

ogy of the system (local generation, distribution transformers, etc.).

A study performed by Lawrence Berkeley National Laboratory analyzed DC-ready

appliances in the market and compared their efficiency with similar AC appliances. Af-

ter analyzing LED TVs, refrigerators, LEDs lamps, air conditioners and ceiling fans, all

DC products were substantially more efficient than their AC equivalent [20]. Stippich et

al. [21] converted a PC power-supply, a screen monitor and an LED bulb, among other

devices, to DC, and were able to achieve 4.50%, 2.70%, and 15.4% energy savings, respec-

tively. Moreover, converting appliances to high-efficiency DC technologies can save up

to 30% in residential electricity consumption [22].

1.2 AC Harmonics from AC/DC Converters

When the impedance of a load changes with the applied voltage, we call it a nonlinear

load. Therefore, if a sinusoidal voltage waveform is applied to it as the load is varying,

the current will be distorted and not a perfect sinusoidal waveform. The current wave-

form has harmonics which, by interacting with the impedance of the distribution system,

causes voltage distortion, power losses, and reduces the efficiency and power quality of

the system, affecting the end consumers [23].
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AC/DC converters are switch-mode power supplies and are non-linear loads, creating

high current harmonics. The amount of generated harmonics varies with the power level

of the power supply. With the rapid increase of MELs, the usage of converters is escalating

and today it is responsible for a substantial portion of harmonic generation in commercial

buildings.

High harmonic levels have significant influences in transformers and protection equip-

ment, causing extra heating that reduces their lifespan. Additionally, it can cause pro-

tection failures that may lead to unnecessary circuit breaker trips, metering errors, and

increase winding losses in distribution transformers [24].

A study showed that 3rd and 5th order harmonics are predominant in residential feed-

ers [25]. Since residential service transformers have both sides grounded, harmonics are

propagated into the medium voltage distribution system. Commercial and industrial sys-

tems generally use a three-phase delta-wye transformer that is able to trap triple harmon-

ics [26]. Hence, while residential consumers have higher impacts on harmonics at the

feeder level, it primarily affects transformers in commercial and industrial distribution

systems. Gomez et. al found a quadratic relation between the distribution transformer

life reduction and total current harmonic distortion (THDI). Using constant values for

THDI in a simulation, they estimated that levels of THDI in the system should be below

30% to maintain a reasonable lifespan of the transformer [27].

Current harmonics could lead to voltage harmonics and overloading neutral wires,

which increases both safety risks and probability of system failure [28]. Harmonics may

also induce voltage on telephone lines, impacting telecommunication systems.

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

have been applied to cancel or mitigate harmonics. One technique is the use of phase

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

180 degrees, and when they are combined with others they are canceled [29]. Other re-

sources for mitigation are connected line reactors, power factor correction (PFC), and cur-
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rent shaping [30, 31]. Balcells and Garcia showed in a simulation that shunt active filters

were able to decrease not only THDI but also neutral currents [32].

PFC is a widely used technique that decreases the harmonic components by increasing

the power factor of the power supply. Pulses of high current and short duration are

smoothed by passive or active techniques, causing the input current to decrease, and

consequently the apparent power and the power factor.

Switching power supplies can be divided into three groups: No PFC, active PFC, and

passive PFC [33]. When compared with equipment without PFC or with active PFC,

studies indicate that appliances with passive PFC have better harmonic cancellation [34].

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

ample, in the 1990s, electric vehicle chargers had an average THDI of 50% back, while

current models have THDI averaging 7.5%, below the limit of 17.3% established by IEC

61000-3-4 norm [30].

When there are several devices that generate harmonic components in the system, the

total harmonic is not simply the arithmetic sum of all the components, as there are two

effects that reduce the resulting value: the attenuation effect and the diversity effect [35].

The attenuation effect is the decrease in both magnitude and angle of the load current

harmonics caused by an increase of voltage distortion [36, 37]. The diversity effect is

caused by the different variety of appliances connected in the network. Their different

topologies generate harmonics with different magnitudes and phase angles. Due to the

phase angle diversity, when the phasor sum of all components is done, the final value is

lower then the simple arithmetic sum, which neglects the phase angles [38,39]. Therefore,

by dividing the phasor sum by the arithmetic sum we have the Diversity Factor (DF),

which is used to estimate the harmonic cancellation in the system.

Current harmonic cancellation plays a significant role in the voltage distortion of the

distribution system. As more current harmonics are canceled, the potential for voltage

distortion is also reduced. Studies indicate that the attenuation effect is accentuated in
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higher-order harmonics, and cancellation tends to increase with the number of devices

connected to the same network [33, 40–42].

Past studies on harmonic cancellation typically assume the AC converters are working

in almost their entire power range, typically from 20%-100% [36, 43–47]. These studies

did not analyze the realistic operational power range of converters – i.e. the power range

actually utilized on a routine basis. Therefore, if AC/DC converters are seldom utilized

over their entire power range, cancellation analyses assuming use of the entire power

range may be in error. In this paper, the power range of a group of appliances is collected

over a period of time, and the DF is calculated for different scenarios with converters

operating in realistic conditions.

1.3 Energy Design and Scoping Tool for DC Distribution

Systems

The work described here is part of a larger study to develop a DC Design and Scope

Tool that would allow building designers (architects and engineers) to compare the ef-

ficiency and cost of DC power distribution with conventional AC power distribution

within commercial buildings.

The project was funded by the DOE and is being developed by a partnership between

the National Renewable Energy Laboratory (NREL), CSU, Lawrence Berkeley National

Laboratory (LBNL), PVI Construction Management, and partner companies. The spe-

cific aim of this project is to understand possible energy savings from powering MELs

on DC distribution systems rather than using AC power distribution and local AC/DC

converters.

The study-developed “DC Design Tool” will be a module of OpenStudio, a building

energy simulator, and will include both life-cycle cost analysis and interoperability with

the OpenStudio Building Component Library (BCL). With the power distribution system

modeling, it will be possible to identify opportunities for DC power distribution, with the
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aim of assessing the benefits and drawbacks of AC, DC, and hybrid distribution systems

[48, 49].

Within this study, the author was responsible for performing device characterization,

including converter efficiency and harmonics, and comparing the efficiency of appliances

powered either by AC/DC or DC/DC converters for the same load. This work presents

the data from devices testing and the development of the necessary testbeds. All testing

was performed at CSU’s Powerhouse Energy Campus in Fort Collins, Colorado, USA.

1.4 Study Design and Aims

This study focuses on MELs commonly found in an office environment, testing a range

of laptop computers, phone chargers, screens, desktops and network devices – all internal

DC devices operating at 120VAC powered by point-of-use AC/DC converters. For exter-

nal AC/DC converters, a controllable load bank was developed in the laboratory to test

converters, measuring harmonics and efficiency points, across a full range of power lev-

els, while only harmonic measurements could be made for internal AC/DC converters.

While the study looked at both the efficiency and current harmonics from these devices,

this work will focus on the current wave forms and harmonics at different power levels.

Since the primary hypothesis of this work is that harmonic cancellation would vary

with the load level of MELs on a circuit, the study also recorded actual power consump-

tion over a period of approximately two months for a variety of appliances (27 in total)

using smart plugs. The data collected provides data to estimate where on the efficiency

curve the devices most often operate and what the THDI is at those levels.

The first aim of this work is to provide the detailed description of how the testbed and

the controllable load banks were implemented, which allowed the simplified data collec-

tion for the development of the DC Design and Scope Tool. The second is the analysis

of current harmonic cancellation in a realistic scenario, where converters are operating in
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real-world conditions, and a different quantities of appliances are connected in parallel in

an AC low voltage distribution system.

1.5 Document Structure

This thesis is structured as follows:

Chapter 2 describes the physical assemblies necessary for testing, including both mea-

surement equipment and device loading methods. The chapter also outlines which ap-

pliances and converters were tested and how the data were post-processed.

Chapter 3 discusses long-term recordings made to understand the frequency and char-

acteristics of loading on AC/DC converters of certain appliances. Power consumption of

each appliance was recorded at the AC system connection using smart plugs. Since these

plugs had a non-trivial time constant which impacted the recorded power levels, methods

to correct for this time constant are also discussed.

Chapter 4 focuses on the current harmonics generated by these tested devices in an AC

distribution network. The chapter presents specific data for each group of tested devices.

Finally, a simulation was performed with real data from converters to estimate real and

potential harmonic cancellation in a AC distribution system.

Chapter 5 discusses the principal conclusions from this work, and suggestions for

future work.
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Chapter 2

Device Characterization

A testbed was constructed to characterize appliances and converters for the study. In

addition, to build the efficiency curve for AC/DC and DC/DC converters, three control-

lable load banks (CLBs) were developed to assist in the automation of tests. This chapter

describes the testbed construction, design, construction and operation of the load banks,

and covers the equipment that was used for data collection.

Some AC/DC external converters, like laptops chargers, phone chargers, and etc., have

easily accessible input and output ports that can be readily accessed to collect data about

input harmonics and input and output power to support the calculation of efficiency

curves. Others – internal converters – are inside of appliances, often soldered into complex

electronic boards, and not readily accessible for measurement. Internal converters are

common in work stations and computer screens. For these converters it is only possible

to collect data on input signal harmonics.

Therefore, the device characterization can be divided in two groups: converter char-

acterization, for the cases where we have external converters, and appliance characteriza-

tion, when we have internal converters.

2.1 Testbed

The need to create a testbed arose at the beginning of the DC Design and Scoping Tool

project, to support quantitative and qualitative analysis of different electrical load models

and to test the integration of those models into the DC Design Tool. The testbed simu-

lates energy consumption conditions similar to those found in a small commercial office

building, where loads can be powered on either AC or DC. The testbed was configured to

allow measurements to be compared to the results of the simulation results to check the

model accuracy.
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Figures 2.1 and 2.2 show conceptual configurations that were run in the testbed. The

first, Figure 2.1 simulated a small office operating with an AC distribution, and the sec-

ond, Figure 2.2, the same small office operating with DC distribution.

The AC distribution system is intended to emulate a commercial building distribution

system, at a small scale. Primary power distribution in commercial buildings in the USA

is generally performed utilizing 3-phase, 480V, distribution for large buildings or 3-phase,

208V, distribution for smaller buildings, both tied directly to the secondary of the utility

distribution transformer via a power distribution panel. The test setup for this project uti-

lizes th 3-phase, 480V, wye power distribution of the Powerhouse Energy Campus main

building. The test distribution system is connected via a 3kVA delta-wye transformer

(ACME model T2A533081S), with the primary connected to the utility mains using a delta

connection and the secondary configured as a wye-connection with grounded neutral.

The transformer secondary feeds a typical commercial building load center, with six

circuits: Four single-phase 120V, one single-phase 208V phase-to-phase, and one 208V

three-phase circuit. Each 120V volt branch has 4 outlets and the single-phase and three-

phase 208V circuits each have one outlet.

The load center and the 6 circuit branches were constructed on a plywood board. Each

branch has a measurement box, which breaks out the respective circuit and provides mea-

surement points for voltage and current.

Inside the load center there are 10A fuses for each of the secondary phases (a, b, and

c), and each circuit has its own circuit breaker.

A testbed schematic example is depicted in Figure 2.3, representing an experiment

being conducted in the AC configuration. Figure 2.4 shows a picture of this experiment.
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Figure 2.1: Conceptual diagram of the AC Testbed configuration.

Figure 2.2: Conceptual diagram of the DC testbed configuration.
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Figure 2.3: Schematic of the testbed illustrating all connections for the test in Figure 2.4. Measure-
ment boxes have taps for the voltage and current probes of the power analyzer (left). Loads are
connected utilizing industry standard plugs and the device’s power cord.

Figure 2.4: Experiment being conducted on the AC testbed. The experiment is configured as
shown in 2.3.

12



2.2 Controllable Load Banks

Depending on the load on the converter, both current harmonics and the converter

efficiency will change. Hence, to be able to analyze and compare the effects of AC and

DC distribution systems, the converters/appliances needed to be loaded at a range of

loads to simulate power levels seen in operational practice. To test the converters, load

banks were used to vary the load applied to the converter under test (CUT). The load

applied to the CUT was varied between no load (0 W) and the rated power of the CUT in

10 evenly-spaced load steps.

Different load banks were used depending on the power rating of the converter. For

converters rated above 400W, experiments used the Chroma Programmable AC/DC Load

Bank, model 63803, rated at 3.6 kW, with maximum voltage of 350V and current of 36A.

However, since most consumer and office’s power electronics are rated below 400W, dedi-

cated controllable load banks (CLBs) were developed to load the DC side of the converter.

The CLBs were rated at 400W and a maximum voltage of 20V.

Each CLB was constructed in its own 250 x 190 x 110 mm metallic case. Each CLB con-

tained 10 resistors, mounted on two aluminum plates, with a heat sink attached under-

neath each plate. Chassis-mount resistors with the power rating ranging from 25-100W

were used. A cooler (fan) was installed to increase air flow and thermal paste was used

between the aluminum plates and the heat sinks, and between the resistors and the plates,

to improve heat dissipation.

The load bank design approximated a binary pattern of resistance levels with 8 binary

digits of resolution. Since resistors are only available in standard sizes, binary steps were

approximated. Since commercial values of 32Ω and 64Ω were not available, 33Ω resistors

were used instead. Therefore, one aluminum plate held 2Ω (2, 4Ω resistors in parallel),

4Ω, 8Ω and 16Ω resistors, while the other plate held 33Ω, 66Ω (2, 33Ω resistors in series),

128Ω and 256Ω resistors. Figure 2.5 shows the resistance values and interconnections.
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After mounting the plates, the resistors were installed in the inside of a metallic case and

connected to a 8-channel relay board.

Figure 2.5: Controllable Load Bank Resistors Schematic.

The relay board is powered by a 12VDC AC/DC power supply, which also supplies

power to two 12VDC to USB-5VDC converters: one powers a Raspberry Pi (RPi) 3+ in-

stalled on the top of the metallic case, behind a 7" LCD screen (SmartPi Touch); and the

other feeds the cooler installed on the side of the case. Lastly, a ribbon cable was used to

connect the relay board to the Raspberry Pi’s control pins. The CUT was be connected via

a pair of banana plugs in the front panel of the CLB. Figures 2.6 shows the manufacturing

of one CLB and after it was built.

Relays were controlled by a Python program running on the Raspberry-Pi microcon-

troller. The microcontroller is connected to an LCD screen with a graphical user interface,

for the user to insert the values for the CUT’s voltage and rated power. The graphical user

interface (GUI) was developed in Python, using the module tkinter; this program can be

found in Appendix of this thesis. The GUI asks for the power analyzer’s IP address, the

converter’s rated power and output voltage. As soon as the "Run" button is hit, the RPi

calculates the appropriate values of resistance needed to perform the load steps. For ex-
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(a) Manufacturing Process of the CLB (b) CLB built

Figure 2.6: Building the load bank controlled by a Raspberry Pi. (a) Preparing to wire relay chan-
nels to resistors. (b) CLB built and ready to operate.

ample, to test a converter at 10 load levels, the code calculates 10 appropriate resistance

values to exercise the converter’s full power range, and the combinations of resistors to

achieve these values. The CLB then communicates with the power analyzer (the Keysight

Power Analyzer PA2203A (PA) is described in detail in the next section) using the Stan-

dard Commands for Programmable Instruments (SCPI) interface, causing the analyzer to

start the data collection.

The CLB then cycles through the load combinations three times, performing three

rounds of tests at the same 10 load levels. The three replicates execute power levels in

varied order to identify any converter behaviors that occurred only when moving through

power steps in one order (e.g. from high-to-low, or low-to-high power):

1. Vary power monotonically increasing from minimum to rated power.

2. Vary power monotonically decreasing from rated to minimum power.

3. Vary power randomly, within the range of rated and minimum power, exercising

all 10 power levels.
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For every load step a .csv file is saved in a flash drive connected to the PA, containing

voltage and current waveforms. This data is further processed by another python script,

which extracts the harmonics magnitude and angle, as well as other electric variables

like power factor, active power, etc. After the tests are performed, another python script

builds three efficiency curves for the device: one for each set of test. The purpose of doing

it three times is to compare the consistency of the efficiency curves obtained.

Once the first model was built and tested, two more units were replicated using the

same specifications. Finally, efficiency was calculated by using the input and output

power, measured by appropriate instrumentation. Running tests in this automated man-

ner saved time, guaranteed consistency, and reduced the possibility of errors or bias.

More than 30 converters have been tested, to date, in the project.

2.3 Measurement Equipment

As described in the previous section, measurements were made with a Keysight PA2203A

power analyzer (PA) to calculate efficiency of the power converters. The PA has 4 chan-

nels, each with current (up to 50A) and voltage (up to 1000V) measurements. This device

also captures and displays waveforms, and can be used to measure both AC and DC sig-

nal strength, power consumption, power efficiency and can perform harmonic analysis.

The power measurement accuracy of the analyzer is 0.1%. Since the power analyzer has

4 channels, it can be used to analyze two power converters at the same time.

Depending on the tests, additional equipment was used to collect data, as follows: one

Keysight 34980A multi-function measuring unit (MU) paired with a Keysight 34921T ana-

log multiplexer; two Keysight 34461A digital multimeters; three Agilent N7973A power

supplies.

The MU and multiplexer supports 40 channels AC/DC voltage, frequency, tempera-

ture or resistance, and 4 channels for AC/DC current measurements, limited to 1A. The
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multimeters can handle current up to 10A. Both devices have 6 ½ digits (22 bits) of reso-

lution.

Data was collected with a laptop through an Ethernet connection. The diagram in

Figure 2.7 illustrates a setup to collect data of one AC/DC converter and one DC/DC

using the PA and the CLBs.

Figure 2.7: Testing power converters with simulated loads.

2.4 Methods

This section describes how the tests were performed so they provided enough data

to analyze each harmonic component of each tested appliance and converter. It will also

discuss how harmonics play a fundamental role in building a converter efficiency curve,

and how the sample rate is important to achieve a satisfactory result. Finally, the data

obtained for the appliances and converters tested will be presented.

All converters presented high harmonics, including higher frequency, high-order, har-

monics. Methods in this study limited analysis to the first 128 harmonics, or 7680Hz.

For these high frequency components to be analyzed according to Nyquist’s theorem, the

sampling frequency needed to be at least twice as large as the frequency of the signal

being reproduced. This gave a minimum data collection frequency of 15360Hz.
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In view of the above considerations, for each device under test, current and voltage

waveforms were collected for a period of 1 second, at a collection frequency of 15.36kHz.

Then, using a Fast Fourier Transform (FFT) algorithm, these waveforms were decom-

posed into harmonic components, with their respective magnitude and angle. The Fourier

transform allows us to decompose a periodic signal into a series of signals, which include

its DC component, the fundamental frequency (which in our case is 60 Hz), the second or-

der component (120Hz), the third (180Hz) and so on. The sum of all of these components

represents the collected signal.

2.4.1 Power Calculation in Harmonics

A periodic signal can be decomposed into a Fourier series, composed of the DC com-

ponent, fundamental frequency and its harmonic components. Therefore, a voltage signal

defined as v(t) = sin(t) can be decomposed into:

v(t) = VDC +
∞

∑
k=1

Vksin(kωt + θK) (2.1)

In Equation 2.1, Vk is the voltage magnitude, ω is the fundamental frequency in radi-

ans per second, k the harmonic order, and θ is the harmonic component angle.

To calculate the real power of a distorted wave form, we need to find it for every

harmonic component, and then each component’s power term should be added to find

the total power, as shown in equation 2.2 [50].

P = VDC · IDC +
∞

∑
k=1

Vk,rms · Ik,rms · cos(θk) = PDC + P1 + P2 + P3 + ... (2.2)

The power consumed by the DC component of the signal must also be taken into

account. If the component PDC is zero, it means the signal mean is zero and there is

no DC component in it. The same equations are valid for both voltage and current; the

primary emphasis in this study are current harmonics.
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The fundamental harmonic power term P1 is responsible for the largest contribution

to the total power, and the other components are relatively small compared to the total

amount, caused by current distortion due to the nonlinearity of electronic power loads.

However, it is very important that smaller components are included in the power calcu-

lation as they have substantial impact on efficiency calculations, shown in Equation 2.5 in

the next section.

2.4.2 Total Harmonic Distortion (THD)

THD is the most common measure for harmonic distortion. In general the more har-

monics a signal has, the higher the THD. It can be measured for either a current or voltage

signal and it disregards the DC component. The current THD is calculated as the ratio of

the root mean square (RMS) of all current components (from the 2nd on) over the RMS of

the fundamental (see equation 2.3).

THDI =

√

∑
∞
k=2 I2

k,rms

I1,rms
(2.3)

The same logic is applied for the voltage THD:

THDV =

√

∑
∞
k=2 V2

k,rms

V1,rms
(2.4)

2.5 Converters Tests

Data from this study is publically available on CSU’s Mountain Scholar open access

repository at

https://hdl.handle.net/10217/207807

or the digital object identifier:

http://dx.doi.org/10.25675/10217/207807

In the following subsection, an example will be presented which shows the step by

step of how the data was analyzed individually for each converter.
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2.5.1 Converter Test Analysis - Example

Figure 2.8 shows the voltage and current AC input waveforms (captured as depicted

in figure 2.7) for an AC/DC HP laptop power supply (model PPP009L-E, input voltage

100-240VAC, output voltage 19.5VDC, 65W) at 20% load.

(a) HP Laptop Power Supply. (b) HP Laptop Power Supply - AC Input Current
and Voltage waveforms.

Figure 2.8: HP Laptop Charger Input Waveforms. (a) Converter specifications. (b) AC input
voltage and current waveforms.

Reviewing Figure 2.9, the voltage signal is a clean sinusoidal waveform while the

current is highly distorted, with sharp and equally spaced spikes of approximately with a

peak magnitude of 1A. After applying the FFT to these signals, the magnitude and angles

for the voltage and current input signals were extracted up to 7.68kHz.

The harmonics that are odd multiples of the fundamental frequency are called odd

harmonics (3f, 5f, 7f, 9f ...), and those that are even multiples are even harmonics (2f, 4f,

6f, 8f ...).

With the converter being loaded at only 20%, the current magnitude is low and not

able to produce a significant voltage distortion, and therefore we can see that the funda-

mental accounts for virtually the entire voltage signal. On the other hand, we can see a
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(a) HP Laptop Power Supply - Input Voltage FFT. (b) HP Laptop Power Supply - Input Current FFT.

Figure 2.9: HP Laptop Charger Input Waveforms FFT. (a) AC Input Voltage FFT. (b) AC input
current FFT.

significant number of current harmonic components below 2kHz and some small contri-

butions up to 3.5kHz. Overall, they are mainly odd components.

In power systems, even harmonics are normally negligible when compared to odd

components, since most even harmonic waveforms have half-wave symmetry. In other

words, if the positive and negative halves of a waveform are symmetric, the signal pri-

marily contains fundamental and odd components.

Figure 2.10 depicts the converter’s DC output current and voltage, and their respective

means.
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Figure 2.10: HP Laptop Power Supply - DC Output Current and Voltage waveforms.

Figure 2.11 confirms, using FTT, the presence of the DC component without any har-

monics, as it is constant over time.

(a) HP Laptop Power Supply - Output Voltage
FFT.

(b) HP Laptop Power Supply - Output Current
FFT.

Figure 2.11: HP Laptop Charger Output Waveforms FFT. (a) DC Input Voltage FFT. (b) DC input
current FFT.

With all this information, it is now possible to calculate the real input AC power (equa-

tion 2.2), the output DC power, the THDI and THDV for the AC waveforms (eq. 2.3 and

2.4, respectively), and the converter efficiency at this load level (eq. 2.5).
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E f f (%) =
Output Power

Input Active Power
· 100 (2.5)

Table 2.1 shows the results for these calculations.

Table 2.1: Calculations for the HP laptop converter

Electric Variable Result

Input Voltage RMS (V) 122

Input Current RMS (A) 0.19

Input Active Power (W) 8.47

Input THDV (%) 0.54

Input THDI (%) 226

Output Voltage RMS (V) 19.6

Output Current RMS (A) 0.37

Output Power (W) 7.27

Efficiency (%) 85.9

The above calculations for this given converter describe one load step, at 20% of its

rated power. To build the converter’s efficiency curve, the same calculations were per-

formed for the remaining load levels, from 0% to 100%. As described in Section 2.2, a

CLB was used to load the converter and three sets of tests were performed by the CLB:

increasing the power, decreasing it, and cycling through random power steps. After col-

lecting the data for all load levels, the efficiency curves were built (Fig. 2.12).

For this converter, the three efficiency curves are similar, which indicates that the or-

der in which the load steps are applied to the converter do not impact calculation of the

converter’s efficiency.
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Figure 2.12: HP Laptop Power Supply - Efficiency Curve.

2.6 Appliances Tests

In addition to the converters, other appliances with internal converters were also mea-

sured, including televisions, screens, coffee makers, refrigerators, projectors, fans, solder-

ing stations, etc. As there is rarely external access to the AC/DC converters in these appli-

ances, power consumption and harmonic data were collected from the AC supply to the

appliances, while forcing each into different operating modes. A TV was analyzed, for

example, when in standby, when the screen was totally black, totally white, and playing

a video. The link below contains the full data set.

https://hdl.handle.net/10217/207807
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Chapter 3

Appliances Power Consumption

The characterization described in the previous chapter provides data about the effi-

ciency and harmonic content of converters. This chapter augments this data with power

consumption profiles for the converters in normal use. Usage measurements were made

on a group of appliances in use at the Powerhouse Energy Campus at CSU, over a period

of approximately 2 months. The appliances studied in this chapter were divided into five

groups: laptops, desktops, screens, printers and network devices.

The data collection was performed with smart plugs connected to a private network.

However, it was later discovered these smart plugs have a substantial time constant when

reading time-varying power consumption, which must be corrected during data analy-

sis. After processing the collected signals, the power level distribution for the AC/DC

converters of each appliance was analyzed.

3.1 Methods

Although MEL converters usually indicate their rated power on nameplates, the weighted

power consumption over time is often lower during actual operation – i.e. the converter

rating exceeds that of the load. Each power consumption level experienced during device

operation has an associated conversion efficiency value. An AC/DC laptop converter that

reaches a peak efficiency of 93%, for example, says little about the device’s net efficiency if

the equipment operates at a lower level most of the time. Therefore the rated power is not

very representative of actual energy consumption by a device. Hence, if a device’s actual

power consumption is collected over a given period of time, it’s power level distribution

may be compared to the rated power for each device.

In this study, power consumption data from 27 AC appliances was collected using

WEMO smart plugs for an approximately two months. The following sections will cover
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how the smart plug time constant was identified and mitigated, what was done to process

the data, details about the appliances analyzed, and the results gathered.

3.1.1 Run Time Measurements

Evaluating the Smart Plug Accuracy

The WEMO smart plugs used in this experiment are all model F7C029V2, rated for

120VAC and 15A. Before analyzing the data collected, it was essential to test the accuracy

of these devices. This was done using a load bank to load one smart plug at different low

power levels. Low power levels theoretically produce the largest relative measurement

errors, as accuracy was quoted for the maximum measurement of the device. Table 1

shows the resistor values and the respective power draw for each at 120VAC.

Table 3.1: WEMO Low Power Test - Resistors used

Low Power Resistors

Resistance (kΩ) Power at 120VAC (W)

143 0.10
47 0.31
30 0.48
20 0.72
15 0.96
10 1.44
7.5 1.92
6 2.40
5 2.88

3.5 4.11

A private network was set up and connected to the WEMO, the Power Analyzer (PA),

and one laptop to gather the data. A ten-position switch was used to vary the resistors

connected to the smart plug every 2 minutes, while data was collected from two sources

simultaneously: the WEMO, via wi-fi and read through a python script at 1Hz, and the
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Figure 3.1: Setup configuration for smart plug accuracy test.

high precision PA2203A. Figure 3.1 shows the test setup and Figure 3.2 plots the data

collected.

In these data plots, we can observe the power steps performed and the measurement

errors of the WEMO relative to the reference instrument (the power analyzer). Most no-

tably, there is a time delay on the measurements reported by the WEMO at the moment of

the load change. This is the largest source of error for the WEMO measurements. Exclud-

ing period with a visible time constant effect, the average error of the WEMO over the the

entire experiment was 0.05W. While the time delay could be easily removed in this exper-

iment with measurements made at stable conditions for two minutes, the time constant

causes larger errors when the power level changes quickly or frequently, as discussed in

the next subsection.
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Figure 3.2: WEMO power measurements.

WEMO Time Constant

In order to characterize the observed WEMO time constant (τ), two other tests were

performed with purely resistive loads that draw the following amounts of power at 120VAC:

30W, 77.7W, 108.4W, 152.5W, 179.9W, 183.2W, 224.7W, 300.4W, and 330.5 W. The WEMO

was connected to each load one at a time, starting from no load up to the largest power

draw. These load steps were saved in a .csv file. Then, the test was repeated in the oppo-

site direction, starting at the highest load and ended at no load.

The power steps were then normalized and, given their apparent exponential rise/de-

cay, the curves were fit to a first order transfer function: 1
τ∗s+1 . From there, the mean for

the time constant τ was calculated (Fig. 3.3).

The average values for the decaying and rising curves were similar (2.75s and 2.79s re-

spectively). Taking the average of those two values, an overall mean for τ was calculated

at 2.77 seconds.

Recovering the True Power Signal

Due to the time constant of the WEMO power measurement, power measurements re-

ported by the smart plug have errors when the true power consumption of the appliance

varies rapidly. In addition, there is random noise in the WEMO measurements. To better
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(a) WEMO Upwards Power Steps. (b) WEMO Downwards Power Steps.

Figure 3.3: WEMO Time Constant Calculation. (a) WEMO Upwards Power Steps. (b) WEMO
Downwards Power Steps.

estimate actual power consumption, the data reported by the WEMOs must be processed

in order to calculate the true power level distribution values of the appliances.

An inverse transfer function would be appropriated for the elimination of the time de-

lay, however the exact inverse function (τ ∗ s + 1) requires differentiation and is therefore

improper. Instead, we ran the WEMO signal through an approximate inverse transfer

function, shown in eq. 3.1. As long as T is much smaller than τ, this transfer function is

implementable. Hence, T is tuned at 0.1, and the resultant signal is then connected to a

low pass filter to reduce noise. This provides an estimate of the true power signal con-

sumed by each device, called "recovered power signal" from this point forward. The next

section describes its error.

τ ∗ s + 1
T ∗ s + 1

(3.1)

Recovered Power Signal Error

The worst case scenario, with the greatest estimated noise and large variations in the

true power signal, was evaluated through a simulation developed in Simulink/MATLAB
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(Fig. 3.4). Using it, the maximum error associated with recovered power signal was

calculated.

Figure 3.4: Simulation to calculate the error in the recovered power signal.

A random signal was created, represented by the block True power signal, varying

from 0W to 100W in steps of 10%, with duration between 1 and 4 seconds, with 0.1 second

of resolution. Then, to simulate the WEMO, it was passed through a first order transfer

function containing the calculated WEMO time constant, and noise was added.

The worst case scenario noise was calculated using the relative variance of the 1 Hz

WEMO signal when the WEMO was measuring a low load of 4.5W. The same relative

noise was applied to all loads, up to a maximum of 100W – a conservative estimate of

noise level. Finally, the resultant signal was sent through a Bessel filter (8th order, pass-

band edge frequency of 1Hz) and the approximate inverse transfer function, as described

above. Figure 3.5 shows the true power signal, the recovered power signal, and the signal

reported by the WEMO for 60 seconds of simulation.

It is possible to recover a reasonably accurate approximation of the true power signal.

However, before being able to calculate the exact approximation error, it is necessary to

eliminate the phase shift between the two signals, caused by the low pass filter.
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Figure 3.5: Recovered power signal - Simulation results.

A Bessel filter was used because it is a linear phase filter, which means it has a con-

sistent delay at every frequency. This allows us to simply shift back the recovered power

signal by 1073ms (delay found), using a post-processing script in python, to match the

true power signal and calculate the absolute difference between them.

Figure 3.6 depicts the true and recovered signals overlapped, along with the absolute

error, for a 600 second simulation.
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Figure 3.6: Recovered power signal - Error.

Dividing the sum of the absolute error by the sum of the recovered signal produces

an error of 0.87%, illustrating that the signal processing was able to perform recover the

original power signal to within 1% accuracy. Errors are largest where the rate-of-change

of the power signal is highest. That error is due to the low pass filter, which attenuates

the high frequencies present in these fast-changing values, but is necessary to eliminate

noise prior to the time constant recovery.

3.1.2 Appliances Analyzed

In this work, power consumption data from 27 devices were collected with 27 WE-

MOs, during an period of two months, at a frequency of 1Hz. The appliances analyzed

here are commonly found in an office environment, and were divided in five groups:

laptops, screens, work stations, printers, and network appliances. Table 3.2 shows their

models and converters.
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For the external converters, the rated power information was extracted directly from

their name plates. For the internal converters, it was extracted from online sources [51–

55].
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Table 3.2: Appliances Monitored

Smart Plug Appliance Converter Specification Output Power (W)

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

WEMO 10 HP Screen EliteDisplay E232 AC/DC - Internal 35
WEMO 11 HP Screen EliteDisplay E232 AC/DC - Internal 35
WEMO 12 HP Screen EliteDisplay E232 AC/DC - Internal 35
WEMO 13 HP Screen EliteDisplay E242 AC/DC - Internal 38
WEMO 14 ACER Screen CB241HYK AC/DC - Internal 60
WEMO 15 DELL Screen P2415Qp AC/DC - Internal 90
WEMO 16 HP Screen EliteDisplay E232 AC/DC - Internal 35
WEMO 17 HP Screen EliteDisplay E273 AC/DC - Internal 42
WEMO 18 HP Screen EliteDisplay E273 AC/DC - Internal 42
WEMO 19 Apple Thunderbolt Display AC/DC - Internal 250
WEMO 20 DELL Screen E2010Ht AC/DC - Internal 26
WEMO 21 Phillips 4k Screen 288P6L AC/DC - Internal 60
WEMO 22 HP Z240 Tower Workstation AC/DC - Internal 400
WEMO 23 HP Z240 Tower Workstation AC/DC - Internal 400
WEMO 24 HP Printer LaserJet 1022 AC/DC - Internal 300
WEMO 25 HP Printer OfficeJet Pro 9018 AC/DC - Internal 30
WEMO 26 Netgear ReadyNAS RN31600 AC/DC - Internal 200
WEMO 27 Netgear WNR2000 v3 AC/DC - External - Model LSE0107A1236 36
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3.2 Appliances’ Converters Usage

Based on the data collected from each appliance by the smart plugs and their nomi-

nal power, their operational power range was analyzed on a daily basis. Each group of

appliances are represented by the following WEMOs:

• Laptops: WEMO 01 - WEMO 08

• Screens: WEMO 09 - WEMO 21

• Desktops: WEMO 22, WEMO 23

• Printers: WEMO 24, WEMO 25

• Network Appliances: WEMO 26, WEMO 27

When the devices power consumption was lower than 1W, it was considered off. Data

for each appliance is represented by a box-plot, which shows the distribution of their

respective power consumption. The box-plots were built based on a 95% confidence in-

terval, and the outliers are values outside this range. It is explained in detail in figure 3.7.

Figure 3.8 shows the results for all 27 appliances analyzed during the time they were on.

Figure 3.7: Box-plot interpretation
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Figure 3.8: Appliances’ converters operational range when on

Tables 3.3, 3.4, 3.5, 3.6, and 3.7 show data for converters of laptops, screens, desktops,

printers, and network appliances groups, respectively. The tables provide data for each

converter concerning the percentage of the time the device was off during the data col-

lection, rated power, the maximum fraction of rated power (MFRP) in a 95% confidence

interval and the typical load. The typical load is defined by the interquartile range (IQR)

from the 25th to the 75th percentile.

In the laptops group, the overall typical load is between 10-42% of the converters rated

power. The MFRP is 55.6%, and 7 of 8 laptop converters were never loaded with more

than 34% of their capacity. In other words, for 87.5% of the cases, converters were over-

sized in at least 2.95 times. The converter connected to WEMO 05 has an atypical load

range of only 1.1-2.2%, because when the laptop was on, it was often in sleep mode.

In regards to the screens only 1 was on 60% of the time, while all the others were

on for only 0.8%-17.1%. WEMOs 09 and 21 have the highest MFRP of 88.5% and 100%,

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

that they are also over-sized for their respective loads. Excluding WEMOs 09 and 21, the
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Table 3.3: Laptops Analysis

Time off (%) Rated Power (W) Typical Load (%) MFRP (%)

WEMO 01 93.0 90.0 31.1 - 31.1 31.1
WEMO 02 93.7 45.0 11.1 - 20.0 33.3
WEMO 03 86.1 45.0 33.3 - 42.2 55.6
WEMO 04 1.0 48.0 12.5 - 16.7 20.8
WEMO 05 43.9 90.0 1.1 - 2.2 2.2
WEMO 06 86.9 90.0 10.0 - 12.2 14.4
WEMO 07 81.8 65.0 13.8 - 18.5 24.6
WEMO 08 0.0 90.0 6.7 - 12.2 20.0

Table 3.4: Screens Analysis

Time off (%) Rated Power (W) Typical Load (%) MFRP (%)

WEMO 09 91.3 36.0 59.0 - 83.3 100
WEMO 10 84.2 35.0 2.9 - 40.0 40
WEMO 11 91.7 35.0 40.0 - 40.0 40
WEMO 12 99.2 35.0 31.4 - 34.3 34.3
WEMO 13 94.1 38.0 47.4 - 47.4 47.4
WEMO 14 90.1 60.0 38.3 - 40.0 40
WEMO 15 39.3 90.0 1.1 - 1.1 1.1
WEMO 16 87.7 35.0 54.3 - 57.1 57.1
WEMO 17 87.8 42.0 40.5 - 40.5 40.5
WEMO 18 87.8 42.0 40.5 - 40.5 40.5
WEMO 19 82.9 250.0 4.8 - 40.0 42
WEMO 20 84.1 26.0 80.8 - 84.6 88.5
WEMO 21 84.1 60.0 8.3 - 43.3 45

typical load is in the range of 2.9-57.1%. The low limit of the typical load might be because

the device entered in stand-by mode.

The two desktops analyzed belong to graduate students that work part time at the lab-

oratory. They are both rated at 400W, and their MFRP are 6.3% and 11.5%. These devices

are on at least 98.5 % of the time, and although they are constantly used to perform heavy

simulations in the laboratory, the typical load showed in 3.5 shows that the converters are

underloaded, and could use up to 8.7 times the maximum power they are drawing. Part

of this is explained by the fact that some available resources are not often used, such as

USB ports and sound system, for example.
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Table 3.5: Desktops Analysis

Time off (%) Rated Power (W) Typical Load (%) MFRP (%)

WEMO 22 0 400.0 11.5 - 11.5 11.5
WEMO 23 1.5 400.0 0.2 - 5.0 6.3

Two printers were also analyzed and their analysis is showed in table 3.6. One has

a typical load of only 0.7% of its rated power (300W), and the other 3.3% of 30W. These

values match with their MFRP. One printer is used by one staff only, and the other is a

family printer. One stays on 89% of the time, and the other 99%, and because they are

rarely in print work, the power consumption when they were printing (above the typical

load) were considered as outliers. However 23W was the maximum power achieved by

printer connected to WEMO 25 for 0.01% of the time and 5W was the maximum power

recorded for WEMO 24 for 1.12e-06% of the time.

Table 3.6: Printers Analysis

Time off (%) Rated Power (W) Typical Load (%) MFRP (%)

WEMO 24 10.6 300.0 0.7 - 0.7 0.7

WEMO 25 0.3 30.0 3.3 - 3.3 3.3

WEMO 26 and 27 are connected to the Netgear ReadyNAS RN31600 and to the router

that was used to set up the private network to the 27 WEMOS. Both were on 100% of

the time. While the first has an internal converter, the router is connected to an external

AC/DC, which is not the original one provided by the manufactured. It is using another

converter found in the lab, which has the same output voltage but is rated for 36W. Al-

though this is way above the device actual power consumption (3.1W), we decided to

keep it in this study, as this is a situation which likely could happen in the real world for

different MELs. According to table 3.7, the Netgear ReadyNAS RN31600 has a MFRP of
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Table 3.7: Network Appliances Analysis

Time off (%) Rated Power (W) Typical Load (%) MFRP (%)

WEMO 26 0 200.0 21.5 - 21.6 21.6
WEMO 27 0 36.0 2.8 - 5.6 5.6

21.6%, with the same value for its typical load, indicating the converter is almost 5 times

over-sized for its maximum load recorded. For the router, as expected, the typical load

range and the MFRP were very low: 2.8-5.6% and 5.6%, respectively.

An interesting point is that 88.9% of all the appliances’ converters never operate above

60% of their rated capacity, and 87.5% of these have their IQR below 42%. This shows that

for all groups analyzed, it was found that converters are over-sized for the maximum

power recorded for the appliances. This has at least two significant implications. First,

the efficiency of these converters, weighted by load, may differ substantially from the

peak efficiency of the converter. And second, since harmonics vary with power level, the

harmonics injected into the system will be lower than harmonics measured at near rated

load.
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Chapter 4

Harmonics in AC appliances and AC converters

One of the advantages of a DC distribution system is the potential elimination losses

from harmonic currents. Harmonics in power systems are caused by non-linear loads,

such as switching power supplies using semiconductor switches (e.g. MOSFETS or tran-

sistors) and diodes. Since the majority of MELs found in commercial buildigns use in-

ternal or external switching supplies to transform AC into DC, substantial higher-order

current harmonics are generated on the AC circuit. These harmonics may cause substan-

tial problems in AC power systems, including the heating of cables, triggering protection

equipment, causing measurement errors, reducing distribution component lifespans, and

increasing system power losses.

In this chapter, the total harmonic distortion for different load levels on the convert-

ers was investigated, along with the potential relationship between load level and the

amount of harmonics injected into the system. Additionally, two simulations were per-

formed to investigate harmonic cancellation when many converters are connected to the

same system, each of them operating at different load levels.

4.1 Switch-mode Power Supplies

Regarding single phase power supplies, there are two ways to supply the desired

power: reducing the AC input voltage to the desired output voltage for the DC bus,

which can be done with a transformer followed by a rectifier and smoothing circuit; or

rectifying to DC and then converting the rectified DC voltage to the desired DC output

voltage using a switch-mode power supply built with lightweight electronic components

(see Figure 4.1). The second option preferred because it is cheaper, lighter, more efficient,

and occupies less space than the first [56].

40



Figure 4.1: Full bridge switch mode power supply circuit. [56].

The figure 4.1 represents the full bridge topology, one of several types of switch-mode

power supply. Different topologies are available depending on the power, reliability and

efficiency desired, with a variety of circuit designs. Among these topologies, one can

cite buck, boost, buck-boost, and half bridge converters. Due to its simplicity, flyback

converters are also commonly used in computer screens and TVs, as it has the advantage

of having fewer components [57].

In figure 4.1, the rectifier bridge converts from AC to DC, and then the switcher trans-

forms the voltage back to AC at a high frequency so a transformer can convert it to a

lower voltage, which is again rectified to DC. The transformer here is much smaller be-

cause of the high frequency of operation. As the frequency increases, the core area can

be substantially reduced, reducing the copper needed and its cost. These switch-mode

power supplies are typically found in laptops, phone chargers, desktops, printers and

many other MELs.

A common characteristic between switch-mode power supplies, due to switching at

high frequencies, is the presence of the third harmonic component. In a 3-phase 4-wire

system, this third component is added to the neutral and could potentially overload it.

Generally, as the current is defined by the load, THDI tends to be high, and that tends

to degrade the voltage signal. Equation 2.3 showed that a high THDI can be caused not

only by high harmonic levels but also by a low fundamental value. The next section
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investigates if there is any correlation between THDI and the converter output power,

analyzing data from real converters collected in the lab.

4.2 Results

More than 30 AC/DC converters were tested at different load levels, and THDI was

calculated for each load step. In order to help with the analysis, these converters were

divided into the following groups: laptop chargers, phone chargers, LED drivers, chassis

power supplies, workbench power supplies, fans, label printers, monitors, switches, and

credit card machines. The following subsections present the results found for each group.

4.2.1 Laptop Chargers

The graph below shows THDI over the rated power percentage for nine converters

(Fig. 4.2). With the exception of the one represented by the orange curve, the converters

present very similar behavior. There is a peak THDI value of 167-238% between 0% and

30% of their rated power, indicating that the greatest generation of harmonics occurs

within this range, and the distortion decreases to 120-170% at 100% rated power. The

orange curve represents a 90W DELL converter, which has power factor correction in its

electronic board that lowers the THDI index compared to the other devices.

42



Figure 4.2: Laptop Chargers - THDI.

4.2.2 Phone Chargers

The THDI for phone chargers is higher than the laptop chargers, reaching more than

500% for the iphone charger (Fig. 4.3). However, that happens when the device is in

standby mode and the output current is close to zero. More generally, the higest THDI

levels for phone chargers occurs between 0% and 20% of the rated power. The phone

chargers tested are all below 5 Watts and include Apple, Samsung, LG, and Nokia brands.
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Figure 4.3: Phone Chargers - THDI.

4.2.3 LED Drivers

The three LED drivers tested are of the same model (Mean Well APV-25-24). Since

their output voltage is 24V, they could not be tested with a CLB, and were loaded by com-

binations of resistors in parallel. As with previous converters, they present high THDI

values, with the peaks close to 190% THDI at loads between 15% and 20% rated power.
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Figure 4.4: LED Drivers - THDI.

4.2.4 Chassis Power Supplies

All tested chassis power supplies have similar THDI levels despite their rated power

ranging between 30W and 1000W. As seen in Figure 4.5, starting at no load, THDI rises

125% before 20% of the rated power with the peaks between 0% and 30% of rated load,

with one exception. As with the laptop converters, the power supply represented by the

green curve is a power supply that has a PFC, similar to the 90W DELL laptop converter

mentioned earlier, which dramatically lowers its THDI values.

45



Figure 4.5: Chassis Power Supplies - THDI.

4.2.5 Workbench Power Supply

There is the same pattern in the two workbench power supplies, with THDI below

190% and peaks between 0% and 20% of the converter’s rated power.

Figure 4.6: Workbench Power Supplies - THDI.
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4.2.6 Switch, Label Printer, Monitor, Fan and Credit Card Machine

The converters tested in this section were:

• Netgear Switch, model SAL012F1, 12W, 100-120VAC to 12VDC

• Fan, using a switching adapter model SUN-0900070, 6.3W, 100-240VAC to 9VDC

• Brady label printer, which uses an adapter model EA1024F2-090, 27W, 100-240VAC

to 9VDC

• Monitor HP Pavilion adapter 25xw, 45W, 100-240VAC to 12VDC

• Verifone Credit card machine, using an adapter model Au-79DMu, 13.5W, 100-

240VAC to 6VDC

The THDI curves of these converters also followed a similar pattern, with the high-

est THDI values between 200% and 300%, and located between 0% and 30% of the con-

verter’s rated power.

Figure 4.7: Switch, Label Printer, Monitor, Fan and Credit Card Machine - THDI.
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4.3 Analysis

In general, the THDI generated by AC converters are uniformly high, with typical

values for all converters above 100%. One way to mitigate this problem would be to use

PFC in the converters, however cost is often an obstacle to its implementation [58–60].

The IEEE standard 519-2014 covers recommended practices and requirements for har-

monic control in electric power systems, and requires cooperation between the utility

and the users to maintain the current and voltage distortion below the limits. Although

the utilities are responsible for providing a clean voltage signal to the customers, it is

the customers’ responsibility to not inject current harmonics above the permissible limits,

otherwise they would be guilty as they are directly affecting the voltage distortion.

As we have seen, the highest current harmonic distortion generally occurred when

the power converters were loaded 0-30% of rated capacity, and THDI decreased at higher

power levels. This effect is known as harmonic attenuation, and significantly affects the

magnitude and angle of harmonic components [36, 41]. While this work concentrates on

current harmonics, in higher-impedance cabling systems, the I-R voltage can also cause

voltage distortion.

Higher THDI might end up causing heating, electromagnetic interference and more

losses in the power system. They can also cause errors in power metering, interference

in telecommunication lines, and increase the current going back to the distribution trans-

former, increasing the wiring losses. Another effect on transformers is the increase of

Eddy current losses. These are currents induced by magnetic flux in the transformer,

which causes energy loss in its winding and core, and consequently more heating. The

losses in the transformer due to eddy currents are proportional to the square of the cur-

rent and the square of its frequency, so the higher the harmonic components, the higher

the losses [56].
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Figure 4.8: Laptop Charger - Harmonic Attenuation.

Although the current harmonics are greater at lower power levels, their absolute mag-

nitude is lower compared to that of a harmonic at a higher power level, and therefore its

effect on the distribution system is less. However, if there are several devices on the same

network operating at low power levels, the harmonics may reinforce each other, increas-
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ing losses. Such results are exemplified in an study made by Melo, Nuno et al., with

measurements made in commercial electric vehicles [61].

Figure 4.8 shows the input current waveforms variations in power levels of an AC/DC

HP laptop converter (18.5VDC, 90W). We can see that as the power levels change the

current pulses; the less loaded the converter is, the smaller and narrower the pulse is.

We can also see that the current waveforms become somewhat more sinusoidal as power

increases (less harmonics). This is because as more power is used, the smooth capacitor

discharges for a longer period in the load, therefore needing more energy and charging

for a longer period. This causes the current pulse to be wider and closer to a sine wave,

decreasing high order harmonics.

Additionally, in the bottom right of the figure, it is possible to see some voltage distor-

tion. That tends to increase as the magnitude of the current harmonics increase or, in an

aggregate power electronic device system, when harmonics interact with each other and

the supply system impedance, causing voltage distortion.

Figure 4.9: Laptop Charger Harmonic Current Attenuation. On the left the variation of harmonic
current magnitude with power level. On the right, the variation of harmonic current angle with
power level.

Figure 4.9 shows the variations in current harmonic magnitude and angle with power

level. Higher harmonics have a higher attenuation with an increase in power level. Re-
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garding the phase angles, the variations are also higher for higher harmonics, which

means there’s great potential for harmonic cancellation if other loads on the same circuit

are operating at different power levels.

4.3.1 Harmonic Cancellation Experiments

Analyzing figure 4.9, it was found that the angular variation for the current harmonic

components over the converter different power levels, presents a chance of cancellation

among them, in case there is more than a converter connected to the same electrical circuit.

The wider the angle diverges, the better the potential for cancellation. To investigate this

hypothesis in more detail, two simulations were developed with laptops and screens, as

these are loads commonly found in an office environment.

The Simulation One considered two laptop chargers, at different power levels, con-

nected on the same circuit. The simulation compares the individual THDI values of each

converter with the total THDI value present in the circuit and evaluates whether there

was harmonic cancellation and how great it was.

In the Simulation Two , 3 different scenarios were considered. The scenarios were built

under different types of loads and considered different ranges for the power levels in or-

der to address real-world situations, and also the highest potential for harmonic cancella-

tion if the loads operate in their full power range. The harmonic cancellation is measured

through the Diversity Factor, which is explained in details in subsection 4.3.3.

4.3.2 Harmonic Cancellation - Simulation One

The purpose of this simulation is to detect current harmonic cancellation among two

laptop converters connected to the same circuit, and at what power levels the lowest

THDI is achieved.

The converter used for this analysis was the same one used previously in this section

(AC/DC HP laptop converter, 18.5VDC, 90W). Testing provided (see Chapter 2) the mag-

nitude and angle values for all current harmonic components (up to the 128th order) for
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all power levels, varying from 0 to 100% of the rated power, in steps of 10%. When tests

were run, these data was recorded in a *.csv file and was read by a python script, which is

able to recreate the original AC current signal by summing the sinusoidal signals of each

harmonic.

This simulation investigates harmonic cancellation when 2 identical converters are

connected to the same circuit. For the first converter, the current signals for all power

levels were stored in the variable Signal Laptop 1 represented by matrix A in equation

4.1 below. For the second converter, the data was stored in Signal Laptop 2, represented

by matrix B. The sum of both signals, Sum o f Signals, is represented by matrix C. The

sum demonstrates different combinations of power levels between the two converters. In

the equations below, for each current harmonic component, k represents its order, Ik the

magnitude and θk the phase angle.

A =[
128

∑
k=0

Iksin(2πk60t + θk) at 0% o f rated power,

128

∑
k=0

Iksin(2πk60t + θk) at 10% o f rated power,

...

128

∑
k=0

Iksin(2πk60t + θk) at 100% o f rated power]

(4.1)

B =[
128

∑
k=0

Iksin(2πk60t + θk) at 0% o f rated power,

128

∑
k=0

Iksin(2πk60t + θk) at 10% o f rated power,

...

128

∑
k=0

Iksin(2πk60t + θk) at 100% o f rated power]

(4.2)
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C =[A1x1 + B1x1, A1x1 + B1x2, ..., A1x1 + B1x11,

A1x2 + B1x1, A1x2 + B1x2, ..., A1x2 + B1x11,

...

A1x11 + B1x1, A1x11 + B1x2, ..., A1x11 + B1x11]

(4.3)

The THDI was calculated for each element of matrices A, B and C. The results are

depicted in Figure 4.10, where the top chart represents the THDI for each signal and the

bottom chart represents the power level for each laptop. Every combination of laptop 1

and 2 was given an index number, starting from 0 up to 120 in order to encompass the

total 121 possible combinations.

The THDI for the Sum o f Signals is always less or equal to the highest THDI of one of

the two laptop signals, proving that the distortion could be lower if we have two devices

on the same network. For some combinations, the THDI for the Sum o f Signals can

be even lower than the THDI of both laptop signals, representing even better harmonic

component cancellation.

Figure 4.10: Total THDI for 2 Laptop Converters at Different Power Levels.
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Chapter 3 presented data on the power range of many appliances, including laptop

chargers. It was found that these devices operate below 40% of their capacity most of the

time, with the majority never going above this level. The gray shaded areas on the chart

represent the scenarios in which both converters are operating between 0-40% of power

range.

Figure 4.11 shows combinations between both laptop converters power levels when

the Sum o f Signals THDI is lower than both signals’ THDI individually. The best case

scenario, where the highest harmonic cancellation is achieved, is when one converter is

loaded at 30% and the other at 100%. Under those conditions, the Sum o f Signals THDI

is around 8% better than the lowest THDI of the signals.

Figure 4.11: Sum of Signals’ THDI improvement for cases when it is lower than both signals THDI.
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On the other hand, when the converters are both loaded in the range of 0-50%, which

comprises the most common operating range in the real world, we have the worst case

scenarios for harmonic cancellation: the only time the Sum of Signals THDI was lower

than the individual signals THDI, it was only 0.6% better. Therefore, in the operational

power range of 0-40% found in Chapter 3 current harmonic cancellation still occurs, but

not at the levels seen when one of the converters is operating near 100% load.

4.3.3 Harmonic Cancellation - Simulation 2

From section 4.3, we know that power level directly interacts with the phase an-

gle dispersion of individual current harmonics. This simulation investigated how the

harmonic cancellation behaves among many loads connected in parallel, operating at

different power levels. Studies suggest that the quantification of this phase angle dis-

persion can be done through a factor defined as Current Harmonics Diversity Factor

(DF) [33, 36, 47]:

DFk =
Magnitude o f phasor sum o f currents o f harmonic k

Magnitude o f algebraic sum o f currents o f harmonic k
=

∣

∣

∣

∣

∣

∑
N
k=1 Ii

k

∑
N
k=1

∣

∣Ii
k

∣

∣

∣

∣

∣

∣

∣

(4.4)

Ii
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Ii
k

∣

∣

∣
∠θ

i
k (4.5)

DFk will range between 0 and 1; if it is closer to 1 it means the amount of harmonic

cancellation was low, while if it is closer to 0, there was a significant amount of cancel-

lation among the loads. Figure 4.12 shows 2 examples where DF was calculated for two

signals at a frequency of 60Hz. The top chart shows a scenario where the cancellation was

high and the DF is closer to 0, and the bottom chart shows one where the cancellation is

low and the DF is closer to 1.

55



Figure 4.12: DF Factor - Example.

A Monte Carlo Simulation was implemented for three different scenarios. For each

scenario, harmonic components (3rd, 5th, 7th, 9th, 11th, and 13th order) were analyzed

when the distribution system had different numbers of devices connected in parallel.

Each quantity of converters was analyzed using 1000 Monte Carlo iterations. The mean

DF the 95% empirical confidence interval was extracted from the iterations. The three

scenarios are explained below in details.

Scenario 1

In this scenario, the simulation considered 5, 10, 15, 20, 25, 30, and 35 laptop convert-

ers connected in parallel, a configuration similar to that of a large office complex. From

measurements done in the laboratory, we have harmonic data for 9 different laptop con-

verters, using the full range of their rated power when they are on (10% to 100%). Hence,

for every iteration, harmonic data were randomly selected from the 9 laptop convert-

ers, and further randomized by choosing the power level for each laptop from a uniform

distribution. Finally, the mean and the 95% confidence interval of the current DF were

recorded. The results are shown in Figure 4.13.
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Figure 4.13: Scenario 1: Current harmonic diversity factor - Laptop converters with power range
of 10-100%.

The results show that the most substantial harmonic cancellation occurred in the higher

harmonics, as expected, since their current angles have higher variation. It can also be ob-

served that as the harmonic order increases, so does the confidence interval width, indi-

cating that harmonic cancellation varies widely with the randomly-selected load levels of

the converters. Additionally, as more devices are added to the network, the total current

distortion tends to decrease due to an increase in the harmonic cancellation.

However, in Chapter 3, it is shown that the operational power range of appliance

converters significantly below rated power, with some devices never reaching above 60%.

In the case of laptops, most of them operate below 20% of rated power most of the time.

Taking this factor into account, another simulation was done for Scenario 2.

Scenario 2

In this scenario, all the parameters from Scenario 1 remain the same except for the

converters’ operational range. As shown in Figure 3.8, the majority of laptop converters

operate 0-40% of rated power. Therefore, for this scenario to reflect a more realistic case,
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we picked the power level distribution of the laptop connected to WEMO 2 (DELL Laptop

Inspiron, with AC/DC converter model LA45NM140, 45W). As we have data at each 10%

load step, Table 4.1 shows an approximation for the power level distribution when this

device was on.

Table 4.1: DELL Laptop Inspiron, 45W (WEMO 2) - Power Level Distribution

Power Level (%) Probability (%)

10 19.1
20 48.6
30 13.3
40 8.29
50 4.13
60 3.01
70 1.83
80 0.95
90 0.32

100 0.47

Approximately 90% of the time the converters are operating at 10-40% of their nominal

capacity. Figure 4.14 depicts the results for this scenario.

In this case, we still see better harmonic cancellation for high order harmonics. How-

ever, the DF for harmonic components is higher when compared to the previous results

– i.e. less cancellation. If we take the DF values for the 13th harmonic for example, its

lowest value in the Scenario 1 is close to 0.6, but in Scenario 2 it is 0.8. Also, looking at the

95% confidence interval for the 13th, it shows a narrower potential for harmonic cancella-

tion, compared with the results from Scenario 1. This indicates that there is substantially

less harmonic cancellations when using actual load levels compared to simulations using

randomly selected loads spanning the rated capacity of the converters. It doesn’t show,

however, the cancellation effect among a diversity of devices.
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Figure 4.14: Scenario 2: Current harmonic diversity factor - Laptop converters with realistic power
range of 10-40%.

Scenario 3

This last scenario considered heterogeneous devices operating at realistic load levels,

as it is more representative of an office environment. The simulation considered 4, 10,

14, 20, 24, 30, and 34 devices connected in parallel, composed half of laptops and half

screens. The laptop converter harmonics data was randomly selected among the 9 con-

verters tested in the lab, and the power level distribution was the same used in Scenario 2

(Table 4.1). For the screens, we collected harmonic data from three different screen models

in the lab (HP Model 273, HP EliteDisplay E232, HP EliteDisplay E242). For each model,

three different power levels were considered when they were on: with black screen, white

screen, and playing a video. The screen power levels were randomly selected in a uniform

distribution.
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Figure 4.15: Scenario 3: Current harmonic diversity factor - Laptops converters and screens at
realistic power ranges.

Figure 4.15 shows the mean and the 95% confidence interval of the current DF recorded.

While in Scenarios 1 and 2, the confidence interval was wide only for high harmonics, in

this case, we perceive a wider confidence interval also for the low harmonics. This is ex-

plained by the greater variety of current waveforms, which when added together in the

various possible scenarios, present more dispersed results. This dispersion, as observed

in the other scenarios, tends to decrease with the quantity of loads connected to the circuit.

To illustrate the variety of waveforms, figure 4.16 shows one possible scenario where

one of the laptops is 20% loaded and one of the screens is on with a black screen.
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Figure 4.16: Laptop and Screen - Current Waveforms.

For Scenario 3, the cancellation was considerably higher when compared to Scenario

1 and 2, and the DF of the lower order harmonics, such as the 3rd, 5th and 7th had a

significant drop, which did not happen in the two previous scenarios. If we consider the

mean of the DF for all devices in parallel, the 3rd harmonic cancellation was 46.4% and

46.5% higher, when compared to Scenarios 1 and 2 respectively. For the 5th order com-

ponent, harmonic cancellation increased by 46.1% and 46.3% respectively, and for the 7th

36.1% and 37.1%. The third harmonic exhibited even 8.8% higher harmonic cancellation

than the high-order 7th component, different from what had been observed so far, where

higher order harmonics had always presented lower DF (higher cancellation). This can be

explained by the non-coincidence of the peaks of the current waveforms, which allowed

a wider range for cancellation.

At the end of this thesis, in Appendix B, there are the tables containing all DF values

for these three scenarios.
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Chapter 5

Conclusion

In this work, a testbed was set up to support systematic data collection of power sys-

tem characteristics of converters and appliances. This physical setup contributed to later

phases of the project, where the modeling of the analyzed equipment operating in AC

and DC was made, a fundamental tool in the development of the DC Design and Scope

Tool. The test bed was also utilized to compare AC and DC power distribution systems,

which will be covered in subsequent papers. Test results supported a robust analysis of

the generation of harmonics in AC systems by AC/DC converters common to MELs.

Based on the analyses performed, factors that directly influence harmonic injection

in low voltage AC distribution systems are: the operating power range of the electronic

converters, the number of devices connected in parallel on one circuit, the diversity of the

devices/converters, and the impedance of the system supply interacting with the current

harmonics, which will cause more or less voltage distortion.

We have also seen that AC/DC converters for appliances commonly found in an office

environment (phone chargers, laptops, printers, screens and network devices) operate,

for the majority of the time they are powered on, at below 40% of their nominal power.

This operating power range coincides with the interval in which highest levels of current

harmonics are injected into the electrical system.

Despite that, the presence of several converters on the same network favors the can-

cellation of current harmonic components, especially higher order components. While

low order current components present little diversity in phase angle with a change in

load level, higher harmonics present bigger variations, increasing the potential for can-

cellation. This harmonic cancellation is stronger when the converters in the system have

a greater variation in power level and when different types of converters (manufacturers

and power levels) are loading the same circuit.
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5.1 Future Work

It has been determined that harmonics could cause problems in the power system. A

distribution network generally has different non-linear loads connected to it, which can

result in different harmonic patterns and rate of harmonic cancellation. Future investi-

gations are recommended with additional scenarios where more types of converters are

connected to the same network, with different power distribution profiles.

Another problem related to harmonics is the loss of efficiency in transformers from

current harmonics. For example, the choice of transformer may have substantial impact

on the transformer’s dissipation of harmonic components. The initial construction of

the testbed included a 3kVA ∆ − Y transformer, and based upon price, a Dayton model

44YV25 was purchased. However, during characterization, the transformer’s behavior

did not match that of a ∆ − Y transformer, and further investigation revealed that it was

a low cost variant with fewer windings called a ‘Scott-T’, operating in a T-to-T arrange-

ment. This type of transformer is composed of two single phase transformers which,

depending on the way they are connected, allows for a three-phase to three-phase con-

nection arrangement. For cost-savings reasons, this type of transformer is widely used

for low power systems. However, the literature cites some disadvantages of this config-

uration, such as lower voltage stability, bigger size and heavier weight when compared

to a regular three-phase transformer [56, 62, 63]. While full characterization could not be

performed at the time, initial results indicated that the harmonic absorption of this type

of transformer differs substantially from that of a true ∆ − Y configuration. Therefore,

an option for future work would be the characterization of both transformer types, and

comparison of their performance with a high-harmonic load.

A third topic for investigation would be to use the data collected by the WEMOs to es-

timate DC power consumption, supposing that the appliances were connected to DC/DC

converters. It would be possible to calculate the net efficiency for the appliances operat-
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ing in AC and also in DC, and then do a comparison between AC and DC low voltage

distribution systems, regarding only the end point of use.
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Appendix A

Python Codes

Controllable Load Bank Python Code

In order to test the multiple values of resistance, a python code was written. Although

it is possible to have 256 different values of resistance with this configuration, the code

below has the purpose of finding 10 appropriate resistance values between 0W and the

converter under test’s rated power, and execute the following functions in this particular

order:

1. Variate increasingly from the minimum power to its rated power.

2. Variate decreasingly from its rated power to the minimum power.

3. Make random variations of power, within the range of rated and minimum power.

The code has a Graphic User Interface, so the user can insert values of the voltage and

rated power of the converter being test. With those values, it calculates what resistors

in the load bank should be combined to achieve the appropriate resistance value and

perform the test in the correct order. The code to find the resistors arrangement can be

found here: https://hdl.handle.net/10217/207807

74



Appendix B

Simulation 2 - Tables for Current Harmonic

Diversity Factor

Below are the tables for the three scenarios considered in Chapter 4, Simulation 2.

Table B.1: Scenario 1 - Current Harmonic Diversity Factor

Scenario 1

Devices in Parallel
Harmonic Order

3 5 7 9 11 13

5 0.9871 0.9564 0.9194 0.8624 0.7846 0.7041

10 0.9858 0.9515 0.9032 0.8480 0.7501 0.6580

15 0.9858 0.9493 0.9050 0.8456 0.7337 0.6494

20 0.9854 0.9482 0.9034 0.8411 0.7270 0.6199

25 0.9851 0.9497 0.9048 0.8371 0.7280 0.6269

30 0.9844 0.9479 0.9012 0.8371 0.7216 0.6339

35 0.9849 0.9475 0.9001 0.8347 0.7219 0.6223
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Table B.2: Scenario 2 - Current Harmonic Diversity Factor

Scenario 2

Devices in Parallel
Harmonic Order

3 5 7 9 11 13

5 0.9929 0.9687 0.9398 0.9297 0.9040 0.8896

10 0.9892 0.9586 0.9299 0.9048 0.8785 0.8552

15 0.9879 0.9529 0.9208 0.8881 0.8670 0.8333

20 0.9867 0.9508 0.9128 0.8970 0.8568 0.8398

25 0.9858 0.9511 0.9152 0.8906 0.8552 0.8352

30 0.9854 0.9500 0.9131 0.8856 0.8553 0.8312

35 0.9849 0.9459 0.9106 0.8808 0.8468 0.8301

Table B.3: Scenario 3 - Current Harmonic Diversity Factor

Scenario 1

Devices in Parallel
Harmonic Order

3 5 7 9 11 13

5 0.5924 0.6011 0.6697 0.5280 0.5966 0.5358

10 0.5373 0.5214 0.5809 0.4597 0.5072 0.4451

15 0.5251 0.5064 0.5724 0.4588 0.4956 0.4314

20 0.5183 0.4972 0.5670 0.4307 0.4900 0.4055

25 0.5099 0.4961 0.5587 0.4401 0.4789 0.3837

30 0.5053 0.4780 0.5551 0.4170 0.4820 0.3850

35 0.5071 0.4843 0.5482 0.4243 0.4782 0.3779
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