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ABSTRACT

A MODELING TOOLKIT FOR COMPARING AC VS. DC ELECTRICAL DISTRIBUTION

EFFICIENCY IN BUILDINGS

An increasing proportion of electrical devices in residential and commercial buildings operate

from direct current (DC) power sources. In addition, distributed power generation systems such as

solar photovoltaic (PV) and energy storage natively produce DC power. However, traditional power

distribution is based on an alternating current (AC) model. Performing the necessary conversions

between AC and DC power to make DC devices compatible with AC distribution results in energy

losses. For these reasons, DC distribution may offer energy efficiency advantages in comparison to

AC distribution. However, reasonably fast computation and comparison of electrical efficiencies of

AC-only, DC-only, and hybrid AC/DC distributions systems is challenging because DC devices are

typically (nonlinear) power-electronic converters that produce harmonic content. While detailed

time-domain modeling can be used to simulate these harmonics, it is not computationally efficient

or practical for many building designers.

To address this need, this research describes a toolkit for computation of harmonic spectra and

energy efficiency in mixed AC and DC electrical distribution systems, using a Harmonic Power

Flow (HPF) methodology. The toolkit includes a library of two-port linear and nonlinear device

models which can be used to construct and simulate an electrical distribution system. This dis-

sertation includes a description of the mathematical theory and framework underlying the toolkit,

development and fitting of linear and nonlinear device models, software implementation in Model-

ica, verification of the toolkit with laboratory measurements, and discussion of ongoing and future

work to employ the toolkit to a variety of building designs.

ii



ACKNOWLEDGEMENTS

I thank my advisor Dr. James Cale for his technical advice, feedback, and encouragement.

I am grateful for the guidance and feedback from the rest of my committee - Dr. Peter Young,

Dr. Daniel Herber, and Dr. Gaofeng Jia. I would also like to thank Arthur Santos for his efforts

in designing the distribution testbed at the Powerhouse Energy Campus and the countless days

he spent in taking all the measurements. I want to thank Steven Frank for his leadership as the

principal investigator for the project.

Open source software and the larger open source movement has allowed for immense collab-

oration among scientists and researchers. The collective outcome of the effors of thousands of

contributors has resulted in some of the best software and tools. I am grateful for the OpenModel-

ica community for their efforts in development of the OpenModelica.

Lastly, I thank my family for their support and encouragement. A special thanks to my wife

Achint for being by my side throughout the whole journey.

Funding was provided by the DOE Assistant Secretary for Energy Efficiency and Renewable

Energy Building Technologies Office Emerging Technologies Program. I am extremely grateful

for the financial support.

iii



TABLE OF CONTENTS

ABSTRACT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ii

ACKNOWLEDGEMENTS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iii

LIST OF TABLES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vi

LIST OF FIGURES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

Chapter 1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.1 Research Contribution . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.2 Organization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.3 Nomenclature and Notation . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.3.1 Notation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.3.2 Nomenclature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

Chapter 2 Background and Related Work . . . . . . . . . . . . . . . . . . . . . . . . . 6

2.1 Losses in an Electrical Distribution . . . . . . . . . . . . . . . . . . . . . 6

2.2 Effect of Nonlinear Loads on Energy Efficiency . . . . . . . . . . . . . . . 8

2.3 Energy Efficiency Modeling Techniques . . . . . . . . . . . . . . . . . . . 10

2.4 Frequency-domain Representation of Non-sinusoidal Signals . . . . . . . 11

2.5 Background and Literature Review . . . . . . . . . . . . . . . . . . . . . 13

2.5.1 Harmonic Power Flow (original formulation) . . . . . . . . . . . . . . . 13

2.5.2 Harmonic Power Flow Analysis Tools . . . . . . . . . . . . . . . . . . 16

2.5.3 Load Models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

Chapter 3 Modeling Framework . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

3.1 Background on Linear AC Analysis . . . . . . . . . . . . . . . . . . . . . 19

3.2 Electrical Network Theory . . . . . . . . . . . . . . . . . . . . . . . . . . 21

3.2.1 One- and Two-Port Network Theory . . . . . . . . . . . . . . . . . . . 21

3.2.2 Defining Network Topologies . . . . . . . . . . . . . . . . . . . . . . . 24

3.3 Harmonic Power Flow Solution . . . . . . . . . . . . . . . . . . . . . . . 27

Chapter 4 Device Models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

4.1 Series and Shunt Impedances . . . . . . . . . . . . . . . . . . . . . . . . 31

4.1.1 Series Impedance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

4.2 Constant Power Loads . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

4.3 Transformers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

4.3.1 Single-phase Transformer . . . . . . . . . . . . . . . . . . . . . . . . . 33

4.3.2 Three-phase Transformers . . . . . . . . . . . . . . . . . . . . . . . . . 34

4.4 Power-electronic Converters . . . . . . . . . . . . . . . . . . . . . . . . . 36

4.4.1 Converter Device-Specific Behavior . . . . . . . . . . . . . . . . . . . 36

4.4.2 Converter Loss Modeling . . . . . . . . . . . . . . . . . . . . . . . . . 39

4.4.3 AC/DC Converters . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

4.4.4 DC/DC Converters . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

iv



4.4.5 DC/AC Converters . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

Chapter 5 Application of HPF on an Example Circuit . . . . . . . . . . . . . . . . . . . 43

5.1 Network Modeling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

5.2 Solving the Network . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

Chapter 6 Software Implementation: Modeling Toolkit . . . . . . . . . . . . . . . . . . 49

6.1 Modelica: A Systems Modeling Language . . . . . . . . . . . . . . . . . 49

6.2 Component Library . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

6.2.1 Component Connections . . . . . . . . . . . . . . . . . . . . . . . . . 53

6.2.2 Component Models . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

6.3 Initialization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

6.4 System Solver . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

6.5 Solution for Example System . . . . . . . . . . . . . . . . . . . . . . . . 59

Chapter 7 Nonlinear Device Behavior Modeling . . . . . . . . . . . . . . . . . . . . . 62

7.0.1 AC/DC Converter Harmonics . . . . . . . . . . . . . . . . . . . . . . . 62

7.1 Device-specific Behavioral Function Models . . . . . . . . . . . . . . . . 65

7.1.1 Harmonic Magnitude Model . . . . . . . . . . . . . . . . . . . . . . . 66

7.1.2 Harmonic Angle Model . . . . . . . . . . . . . . . . . . . . . . . . . . 66

7.2 Parameter Estimation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

7.3 Model Validation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

Chapter 8 Toolkit Validation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

8.1 Laboratory Experiments . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

8.2 Comparison of Toolkit Results with Measurements . . . . . . . . . . . . . 76

Chapter 9 Summary and Suggestions for Future Work . . . . . . . . . . . . . . . . . . 83

9.1 Suggestions for Future work . . . . . . . . . . . . . . . . . . . . . . . . . 85

Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

Appendix A Nonlinear load equations . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

Appendix B Code . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

B.1 MATLAB code - Example Circuit . . . . . . . . . . . . . . . . . . . . . . 97

B.1.1 Main script . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

B.1.2 Function handle containing system equations . . . . . . . . . . . . . . . 99

B.1.3 Nonlinear load model . . . . . . . . . . . . . . . . . . . . . . . . . . . 101

B.2 Modelica Code - Example Circuit . . . . . . . . . . . . . . . . . . . . . . 102

B.2.1 Simulation model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

B.2.2 Nonlinear load . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

B.3 BEEAM Library Source Code . . . . . . . . . . . . . . . . . . . . . . . . 103

Appendix C Simulation Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

v



LIST OF TABLES

1.1 Indices and Sets. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.2 Table of variables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.3 List of functions and parameters. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2.1 Comparison of system efficiencies . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

6.1 Simulation output comparison on nonlinear example problem: Toolkit vs. Scripted

MATLAB. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

7.1 Devices characterized in the experiment. . . . . . . . . . . . . . . . . . . . . . . . . . 69

8.1 Device configurations for AC Scenarios 1-2. . . . . . . . . . . . . . . . . . . . . . . . 75

8.2 Device configurations for AC Scenarios 3-4. . . . . . . . . . . . . . . . . . . . . . . . 76

8.3 Load power settings for DC scenario 1-4 . . . . . . . . . . . . . . . . . . . . . . . . . 76

8.4 Load power settings for DC scenario 5-6 . . . . . . . . . . . . . . . . . . . . . . . . . 77

C.1 Measured and modeled values for system input power and transformer secondary power105

C.2 Measured and modeled values for transformer and converter losses . . . . . . . . . . . 106

C.3 Measured and modeled values for total system losses and efficiency . . . . . . . . . . 107

vi



LIST OF FIGURES

2.1 Typical electrical distribution in a small office building . . . . . . . . . . . . . . . . . 7

2.2 Current waveform from an AC/DC converter . . . . . . . . . . . . . . . . . . . . . . . 8

2.3 System efficiency comparison . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.4 Current harmonics magnitude and phase angle . . . . . . . . . . . . . . . . . . . . . . 13

3.1 General two-port network . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

3.2 General one-port network . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

3.3 Example electrical one- or two-port network . . . . . . . . . . . . . . . . . . . . . . . 25

3.4 Directed graph representation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

4.1 Ideal single-phase transformer model . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

4.2 Equivalent circuit for single-phase transformer . . . . . . . . . . . . . . . . . . . . . . 34

4.3 Three-phase transformer component . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

4.4 Balanced electrical network with two-port linear transformer models . . . . . . . . . . 36

4.5 Surface plot of harmonic current magnitude . . . . . . . . . . . . . . . . . . . . . . . 38

4.6 Surface plot of harmonic current phase angle . . . . . . . . . . . . . . . . . . . . . . 38

4.7 Converter loss model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

5.1 Example nonlinear network . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

5.2 Annotated example nonlinear network . . . . . . . . . . . . . . . . . . . . . . . . . . 44

5.3 Simulation results for example network (complex impedance) . . . . . . . . . . . . . 48

6.1 Expanded view of Modelica toolkit library . . . . . . . . . . . . . . . . . . . . . . . . 52

6.2 AC/DC converter graphics layer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

6.3 Impedance element . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

6.4 Three-phase transfomer model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

6.5 Example system in Modelica . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

7.1 Notional rectifier circuit. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

7.2 Rectifier input current vs. power level. . . . . . . . . . . . . . . . . . . . . . . . . . . 64

7.3 Device specific behavioral model fits for magnitude and angle . . . . . . . . . . . . . 70

7.4 Validation result for device behavior model characterization . . . . . . . . . . . . . . . 71

8.1 Notional diagram of testbed, AC configuration . . . . . . . . . . . . . . . . . . . . . . 73

8.2 Notional diagram of testbed, DC configuration . . . . . . . . . . . . . . . . . . . . . . 73

8.3 Testbed setup image . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

8.4 BEEAM model (AC distribution) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

8.5 BEEAM model (DC distribution) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

8.6 Predicted versus measured total system efficiencies, Scenarios 1–2 . . . . . . . . . . . 79

8.7 Predicted versus measured total system efficiencies, Scenarios 3-4 . . . . . . . . . . . 80

8.8 Predicted versus measured total system efficiencies, Scenarios 5-6 . . . . . . . . . . . 80

8.9 Predicted versus measured total system power losses, Scenarios 1–2 . . . . . . . . . . 81

8.10 Predicted versus measured total system power losses, Scenarios 3-4 . . . . . . . . . . 81

vii



8.11 Predicted versus measured total system power losses, Scenarios 5-6 . . . . . . . . . . 82

A.1 Phase shift in nonlinear load voltage and current phasor angle . . . . . . . . . . . . . . 95

C.1 Predicted vs measured total system input power, Scenario 1-2 . . . . . . . . . . . . . . 108

C.2 Predicted vs measured total system input power, Scenario 3-4 . . . . . . . . . . . . . . 108

C.3 Predicted vs measured total system input power, Scenario 5-6 . . . . . . . . . . . . . . 109

C.4 Predicted vs measured transformer power at secondary, Scenario 1-2 . . . . . . . . . . 109

C.5 Predicted vs measured transformer power at secondary, Scenario 3-4 . . . . . . . . . . 109

C.6 Predicted vs measured transformer power at secondary, Scenario 5-6 . . . . . . . . . . 110

C.7 Predicted versus measured transformer loss, Scenario 1-2 . . . . . . . . . . . . . . . . 110

C.8 Predicted versus measured transformer loss, Scenario 3-4 . . . . . . . . . . . . . . . . 110

C.9 Predicted versus measured transformer loss, Scenario 5-6 . . . . . . . . . . . . . . . . 111

C.10 Predicted vs measured converter loss, Scenario 1-2 . . . . . . . . . . . . . . . . . . . 111

C.11 Predicted vs measured converter loss, Scenario 3-4 . . . . . . . . . . . . . . . . . . . 111

C.12 Predicted vs measured converter loss, Scenario 5-6 . . . . . . . . . . . . . . . . . . . 112

viii



Chapter 1

Introduction

Until the advent and widespread use of semiconductor based power electronic devices, electri-

cal loads consisted of resistive loads, such as, heater coils, incandescent lights; and inductive loads,

such as, induction motors etc. However in the past few decades, there has been a considerable shift

in the load types. Semiconductor based power electronic devices have seen an ever increasing

usage. These semiconductor based power electronic devices primarily power a DC load. These

newer residential electric loads, miscellaneous electric loads (MELs), and building equipment, that

are based on power electronics, can operate directly from a power source DC. Power electronic de-

vices that operate on an AC distribution requires an AC to DC conversion. This conversion results

in power loss and thus has an overall impact of decrease in system efficiency. If a majority of loads

in a distribution are DC, a logical step towards a greater system efficiency would be to eliminate the

conversion step. This has resulted in considerable interest in comparing the efficiency of DC distri-

bution systems versus traditional AC distribution. In addition, many renewable power generation

systems such as solar photovoltaic (PV) and energy storage systems natively produce DC power,

making conversions between AC and DC potentially unnecessary and a possible source of energy

savings [1–10]. This has resulted in an increased interest of government agencies in supporting

funding for research in the field of DC distribution.

This transition away from an AC only distribution has many challenges. AC has advantages that

cannot be overcome by a DC only distribution. A mixed AC/DC distribution can be a transitional

step towards a DC dominated distribution system. The benefits of a transition to a DC distribution

can be in terms of increased efficiency or overall reduced lifecycle cost. However, it becomes

a challenge to accurately quantify the benefits of these distributions because of the number of

possible electrical configurations, how the system boundaries are defined, whether the application

includes an on-site storage and/or combination of potential loads and equipment types [11, 12].

By leveraging the power and flexibility of advanced simulation techniques, and using accurate

1



representative models for devices, one can simulate and model these configurations. This would

allow building designers and electrical engineers to analyze, and compare the performance of

electrical distribution systems.

This dissertation describes a modeling framework for AC, DC electrical and hybrid AC/DC

distribution networks, that is packaged in a software tool called Building Electrical Efficiency

Analysis Model (BEEAM) [13]. The modeling framework is developed in Modelica, an object-

oriented, multi-domain, systems modeling language. Benefits of the modeling framework are:

a simulation and modeling framework for harmonic analysis, and harmonic power flow studies

in AC distributions containing nonlinear devices; a simulation platform for developing advanced

harmonic models for nonlinear devices; ability to leverage general purpose simulation and com-

putation tools from the Modelica language for the purpose of implementing advanced simulations.

Simulation models created using modeling toolkit are validated against laboratory experiments and

is shown to estimate system power and losses within reasonable degree of accuracy.

1.1 Research Contribution

This dissertation fills an important role in the realm of electrical power systems modeling tools.

The modeling toolkit combines the advantages of object-oriented modeling with the freedom of a

standardized language. The modeling toolkit presented here has the potential of acting as a test

bench for future research into harmonic analysis and harmonic model development.

Major contributions of this dissertation are:

• Description of a framework and modeling approach for assessment of component and sys-

tem electrical efficiencies in AC, DC and hybrid AC/DC distribution configurations, includ-

ing nonlinear effects and potential load imbalances, which does not rely on time-domain

simulation.

• Proposal of a new software tool (developed in Modelica, an object-oriented, multi-domain,

systems modeling language) [13] that implements the above approach to perform detailed

AC vs. DC distribution efficiency comparison.
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• Initial validation of the tool’s accuracy with experimental measurements, for several circuit

configurations and power levels on both AC and DC distribution systems, including balanced

and unbalanced load conditions.

• Proposal of an analytical model for nonlinear device behavior and it’s characterization pro-

cedure.

1.2 Organization

The remainder of this dissertation is organized as follows: The second chapter of this disser-

tation lays down the motivation for the research presented in this dissertation and background on

relevant research on the topic of DC distribution efficiency analysis. The chapter goes into detail

on background of harmonic power flow analysis technique. The third chapter describes the mod-

eling framework used to model electrical networks and the general harmonic power flow solution

for an AC distribution.

The fourth chapter is on the device models constructed using the modeling framework. It in-

cludes models for commonly encountered devices in an AC/DC electrical distribution. The chap-

ter describes the underlying mathematical equations for the devices. It is followed by a chapter

on an example electrical system that demonstrates the use of modeling framework. It describes

the implementation of the network equations using the modeling framework and system solution

implementation in a mathematical scripting language.

The sixth chapter describes the modeling framework implementation in an object-oriented,

multi-domain, systems modeling language called Modelica. The next chapter describes a proposed

model for device specific behavior models for nonlinear AC/DC converter device and lays down a

characterization procedure using optimization techniques, followed by model verification studies.

The modeling toolkit is validated against elaborate laboratory experiments. Chapter eight de-

scribes the experimental setup and the experimental validation of the toolkit using laboratory mea-

surements. Efficacy of the toolkit in predicting losses in electrical distributions is shown using

plots for various experimentation scenarios.
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The end of the dissertation contains appendices for supplemental material in chapters 5 and 6.

Appendix A describes the equations for the nonlinear load used in the electrical distribution system

example. Appendix B provides the source code for the example distribution solution implemented

in MATLAB and equivalent Modelica code for simulation model built using the toolkit. Appendix

C lists tables and figures from the various experimental measurements and simulation runs.

1.3 Nomenclature and Notation

1.3.1 Notation

Following notation is used throughout the document. Bold faced letters are used to denote ma-

trices or vectors; non-bold letters are used for scalar quantities; subscripts are used to index device,

port or harmonic numbers; W denotes the set of whole numbers; C denotes the set of complex

numbers; Ck, denotes the space of continuous functions with k derivatives; {·}T represents the

matrix transport operator; | · | symbolizes the absolute value of a real number or cardinality of a

set; for any set S,SC denotes its complement; {̂·} symbolizes estimated value; {·} denotes average

value or set negation, depending on context; {̃·} denotes a phasor quantity, Re{·} and Im{·} sym-

bolize real and imaginary parts of a complex number, respectively; ‖ · ‖ represents the magnitude

of a complex number (given complex number, x = a + jb, ‖x‖ =
√
a2 + b2); ∠· represents the

argument (angle) of a complex number (∠x = tan−1(b/a)); {·}∗ denotes complex conjugation;

j :=
√
−1; f(z;α) symbolizes the evaluation of function f with input variable(s) x and fixed

parameter(s) α.

1.3.2 Nomenclature
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Table 1.1: Indices and Sets.

Symbol Description

Indices and Sets

h ∈ H Set of harmonic numbers

v ∈ V Set of one-port in electrical model

w ∈ W Set of two-port networks in electrical model

d ∈ D Set of all devices in the distribution model, d ∈ V ∪W
g ∈ G Set of subgraphs formed by interconnects between network ports

p ∈ {1, 2} Set of device port numbers

Eg Number of edges (branches) in a subgraph g
Ng Number of nodes in a subgraph g
E Total number of edges (branches) across all subgraphs, E =

∑
g∈G Eg

N Total number of nodes across all subgraphs, N =
∑

g∈G Ng

Table 1.2: Table of variables.

Symbol Description

Variables

Ĩd,p,h Current into port p of device d at harmonic h

Ṽd,p,h Voltage at port p of device d at harmonic h
Pin,d Average real input power, into device d, at port p
Pout,d Average real output power, out of device d, at port p
Pin,d,p,h Average real input power, into device d, at port p and harmonic h

Ploss,d Average power loss in device d
H Total harmonics in the system

Table 1.3: List of functions and parameters.

Symbol Description

Parameters

fd Loss function for device d
gd Device specific behavior for device d
γd Vector of behavioral parameters for device d
βd Vector of one-state loss parameters for device d
γd Vector of two-state loss parameters for device d
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Chapter 2

Background and Related Work

This chapter describes electrical distribution components and terminology associated with en-

ergy efficiency calculations, followed by literature review on harmonic power flow. To quantify

losses in an electrical distribution, one must first describe an electrical distribution and constituent

devices.

2.1 Losses in an Electrical Distribution

Consider a typical electrical distribution in a building, as shown in Figure 2.1. The building

electrical distribution is connected to the utility grid, shown on the left. The grid is assumed to be

stiff with no voltage distortion and hence no voltage harmonics. Buildings connect to the utility

grid through a step down transformer. Electrical distribution for small electrical appliances run at

208Y/120 V, whereas 480Y/277 V distribution is used for higher power systems such as HVAC

loads, etc.

Electrical loads in a building distribution can be grouped into the following categories:

• Linear electric loads such as space heaters, water heaters. These are linear devices and are

modeled as resistive loads.

• Inductive loads such as motors (for ventilation fans, pumps, etc.) These are electromechani-

cal devices that convert electricity into useful mechanical power.

• Lighting loads (Light Emitting Diode) powered by a power electronic converters. This in-

cludes florescent lights (newer devices are powered by electronic ballast).

• Miscellaneous Electronic Loads (MELs) powered by power an AC/DC electronic converter.

These are DC devices such as computers, phone chargers, printers, computer monitors, etc.

6



M

M

Distribution

Bus

P1

P2

Lighting

Load

P3

Electronic

Load

P4

P5

Utility

Pin

Figure 2.1: Typical electrical distribution in a small office building.

• Inductive loads powered by a variable frequency drive (VFD). VFD (shown as blue box)

consist of an AC/DC converter followed by an inverter stage (DC/AC converter). Example

of such devices would be, some newer home appliance motors, HVAC systems, etc.

Losses can be grouped into four main categories, namely, transformer losses, losses resulting

from distribution wires, power converter losses and losses in electrical machines. Figure 2.1 shows

the output power from all the end point user loads, shown as Pi, i ∈ {1, ..., 5}. Total power into

the distribution at the point of utility connection is shown as Pin. System efficiency is defined as

the ratio of total power consumed by loads to the total input power.

The proliferation of DC loads has resulted in considerable shift in the overall electrical loads

with the MELs and lighting loads constituting majority of the loads. This has resulted in consider-

able interest in DC distributions [11] [3]. Variations in electrical distributions have been proposed

that replace the multiple conversion stages and thus predict an improved system efficiency.
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2.2 Effect of Nonlinear Loads on Energy Efficiency

DC loads in an AC distribution are powered by an AC/DC converter. The simplest of these con-

verters (rectifiers) convert the AC voltage to DC using a bridge rectifier constructed using diodes.

The rectification process is nonlinear, and results in current waveform distortion [14] [15]. There-

fore, AC/DC converters are nonlinear loads that cannot be modeled using conventional fundamen-

tal power flow analysis techniques. Figure 2.2 shows the current waveform of a typical AC/DC

converter. The peaks in the figure correspond to the conduction period for the rectifier diodes. Ad-

ditional passive elements in the converter, such as line filters, common mode chokes, etc., might

result in further waveform distortion. This distortion in the current waveform results in an increase

in the fundamental current harmonic component (increase in the system rms current) that in turn

results in higher losses in an electrical distribution.
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Figure 2.2: Current waveform from an AC/DC converter.

The nonlinearity associated with an AC/DC converter results in under estimation of the system

losses. The effect of nonlinear devices on the overall system can be best understood by a simple

example.

Figure 2.3 shows the setup of a simulation containing two loads connected via an impedance

to a stiff voltage source such as a utility power grid. This impedance may represent any line

impedance in a distribution, such as cable impedance, transformer winding etc. The sinusoidal
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source here is assumed to be ideal with no source impedance. The goal is to compare efficiencies

of the two systems, therefore, the output power is measured at the point of use. For the nonlinear

load, the output power is measured at the DC side of the rectifier (assuming zero converter losses).

For the linear AC load, the output power is measured at the input.

V1

Z1

I1

P1

V2

Z2

I2

P2

Figure 2.3: System efficiency comparison for a linear and nonlinear load.

Both of the end point devices are controlled loads where the output power can be as a model

parameter. The simulation parameters are as follows, Z1 = Z2 = 1.5Ω, V1 = V2 = 120V (rms),

P1 = P2 = 1000W. The time domain simulation was run till the system reaches steady state

and the system efficiency was computed. The resulting system efficiencies for the two systems is

summarized in the Table 2.1.

Table 2.1: Comparison of system efficiencies for linear and nonlinear load.

Nonlinear load Linear Load

Output power (W) 1000 1000

System input power (W) 1285.10 1135.07

System Efficiency 77.81 % 88.09 %

Assuming the converter is lossless, for the same output power, the system with the nonlinear

results in lower system efficiency (higher system losses) than the linear load. Modeling of electrical
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distributions using convention techniques, that contain large number of nonlinear loads would

therefore underestimate system losses.

Results from the above simulation suggest that a system containing nonlinear loads cannot be

accurately modeled in a conventional power flow analysis as one is ignoring the effect of current

distortion resulting from the nonlinear load. Therefore, there is a need for a power flow formulation

that can model the nonlinearities but at the same time provide simulation advantages of a frequency

domain based power flow simulation. Harmonic power flow is an extension of the power flow

formulation for AC electrical distributions containing harmonic producing loads.

2.3 Energy Efficiency Modeling Techniques

Energy efficiency modeling in electrical distribution systems can be achieved using different

approaches. Relevant modeling approaches are, fundamental power flow, harmonic power flow

(HPF), energy balance approach based on device efficiency curves and full time-domain simula-

tion. Here is a brief overview of these modeling techniques

Energy balance modeling technique is the simplest in which the loads and component losses

are tallied to estimate the required input energy. A simple implementation would use basic system

topologies and fixed device efficiencies to estimate the potential energy savings of DC distributions

verses AC [8,16–18]. Energy balance models are insufficient as they do not directly model voltage,

current and power flows within the distribution network. Therefore, they do not generally provide

other measures of system performance (voltage drop, power quality, and the like). It can also yield

inaccurate estimates of efficiency to the extent that device losses are influenced by phenomena

such as voltage, system imbalance, and current distortion.

Fundamental power flow is another technique for modeling electrical distributions. Knowing

the amount of power drawn by the end loads, one can solve the system to get voltage drops across

the network, power consumed at the source, etc. [19]. Though accurate for utility level electrical

distribution modeling, is insufficient for systems containing a large number of nonlinear devices,

such as building electrical distribution systems containing power electronic loads [20]. As demon-
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strated in the previous section, a fundamental power flow analysis (with the assumption of linear

device models in the distribution system) would underestimate power consumption from nonlinear

loads.

Time-domain simulations are the most accurate as they rely on time domain models of electrical

loads. Time domain simulation can model any type of nonlinearity in the system. For an accu-

rate estimation of system performance, a time domain simulation must be allowed to settle down

since the initial conditions of the numerical solver can result in different system behavior. The

simulation output is allowed to settle down until the system is in steady state operation and there

are no system wide transients. The downside of time domain simulation is the computational time

and resource penalty. This makes time domain simulation unsuitable for large simulation models.

The remaining three modeling approaches were compared and contrasted in [21] for estimating

efficiencies in AC-only, DC-only and hybrid AC/DC distribution systems. Therein, comparison

between modeling results and experimental measurements supported the conclusion that the HPF

method provided a suitable balance between accuracy, computation time, and model development

compared to the other approaches. In addition, the HPF method provides the advantages of pre-

dicting harmonic content, simulation of highly unbalanced load conditions in three phase systems,

and the ability to simulate potentially large networks.

The next section gives a brief overview of frequency domain representation of a system con-

taining non-sinusoidal signals and the concept of harmonics.

2.4 Frequency-domain Representation of Non-sinusoidal Sig-

nals

Consider a non-sinusoidal signal x(t) having a period T0 (frequency ω0). Such a signal can be

written in the form of a Fourier series expansion as [22] [23]

x(t) =
∞∑

n=0

cne
jnω0t (2.1)
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where

cn =
1

T0

∫ T0

0

x(t)e(−jnω0t)dt (2.2)

The Fourier coefficients cne
jnω0t are phasors with frequency that is the integer multiple of the

frequency of the periodic signal (fundamental frequency).

In practice, signal processing is carried out in computers that are digital devices. To capture

a continuous signal, the signal is first measured using a transducer and captured using an analog

to digital converter (ADC). The signal is captured using an ADC at a fixed sampling rate. Let the

sampling rate be Ts. Let x(n) be a discrete signal with period N , n = 0, 1, ..., N − 1. The

discrete Fourier transform (DFT) of the signal x(n) is define as:

X(k) =
N−1∑

n=0

x(n)e−j2πnk/N (2.3)

where, k = 0, 1, ..., N − 1. X(k) are the Fourier coefficients at index k. X(k) ∈ C, is a

complex number with an associated magnitude and phase angle.

Therefore, a system containing nonsinusoidal signals, one can transform the signal using DFT

and represent the system in the equivalent frequency domain using these ‘DC’ quantities (also

called phasor(s), chapter 3).

A harmonic is defined as a periodic signal with frequency that is an integer multiple of the

frequency of the original signal. In an electrical distribution, the frequency of the harmonics are

an integer multiple of the line frequency (50 Hz or 60 Hz).

Figure 2.4 shows the spectral decomposition (harmonics components) of the current waveform

from Figure 2.2. The plot at the top shows the magnitude of the harmonic components and the

bottom plot shows the angle of the components vs the harmonic number. In a symmetric waveform,

even harmonics are zero and can therefore be neglected. Thereafter, the simulation models would

only consider odd harmonics.
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Figure 2.4: Stem plot showing current magnitude (top) and angle for odd harmonics.

2.5 Background and Literature Review

Nonlinear devices in an electrical distribution distort an otherwise sinusoidal voltage and cur-

rent waveform. This distortion results in non-sinusoidal waveforms that propagate throughout the

network. The presence of these distorted waveforms means that the system cannot be modeled and

analyzed using conventional fundamental power flow techniques. Such systems can be accurately

modeled in the time domain using a numerical differential equation solver. The downside of a

time domain simulation is the large amount of computation time and resources that are needed.

Scaling such a system to contain a large number of loads results in a simulation setup that takes

up significant computation time. Therefore, there is a need of an analysis framework that can

handle nonlinear devices but at the same time provide the computational speed of phasor based

fundamental power flow.

2.5.1 Harmonic Power Flow (original formulation)

Conventional power flow is a well established and thoroughly understood technique for power

system analysis. It is used to solve for system wide voltages, currents and power flows in an

13



electrical distribution network. In a power flow formulation, loads are the end point devices that

consume power and therefore are modeled as power sinks [19]. It is a fairly well established

and researched technique with a plethora of tools and models are available for a wide variety of

devices and loads. Unfortunately the technique is only useful for linear devices that are modeled

at fundamental frequency and cannot be used for accurate analysis and determination of system

efficiencies in distribution systems containing large number of nonlinear devices such as single

phase rectifier loads [20].

Harmonic power flow is an extension of the fundamental power flow for electrical systems

containing nonlinear harmonic producing devices. In fundamental power flow, the system is mod-

eled in frequency domain at steady state using phasor representation at the fundamental frequency.

Similarly, a network containing nonlinear loads can be modeled in the frequency domain by ex-

tending the system representation from a single frequency to multiple frequencies that are an in-

teger multiple of the fundamental frequency called harmonics. Nonlinear devices are modeled in

the frequency domain as harmonic producing sources. The technique was first introduced by Xia

and Heydt [24, 25] for a balanced three phase system. The original formulation was an extension

of the fundamental power flow technique, solved using the Newton-Raphson method. The tech-

nique can be summarized as, 1) Formation of a harmonic admittance matrix based on the network

interconnects. A harmonic admittance matrix is similar to an admittance matrix in fundamental

power flow with the difference that additional admittance terms are added corresponding to higher

harmonics. 2) Form the mismatch vector and the system Jacobian. 3) Solving the simultaneous

equations using the Newton update. The solver iterates until the mismatch vector is less than the

tolerance in which case the solver terminates and we get the solution.

Some of the limitations of this formulation were, the algorithm was limited to balanced net-

works with no zero sequence signals and therefore could not handle multiphase, unbalanced sys-

tems. Another limitation was the lack of diversity in harmonic load models as the original formu-

lation had only a single harmonic load model. Over the years, several improvements were made to

the HPF formulation. The algorithm was extended to multiphase and unbalanced systems [26,27].
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HPF techniques and variations

A system modeled using the harmonic power flow is considerably larger than a conventional

fundamental power flow. An increase in the system size can result in increased computation time,

increased memory requirements and issues with convergence. Convergence issues can be amplified

if the system contains a large number of nonlinear loads. To circumvent these issues, several

modifications have been proposed. These modified algorithms exploit the underlying structure of

the system formulation to simplify solver implementation.

Harmonic power flow formulation can be either coupled or decoupled. In a system where inter-

harmonic interactions, there is a coupling between voltages and/or currents are different harmonics.

Such a system results in a system of equations that contain all the harmonics and therefore the

resulting system can be quite large. In a system with negligible inter-harmonic interaction, one can

solve the system, one harmonic at a time. This is called a decoupled harmonic power flow [28].

The resulting system of equations are much smaller resulting in convergence guarantee and faster

solution times.

Modular harmonic power flow technique [29] relies on the fact that any inter-harmonic in-

teraction only occurs for the nonlinear loads. Therefore, one can add modularity in the system

formulation by detaching the nonlinear device models from the main program body. The nonlinear

models are solved separately and interfaced with the system as harmonic sources.

These modified algorithms result in simpler systems and therefore are easier to implement and

can ensure convergence. A major motivation of these algorithms has been lack of computation

resources in early days of computing. With the advancement and ever-increasing computation

power, these techniques do not present a significant advantage over a fully coupled harmonic power

flow formulation that does not use these techniques. It then becomes an engineering judgment as to

which algorithm suits the user needs. A thorough and comprehensive review on various harmonic

power flow techniques can be found in [30].

A recent addition to the power system harmonic analysis is the technique using equivalent

split-circuit models [31]. Network electrical devices are replaced with equivalent circuit elements.
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The system is solved using harmonic balance technique. This approach is radically different to the

harmonic power flow techniques mentioned above as it does not involve an admittance matrix.

2.5.2 Harmonic Power Flow Analysis Tools

Currently there are only few tools available for harmonics power flow analysis. The original

harmonics power flow implementation [25] resulted in a tool called HARMFLO [32] developed for

the EPRI [33]. The program was written in FORTRAN and it implements a Newton-Raphson based

solver. The codebase is old and the tool has not been in active development, with no accessible

version of the codebase available.

ETAP is a commercial tool for power flow analysis [34]. The tool has a harmonic analysis

module. Being a commercial product, the licensing would make it unsuitable for incorporating

into other open source tools. ETAP does not support functional mock-up interface (FMI) [35] and

therefore simulation models cannot be integrated with other simulation platforms and for perform-

ing co-simulations.

OpenDSS is an open source electrical distribution analysis software developed by EPRI [36]

[37]. It is intended for utility scale fundamental power flow analysis. The tool provides an option to

run harmonic analysis. User can define harmonic spectra and the system is solved. The tool lacks

sophisticated harmonic device models and cannot perform a full harmonic power flow analysis.

2.5.3 Load Models

At the core of a harmonic power flow analysis is an accurate model of the nonlinear harmon-

ics producing load. Though it is relatively easy to model nonlinear loads in time domain, their

frequency domain counterpart are difficult to model [38]. Harmonic distortion can result from

sources such as an DC/AC converter, but for this dissertation is limited to electrical distributions

connected to a stiff grid that can be modeled as a pure sinusoid. In distributions that do not have

source harmonics can have harmonic distortion as a result of nonlinear loads. This section covers

some of the harmonic load models developed over the years.
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Harmonic power flow analysis technique was developed to analyze harmonics in electrical

distribution networks resulting from three phase converters. The original harmonic power flow

formulation [24] was built around a harmonic model of a six-pulse line commutated thyristor con-

trolled converter [33]. The nonlinear load was modeled using injected current balance equations.

The currents produced by the harmonic load is modeled as injection currents at bus m and har-

monic h are given by the current balance equation, I
(h)
m = g(h)

(
v
(1)
m , v

(5)
m , ...αm, βm

)
, where αm

is the triggering angle at bus m, and βm is the commutating resistance or DC voltage. Another

harmonic model for a three phase converter model can be found in [39].

Single phase full bridge rectifiers produce a signature harmonic spectrum at a fixed power

and line impedance. In scenarios where the loads are not sensitive to voltage variations, one can

model the nonlinear load as a bunch of constant current sources at each harmonic. The method of

using constant current sources based on a reference current injection spectra is used in [3] [11] for

harmonic power flow analysis.

Admittance matrix techniques utilize the fact that currents at different harmonics can be mod-

eled by linear admittance relationships with line harmonic voltages by an admittance matrix. Non-

linear loads are modeled using a crossed frequency admittance matrix [40]. This model takes into

account interaction between voltages and currents at different harmonics. This results in an ad-

mittance matrix with nondiagonal elements for a nonlinear load and a square diagonal matrix for

a linear load. A similar technique uses a harmonically coupled linear admittance matrix to model

thyristor controlled single and three phase bridge rectifiers [41]. This technique uses a harmon-

ically coupled admittance matrix that models the AC side harmonics generated by the nonlinear

rectification process. Electrical distributions for buildings exclusively use uncontrolled line com-

mutated rectifiers that uses diodes and therefore the model is beyond the scope of this research.

An improvement over the fixed current injection method is the Norton equivalent model [42].

The harmonic model takes into account the effect of voltage variation on the current injection.

Harmonic producing load is modeled as a Norton equivalent circuit consists of a harmonic current

source in parallel to a harmonic Norton impedance. The load model is generated using mea-
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surements of the load voltage and current at different operating points. An improvement in the

modeling approach involved the use of harmonically coupled impedance matrix [43].

Of the three harmonic load modeling techniques, 1) the constant current source model, 2)

Norton equivalent model 3) Cross frequency admittance matrix model, Norton model has been

shown to be the most accurate [44]. These harmonic load models have several shortcomings.

Firstly, most of the research has been on focused of harmonics in utility level electrical distribution

systems. Therefore, models of harmonic loads have been limited to force commutated converters.

Secondly, these harmonic load models are usually modeled at a fixed operating point. Therefore,

the resulting model fails to capture harmonic spectra for a load that operates varying power levels.

Most AC/DC converters, such as, light fixtures are fixed power loads, but converters operating

at varying power are becoming widespread. Such converters include computer power supplies,

dimmable light fixtures, HVACs etc. This research will explore harmonic models of single phase

AC/DC converters that operate at different power levels.

Another technique of modeling a single phase rectifier is a hybrid approach, in which the rec-

tifier current and voltage waveforms are solved in the time domain and then transformed to the

frequency domain [45]. This technique relies on the single phase rectifier topology that consists

of a full-bridge rectifier followed by a large filter capacitor. Given the voltage is sinusoidal, one

can analytically solve for the time domain waveform. The resulting waveform can then be ana-

lyzed in frequency domain by computing Fourier series coefficients. The technique is used in [46]

to analyze diversity effects and harmonics in electrical distributions containing large number of

nonlinear harmonic producing loads.

18



Chapter 3

Modeling Framework

This section describes the modeling framework used to estimate harmonic currents, voltages,

and power flows in buildings within the BEEAM modeling toolkit. A background on electrical

network theory using one- and two-port models is first given, followed by a description of the

model representation of several devices.

3.1 Background on Linear AC Analysis

Steady-state analysis of AC circuits using frequency-based methods is a well-established tech-

nique in power engineering community. In electrical systems composed of linear and passive

circuit elements, driven by sinusoidal sources, phasor analysis is often employed to reduce the so-

lution of steady-state currents and/or voltages in a network to solving of linear algebraic equations.

In this method, sinusoidal voltage and currents are represented as phasors in the frequency under

the transformation:

f(t) =
√
2F cos(ωt+ θf )←→ F̃ = F∠θf , (3.1)

where f can represent voltage or current, F̃ is the phasor representation of f , F = ‖F̃‖ is the

root-mean-square (rms) value of f , ω is the angular electrical frequency, t is time, ∠θf symbolizes

ejθf , and θf is a phase shift generally measured with respect to an input source. On the right side

of (3.1), the symbol for electrical frequency is suppressed, but implied under the transformation

shown. Additionally, note that the representation of the phasor magnitude as the rms value of f

(versus peak value) is arbitrary, but us the convention used throughout this paper.

In phasor analysis, the steady-state effect (reaction) of an inductive element L in an electrical

circuit is represented by an inductive reactance, XL = ωL, and capacitive element C by capacitive

reactance, XC = 1/ωC. Resistive elements do not have a frequency dependence and are therefore
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not transformed under phasor analysis. Impedance Z = R + jX = ‖Z‖∠θz = ‖Z‖ejθz is

a complex number with total resistance R and total reactance X; these quantities may consist

of combined resistances, inductive reactances, and capacitive reactances, computed according to

network circuit laws.

Let Ṽ = [Ṽ1 · · · ṼN ]
T denote a vector of phasors containing phasor voltages Ṽn at nodes

n = 1, 2, ...., N in an electrical network; Ĩ = [Ĩ1 · · · ĨM ]T denote a vector of phasors containing

phasor currents Ĩm, through branches m = 1, 2, ...., M in the network. Let Z denote an N ×

M impedance matrix which specifies the network impedance relations between node voltage and

branch current phasors, i.e., Ṽ = ZĨ . For a linear network, the solution of steady-state current

phasors can be computed (assuming Z is invertible) as:

Ĩ = Z
−1
Ṽ = YṼ (3.2)

where Y is called the admittance matrix. Although phasor analysis in power engineering is

generally applied at one frequency (e.g., line frequency of the voltage source), under the assump-

tion of system linearity, (3.2) can be applied at any frequency to determine an overall steady-state

response. Letting h ∈ W denote the harmonic number with respect to base frequency ω, phasors

corresponding to voltages and currents with electrical angular frequency hω can be transformed by

generalizing (3.1) as:

f(t) =
√
2Fh cos(hωt+ θf,h)←→ F̃h = Fh∠θf,h (3.3)

where Fh = ‖F̃h‖ is the root-mean-square (rms) value of f at harmonic h, hω is the implied

angular electrical frequency of phasor F̃h, and θf,h is the phase shift at this harmonic number. Note

that while h = 0 (i.e., DC) is valid in (3.3), there is no phase shift and
√
2 term is omitted.

Let H = {h0, h1, h2, ..., hH}, hi ∈ W be a set of harmonic numbers which are to be evalu-

ated, where herein it is assumed that H ≥ 2. The solution of the linear network equations at each

harmonic h can be computed individually by generalizing (3.2) by the use of (3.3) as:
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Ĩh = YhṼh, ∀h ∈ H (3.4)

where Y h is the admittance matrix at harmonic h. While the solution given by the phasor

approach in (3.4) is simple to implement, the method can unfortunately not be used in applications

where there are nonlinear relationships between system voltages and currents, such as electrical

systems containing typical power electronic devices. Following the discussion below on one- and

tow-port network theory, the solution of these systems using harmonic power flow is discussed

(chapter 4)

3.2 Electrical Network Theory

3.2.1 One- and Two-Port Network Theory

A two-port network, depicted in Figure 3.1, is an electrical network with tow “ports”, each

consisting of two terminals (four terminals total). The voltage/current relationships between the

terminals are described using 2× 2 matrices; the two voltages and two currents are state variables,

two of which are considered independent (or input) and two of which are considered dependent (or

output). Note that in this context, “input” and “output” are defined for computational purposes only

and not necessarily indicate the direction of real power flow. Herein, port 1 (port 2) is arbitrarily

assigned the input (output) port label. The “ABCD” representation is a common representation of

a two-port network; this representation for the device in Figure 3.1 is given as:



Ṽ1

Ĩ1


 =



A B

C D






Ṽ2

−Ĩ2


 (3.5)

In linear devices, coefficients A, B, C, and D in (3.5) are generally complex constants. Note

that in this formulation, a positive (negative) sign indicates that current is flowing into (out of) the

device; this convention explains the negative sign on Ĩ2 in (3.5). See [47] for other equally-valid

network representations.
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To account for additional harmonics, the tow-port matrix representation can be extended to

represent harmonic voltage and current relationships. This is done by expressing the voltages and

currents as vectors of phasors at each harmonic frequency (including h = 0 for DC). To do this, let

Ĩd,p,h and Ṽd,p,h represent the current and voltage phasors, respectively, for device d at port p ∈ 1, 2

and harmonic h. A, B, C, and D and the new matrices are size H × H . For example, to relate

input Ṽd,2,h′ with output Ṽd,1,h′ , define matrix element Ad,h,h′ , in which h′ is the harmonic order

associated with the input phasor and h is the harmonic order associated with the output phasor, and

similarly for matrix elements Bd,h,h′ , Cd,h,h′ , Dd,h,h′ . The two-port input/output relationship is for

all harmonics is then given as:




Ṽd,1,h0

Ṽd,1,h1

...

Ṽd,1,hH

Ĩd,1,h0

Ĩd,1,h1

...

Ĩd,1,hH




=




Ad,h0,h0
Ad,h0,h1

· · · Ad,h0,hH
Bd,h0,h0

Bd,h0,h1
· · · Bd,h0,hH

Ad,h1,h0
Ad,h1,h1

· · · Ad,h1,hH
Bd,h1,h0

Bd,h1,h1
· · · Bd,h1,hH

...
...

. . .
...

...
...

. . .
...

Ad,hH ,h0
Ad,hH ,h1

· · · Ad,hH ,hH
Bd,hH ,h0

Bd,hH ,h1
· · · Bd,hH ,hH

Cd,h0,h0
Cd,h0,h1

· · · Cd,h0,hH
Dd,h0,h0

Dd,h0,h1
· · · Dd,h0,hH

Cd,h1,h0
Cd,h1,h1

· · · Cd,h1,hH
Dd,h1,h0

Dd,h1,h1
· · · Dd,h1,hH

...
...

. . .
...

...
...

. . .
...

Cd,hH ,h0
Cd,hH ,h1

· · · Cd,hH ,hH
Dd,hH ,h0

Dd,hH ,h1
· · · Dd,hH ,hH







Ṽd,2,h0

Ṽd,2,h1

...

Ṽd,2,hH

−Ĩd,2,h0

−Ĩd,2,h1

...

−Ĩd,2,hH




(3.6)

Note that for purely linear devices (such as cables), there is no cross-coupling of harmonics

and all off-diagonal elements of the submatrices are zero:
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


Ṽd,1,h0

Ṽd,1,h1

...

Ṽd,1,hH

Ĩd,1,h0

Ĩd,1,h1

...

Ĩd,1,hH




=




Ad,h0,h0
0 · · · 0 Bd,h0,h0

0 · · · 0

0 Ad,h1,h1
· · · 0 0 Bd,h1,h1

· · · 0

...
...

. . .
...

...
...

. . .
...

0 0 · · · Ad,hH ,hH
0 0 · · · Bd,hH ,hH

Cd,h0,h0
0 · · · 0 Dd,h0,h0

0 · · · 0

0 Cd,h1,h1
· · · 0 0 Dd,h1,h1

· · · 0

...
...

. . .
...

...
...

. . .
...

0 0 · · · Cd,hH ,hH
0 0 · · · Dd,hH ,hH







Ṽd,2,h0

Ṽd,2,h1

...

Ṽd,2,hH

−Ĩd,2,h0

−Ĩd,2,h1

...

−Ĩd,2,hH




(3.7)

in which case, the two-port network representation is fully decoupled by harmonic and can be

written compactly as:



Ṽd,1,h

Ĩd,1,h


 =



Ad,h,h′ Bd,h,h′

Cd,h,h′ Dd,h,h′






Ṽd,2,h

−Ĩd,2,h


 (3.8)

Two-port

Ĩ1

+

−
Ṽ1

Ĩ2

+

−
Ṽ2

Figure 3.1: General two-port network.

Nonlinear devices, however may contain coupling between harmonics. Furthermore, the gov-

erning equations for practical nonlinear devices cannot always be described using the standard

two-port network form. (The matrix elements may be functions of the state variables, or the matrix

representation may not be an adequate way to capture nonlinear relationships.) To generalize the
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two-port network concept for nonlinear devices, a “general nonlinear two-port network model” for

any arbitrary device d ∈ D is proposed herein which satisfies the following properties:

• The model specifies 2H voltage phasor variables (Ṽd,1,h and Ṽd,2,h) and 2H current phasor

variables (Ĩd,1,h and Ĩd,2,h), ∀h ∈ H;

• The model defines a set of exactly 2H independent nonlinear equations in the variables above

that describe the device behavior;

• The nonlinear equations that define the device behavior can be written to describe exactly

two independent variables and two dependent variables at each harmonic h.

Note that with these properties, a traditional linear two-port network is a specific case of the

general nonlinear two-port network model described above. The network formulation used in this

research also utilizes one-port networks for sources, and loads, Figure 3.2, which have a single

voltage, and single current and a (linear or nonlinear) relationship between them. A one-port

network consists of H phasor voltage variables, H phasor current variables, and 2H independent

(linear or nonlinear) equations that can be written such that there is one independent and one

dependent variable at each harmonic h.

One-

Port

Ĩ1

+

−
Ṽ1

Figure 3.2: General one-port network.

3.2.2 Defining Network Topologies

A distribution network can be viewed as a set of subgraphs formed by interconnecting network

ports with ideal interconnects; this is the framework of how devices and distribution systems are
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modeled in this research. In this approach, each subgraph links at least two network ports, each

network port forms an “edge” in the subgraph. The subgraphs are related (coupled) to each other

indirectly via the relationships defined by the one and two-port networks.

Figure 3.3 demonstrates an example of an electrical network described in this way. The network

depicted in Figure 3.3 could represent an ideal voltage source (device d = 1) connected to a

transformer (d = 2) that in turn feeds two rectifiers (d = 3, d = 4) serving resistive loads (d = 5,

d = 6).

d = 1 d = 2 d = 3

d = 4

d = 5

d = 6

Figure 3.3: Example electrical network containing interconnected devices, wherein each device is a one- or

two-port network.

Figure 3.4 is a directed graph representation of the network of Figure 3.3, demonstrating how

the overall network can be decomposed into four directed subgraphs linked indirectly via the two-

port network equations for devices d = 2 (subgraphs g = 1 and g = 2), d = 3 (subgraphs g = 2

and g = 3), and d = 4 (subgraphs g = 2 and g = 4). In Figure 3.4, ng,p represents port p of

subgraph g and eg,k, represents edge k of subgraph g.

In an electrical network, the total number of variables is twice the number of edges (branches):

one voltage and one current per edge [47]. Let E represent the total number of edges; the number

of variables is then 2E. (Note for simplicity, harmonics are not yet being considered; see below

for treatment of harmonics.) Not that the number of edges E, is also equivalent to the number of

ports defined by the devices, since each edge is also a port. That is, E = V + 2W , where V = |V|
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d = 1 d = 2 d = 3

d = 4

d = 5

d = 6

e1,1
n1,1 e1,2

n1,2

g = 1

e2,1
n1,2 e2,2

n2,2

g = 2

e2,3

e3,1
n3,1 e3,2

n3,2

g = 3

e4,1
n4,1 e4,2

n4,2

g = 4

Figure 3.4: Directed graph representation of the electrical network of Figure 3.3.

and W = |W|. Assuming that the system has a unique solution, 2E independent equations must

be defined to represent the system.

For any given subgraph g, there exists Eg−Ng+1 independent Kirchhoff’s Voltage Law (KVL)

equations and Ng−1 independent Kirchhoff’s Current Law (KCL) equations, for a total of Eg linear

KVL and KCL equations. For all subgraphs (i.e., the network as a whole), there are therefore E

linear KVL and KCL equations. To fully determine the system, another E equations are needed;

these are obtained from the “connection equations” defined from the two-port networks. Since

E = V + 2W , the 2E equations are thus obtained.

However, note that is not typically necessary to obtain all 2E equations to fully solve a system.

For any given subgraph, the circuit can be fully represented by Ng−1 node voltages or Eg−Ng+1

loop currents. This means that the entire network could be represented by N − G node voltage

state variables (for instance); the remaining voltages could be derived via KVL and the currents

then solved via the connection equations and KCL. In practice, what this means is that the system

of equations can generally be reduced to a smaller system of equations via substitution.

When considering harmonics, there are 2EH total variables, EH total equations from KVL

and KCL, and V H + 2WH = EH variables from the one- and two-port network connection

equations. Using the node voltage phasors as state variables, a carefully selected set of (N −G)H

equations involving those voltages could be used to define the system.
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To illustrate the concepts in the foregoing, suppose the circuit in Figure 3.3 is to be solved for

the set of H = 3 harmonics, h ∈ 1, 3, 5. As shown in Figure 3.4, the system has E = 9 edges

across the four subgraphs, for a total of 2EH = 54 variables. There are V = 3 one-port and

W = 2 two-port devices in the system. The required number of equations to solve the system is

obtained from as follows:

• 5H = 15 KVL equations; H from subgraph g = 1, 2H from subgraph g = 2, H from

subgraph g = 3, and H from subgraph g = 4;

• 4H = 12 KCL equations; H from each of the for subgraphs;

• V H = 9 connection equations from one-port devices;

• 2WH = 18 connection equations from two-port devices.

The total number of equations obtainable from the network is therefore 54. However, note

that by defining (N − G)H = (8 − 4)3 = 12 node voltage phasors, a solution to the network

states could theoretically be obtained. Therefore, in this example, the number of simultaneous

equations needed to solve the system is no more than 54 and could be as few as 12 (using variable

substitution). Later in the dissertation, chapter 6 describes the modeling framework implemented

in a modeling language called Modelica. Such trivial equations are automatically eliminated by

the language compiler to generate a consistent set of equations.

3.3 Harmonic Power Flow Solution

Solution of a set of generally nonlinear equations representing an arbitrary network is accom-

plished in the modeling toolkit by employing the harmonic power flow (HPF) approach. The HPF

method extends the traditional power flow methodology in three key aspects:

1. Representation of additional harmonic frequencies beyond the fundamental (line) frequency

in the system state;
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2. Representation of the nonlinear behavior of all devices in the system, including individual

harmonic contribution and potential cross-coupling between harmonics;

3. Enforcement of power balance across all harmonics [3] [24].

In networks containing power electronic converters or other nonlinear circuit elements, current

into nonlinear device d at port p = 1, and harmonic h is specified in the HPF method by a generally

nonlinear complex-valued function:

Ĩd,1,h = gd(h, Pin,d,1, Ĩd,1, Ṽ d,1;γd), d ∈ Dn,ℓ (3.9)

whereDn,ℓ ∈ D is the set of all nonlinear devices in the system; Pin,d,1 is the average real power

into the device d, at harmonics h ∈ H computed as:

Pin,d,1 =
∑

h∈H

Re{Ṽd,1,hĨ
∗
d,1,h} (3.10)

where Ṽd,1,h is the voltage and Ĩd,1,h is the input current of device d, port 1 and harmonic h,

respectively; Ĩd,1 in (3.9) is a vector of phasor currents into port p = 1 at device d, at harmonics

H\{h}, in addition to possibly other harmonic current phasors in the network:

Ĩd,1 = [Ĩd,1,0 Ĩd,1,1 · · · Ĩd,1,h−1 Ĩd,1,h+1 · · · Ĩd,1,H−1 Ĩd,1,H | Ĩd′ ]
T (3.11)

where Ĩd,1,h, h
′ ∈ H\{h} is the device d input current at harmonic h′ and Ĩd′ is a vector of

currents in the network that do not include any currents in the top portion of the vector in (3.11),

or Ĩd,1,h; Ṽ d,1 in (3.9) is a set of voltage phasors including at least the voltage at device d, port 1,

and harmonic h, but possibly others in the network:

Ṽ d,1 = [Ṽd,1,h | Ṽ d′ ]
T (3.12)
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where Ṽd,1,h is the device d, port 1 voltage at harmonic h and Ṽ d′ is a vector of voltages in

the network other than Ṽd,1,h; finally the vector γd in (3.9) contains the device-specific behavioral

parameters. The interpretation of (3.9) is that the h’th harmonic of the current phasor into the

device d, at port p = 1, is generally a function of: (a) the harmonic number h itself, (b) the

device’s real input power, (c) currents into the device at other harmonics (6= h), and possibly

other currents in the network at any harmonic (d) voltage harmonics at port p = 1 of the device,

and possibly other nodes in the network, and (e) device-specific parameters, e.g., control settings,

physical parameters, device loading.

Solution of the network equations using HPF is accomplished using an iterative numerical

procedure (e.g., Newton Raphson) to obtain convergence of all states at all specified harmonics

within a specified threshold, while explicitly enforcing power balance throughout the network. In

particular, the method includes the following steps:

1. Initialize all network voltages and currents. For example, set the magnitudes and phase

angles of all voltage and current phasors to zero, except known phasor voltage at ports of

voltage input source(s).

2. Compute network currents. Using the last converged solution of network voltage phasors,

compute current phasors through all branches of the network using either linear circuit anal-

ysis or (3.9) for all linear and nonlinear devices, respectively, in the network.

3. Enforce power balance. For each nonlinear device, compute the average real power input

into the device, Pin,d. Set or compute (if not known) the average real output power (Pout,d) of

the device. Using the loss function for the device (see section 4.4), adjust the magnitude of

the current phasors at the input port of the device so that the power balance is achieved.

4. Update network voltages. Using the adjusted currents in step 3, update all node voltage

phasors in the network.

5. If not converged, return to step 2.
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Next chapter describes how the network devices are modeled, including how nonlinear device

behavior and losses are represented in the modeling framework.
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Chapter 4

Device Models

This section illustrates example linear and nonlinear device models for specific component

types, focusing on those used in the validation studies in section 5. In each case, the models below

define 2H connection equations for each device; exactly two of the four voltage and current phasors

at each harmonic can be considered independent, while the other two are dependent.

4.1 Series and Shunt Impedances

4.1.1 Series Impedance

Consider a series impedance component, with impedance Z(h) = R + jhX , where R is the

resistance and X is the reactance at the fundamental (h = 1) frequency harmonic. Using the

system definitions from previous chapter, the following relationships apply:

Ĩd,1,h = −Ĩd,2,h (4.1a)

Ṽd,1,h = Ṽd,2,h − Z(h)Ĩd,2,h (4.1b)

The ABCD matrix of the series component for any harmonic is therefore:



Ṽd,1,h

Ĩd,1,h


 =



1 Z(h)

0 1






Ṽd,2,h

−Ĩd,2,h


 (4.2)
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Shunt Impedance

In a shunt impedance, the component is in parallel, therefore the terminal voltages are equal.

On the contrary, the current is divided. The network equations are:

Ĩd,1,h =
Ṽd,2,h

Z(h)
− Ĩd,2,h (4.3a)

Ṽd,1,h = Ṽd,2,h (4.3b)

and the ABCD matrix of the shunt impedance for any harmonic is:



Ṽd,1,h

Ĩd,1,h


 =




1 0

1
Z(h)

1






Ṽd,2,h

−Ĩd,2,h


 (4.4)

Note that the equation for each harmonic in (4.2) and (4.4) are decoupled, and the total number

of equations is 2H .

4.2 Constant Power Loads

Constant power loads (CPLs) are modeled as one-port components that absorb a fixed amount

of real and reactive power to enforce the relation:

Ṽd,1,h =
S̃in,d,1,h

Ĩ∗d,1,h
(4.5)

where S̃in,d,1,h = Pin,d,1,h + jQin,d,1,h is the total input harmonic apparent power, Pin,d,1 is the

total real power into the device given in (3.10), and

Qin,d,1 =
∑

h∈H

Im{Ṽd,1,hĨ
∗
d,1,h} (4.6)

32



is the total reactive power into device d, port p = 1. In the toolkit, users specify the components

of the real and reactive harmonic power contributions in the summations in (3.10)-(4.6).

4.3 Transformers

4.3.1 Single-phase Transformer

Single-phase transformers can be modeled as two-port devices. The most general representa-

tion of the single-phase transformer, allowing for nonlinear effects such as magnetic saturation,

would require a general nonlinear two-port network model, as discussed in chapter 3. In cases

where nonlinear effects can be neglected, in addition to winding and magnetic core impedances,

the ideal transformer model with voltage ration N1/N2 (primary winding turns : secondary wind-

ing turns) shown in Figure 4.1 is used.

Ĩ1

+

−

Ṽ1

Ĩ2

+

−

Ṽ2

N1 : N2

Figure 4.1: Ideal single-phase transformer model.

The ABCD matrix representation for this ideal transformer component at any harmonic is:



Ṽd,1,h

Ĩd,1,h


 =



a 0

0 1
a






Ṽd,2,h

−Ĩd,2,h


 (4.7)

where a := N1/N2. A high-fidelity model of the single-phase transformer which includes

winding and magnetization impedances, but neglects nonlinear effects, is shown in Figure 4.2.

Note that the transformer model in Figure 4.2 is a composite model, utilizing series and shunt

impedance elements and the ideal transformer.
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Ĩ1 r1 jωLℓ1

jωLm Rm

+

−

Ṽ1

jωLℓ2 r2 Ĩ2

+

−

Ṽ2

N1 : N2

Figure 4.2: Equivalent steady-state circuit for single-phase transformer. The blue box defines a two-port

component.

In Figure 4.2, r1, r2 are the resistances of winding 1 and 2 respectively; Lℓ1, Lℓ2 are the leak-

age inductances of winding 1 and 2 respectively; Lm, Rm are the magnetization inductance and

resistance of the core respectively; N1, N2 are the number of turns of winding 1 and 2 respectively;

ω is the fundamental radial electrical frequency of the input. The internal circuit with boundary

defined by the blue box in Figure 4.2, represents a linear two-port network. Using the definitions

of series, shunt impedance and the ideal transformer device model equations, one can simplify the

system to the following ABCD matrix valid for any harmonic:



Ṽd,1,h

Ĩd,1,h


 =



a
(

Z1(h)+Z3(h)
Z3(h)

) (
1
a

)((
a2Z2(h)+Z3(h)

)(
Z1(h)+Z3(h)

)
−Z2

3
(h)

Z3(h)

)

a
(

1
Z3(h)

) (
1
a

)(
a2Z2(h)+Z3(h)

Z3(h)

)






Ṽd,2,h

−Ĩd,2,h


 (4.8)

where, Z1(h) := r1 + jωhLℓ1, Z2(h) := r2 + jωhLℓ2, Zm(h) := Rm ‖ jωhLm.

4.3.2 Three-phase Transformers

Three-phase transformers can be viewed as multiple-port devices, depicted in Figure 4.3. The

most general representation of the device would include nonlinear effects such as magnetic satura-

tion, differences in electrical parameters as a result of practical considerations of windings in actual

transformers, and voltage imbalances; these non-idealities would generally lead to cross-coupling

between harmonic between all phases, and would require the use of general nonlinear two-port
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network model. However, under certain assumptions (see below) it is possible to represent the

device as a set of linear and uncoupled two-port devices.

3-Phase

Transformer

Ĩa

Ĩb

Ĩc

Ṽa

Ṽb

Ṽc

ĨA

ĨB

ĨC

ṼA

ṼB

ṼC

Figure 4.3: Three-phase transformer component.

Suppose that the voltages and currents on the right side (analogous to a “port”) of the com-

ponent in Figure 4.3 are known, and the voltages and currents on the left side are unknown; six

equations are therefore needed to solve for the unknowns. Assuming the device is operating in the

linear magnetic region (i.e., not magnetically saturated), there is a symmetry of electrical trans-

former parameters among phases, and the three-phase voltage and current are balanced, each elec-

trical phase of the transformer can be represented in the steady-state as three separate circuits, with

two-port transformer models as shown in Figure 4.2. In this way, two of the unknown variables

can be solved in each of the three circuits, yielding the required six unknowns. An example two-

and one-port representation of a balanced network illustrating this concept is shown in Figure 4.4.

In Figure 4.4, the network represents a three-phase utility voltage supplying a ∆-Y connected

building transformer with balanced loads across its three output windings. In this case, devices

d = {1, 4, 5} are represented by the two-port transformer models shown in Figure 4.2; devices

d = {2, 5, 8} and d = {3, 6, 9} are two- and one-port devices, respectively. The numbering

convention of voltages and currents is assigned arbitrarily; in this case, Ṽ1, Ĩ1 and Ṽ2, Ĩ2 are the

voltage and current inputs (outputs) of the electrical a-phase transformer winding. Figure 4.4 also

illustrates how network connects can result in a reduced number of system unknowns, as discussed

in section 3.2.2; for example, in this case, the output current Ĩ2 of device d = 1 is the (negative)

input current into device d = 2.
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ṼbṼa

Ṽc

n

Ĩa

Ĩb

Ĩc

d = 1 d = 2 d = 3

Ĩ1
+

−
Ṽ1

Ĩ2 −Ĩ2
+

−
Ṽ2

Ĩ3 −Ĩ3
+

−
Ṽ3

d = 4 d = 5 d = 6

Ĩ4
+

−
Ṽ4

Ĩ5 −Ĩ5
+

−
Ṽ5

Ĩ6 −Ĩ6
+

−
Ṽ6

d = 7 d = 8 d = 9

Ĩ7
+

−
Ṽ7

Ĩ8 −Ĩ8
+

−
Ṽ8

Ĩ9 −Ĩ9
+

−
Ṽ9

Figure 4.4: Balanced electrical network with two-port linear transformer models.

If nonlinear effects are neglected, but it cannot be assumed that the transformer parameters are

electrically symmetric and/or there are voltage imbalances, then there will generally be coupling

of harmonics between phases. In this case, the transformer can be represented by modifications of

the general two-port network matrix in (4.8) must both be augmented to include variables for the

additional (third) winding on each side of the transformer.

4.4 Power-electronic Converters

Power-electronic converters are generally nonlinear devices, requiring the use of a general-

ized two port nonlinear component model. The following sections describe the nonlinear device

behavior, loss representation and power balance for converter components.

4.4.1 Converter Device-Specific Behavior

The parameterized, device-specific behavior function gd in (3.9) is a generally nonlinear func-

tion which describes the behavior of the input current through device d, as a function of harmonic
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number, the device input voltage and power, and possibly other bus current and voltage harmonics

in the system. The vector γd contains parameter information specific to the device.

Several approaches can be used to determine the form and best-fit parameters for gd so that it

can be used in HPF algorithm, subject to the restriction that gd ∈ C2. The first step is to deter-

mine the general form of the function from measured or simulated time-domain device behavior,

under a range of device input or output powers. Typically, observation readily indicates which vari-

ables most impact magnitude and phase angle. Proceeding further, one may use several general

approaches to functionally describe the behavior, e.g.:

1. Empirical Method: Using measured or simulated current waveforms, express gd as an

n−dimensional surface, where n is the number of variables determined heuristically to influ-

ence current behavior. Use linear interpolation between measured (simulated) points; note

that linear representation of the function ensures gm ∈ C2.

2. Analytical Method: Again, using measured (simulated) current waveforms, express gd as

a closed-form function in C2, in terms of an unknown parameter set. Using a nonlinear

numerical optimization method, determine the best-fit parameters which minimize a distance

metric of the error between predicted and measured (simulated) current magnitudes and

phase angles ( [48]).

In the validation studies described ahead in chapter 8, the empirical method was used to determine

gd. Therein, experimental observation indicated that the current magnitude ‖Ĩd,1,h‖ for the device

under study were most influenced by the harmonic number h and device input power Pin,d,1. Fig-

ures 4.5 and 4.6 show surface plots of the current magnitude and phase angle, respectively, of a

power-electronic converter (Power Supply 3, see section chapter 8).

As shown in Figure 4.5 the magnitude of the measured current harmonics can be described

as a generally smooth and “well-behaved” function of harmonic number itself and input power.

Figure 4.6, indicates that the current phase angle is generally a function of harmonic number only.

Chapter 7 is dedicated to the harmonic behavior models for nonlinear converters. It describes

proposed models for DBFs and a parameter estimation procedure for the models.
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Figure 4.5: Surface plot of harmonic current magnitude variation with harmonic number and real power at

h = 1.
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Figure 4.6: Surface plot of harmonic current phase angle variation with harmonic number and real power

at h = 1.
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4.4.2 Converter Loss Modeling

To enforce power balance for nonlinear devices in the network, it is necessary to model and

characterize device losses. The average real power into device d, measured at port p = 1, is given

in (3.10). The average real power out of device d, measured at port p = 2, denoted Pout,d,2 is given

as:

Pout,d,2 = −
∑

h∈H

Re{Ṽd,2,hĨ
∗
d,2,h} (4.9)

The relationship between average real input power, output power and power losses used herein

expands upon the work in [49] [50] and is expresses in the form:

Pin,d,1 = Pout,d,2 +

Ploss,d︷ ︸︸ ︷(
β1 + β2Pout,d,2 + β3P

2
out,d,2

)

= Pout,d,2 + fℓ(Pout,d,2;βd)

where Ploss,d is the average real power loss in the device, fℓ(·) is the loss function, and vector

βd contains parameters for the device β1d,i ∈ R, i ∈ {1, 2, 3}.

Use of (4.10) with fitted parameters has been shown to yield reasonable accuracy when com-

pared to measurements for a variety of devices [49] [50]. However, the model suffers from the

drawback of not adequately representing the power relationship at low power levels for some de-

vices; for example, this discrepancy can arise if the device enters a “stand-by” or power saving-

mode when the converter is operating at no load. This is observed in high power rated power

supplies that might have a more sophisticated control circuit. To account for this behavior, this

research proposes a “two-state”power loss function expressed as:

fℓ,2s = λPsb,d + (1− λ)fℓ(Pout,d,2;
¬

β), (4.10)

where Psb,d is the stand-by power of device d, scaling parameter λ is defined as:
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λ :=





min(Pout,d,2)− Pout,d,2

min(Pout,d,2)
, Pout,d,2 ≤ min(Pout,d,2)

0, Pout,d,2 > min(Pout,d,2)

(4.11)

where min(Pout,d,2) is the minimum measured output power of the device when it is not oper-

ating in stand-by mode; vector
¬

βd are the fitted loss parameters for the function fℓ in (4.10) after

removing measured powers less than min(Pout,d,2). Assigning βd,0 = min(Pout,d,2) and collect-

ing parameters in vector β′
d = [βd,0 |

¬

βd]
T , the power relationship for the nonlinear devices is

expressed as:

Pin,d,1 = Pout,d,2 + fℓ,2s(Pout,d,2;β
′
d)

= f(Pout,d,2;β
′
d)

(4.12)

Herein, Pin,d,1 = f(Pout,d,2;β
′
d) denotes the modified two-state power relationship, with ad-

justed loss parameters β′
d, for all devices d ∈ Dnℓ. Identification of the best-fit loss parameters βd,i

can be determined using a numerical fitting procedure to minimize the error between the measured

and predicted power loss according to (4.12). An example curve for an AC/DC converter using

linear-least squares is shown in Figure 4.7.

As shown in Figure 4.7, power loss measurements (black dots) at output powers less than

min(Pout,d,2) = 100 [W] do not fall along the same polynomial curve as measurements at higher

power levels. Therefore, the curve obtained from fℓ in (4.10) using best-fit parameters with mea-

surement points (red dashed line) results in noticeable discrepancy at low power levels. On the

other hand, using the fitted curve fℓ,2s in (4.10), the error in the modeled loss is improved, particu-

larly at lower power levels.

4.4.3 AC/DC Converters

To model AC/DC converters (“rectifiers”), power balance and internal loss modeling were cal-

culated in this research using (3.11) and (3.10)-(4.6). Since these are nonlinear devices, harmonic

currents on the input side of each component (designated as port p = 1 below) are computed from
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Figure 4.7: Comparison of two-state loss model (blue, solid) to uncorrected loss model (dashed, red); power

loss measurements are shown as black dots.

(3.9). In the validation studies shown later in chapter 8, a simplified form of (3.9) was used, i.e.,

gd was assumed to be parameterized function of harmonic number, output power, and fundamental

input current only, which can be written as:

Ĩd,1,h = gd(h, Pin,d,1, Ĩd,1;γd), ∀h > 1 (4.13)

In addition, there are three constrain equations for the rectifier: DC input current is zero

(Ĩd,1,0 =), DC output voltage is regulated (Ṽd,2,0 = VDC), and AC output voltage is zero (Ṽd,2,h =

0, ∀h > 0). Thus, the rectifier component specifies on equation for power balance, H − 2 equa-

tions for input current, one equation for the input DC current constraint, and H equations for the

output voltage constraints, yielding 2H equations in total. Moreover, the equations have been spec-

ified such that for each harmonic h there are exactly two independent variables and two dependent

variables.
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4.4.4 DC/DC Converters

As with AC/DC converters, port p = 1 is designated as the input port and port p = 2 as the

output port. DC/DC converter losses are modeled using (4.10). In addition, DC/DC converters

have the following constraints: AC input current in zero (Ĩd,1,h = 0, ∀h > 0), DC output voltage

is regulated (Ṽd,2,0 = VDC), and AC output voltage is zero (Ṽd,2,h = 0, ∀h > 0). This yields one

equation for the AC input current constraints, and H equations for the output voltage constraints,

for a total of 2H equations.

4.4.5 DC/AC Converters

DC/AC converters (“inverters”) are modeled as voltage-source devices with a regulated (fixed)

output voltage spectrum: Ṽd,2,0 = 0 and Ṽd,2,h = ṼAC,h, ∀h > 0. (For a perfectly regulated inverter

without switching harmonics, Ṽd,2,1 = ṼAC,1 and Ṽd,2,h = 0, h 6= 1.) Inverter losses also follow

(4.12). Finally, inverter AC input current is zero (Ĩd,1,h = 0, ∀h > 0). This yields one equation

for power balance, H − 1 equations for the AC input current constraints, and H equations for the

output voltage constraints, again for a total of 2H equations.
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Chapter 5

Application of HPF on an Example Circuit

The modeling concepts described in Chapter 3 are applied on an example AC electrical distri-

bution system. Consider the system shown in Figure 5.1 that consists of an AC voltage source and

a nonlinear load connected via a series impedance Z1. An impedance Z2 is acting as a terminal

load impedance. The example is chosen as it is simple to implement and at the same time complex

enough to capture and illustrate salient aspects of a Harmonic Power Flow formulation. Some

of the salient features are: harmonic modeling of an AC electrical distribution system, nonlinear

device modeling, Harmonic Power Flow in a fully coupled system, and port network modeling

theory. The nonlinear load is modeled as an AC/DC converter that draws power Pout (shown in the

figure).

V

Z1 Z2

g(·)

Pout

Figure 5.1: Example nonlinear network.

5.1 Network Modeling

Figure 5.2 shows the annotated form of the figure in 5.1. The devices are enumerated from left

to right and top to bottom. The network consists of two subgraphs, g = 1 and 2. Z1 is modeled as

two-port series impedance, and Z2 and nonlinear load g(·) is modeled as a one-port device. Given

that the system has a total of E = 5 edges, therefore, for a harmonic power flow formulation with

H harmonics, the system will need a total of 10H equations to fully describe the system.
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d = 1

V
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Z1
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Z2
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g(·)
Pout,4

Ĩ1,1,h Ĩ2,1,h
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+

−
Ṽ1,1,h

+

−
Ṽ2,1,h

Ĩ2,2,h Ĩ3,1,h

+

−
Ṽ2,2,h

+

−
Ṽ3,1,h

Ĩ4,1,h

+

−
Ṽ4,1,h

g = 2

Figure 5.2: Example nonlinear network annotated using the network theory from Chapter 3.

Writing KCL and KVL equations for all subgraphs. For subgraph g = 1,

Ṽ1,1,h = V2,1,h (5.1a)

Ĩ1,1,h = −Ĩ2,1,h (5.1b)

For subgraph g = 2,

Ṽ2,2,h = V3,1,h (5.2a)

Ṽ4,1,h = V2,2,h (5.2b)

Ĩ2,2,h = −Ĩ3,1,h − Ĩ4,1,h (5.2c)

Writing “connection” equations for the one- and two-port devices. Voltage source V is an input

source. The input to the voltage source is a complex valued vector ṽ = [ṽ1, ..., ṽH ], h ∈ H.

Ṽ1,1,h = ṽh (5.3)
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Device d = 2 is the line impedance Z1, therefore, using series impedance relation for a two

port series impedance:

Ṽ2,2,h = V2,1,h − Ĩ2,1,hZ1(h) (5.4a)

Ĩ2,1,h = −Ĩ2,2,h (5.4b)

Impedance Z2 (device d = 3) is one-port impedance, therefore,

Ṽ3,1,h = Ĩ3,1,hZ2(h) (5.5)

Nonlinear harmonic load is modeled as a controlled current source. The device model is written

as a complex valued function (see 4.4).

Ĩ4,1,h = g4(h, Pin,4,1, Ṽ4,1,h,γ4) (5.6)

When combined with the KCL and KVL equations from above, it gives 10H equations for

10H unknowns. Note that these equations are for the linear network. For a fully coupled harmonic

power flow solution, we need to define a power balance equation for the nonlinear load. The power

balance ensures that the total real power entering into the nonlinear load (real AC power drawn by

the load) is equal to the sum of real power computed for all harmonics in the system, which is

given as,

Pin,4,1,1 = f1(Pout,4;α1)−
∑

∀h∈H\h1

Ṽ4,1,hĨ
∗
4,1,h (5.7)

This adds an additional equation and an unknown variable Pin,4,1,1, real power into device

d = 4, in port p = 1, at fundamental frequency h = 1 (1st harmonic). The total equations are
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therefore 10H + 1. These equations can be reduced by simple substitution and the final system

equation are:

Z1(h)Ĩ1,1,h − Ṽ4,1,h + Ṽ1,1,h = qc1 = 0 (5.8a)

Z2(h)Ĩ3,1,h − Ṽ4,1,h = qc2 = 0 (5.8b)

Ĩ4,1,h − g4(h, Pin,4,1, Ṽ4,1,h;γ) = qc3 = 0 (5.8c)

Ĩ1,1,h − Ĩ3,1,h − Ĩ4,1,h = qk1 = 0 (5.8d)

Pin,4,1,1 +
∑

∀h∈Hp̄

Ṽ4,1,hĨ
∗
4,1,h − f1(Pout,d,2;α1) = qp1 = 0 (5.8e)

For simplicity, the nonlinear load is assumed to be lossless. Therefore, the output DC power

drawn by a load is equal to input AC power, or, Pin,4,1 = Pout,4,2. Once again, for simplicity, the

nonlinear load device behavior is modeled as follows,

g‖·‖,d(h, Pin;γ‖·‖) =
Pin

γ1
e−γ2h, ∀h ∈ H\h1 (5.9a)

g∠·,d(h;γ∠·) = γ3 + γ4h, ∀h ∈ H (5.9b)

The load magnitude is be modeled as a decaying exponential function of the harmonic number.

The phase angles are modeled as a straight line (as a function of harmonic number h) by “unwrap-

ping” the phase angles. Defining device model parameter vector (for device d), γd = [γ‖·‖ γ∠·],

where γ‖·‖ is the parameter vector for magnitude model and γ∠· is the parameter vector for phase

angle model, respectively. Function g4, and the underlying equations is explained in detail in

Appendix A.
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5.2 Solving the Network

The equations in (5.8) are complex valued. To solve the system using an iterative solver, the

equations are rewritten in polar form and split into real and imaginary parts. The resulting state

variables for the system of equations can be written in the form of a state vector as:

x =

[
‖Ĩ1,1,h‖ ∠Ĩ1,1,h ‖Ĩ3,1,h‖ ∠Ĩ3,1,h ‖Ĩ4,1,h‖ ∠Ĩ4,1,h ‖Ṽ4,1,h‖ ∠Ṽ4,1,h Pin,4,1

]
(5.10)

Therefore, the total number of equations in the system are, 8H + 1. These set of nonlinear

equations can be solved using an iterative root finding algorithm. Newton Raphson (NR) is a

popular algorithm that is widely used as it is easier to implement and the convergence is fast, given

the problem is setup correctly with the right starting conditions.

The NR algorithm requires the computation of the system Jacobian. The Jacobian can be found

using analytical techniques (symbolic math operations) or numerically. The example system was

implemented and simulated in MATLAB. The MATLAB scripts and accompanying functions are

listed in Appendix B.1. The system was simulated using the analytical and numerical Jacobian

techniques, with both approaches resulting in convergence. The MATLAB script included in the

appendix relies on numerical Jacobian.

The system was simulated for harmonics,H = {1, 3, · · · , 19}, h ∈ H. For the system, H = 10

and the system contains only one nonlinear load, therefore, the resulting system Jacobian matrix is

81 × 81. System circuit parameters are as follows: ṽ1 = 120 V, ṽh = 0 V for h 6= 1, Pout,4,2 = 1

kW, , γ1 = 71.1, γ2 = 0.2627 × 10−2, γ3 = −0.4261, γ4 = −0.18722, Z1(h) = 0.8 + j0.008hΩ

and Z2(h) = 25 + j0.301hΩ, ∀h ∈ H. Convergence parameter ǫ for the NR update equation was

set to 1× 10−3.

For a successful convergence in Newton Raphson technique, the start values of the unknown

state variables must be close to the final solution. Current values in terminal load devices can be

obtained from the simple power calculation. In a practical electrical distribution, the wiring losses
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are low and therefore the voltage drop can be neglected. Voltage values of such devices can there-

fore set by specifying a nominal voltage value of the input voltage source. In case of a multiphase

system, the nominal value of the voltage must also specify the phase angle that corresponds to the

phase. Series impedance devices does not need an initialization value and can be set to zero.

Start values for the unknown state variables are set as follows: ‖Ĩ1,1,h‖ = 0, ∠Ĩ1,1,h = 0,

‖Ĩ3,1,h‖ = 0, ∠Ĩ3,1,h = 0, ‖Ĩ4,1,1‖ = Pout,4/120, ‖Ĩ4,1,h‖ = 0 for h 6= 1, ∠Ṽ4,1,h = 0, ‖Ṽ4,1,1‖ =

120, ‖Ṽ4,1,h‖ = 0 for h 6= 1, ∠Ṽ4,1,h = 0, and Pin,4,1,1 = Pout,4,2

The system converged to the final solution in 23 iterations. Final converged values for the sim-

ulated magnitude and (unwrapped) phase angles of the current through port 1, device 4 (nonlinear

load) of the example circuit are shown in Figure 5.3.
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Figure 5.3: Simulated current magnitude at harmonics through branch 1 (top) and current phase angle at

harmonics (bottom).

As can be seen in Figure 5.3, there is an exponential decay in the magnitude of the input port

(device d = 4) current and increase in the phase angle as the harmonic number increases, as

expected from the device specific behavior model defined in (5.9).
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Chapter 6

Software Implementation: Modeling Toolkit

The harmonic power flow modeling framework described in the Chapter 3 gave an insight into

the underlying mathematical framework of a harmonic power flow analysis. The preceding chap-

ter describes an example system that was implemented in MATLAB and showed application of

harmonic power flow analysis, solved using the Newton-Raphson technique. The numerical ex-

ample requires user to manually setup the system equations and implement the solver. Such an

implementation is not generic and therefore, not practically scalable to larger systems. Therefore,

the requirement is to have a generic harmonic power flow analysis tool that can be easily scaled to

larger systems and should be able to perform harmonic power flow analysis on multiple phase un-

balanced systems. This chapter describes a harmonic power flow analysis framework implemented

in a systems modeling language called Modelica.

6.1 Modelica: A Systems Modeling Language

Modelica is an object-oriented, equation based language for modeling and simulation of sys-

tems. Modelica was chosen for this research because it is an open source language and provides the

ability to create functional mock-up units (FMUs) [51] [52], both of which enhance the speed and

ease of integration with existing software toolkits (developed under previous Department of Energy

funded efforts). Component models for physical systems are defined using the Modelica language.

A complex interconnected system can then be built by describing relationships between models

and therefore allows the user to build a complex system with various interacting components. The

focus of the language is on modeling the system, and describing the behavior and interaction of

underlying component models. The task of actual system simulation and solving of the differential

and algebraic equations is left to the Modelica compiler. The language itself is freely available

and standardized by the Modelica Association [53] and therefore, Modelica ‘libraries’(collection

of models and components written in Modelica) can be run on any Modelica tool [54].
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Basic building block in Modelica is the model class. Model behavior is defined in the equation

section that describes the relation between mathematical entities. Unlike imperative programming

languages, equality operator = is not an assignment operator. The equality operator has similar

meaning as in a mathematical expression. This greatly simplifies the modeling of a system as the

user is dissociated from the underlying solver implementation and can focus on system behavior

description. This approach has immense implications, especially in power flow analysis. Assum-

ing we have defined the voltage (v) and current (i) relation for a two pin model, the task of solving

for voltage and current in a resistor (v = i*r) is straightforward and can be done using a linear

matrix inversion technique. For a power flow simulation, the equation section can be defined as

p = v * i. The Modelica compiler can detect if the defined relation constitutes a linear or a

nonlinear relationship and based on that, it can call the appropriate solver (e.g. linear matrix solver

or a nonlinear iterative numerical solver).

The library has several advantages over any previous implementations of harmonic power flow.

Conventional power flow analysis techniques, and its derivatives, such as the harmonic power flow

use the admittance matrix approach to construct a system representation [30]. System interconnec-

tions are devised using a node indexing scheme and an admittance matrix is constructed. These

power flow techniques are based on a nonlinear iterative solver such as the Newton-Raphson solver

(NR) algorithm. The power flow formulations exploit the structure of the admittance matrix and

the NR technique to come up with a set of equations that can then be used to solve for the system.

There are several downsides to this approach, such as, difficulty in scaling to larger systems, inte-

grating new device models require significant user effort, lack of standardized notation and use of

different programming languages result in vastly different implementations that lead to difficulties

in knowledge exchange.

Modelica lends itself to be highly useful for modeling and simulation of power flow problems.

A power flow formulation consists of various interconnected devices, such as voltage sources, line

impedances, and loads. In Modelica, the device behavior is defined using mathematical relations.

System interconnects are defined using specialized connector class. This approach puts the focus
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of the user on actual system representation and modeling system behavior. The actual task of

generating system representation for the purpose of computations is left to the Modelica compiler.

The advantages offered by an equation based language in modeling a power flow formulation

is reflected in the fact that an example power flow formulation was implemented in the original

equation based modeling language [55]. The proposed language was a precursor to the modern

Modelica language.

It is worthwhile to mention other Modelica libraries for Modeling electrical distribution sys-

tems. Modelica Standard Library includes a phasor based steady state simulation (at fundamental

frequency) library called Modelica Electrical QuasiStationary library [56]. The library can simu-

late stead state systems using phasors but does not have device models for a power flow analysis.

The Modelica PowerSystems Library [57] is a full-fledged library for fundamental power flow

analysis. The library contains a wide variety of device models for modeling a power system. Mod-

elica Buildings Library [58] has a rich suite component models for electrical distribution system

simulation.

6.2 Component Library

The toolkit library is defined in a Modelica package class named HPF. All components are

referenced using this package name. Components in the toolkit are organized by groups and their

logical interconnections. This grouping specifies an equipment hierarchy which is used to inter-

nally reference components and their interconnections and to aid users in searching and displaying

available components. The hierarchy includes:

• Sources: single and three-phase AC voltage sources, DC voltage sources.

• Sensors: measurement sensors for voltage, current, power, and data probes.

• Transformers: single and three-phase AC transformers.

• PowerConverters: power electronic converter models such as AC to DC rectifiers, power

supplies, and other MELs.
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• Loads: various loads, such as electrical motors, heaters and generic AC and DC loads.

Figure 6.1 gives an overview of the library.

HPF

UsersGuide

ExternalInterface

SystemDef

Examples

Basics

SimpleHarmonicLoad

AC2DC Converter

ModelingValidation

MATLABVerification

SinglePhase

Sources

Sensors

DC

Cables

Transformers

PowerConverters

Loads

Utilities

Data

Figure 6.1: Partial expanded view of Modelica toolkit library as seen in a Modelica environment, showing

various library component models and constituent packages.

Basic circuit elements for constructing a single phase distribution can be found in SinglePhase

package. Examples package includes examples on a basic harmonic power flow implementation.

Data package contains data files and Modelica records for device models.

Components associated with nonlinear devices which contribute harmonic content in the sys-

tem, such as power electronic converters, are modeled according to their nonlinear voltage vs.

current harmonic relationship, as described in chapter 3. Purely AC and DC loads are modeled as

lumped devices. Users manually set the parameters and/or power usage of the device as fixed input

parameters. Also included in the toolkit library are simplified DC/DC converter models which
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are based on device efficiency curves. These converter models compute an output power estimate

based on input power as described in [59].

6.2.1 Component Connections

As a model-based simulation language, variables in Modelica represent data flow within the

modeled system. In a conventional fundamental power flow simulation, complex variables are

used for current and voltage (frequency is constant). In the toolkit developed in this work, fre-

quency harmonics in the system are represented using vectorized variables, where elements of

these vectors contain the ordered voltage current harmonics.

The Modelica language specification defines a special class for defining terminals called

‘connector’. The toolkit utilizes this class to define a connector class referred to as a ‘harmonic

pin’ as follows:

1 connector hPin

2 parameter Integer h = 1;

3 Complex v[h];

4 flow Complex i[h];

5 end hPin;

In the code above, the connector is defined with variable hPin. The connector class variables

are a vector of Complex type; voltage is represented by complex variable array v of size h;

similarly, flow variable i represents current. The size of the harmonic connector is set by the

parameter h, that is passed to the underlying voltage and current variables. When utilized in

a component, the connector class object defined above simplifies the manipulation of complex

voltage and current harmonics at all nodes and branches of the system.

The parameter h is a systemwide variable that sets the maximum number of harmonics H in the

simulation. A typical simulation can have any number of device models built using the harmonic

pin connector, therefore the connector parameter h is defined on a system wide level using a global

class SystemDef, shown in the Figure 6.1. The parameter is inferred from another global variable

defined in the SystemDef class, called hrms. The hrms variable sets the harmonics to be
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simulated in a system. For example, in a system with symmetric steady state waveforms, one can

omit the even harmonics. In such a system, the harmonics vector (e.g. the first 5 odd harmonics)

will be defined as, hrms = {1,3,5,7,9}.

The flexibility provided by the global variables has huge implications on a simulation model

in harmonic analysis. The size of the harmonics vector determines the level of accuracy of a

harmonics simulation. A simulation with a large number of harmonics can result in a system

that is substantially large, resulting in convergence issues. Therefore, by setting the harmonics

vector, user can strike a balance between accuracy and system stability in regard to computational

resources.

6.2.2 Component Models

The partial class twoPinBase defines a base class that establishes relations between the two

pins of a two terminal device. To model an electrical element, the partial class is ‘extended’ and

the variables defined in the partial class are then used to model the device characteristics as:

1 partial model twoPinBase

2 outer SystemDef systemDef;

3 hPin pinP[systemDef.numHrm];

4 hPin pinN[systemDef.numHrm];

5 Complex v[systemDef.numHrm];

6 Complex i[systemDef.numHrm];

7 equation

8 pinP.i = pinN.i;

9 i = pinP.i;

10 v = pinP.v - pinN.v;

11 end twoPinBase;

In the code above, the first line creates the partial class twoPinBase. The second line creates

an object of the SystemDef class that defines system wide parameters. The terminal pins are

created in the outer section. The equation section defines the relation between variables of

the two pins, which also enforces conservation of flow (currents) throughout the model.
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Circuit elements are then created as follows. First, a complex ‘base’ impedance Z is specified

at the fundamental frequency (i.e., associated with harmonic h = 1). Impedance at harmonic h

is then computed as Z(h) = Re{z} + jh Im{z}. An example for a resistive-inductive element is

shown below:

1 model Impedance

2 extends twoPinBase;

3 import Modelica.ComplexMath.j;

4 parameter Complex z "Impedance, R + jX";

5 equation

6 v = i .* (z.re + j.*z.im.*(systemDef.hrms));

7 end Impedance;

In the code above, the model inherits the vector of hamonics systemDef.hrms de-

fined in the systemDef block; j is the imaginary unit (imported from Modelica Std Li-

brary, defined as, final constant Complex j = Complex(0,1)), .re and .im are

the real and imaginary operations, respectively, defined in the Modelica Standard Library

(Modelica.ComplexMath.j).

Associated with all components is a graphical two-terminal icon, illustrated for a simple

impedance element in Fig. 6.2.

Z

name

Z = z

Figure 6.2: Graphics layer showing internals of AC/DC converter.

In Fig. 6.2, name refers to the annotation (name of the object of class Impedance) for the

model when included in a simulation. Values for the base impedance are set by the variable z

by clicking on the icon (in a graphical tool), or by passing value to the parameter (for an object of
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class Impedance) in the Modelica code. Similarly, all the basic circuit elements can be constructed,

namely, Resistor and Capacitor.

Converters are modeled as two port devices. An example of a two-port device model created

in the toolkit, Figure 6.3 shows the graphics layer of an AC/DC converter, where left side of

the component is the “input” port, consisting of AC harmonic voltage and currents. The input

port is modeled in the form of an extended loadBase class, which itself is extended from the

twoPinBase one-port base class described above. The right side of the component in Figure 6.3

is the “output” port, representing the DC side of the converter. The DC side is a controlled DC

voltage source, which can be connected to other DC devices in the network.
v
D
C

V
=
V
_
R
e
c
t

lo
a
d
B
a
s
e

pin_p

pin_n

hPin_P

hPin_N

Figure 6.3: Toolkit icon for an impedance element.

The Modelica code below shows a partial listing of the underlying component objects in the

AC/DC converter model. Relations defining the harmonic power flow, corresponding to the device

model described in section 4.4 are defined in the equation section. (See toolkit source code for

the complete Modelica code.)

1 model ACDC_converter "AC to DC converter"

2 outer HPF.SystemDef systemDef;

3 import Modelica.ComplexMath.j;

4 Modelica.Electrical.Analog.Interfaces.PositivePin pin_p;
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5 Modelica.Electrical.Analog.Interfaces.NegativePin pin_n;

6 HPF.SinglePhase.Interface.HPin_P hPin_P(h = systemDef.numHrm);

7 HPF.SinglePhase.Interface.HPin_N hPin_N(h = systemDef.numHrm);

8 Modelica.Electrical.Analog.Sources.ConstantVoltage vDC(V = V_Rect

);

9 HPF.SinglePhase.Interface.LoadBase loadBase;

10 ...

11 equation

12 ...

13 end ACDC_converter

Benefits of an object-oriented modeling language is most evident in the modeling of the three-

phase transformer. The model illustrates model reuse concept that is central to the Modelica lan-

guage. The three-phase transformer model begins with a single-phase ideal transformer that is used

to build a harmonic T-model that models primary, secondary and core losses using basic harmonic

circuit elements. Figure 6.4 shows the model of a three-phase delta-wye transformer (A) and the

underlying models. (A) shows the graphics layer with the interfacing harmonic connector objects

for the primary and the secondary side. The three-phase transformer model is built by creating three

objects T1, T2 and T3 of the model class HPF.Transformers.SinglePhase.TModel

shown in (B). Similarly, the model uses an object from ideal transformer model (shown in (C)).

6.3 Initialization

Harmonic power flow analysis is a nonlinear system and therefore requires an iterative numer-

ical solver. For numerical solvers such as Newton-Raphson, convergence is guaranteed only if the

solution is close to an initial starting point. Therefore, a fair amount of effort goes into ensur-

ing proper initializations for the solver. Modelica has a provision to specify initial conditions for

component models at the beginning of a simulation. Each variable in Modelica can be assigned a

start attribute that is used to set the initial value. The start value, by default, is a suggested value

for the solver. A solver, in the initialization phase, may choose to set a different start value. User
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Figure 6.4: Three-phase transfomer model (A) from the library along with constituent models for T-model

(B) and ideal transformer (C).

can override the solver suggest start value by setting the fixed attribute to true. As an example,

real power at h = 1 for a nonlinear load is defined as follows:

Real P(start = 1000, fixed = true) "Real power";

Start values in models are set by setting ‘Nominal’ variable values. User can either choose to

leave the nominal value unchanged or override the default options by manually specifying the start

values. The values are accessible via the device model icon dialog box. All single port devices,

such as a resistor, have an initialization tab to manually specify start values to the underlying

voltage and current variables. This is useful in scenarios that encounter convergence issues not

remedied by component nominal values.

6.4 System Solver

As a physical system modeling language, Modelica insulates user from the underlying solver

implementation, allowing user to focus on modeling system behavior. Solving of system equations

as described by the language is offloaded to the underlying Modelica compiler.
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Every variable in Modelica is time-stamped by default. For a linear system comprising of

ordinary differential equations, Modelica solves the system using numerical integration. However,

harmonic power flow is a nonlinear algebraic problem and therefore requires an iterative nonlinear

solver. Given a defined nonlinear algebraic system, Modelica compiler chooses from among its

installed iterative root-finding algorithms to solve the system. Newton-Raphson solver, a popular

nonlinear solver, is installed by default in Dymola and OpenModelica.

In the work described here, the library was used to compute steady-state solutions for volt-

ages and currents needed for estimation of steady state device and system efficiencies. However,

because Modelica variables are time-stamped, the toolkit can be called sequentially to simulate

quasi-static, time-varying loading conditions (i.e., a series of steady state solutions which neglect

transient effects), such as hourly load variations in a building over a 24-hour time period.

6.5 Solution for Example System

To validate the Modelica implementation of the toolkit, in particular to verify harmonic injec-

tions arising from nonlinear circuit elements, solution of the example circuit described in chapter

5 was performed and is discussed in this section.

The graphical representation of the electrical network in Figure 5.1 using the toolkit is shown

in Figure 6.5. System simulation parameters are defined in a top-level block called ‘System Setup’

which assigns variables within the SystemDef class. For the example simulation, the system

parameters were set to: hrms = {1, 3, . . . 25} (harmonics to be simulated); fFund = 60Hz (fun-

damental frequency); fSamp = 5 × 103 Hz (sampling frequency when visualizing time-domain

waveforms). The nonlinear load device is modeled using the component block ‘load’. Values for

the base line impedance (Z01) and base load impedance (Z12) are are as displayed in the figure.

Convergence parameters for the iterative solver was set to 1×10−3. The equivalent Modelica code

for the system shown in Figure 6.5 is listed in Appendix B.2.1. Initialization procedure for an it-

erative numerical solver requires proper start values for the system-wide unknown state variables.
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In the example system, start values for the nonlinear load and the impedance Z2 are set by passing

a vector to variable start_v_re.

Load model in Modelica

Modelica code for the load model load is listed in Appendix B.2.2. Lines 25-28 correspond

to the device harmonic spectra model described in (5.8). Line numbers 19-21 correspond to the

power balance over all harmonics, (5.8e).

Harmonics=

Fundamental=60 Hz

System Setup

{i for i in 1:2:19}

Sampling Freq=5e3 Hz

g(.)

load

Z
Z1

Z = 0.8 + 0.008*j

Z
Z2

Z = 25 + 0.3013*j

ground

V
0

Figure 6.5: Graphical representation of example system within toolkit.

Simulation results

During the model ‘flattening’ procedure, the Modelica compiler generates a flattened model

with equations for each harmonic. In this example, the flattened model generated 618 equations

in both Dymola and OpenModelica. In Table 6.1 the toolkit output is compared to MATLAB.

As shown in Table 6.1, the toolkit correctly computed the current harmonics and phase angles for

the nonlinear system, to four decimal places, compared to the scripted MATLAB solution. Total

simulation time for the toolkit to solve the system was 1.6ms; solution using scripted MATLAB

required 104.0ms. The solver converged to the final solution in 20 iterations
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Table 6.1: Simulation output comparison on nonlinear example problem: Toolkit vs. Scripted MATLAB.

Toolkit MATLAB

h ‖Ĩ4,1,h‖ ∠Ĩ4,1,h ‖Ĩ4,1,h‖ ∠Ĩ4,1,h

1 10.6526 -0.3973 10.6526 -0.3973

3 6.7418 2.8922 6.7418 2.8922

5 3.9866 0.7564 3.9866 0.7564

7 2.3573 -1.3795 2.3573 -1.3795

9 1.3939 2.7679 1.3939 2.7679

11 0.8243 0.6320 0.8243 0.6320

13 0.4874 -1.5038 0.4874 -1.5038

15 0.2882 2.6435 0.2882 2.6435

17 0.1704 0.5077 0.1704 0.5077

19 0.1008 -1.6281 0.1008 -1.6281
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Chapter 7

Nonlinear Device Behavior Modeling

In chapter 4.4.1 (chapter 4), device-specific behavioral functions (DBFs) were approximated

using linear interpolation based on device measurements; the interpolated values were computed

iteratively at each step in the HPF solver routine. However, it is desirable to obtain closed-form

parameterized DBFs for common power-electronic devices, to obtain faster evaluation of the func-

tions and their derivatives, the latter of which are used in common HPF solvers that iteratively

compute numerical matrix Jacobians of the system equations. This chapter describes a procedure

for determining closed-form parameterized device-specific behavioral functions described by non-

linear AC/DC rectifiers. These models are intended for use in HPF-based numerical modeling

packages such as BEEAM.

7.0.1 AC/DC Converter Harmonics

In the simplest form, an AC/DC converter consists of a single phase line-commutated diode

bridge rectifier and a filter capacitor that smooths the voltage ripple. Some rectifiers include addi-

tional voltage regulation electronics, often in the form of a DC/DC conversion stage. A notional

circuit is depicted in Figure 7.1 .

−

+

vin

r1 L1

C1

L2

C2 RL

Voltage
Controller

S
vout

v∗dciin

iout

Figure 7.1: Notional rectifier with output DC voltage regulation.
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In Figure 7.1, vin and iin are the input AC voltage and current respectively; vout and iout are

the output DC voltage and current, respectively; r1 and L1 are input resistance and inductance,

respectively; C1 and C2 are filter capacitors; L2 is a filter inductor for the DC/DC converter; RL

is the output load resistance. Feedback control is depicted by the “Voltage Controller” block, that

does voltage regulation by measuring output voltage and setting the DC/DC converter duty cycle.

The filter capacitor C1 in Figure 7.1 provides a degree of initial voltage ripple smoothing on the

output of the diode bridge. As a consequence of C1, the diodes in the bridge conduct only when

the voltage across C1 is below forward voltage of the diodes. This results in the bridge conducting

for a limited duration over half of an electrical cycle, which results in significant current waveform

distortion as shown previously in Figure 2.2.

In HPF formulations, nonlinear devices, such as rectifiers, are modeled as current source injec-

tions at odd harmonic frequencies. One technique for introducing current injections into a simu-

lated electrical networks is using fixed injection spectra. This modeling technique relies on an AC

current measurement of the nonlinear device under a fixed (e.g., rated) load. The measured injec-

tion spectra from this measurement are then used to model the nonlinear device as current sources

with amplitude and phase angles determined by the spectra obtained by the single measurement.

However, a drawback to this approach is that the injection spectra are a function of the device

input power [3]. Figure 7.2 illustrates the relationship between rectifier input current (top) and the

magnitude of the current harmonics (bottom) on the output power for an experimental rectifier.

The figure shows that increasing power levels result in not only higher peak currents, but also

a widening of waveform and shift in the location of waveform peaks. This indicates that harmonic

spectra obtained from measurements at a single operating point cannot be scaled linearly and the

harmonic content of the waveforms exhibit a nonlinear relationship with device power.

Several other factors determine the harmonic spectra of current drawn by rectifiers, which can

vary depending on the rectifier design and modes of operation. For instance, the values of the

fixed parameters in Figure 7.1, the type and nature of additional voltage conditioning and/or power

factor correction circuits (if they exist) and their control strategy, etc., may impact the shape of the
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Figure 7.2: Rectifier input current waveform (a) and equivalent harmonic magnitudes (b) vs. power level.

current waveform. In practice therefore, commercial rectifiers can exhibit vastly different harmonic

spectra.
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The empirical harmonic model for the AC/DC converter presented in chapter 4 is a refinement

over the fixed injection spectra method as it approximates the nonlinear behavior of rectifiers using

measured harmonic spectra at varying power levels. The empirical models the converter harmon-

ics by assuming locally linear behavior about an operating point (determined by the harmonic

number and converter operating power), and estimating the current harmonic and phase angles by

interpolation between their nearest measured values.

Figures 4.5 and 4.6 show that the current harmonics exhibit a nonlinear relationship with

the harmonic number and the input power; however this behavior displays a reasonably “well-

behaved” and smooth contour when plotted with respect to these two dimensions.

Despite the improvements in accuracy using interpolation versus fixed harmonic spectra ap-

proach, this method also presents several drawbacks that can be improved by developing closed-

form parameterized DBFs to represent nonlinear device behavior. First, performing interpolation

is less computationally efficient than closed-form function evaluations. Second, network equation

solvers often make use of matrix Jacobians by evaluating numerical derivatives; it is advanta-

geous to develop DBFs with closed-form, smooth first derivatives. Third, using the interpolation

approach is limited to the specific devices that can be measured; it is desirable to obtain parame-

terized DBF models that are representative of a range of devices. The next section describes the

proposed model.

7.1 Device-specific Behavioral Function Models

This section describes the proposed device specific behavioral function models. Behavioral

model parameters are contained in the parameter vector defined as:

γ =
[
γ1, γ2, ...

]
(7.1)
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7.1.1 Harmonic Magnitude Model

The converter AC side current harmonic magnitudes are modeled using a logistic function. The

logistic function belongs to the sigmoid function family. Some of the desired characteristics of the

function are, monotonically decrease to zero, as, lim
x→∞

f(x) = 0. This characteristic is desired

because most of the harmonic content is present in the lower five or six odd harmonics and the

magnitudes eventually decay to zero. Other desirable characteristics are, a sigmoid type decay, the

ability to set the max value (this corresponds to the fundamental harmonic), and the ability to set

the rate of decay. A generic sigmoid function has the following form,

f(x) =
a

b− e−cx
(7.2)

The sigmoid function in one variable can be extended, from a two-dimensional function in one

variable to a three dimensional function in two variables, by parameterizing the function along y

axis. An important feature that a candidate model must capture is the sigmoid type decay in the

harmonic magnitude as a function of the converter power. The decay is controlled by parameter c

in (7.2). This feature is modeled by replacing c with an exponential function that is the function of

converter power. Proposed model for the converter device specific behavior is given as:

‖gd(h, Pd,1;γ)‖ =
γ1Pd,1 + γ2

γ1Pd,1 + γ2
γ3Pd,1 + γ4

− e−(γ5e
−γ6Pd,1 )h

(7.3)

7.1.2 Harmonic Angle Model

Current harmonic angles are modeled using a polynomial function in two variables. The func-

tion represents a curved surface in three dimensions. For the purpose of harmonic angle modeling,

the angles from measured data are “unwrapped” (not restricted to [0, 2π] or [−π, π]). The model

is stated as:
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∠gd(h, Pd,1;γ) = γ7 + γ8h+ γ9Pd,1 + γ10hPd,1 + γ11P
2
d,1 (7.4)

Weights

Converter harmonics phase angles modeled using the surface polynomial function have some

limitations. A rectifier operating at low loads results in small current draw on the AC side. The

result is that the current waveform peaks drop resulting in a near sinusoidal waveform with no

distortion. Harmonic components at higher harmonic numbers become difficult to resolve using

an FFT algorithm. As consequence, the computed angles can exhibit wide variations. This is

also true for angles at higher harmonic number across all power levels. A fitting routine using a

polynomial function cannot capture these angles and is therefore bound to result in erroneous fits.

The fitting routine utilizes weights [60] that selectively ignore phase angles from measured data

at higher power levels and higher harmonic numbers. The weights also ensures that angle for the

fundamental frequency (h = 1) is captured at all power levels. (Note: The weights are not used

for the harmonic magnitude model.)

7.2 Parameter Estimation

This section describes the objective function for the parameter estimation and the optimization

technique. Notation {̂·} refers to estimated value using the proposed models. The variable nota-

tion described in chapter 3 is modified to accommodate current harmonics for various converter

operating power levels. Therefore, the new notation is defined as, Ĩd,1,h,P , ∀P ∈ PL, where PL is

the set of input real power at h = 1. Restating for consistency,H = {h0, h1, h2, ..., hH}, hi ∈W

is a set of harmonic numbers. Supplementary functions for parameter estimation are defining as:

q1,h,P (γ) = ‖Ĩd,1,h,P‖ − ‖̂̃Id,1,h,P‖ (7.5a)

q2,h,P (γ) = ∠Ĩd,1,h,P − ∠
̂̃
Id,1,h,P (7.5b)
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The measured data is in the form of harmonic spectrum at odd harmonics for a total of H

harmonics taken at total of PL power levels. The weights are defined as, wi,h,P , where i is the

index for supplementary function, h is the harmonic number and P is the converter operating

power. The weights are ignored for the harmonic magnitude model, therefore, w1,h,P = 1. The

optimization problem is the classical curve fit problem that minimizes the root mean square value

of the supplementary functions in (7.5). The objective function for parameter identification is

stated as:

γ∗ = arg min
γ

{√∑2
i=1

∑
h∈H

∑
P∈PL

wi,h,P

(
qi,h,P (γ)

)2

2HPL

}
(7.6)

The optimization problem stated in 7.6, is solved using particle swarm optimization (PSO).

PSO solves a problem by moving a population of candidate solutions in the search-space. The

movement of the particles is governed by a mathematical formula for the particles velocity and

position. PSO is a metaheuristic algorithm that lends itself to be highly effective in optimization

problems involving high dimensionality and nonlinear objective functions [61].

PSO algorithm parameters are as follows: the search space for parameters was set at [−5, 5];

swarm size was set at 1000 particles; particle inertia was set at 0.7; velocity scaling term was set

at 1.3; maximum iterations (termination criteria) was set at 8000. The optimization routine was

run for nine devices. Most devices reached a best fit solution in under 5000 iterations with no

significant change in fitness above 7000 iterations.

Table 7.1 lists the rms error from the characterization procedure for DBF harmonic magnitude

and angle models. The devices under test are described in chapter 8.

Figure 7.3a shows the fitted harmonic magnitude model (surface plot) superimposed on the

measurement data (black markers). The model is able to capture all the important features from

the measurement data. Figure 7.3b shows the fitted harmonic angle model (surface plot) superim-

posed on the measurement data (black markers). Notice the surface plot shows deviation from the
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Table 7.1: Devices characterized in the experiment.

Device alias RMS error, q1 RMS error, q2

LED Driver 1 0.041 0.0132

LED Driver 2 0.036 0.0129

LED Driver 3 0.028 0.0147

Laptop Charger 3 0.161 0.0019

Laptop Charger 4 0.098 0.0038

Laptop Charger 5 0.122 0.0255

Power Supply 1 0.480 0.0236

Power Supply 2 0.719 0.0014

Power Supply 3 0.914 0.0064

measured data at higher harmonics and lower power levels. The weights used in the optimization

routine ensures the extraneous harmonic angles are not modeled. It will be shown in the validation

section that this does not effect accuracy of the model.

7.3 Model Validation

The parameter estimation procedure described in the previous section was validated in two

ways. Firstly, the harmonic current magnitude and angles obtained from the DBFs and estimated

parameters were used to construct time domain waveforms (frequency domain to time domain).

The constructed waveforms were compared against time domain data obtained from device mea-

surements.

Figure 7.4 shows the time domain waveform obtain frequency to time construction of the har-

monic models for two converter power levels. The waveforms matched well with measured wave-

form. The waveforms align very well with the measurement data suggesting the model is able to

correctly model the dominant harmonic angles. Reconstructed waveforms show slight mismatch at

lower levels (top), which can be attributed to selection of weights for phase angle modeling. This

should have minimal effect in a harmonic power flow simulation as the harmonic magnitude model

is accurate.
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Figure 7.3: Device specific behavioral model (a) harmonic magnitude model fit (b) harmonic angle model

fit, along with measured data (black markers)

Secondly, the proposed models and the estimated parameters were compared against empirical

models (interpolation technique) for nonlinear converters in simulations using the BEEAM library.

The proposed DBFs were able to correctly model converter harmonics and the converter power
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Figure 7.4: Validation result for device behavior model characterization for converter model operating at

160 W (top) and converter operating at 821 W (bottom).

consumption. Profiling simulation data form the two simulations yielded simulation time perfor-

mance. Simulation using the empirical model took 0.135009 seconds, while simulation model

using the proposed DBFs took 0.0475081 seconds. Therefore, a 64.8% improvement in simulation

time performance.
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Chapter 8

Toolkit Validation

To evaluate the accuracy of the software developed in this work, simulations using the toolkit

were compared to laboratory measurements on an experimental testbed constructed at the Power-

house Energy Campus at Colorado State University. The following sections describe the laboratory

experiments and comparison to simulation.

8.1 Laboratory Experiments

The experimental testbed was designed to emulate realistic loads found in a small office build-

ing, comprising laptop computer chargers, LED lighting systems, and miscellaneous DC and AC

loads. The testbed also enabled both AC and DC configurations, under either balanced or unbal-

anced loading.

A notional diagram of the testbed is shown in Figure 8.1, 8.2 where Figure 8.1 represents the

AC testbed connections and 8.2 DC distribution configuration. The testbed comprised a three-

phase ∆-Y building transformer with three parallel load branches in both configurations; loads

were connected to a single-phase or multiple phases. The primary side of the transformer, con-

nected in ∆, was tied to utility mains. Each load branch in the AC distribution case consisted of a

parallel combination of one or more of the following devices: computer laptop AC/DC power sup-

ply with controllable loads, light emitting diode (LED) light fixture supplied by an AC/DC driver,

AC/DC power supplies with controllable resistive loads, and resistive heating elements. In the

DC configurations, the output voltage of the building transformer (the same used in the AC case)

was converted to DC voltage with an AC/DC “central converter”. Each DC load branch consisted

of one or more of the following devices: computer laptop DC/DC power supply connected to a

controllable load, light emitting diode (LED) light fixture, controllable load bank (CLB).

The physical testbed is shown in Figure 8.3. The testbed was constructed using industrial grade

electrical equipment, mounted on a panel-board for convenience during configuration changes and
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Figure 8.1: Notional diagram of testbed, AC configuration.

Figure 8.2: Notional diagram of testbed, DC configuration.

access to measurement points. To implement configuration changes and provide circuit protec-

tion, an electrical enclosure contained switches and fuses, supplying a total of six possible load

branches.

The load center was connected to utility mains through a 3 kVA, ∆-Y transformer (ACME,

model T2A533081S), with a 480 V primary and 208/12 V secondary. Power devices in the testbed

for the AC configuration consisted of: AC/DC converters, namely, Power Supply 1 (Mean Well,

RSP-1000-48), Power Supply 2 (Xunbuma, T-1000-48V), Power Supply 3 (Mean Well, SE-1000-

48), Laptop Charger 1 (HP, 391174-001), Laptop Charger 2 (HP, PA-1900-15C2), Laptop Charger

3 (HP, PA-1121-12H), LED Drivers 1-3 (Mean Well, APV-25-24).

73



Figure 8.3: Testbed hardware with power analyzer, laptop, LED’s and resistive loads banks.

For the DC configuration, the test setup consisted of a central converter that powers DC loads,

model Nextek, PHD16-ACDC-DIM-P-24-6. It is a converter that is powered using Class 1 AC

(90-305 V AC) or DC (127-431 V DC). The converter has 16 output ports rated at 24 V DC (95

W). The DC loads consisted of, Laptop Chargers 3-6 (Bix Power, BX-DD90X-24V). End point

electrical loads used in both configurations were, LEDs 1-3 (24 VDC, 22 W, 2500 lumens). 200-

900 W (Lasko) heating elements, and three 400 W, 20V (custom built) resistive controllable load

banks.

Using six different wiring configurations and four loading scenarios, a set of 24 experimental

scenarios were implemented and measured. Herein, each scenario is referred to by wiring config-

uration and load condition as “Scenario w, l”, where w ∈ {1, ...., 6} is the wiring configuration

number and l ∈ {1, ...., 4} is the loading configuration. When referring collectively to all loading

conditions under a given winding configuration, the shorthand “Scenario w” is used. The AC con-

figurations were used to obtain experimental measurements under 16 scenarios (Scenarios 1.1-1.4,

2.1-2.4, 3.1-3.4); the DC configuration was used for obtaining measurements under eight scenarios

(Scenarios 5.1-5.4, 6.1-6.4).
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In Scenarios 1-2, power electronic loads on the secondary side of the transformer were con-

nected as shown in Table 8.1. In these scenarios, the four loading values were applied on the

converters as follows. The AC/DC power supplies were operated under loads of: no load, 10 Ω,

5.6 Ω, or 4 Ω. The laptop chargers were connected to controllable load banks, set to power levels

specified below. The LED drivers were loaded with LEDs 1-3 or no load. Data was collected

using Keysight multifunction switch measuring unit (MU) model 34980A with Keysight 34921T

multiplexer and a Keysight PA2203A power analyzer.

Table 8.1: Device configurations for AC Scenarios 1-2.

Phase A Phase B Phase C

Power Supply 1 X

Power Supply 2 X

Power Supply 3 X

Laptop Charger 1 X

Laptop Charger 2 X

Laptop Charger 3 X

LED Driver 1 X

LED Driver 2 X

LED Driver 3 X

Scenarios 3-4 were same as scenarios 1-2, except that the AC/DC power supplies and resis-

tances were replaced by heaters at the same rated power level. The converter connections under

these scenarios are shown in Table 8.2. Loads applied to the converters with respect to each phase

in Scenarios 1-4 are shown in Table 8.3.

In the DC configuration for Scenarios 5-6, DC voltage was supplied by the external AC/DC

laptop chargers, CLB 1-3 which were connected to DC/DC laptop charters 5-6, respectively, LEDs,

and resistors. Scenario 5 was identical to Scenario 6 except that in Scenario 5, the central converter

was supplied with 120 V on the AC side, while in Scenario 6 it was supplied with 208 V, phase to

phase connection. The four load power levels for each DC scenario are shown in Table 8.4.
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Table 8.2: Device configurations for AC Scenarios 3-4.

Phase A Phase B Phase C

Laptop Charger 1 X

Laptop Charger 2 X

Laptop Charger 3 X

LED Driver 1 X

LED Driver 2 X

LED Driver 3 X

Table 8.3: Load power settings for hardware verification tests, AC scenario 1-4.

Loads for Scenario 1, 3 (Balanced)

Scenario Phase A [W] Phase B [W] Phase C [W]

1.1, 3.1 0 0 0

1.2, 3.2 100 100 100

1.3, 3.3 300 300 300

1.4, 3.4 500 500 500

Loads for Scenario 2,4 (Unbalanced)

Scenario Phase A [W] Phase B [W] Phase C [W]

2.1, 4.1 0 0 0

2.2, 4.2 700 100 700

2.3, 4.3 300 500 700

2.4, 4.4 700 500 0

8.2 Comparison of Toolkit Results with Measurements

To evaluate the accuracy of predicted electrical efficiency using the toolkit, simulations of the

experimental scenarios described above were performed using the BEEAM toolkit and compared

to experimental measurements. Predicted total system efficiencies accumulated across all devices

in the network are compared to measured system efficiencies for Scenarios 1-2, 3-4, and 5-6.

Figures 8.6-8.8, respectively. As shown in Figures 8.6-8.8, total system efficiency predicted by the

toolkit matched well with efficiencies over all scenarios. Predicted total system power losses in the

network in Scenarios 1-2, 3-4, and 5-6 are shown in Figures 8.9-8.11, respectively; the simulated

76



Table 8.4: Load power settings for hardware verification tests, DC scenario 5-6.

Scenario Power [W]

5.1 & 6.1 0

5.2 & 6.2 178

5.3 & 6.3 541

5.4 & 6.4 904

total power losses show reasonably good agreement with the experimental measurements over all

scenarios. Figure 8.4 shows the Modelica simulation model setup for the unbalanced AC scenario

(Scenario 2.3).

Measurements are performed using transducers that exhibit uncertainty as a result of inherent

physical properties. The error bars in the bar plots show the associated uncertainty resulting from

measurements performed during the laboratory experiments. A detailed treatment of the uncer-

tainty analysis can be found in [62].

Figure 8.5 shows the simulation model setup for the DC Scenario 5.4. Loss models for the

DC/DC converters are passed on to the DC/DC converter models using Modelica record. The DC

distribution setup consists of three DC/DC converters and other DC loads connected directly to

the central converter. To simplify simulation setup, the DC loads connected directly to the central

converter are lumped together in LumpedDCLoads model. Notice the red colored cross marks

on the secondary of the transformer. These are terminal blocks for an unbalanced transformer

connection with open circuited B and C phases. The central converter is connected on phase A.

Discussion: Comparison of predicted versus measured efficiencies and power losses in the

initial toolkit implementation revealed that the system- and device-level efficiencies could be pre-

dicted with reasonable accuracy in AC and DC configurations in both AC and DC configurations

in both balanced and unbalanced conditions. However, on an absolute wattage basis, further im-

provements to the underlying component models were identified.

Discrepancies between simulated and measured powers were likely attributable to simplifying

assumptions made in the initial toolkit implementation. One simplification was in the building
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Figure 8.4: Graphical representation of example electrical network in BEEAM, corresponding to AC dis-

tribution Scenario 2.3.

transformer model used in the validation studies. In particular, the balanced linear three-phase

transformer modeling approach depicted in Figure 4.4 was used for simplicity. This model as-

sumes the secondary load is balanced and consequently, neglects potential coupling between phase

currents and their harmonics. Second, it was assumed that the transformer was linear, with pa-

rameters extracted from measurements taken under purely sinusoidal, non-magnetically saturation

conditions. In future work, the transformer model will be improved by accounting for load imbal-

ance and phase coupling using a symmetrical components model.
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tribution Scenario 5.4.
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Figure 8.6: Predicted versus measured total system efficiencies, Scenarios 1–2.
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Figure 8.7: Predicted versus measured total system efficiencies, Scenarios 3-4.
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Figure 8.8: Predicted versus measured total system efficiencies, Scenarios 5-6
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Figure 8.9: Predicted versus measured total system power losses, Scenarios 1–2.
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Figure 8.10: Predicted versus measured total system power losses, Scenarios 3-4.
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Figure 8.11: Predicted versus measured total system power losses, Scenarios 5-6.

82



Chapter 9

Summary and Suggestions for Future Work

This dissertation described a modeling framework and an open source software toolkit for

comparing AC, DC and hybrid AC/DC electrical distribution systems. Major contributions of

this work are: description of a frequency domain modeling framework for distributions using

one- and two-port network theory that accounts for harmonics in voltages and currents, software

toolkit BEEAM [13] developed in an object-oriented multi-domain modeling language (Modelica),

characterization of closed form device-specific behavioral functions for modeling nonlinear device

harmonics.

Chapter 3 and 4 laid the foundation for the modeling framework and described the one- and

two-port network framework. This was followed by application of the modeling framework using

harmonic power flow on a distribution system containing nonlinear load. The example illustrated

key concepts such as network formulation and solution using an iterative numerical solver. Chapter

6 described the modeling toolkit developed in Modelica. The chapter describes important Modelica

language features incorporated in the library design, such as a new connector class for the AC

distribution harmonics modeling.

Chapter 8 showed the experimental setup and validation studies by comparing predictions from

the BEEAM library models with laboratory measurements. Comparison of predicted versus mea-

sured efficiencies and power losses in the initial toolkit implementation revealed that device- and

system-level efficiencies could be predicted with reasonably good accuracy under both balanced

and unbalanced AC scenarios. A detailed uncertainty analysis also demonstrated that the max-

imum estimated error for system efficiency across all scenarios was 3% and that the measured

and modeled system efficiency agreed with the experimental uncertainty in approximately half the

scenarios.

The multi-domain simulation capabilities of the BEEAM library were demonstrated in a co-

simulation setup with Energy+ [63] [64]. The toolkit provides the flexibility of a graphical user
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interface that results in small learning curve and easy adoption for new users, while at the same

time allows for access to underlying Modelica code for more experienced users. The BEEAM

library has been released under a permissive open source license. More information can be found

in Appendix B.3.

Some limitations in the research were identified. Firstly, the initial validation studies were

performed on a small-scale demonstration testbed that did not include some devices that could be

found in modern buildings, such as distributed generator and electrical motor drives. Secondly, a

balanced, linear transformer was used in the validation studies that neglected potential coupling

and harmonics between electrical phases in the transformer or any nonlinearities.

The BEEAM library, with its modeling framework based on harmonic power flow, has been

found to provide a suitable balance between simulation speed and accuracy when compared to

conventional electrical distribution modeling techniques such as a time domain simulation and tra-

ditional power flow. This dissertation does not directly address the issue of scalability or numerical

stability of the underlying BEEAM solver for systems larger than the studies performed in this re-

search; scalability and stability of the toolkit are topics of suggested future research. However,

BEEAM has been used to simulate a system of approximately 5,000 states, executing in 0.15 s.

These initial results indicate that the BEEAM toolkit can simulate systems of at least moderate size,

capturing power flows and harmonic content, with increased computational efficiency compared

to full time-domain simulation.

Lastly, though the closed form device-specific behavior function, described in chapter 7, was

able to accurately model the converter harmonics, some limitations were observed. Power factor

correction (PFC) control is an active control technique that corrects the power factor of a rectifier

by actively shaping the input current into a sinusoidal waveform that is in phase with the input

voltage. As was shown in the characterization studies, the proposed model for the harmonic current

magnitude was able to correctly model harmonics at all harmonic frequencies and power levels.

However, it was observed that certain converters, the PFC was operational only for higher power
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levels resulting in harmonic spectra with discontinuities. Such a converter cannot be modeled using

the proposed DBF and one must revert to the interpolation method.

9.1 Suggestions for Future work

This dissertation provides a description of a modeling framework and the development of a

software toolkit library for modeling AC and DC distributions using harmonic power flow. Focus

of this dissertation was on modeling nonlinear AC/DC converters and efficiency comparison of AC

versus DC electrical distributions using simulation models built using the toolkit library. While the

dissertation has covered all the research goals, the presented work can be improved further and

expanded. This includes some of the tasks outlined in the preliminary dissertation that were not

accomplished as a result of project time constraints. These tasks were, improved transformer

modeling and building efficiency studies. Suggestions for future work are as follows:

• Utilize the library toolkit in efficiency studies of buildings with applications in lighting loads

modeling.

• Improved transformer model that allow the removal of the assumption of a balanced, lin-

ear transformer by using a full symmetrical component representation. More research is

needed into nonlinear harmonic models of the transformer, taking into account the effect of

transformer core saturation and nonlinearities.

• Develop distribution equipment models, such as, harmonic cable models, capacitor banks,

HVAC systems, and electrical machines.

• Latest addition to the library is the grouped converter model. Multiple converters connected

in parallel are modeled using a single converter that scales the converter currents. Potential

limitation of the model would be an over estimation of the system losses as the model does

not account for harmonic cancellation as a result of variations in converter harmonic spectra

[46]. An improved grouped converter model would implement effects from diversity and

attenuation.
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Availability of a modeling platform, especially in a standardized language, is highly effective

in furthering research and knowledge exchange. The SPICE program is a good example of such

standardized simulation platform. The amount of research in electrical device models using the

SPICE can be gauged by a search on the IEEE database for ‘spice model’ that shows more than ten

thousand search result hits. The author hopes that the BEEAM library serves as a similar platform

that spurs further research into the field of harmonic analysis and device harmonic models.
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Appendix A

Nonlinear load equations

Defining power flow equation for the fundamental harmonic and writing it in terms of injected

current,

S̃in,4,1 = Ṽ4,1,1Ĩ
∗
4,1,1 = Ṽ4,1,1 · g4(1, · · · )

or g4(1, , · · · ) =
S̃∗

in,4,1

Ĩ∗4,1,1

(A.1)

where S̃in,4,1 is the input apparent power at h = 1 and similarly, Ṽ4,1,1 and Ĩ4,1,1 are the voltage

and current for device 4. In the above equation Ṽ4,1,h1 is an unknown state variable. Besides the

node voltage, the other unknowns are |S̃in,4,1| and ∠S̃in,4,1. The angle can be determined using the

converter phase angle model as described below.

Ṽd,1,1

Ĩd,1,1

φM

φM ∠Ṽd,1,1

Figure A.1: Phase shift in nonlinear load voltage and current phasor angle.

A load connected to a voltage source via a line impedance will result in phase shift at the

load input port. For a harmonic nonlinear load based on current inject spectra model, the phase

shift in the voltage would result in the phase shift for the current injection spectra. Figure A.1

shows the voltage phasor angle for a converter with no phase shift (bottom of the figure) and the

corresponding phase angle of the current. A line impedance would result in a phase shift in the
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voltage. This phase shift in the fundamental harmonic voltage phasor Ṽ4,1,h is an unknown state

variable and is determined by solving the nonlinear system of equations. Using the fact that the

phase shift in the current is always relative to the voltage, one can therefore write the new current

angle as, ∠Ĩ4,1,h = ∠Ṽ4,1,h + φM , where φM is the phase angle from the device specific behavior

model for the nonlinear load at the fundamental harmonic frequency h = 1 (φM = g∠·,d(1,γ∠·)).

Therefore, the phase angle for the apparent power can be written as:

∠S̃in,4,1 = ∠Ṽ4,1,h − ∠Ĩ4,1,h

= ∠Ṽ4,1,h −
(
∠Ṽ4,1,h + φM)

)

= −φM

(A.2)

The other unknown is ‖S̃in,4,1‖ that can obtained from the real power at the fundamental har-

monic, Pin,4,1 = ‖S̃in,4,1‖ cos(∠S̃in,4,1).

Using the notation, rcis(θ) as a shorthand for, rcis(θ) = r
(
cos(θ) + i sin(θ)

)
, where r is

the magnitude of the complex number and θ is the angle (polar notation). The device-specific

behavioral function can therefore be written as:

g4(h, Pin,4,1, Ṽ4,1,h,γ4) =





Pin,4,1

‖Ṽ4,1,h‖ cos(φM)

(
cis

(
∠Ṽ4,1,h + φM

))
, h = 1

g‖·‖,4(h, Pin,4,1,γ‖·‖)
(

cis
(
g∠·,4(h, Pin,4,1,γ∠·) + h∠Ĩ4,1,1

))
, h > 1

(A.3)

Notice the phase angle adjustment in injected converter harmonic currents for higher harmonics

(h > 1).
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Appendix B

Code

B.1 MATLAB code - Example Circuit

The script implements a harmonic power flow solution for the example nonlinear system in

chapter 5. The script initializes the system by setting start values for the state variables. Network

solution is computed using iterative Newton-Raphson root finding algorithm. System Jacobian is

obtained numerically, implemented in function numJacobian. System equations are implemented

in function handle f.

Supporting functions getIndices.m (auxiliary function for state variable indexing) and

numJacobian.m are not included and will be provided on request.

B.1.1 Main script

1 %----------------------------------------------------------

2 % Description: Main script implementing HPF on an example

3 % circuit using Newton-Raphson method

4 %

5 % Inputs:

6 % - none

7 % Outputs:

8 % - none (print to screen)

9 %

10 % Written by:

11 % Avpreet Othee

12 % Colorado State University

13 % Contact: avpreet.othee@colostate.edu

14 %-----------------------------------------------------------

15 addpath(’./lib/’)

16 hMax = 19;

17 global h

18 h = [1:2:hMax]’; h’;

19 cmplx = @(m, a)(m.*(cos(a)+1j.*sin(a)));

20 func = @f; % create function handle

21 tol = 1e-3; % tolerance, termination criteria

22 iterMax = 300; % max iterations

23 indx = struct(); % struct for storing indices

24 offset = 1; % offset for persistent functions (common state

variable)

25 indx.mag.I1 = getIndices(’mag’, h, 2, offset);
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26 indx.mag.V1 = getIndices(’mag’, h, 4, offset);

27 x0 = [1000; ones(length(h)*4*2, 1)]; % initial guess

28 x0(indx.mag.V1) = 120;

29 x0(indx.mag.I1) = 1000/120;

30 tStart = tic();

31 x = x0;

32 x_save = zeros(length(x), 1);

33 dxNorm = 0;

34 fprintf(’iter norm(dx)\n’)

35 for iter = 1:iterMax

36 %J = jacobianest(func, x);

37 J = numJacobian(func, x, 1e-6);

38 dx = - J \ func(x);

39 x = x + dx;

40 % saving x

41 x_save(:, iter) = x;

42 dxNorm(iter) = norm(dx, 2);

43 fprintf(’%d %f\n’, iter, norm(dx, 2))

44 if norm(dx, 2) < tol

45 break;

46 end

47 end

48 disp([’Elapsed time = ’, num2str(toc(tStart))])

49

50 %% check solution

51 fprintf(’Check solution, ||func(x)|| = %f\n’, norm(func(x)))

52 %% get variables from state variable x,

53 % check function handle ’f’ for more info on indexing

54 % get indices and populate state variables from x

55 P_1 = x(1);

56 % I0, node var = 1

57 I0_iMag = getIndices(’mag’, h, 1, offset);

58 I0_iAngle = getIndices(’angle’, h, 1, offset);

59 I0 = cmplx(x(I0_iMag), x(I0_iAngle));

60 % I1, node var = 2

61 I1_iMag = getIndices(’mag’, h, 2, offset);

62 I1_iAngle = getIndices(’angle’, h, 2, offset);

63 I1 = cmplx(x(I1_iMag), x(I1_iAngle));

64 % I2, node var = 3

65 I2_iMag = getIndices(’mag’, h, 3, offset);

66 I2_iAngle = getIndices(’angle’, h, 3, offset);

67 I2 = cmplx(x(I2_iMag), x(I2_iAngle));

68 % V1, node var = 4

69 V1_iMag = getIndices(’mag’, h, 4, offset);

70 V1_iAngle = getIndices(’angle’, h, 4, offset);

71 V1 = cmplx(x(V1_iMag), x(V1_iAngle));

72 %%

73 figure

74 stem(h, abs(I1))

75 xlabel(’Harmonics’)

76 ylabel(’Current (A rms)’)

77 title(’Current magnitude at node 1 (nonlinear load)’)
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78 figure

79 stem(h, abs(V1))

80 xlabel(’Harmonics’)

81 ylabel(’Voltage (V rms)’)

82 title(’Voltage magnitude at node 1 (nonlinear load)’)

B.1.2 Function handle containing system equations

1 %---------------------------------------------------------------

2 % Description: Function handle for Newton-Raphson HPF solver

3 % Inputs:

4 % - x : State vector

5 % [(persistent state variables), (state variables h

=1),

6 % (state variables h = 3), ...]

7 % Outputs:

8 % - y : Residual from system equations

9 %

10 % Written by:

11 % Avpreet Othee

12 % Colorado State University

13 % Contact: avpreet.othee@colostate.edu

14 %---------------------------------------------------------------

15 function y = f(x)

16 global h % global harmonics vector, example: h = [1, 3, 5, 7,

...]

17 cmplx = @(m, a)(m.*(cos(a) + 1j.*sin(a)));

18 %% system device parameters

19 Z01 = 0.8 + 0.008j; % line resistance 1

20 Z12 = 25 + 0.3013j; % line resistance 2

21 % voltate source

22 V0 = cmplx([120; ones(length(h)-1, 1)*0.001], zeros(length(h), 1))

;

23 % load model parameters for load as current source for h > 1

24 % obtained from time domain simulation.

25 mdl_h = struct();

26 mdl_h.alpha = 0; % model parameters for magnitude

27 mdl_h.beta = 0;

28 mdl_h.gamma1 = 71.1 ;

29 mdl_h.gamma2 = 0.2627;

30 mdl_h.argS1 = -0.4261; % phase angle model

31 mdl_h.gamma3 = -0.67059;

32 mdl_h.gamma4 = -0.18722;

33 P_out = 1000;

34 %% impedance is a function of harmonics

35 Z01_h = real(Z01) + imag(Z01).*h.*1j;

36 Z12_h = real(Z12) + imag(Z12).*h.*1j;

37 % grouping state varibles and functions according to harmonics.

38 % [(state var1, @h=1,3,5..) (state var2, @h=1,3,5) ...]

39 % Example:

40 % 1 2 3 4 5 6 7 8 9
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41 % x = [P1, I0(1) I1(1) I2(1) V1(1) I0(3) I1(3) I2(3) V1(3)]

42 % --------------------- --------------------

43 % h = 1 h = 3

44

45 % Grouping state varibles and functions according to harmonics.

46 % [(state var1, @h=1,3,5..) (state var2, @h=1,3,5) ...]

47 %

48 % State variables: (for a system with h=1,3)

49 % [mag(x(1)) angle(x(1)) mag(x(2)) angle(x(2)) mag(x)]

50 % assigning state variable x (for improved code readability)

51 offset = 1;

52 P_1 = x(1);

53 % I0, node var = 1

54 I0_iMag = getIndices(’mag’, h, 1, offset);

55 I0_iAngle = getIndices(’angle’, h, 1, offset);

56 I0 = cmplx(x(I0_iMag), x(I0_iAngle));

57 % I1, node var = 2

58 I1_iMag = getIndices(’mag’, h, 2, offset);

59 I1_iAngle = getIndices(’angle’, h, 2, offset);

60 I1 = cmplx(x(I1_iMag), x(I1_iAngle));

61 % I2, node var = 3

62 I2_iMag = getIndices(’mag’, h, 3, offset);

63 I2_iAngle = getIndices(’angle’, h, 3, offset);

64 I2 = cmplx(x(I2_iMag), x(I2_iAngle));

65 % V1, node var = 4

66 V1_iMag = getIndices(’mag’, h, 4, offset);

67 V1_iAngle = getIndices(’angle’, h, 4, offset);

68 V1 = cmplx(x(V1_iMag), x(V1_iAngle));

69

70 %% system equations

71 y = zeros(length(x), 1); % number of system eqs = number of state

variables

72 % power balance

73 y(1) = - P_1 - real(sum(V1(2:end) .* conj(I1(2:end)))) + P_out;

74 % ------

75 % using similar indexing as state variables

76 % ------

77 % KCL for node 1,

78 Ig = g_h(h, V1, P_1, mdl_h); % converter harmonic model

79 y(I0_iMag) = abs(I1).*cos(angle(I1)) - abs(Ig).*cos(angle(Ig));

80 y(I0_iAngle) = abs(I1).*sin(angle(I1)) - abs(Ig).*sin(angle(Ig));

81 % KVL for Z01

82 y(I1_iMag) = abs(I0).*abs(Z01_h).*cos(angle(I0) + angle(Z01_h)) -

abs(V0).*cos(angle(V0)) + abs(V1).*cos(angle(V1));

83 y(I1_iAngle) = abs(I0).*abs(Z01_h).*sin(angle(I0) + angle(Z01_h)) -

abs(V0).*sin(angle(V0)) + abs(V1).*sin(angle(V1));

84 % KVL for Z12

85 y(I2_iMag) = abs(I2).*abs(Z12_h).*cos(angle(I2) + angle(Z12_h)) -

abs(V1).*cos(angle(V1));

86 y(I2_iAngle) = abs(I2).*abs(Z12_h).*sin(angle(I2) + angle(Z12_h)) -

abs(V1).*sin(angle(V1));

87 % KCL node 0
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88 y(V1_iMag) = abs(I0).*cos(angle(I0)) - abs(I1).*cos(angle(I1)) -

abs(I2).*cos(angle(I2));

89 y(V1_iAngle) = abs(I0).*sin(angle(I0)) - abs(I1).*sin(angle(I1)) -

abs(I2).*sin(angle(I2));

90 end

B.1.3 Nonlinear load model

1 %--------------------------------------------------------------

2 % Description: Function implementing a nonlinear harmonic load

3 % Inputs:

4 % - V : Voltage harmonics vector

5 % - P_1 : Real power at h=1

6 % - h : Harmonics vector

7 % - mdl : Model struct containing device parameters

8 % Outputs:

9 % - I : Injected current harmonics vector

10 %

11 % Written by:

12 % Avpreet Othee

13 % Colorado State University

14 % Contact: avpreet.othee@colostate.edu

15 %--------------------------------------------------------------

16 function I = g_h(h, V, P_1, mdl)

17 tmpMag = zeros(1, length(h));

18 tmpArg = zeros(1, length(h));

19 %% h = 1 ------

20 % magnitude

21 tmpMag(1) = (P_1 / (abs(V(1)).*cos(mdl.argS1))) + mdl.alpha*abs(V

(1)) + ...

22 mdl.beta*V(1).^2;

23 % phase angle

24 tmpArg(1) = angle(V(1)) + mdl.argS1;

25 %% h > 1 ------

26 tmpMag(2:end) = P_1./mdl.gamma1 .* exp(-mdl.gamma2 .* h(2:end))

...

27 + mdl.alpha*abs(V(2:end)) + mdl.beta*V(2:end).^2;

28 % phase shifting model wrt /_I

29 tmpArg(2:end) = mdl.gamma3.*h(2:end) + mdl.gamma4 + (tmpArg(1)

.* h(2:end));

30 I = (tmpMag.*(cos(tmpArg) + 1j.*sin(tmpArg)));

31 if ~iscolumn(I)

32 % Developer commentary:

33 % for complex numbers, transpose operator (’) does a

conjugate transpose

34 % of the matrix. For a non conjugate transpose, use (.’)

35 I = I.’;

36 end

37 end
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B.2 Modelica Code - Example Circuit

B.2.1 Simulation model

1 model ExampleSystem

2 import Modelica.ComplexMath.j;

3 inner HPF.SystemDef systemDef(hrms={i for i in 1:2:25});

4 HarmonicLoad load(start_v_re = cat(1, {120}, {0.001 for i in 1:

systemDef.numHrm - 1}));

5 HPF.SinglePhase.Components.Impedance Z1(z = 0.8 + 0.008 * j);

6 HPF.SinglePhase.Components.Impedance Z2(z = 25 + 0.3013 * j,

start_v_re = cat(1, {120}, {0.0 for i in 1:systemDef.numHrm -

1}));

7 HPF.SinglePhase.Components.Ground ground;

8 HPF.SinglePhase.Sources.VoltageSource V0(vArg = {0 for i in 1:

systemDef.numHrm}, vMag = cat(1, {120}, {0 for i in 2:

systemDef.numHrm}));

9 equation

10 connect(load.pin_n, ground.pin);

11 connect(V0.pin_n, ground.pin);

12 connect(Z1.pin_p, V0.pin_p);

13 connect(load.pin_p, Z2.pin_p);

14 connect(Z2.pin_n, ground.pin);

15 connect(Z1.pin_n, load.pin_p);

16 end ExampleSystem;

B.2.2 Nonlinear load

1 model HarmonicLoad "Harmonic source"

2 extends HPF.SinglePhase.Interface.TwoPinBase;

3 parameter Real P = 1000 "Real power drawn by DC side";

4 parameter Real alpha = 3e-2;

5 parameter Real beta = 3e-4;

6 parameter Real gamma = 0.2627;

7 parameter Real nu = 71.1;

8 parameter Real m = -0.67059 "Phase model coef 1";

9 parameter Real c = -0.18722 "Phase model coef 2";

10 parameter Real argS1 = -0.4261 "Phase angle for fundamental

apparent power";

11 Real P1(start = P, fixed = false) "Real power at fundamental";

12 Real tmp_Ph[systemDef.numHrm - 1] "tmp variable for sum of power

h>1";

13 Real tmpArg "phase angle for I @ h=1";

14 Real vMag[systemDef.numHrm] = Modelica.ComplexMath.’abs’(v[:]);

15 Real iMag[systemDef.numHrm] = Modelica.ComplexMath.’abs’(i[:]);

16 Real iArg[systemDef.numHrm] = Modelica.ComplexMath.arg(i[:]);

17 Real vArg[systemDef.numHrm] = Modelica.ComplexMath.arg(v[:]);

18 equation

19 tmp_Ph[:] = v[2:systemDef.numHrm].re .* i[2:systemDef.numHrm].re

.+ v[2:systemDef.numHrm].im .* i[2:systemDef.numHrm].im;
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20 P1 = P - sum(tmp_Ph);

21 tmpArg = Modelica.ComplexMath.arg(v[1]) + argS1;

22 i[1].re = P1 / (Modelica.ComplexMath.’abs’(v[1]) .* cos(argS1))

.* cos(tmpArg);

23 i[1].im = P1 / (Modelica.ComplexMath.’abs’(v[1]) .* cos(argS1))

.* sin(tmpArg);

24 i[2:systemDef.numHrm].re = (P1 / nu) .* exp(-gamma .*
systemDef.hrms[2:systemDef.numHrm]) .* cos(m .* systemDef.hrms

[2:systemDef.numHrm] .+ c .+ tmpArg .* systemDef.hrms[2:

systemDef.numHrm]);

25 i[2:systemDef.numHrm].im = (P1 / nu) .* exp(-gamma .*
systemDef.hrms[2:systemDef.numHrm]) .* sin(m .* systemDef.hrms

[2:systemDef.numHrm] .+ c .+ tmpArg .* systemDef.hrms[2:

systemDef.numHrm]);

26 end HarmonicLoad;

B.3 BEEAM Library Source Code

As of writing of this dissertation, the source of the library has been released under a permissive

open source license (BSD-3). The source code can be accessed at: https://github.com/NREL/

BEEAM
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Appendix C

Simulation Results

For all scenarios, the average values of the measured device powers were used as the input

to the associated power flow model. Modeled values for input power PIn, transformer secondary

power PSec, transformer loss PLossTran, converter loss PLossConv, total system loss PLoss, and system

efficiency η were extracted from the simulation results.

Tables C.1-C.3 compare the measured and modeled values of these quantities. Figures C.1-

C.3 show the predicted and measured total system input power for all scenarios. Figures C.4-C.6

show the predicted and measured transformer power at the secondary. Figures C.7-C.9 show the

predicted and measured transformer losses. And finally, Figures C.10-C.12 show the predicted and

measured converter losses.

104



Table C.1: Measured and modeled values for system input power and transformer secondary power.

System Input Power PIn Transformer Secondary Power PSec

Scenario Measured Modeled Measured Modeled

1.1 101.8(20)W 99.2W 50.3(17)W 51.3W
1.2 460.7(24)W 449.2W 403.4(22)W 394.8W
1.3 1254.9(32)W 1243.7W 1172.2(26)W 1161.4W
1.4 1870.9(30)W 1887.9W 1750.2(28)W 1749.9W
2.1 101.6(20)W 99.2W 50.3(17)W 51.3W
2.2 1772.1(28)W 1796.9W 1651.1(38)W 1654.9W
2.3 1839.2(30)W 1861.4W 1709.4(27)W 1711W
2.4 1583.9(30)W 1599.2W 1482.3(33)W 1483.9W
3.1 56.8(20)W 53.4W 5.3(16)W 5.3W
3.2 415.3(25)W 400.4W 357.6(22)W 346.8W
3.3 985.3(15)W 966.2W 919.3(13)W 901.9W
3.4 1613.2(36)W 1598.8W 1529.2(36)W 1511.1W
4.1 56.8(20)W 53.4W 5.3(16)W 5.3W
4.2 1616.7(29)W 1602.4W 1522.8(27)W 1503.6W
4.3 1612.9(19)W 1596.9W 1523.4(18)W 1505.6W
4.4 1407.0(31)W 1391.1W 1322.5(36)W 1303.9W
5.1 72.4(20)W 67.4W 19.8(7)W 19.5W
5.2 294.2(15)W 283.7W 239.7(19)W 233.3W
5.3 693.0(16)W 690.1W 627.5(14)W 623.6W
5.4 1081.1(40)W 1095.9W 992.9(53)W 998.5W
6.1 71.9(20)W 68.3W 19.4(8)W 20.5W
6.2 290.5(33)W 278.3W 236.6(31)W 228.7W
6.3 680.7(14)W 674.1W 619.2(10)W 613.8W
6.4 1051.7(32)W 1055.6W 975.2(48)W 976.4W
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Table C.2: Measured and modeled values for transformer and converter losses.

Transformer Loss PLossTran Converter Loss PLossConv

Scenario Measured Modeled Measured Modeled

1.1 51.5(26)W 47.9W 50.3(17)W 51.3W
1.2 57.3(33)W 54.4W 104.2(31)W 95.4W
1.3 82.7(42)W 82.3W 175.0(32)W 165.2W
1.4 120.6(41)W 138W 220.8(38)W 220.8W
2.1 51.3(26)W 47.9W 50.3(17)W 51.3W
2.2 121.0(47)W 142W 215.5(54)W 219W
2.3 129.8(40)W 150.3W 216.3(39)W 217.7W
2.4 101.6(45)W 115.3W 200.3(43)W 201W
3.1 51.5(26)W 48W 5.3(16)W 5.3W
3.2 57.7(33)W 53.7W 60.0(32)W 49.2W
3.3 66(2)W 64.3W 66.2(128)W 48.8W
3.4 84(5)W 87.7W 67.0(269)W 48.9W
4.1 51.5(26)W 48W 5.3(16)W 5.3W
4.2 93.9(39)W 98.8W 68.1(243)W 48.8W
4.3 89.6(26)W 91.3W 66.5(243)W 48.7W
4.4 84.6(48)W 87.3W 67.4(231)W 48.8W
5.1 52.6(21)W 47.9W 19.8(7)W 19.5W
5.2 54.5(25)W 50.4W 41.7(26)W 35.3W
5.3 65.5(21)W 66.6W 75.4(30)W 71.4W
5.4 88.3(67)W 97.4W 108.7(62)W 114.4W
6.1 52.5(22)W 47.8W 19.4(8)W 20.5W
6.2 53.9(45)W 49.5W 40.5(41)W 32.6W
6.3 61.5(17)W 60.3W 66.1(27)W 60.7W
6.4 76.5(58)W 79.1W 92.4(60)W 93.7W
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Table C.3: Measured and modeled values for total system losses and efficiency.

Total System Loss PLoss Efficiency η
Scenario Measured Modeled Measured Modeled

1.1 101.8(20)W 99.2W - -

1.2 161.5(33)W 149.9W 64.9(4)% 66.6%
1.3 257.7(37)W 247.5W 79.5(3)% 80.1%
1.4 341.4(40)W 358.8W 81.8(2)% 81%
2.1 101.6(20)W 99.2W - -

2.2 336.5(48)W 361W 81.0(3)% 79.9%
2.3 346.1(41)W 368.1W 81.2(2)% 80.2%
2.4 301.9(40)W 316.3W 80.9(2)% 80.2%
3.1 56.8(20)W 53.4W - -

3.2 117.7(34)W 102.8W 71.7%† 74.3%
3.3 132.2(129)W 113.1W 86.6(13)% 88.3%
3.4 151.0(269)W 136.6W 90.6(16)% 91.5%
4.1 56.8(20)W 53.4W - -

4.2 161.9(243)W 147.6W 90.0(15)% 90.8%
4.3 156.0(243)W 140W 90.3(15)% 91.2%
4.4 152.0(231)W 136.1W 89.2(16)% 90.2%
5.1 72.4(20)W 67.4W - -

5.2 96.2(24)W 85.7W 67.3(1)% 69.8%
5.3 140.9(31)W 138W 79.7(5)% 80%
5.4 197.0(51)W 211.8W 81.8(5)% 80.7%
6.1 71.9(20)W 68.3W - -

6.2 94.4(43)W 82.2W 67.5%† 70.5%
6.3 127.6(29)W 121W 81.3(4)% 82.1%
6.4 169.0(48)W 172.8W 83.9(6)% 83.6%

†Uncertainty value could not be calculated due to large estimate of covariance.
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Figure C.1: Predicted versus measured total system input power, Scenario 1-2.
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Figure C.2: Predicted versus measured total system input power, Scenario 3-4.
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Figure C.3: Predicted versus measured total system input power, Scenario 5-6.
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Figure C.4: Predicted versus measured transformer power at secondary, Scenario 1-2.

Scenario

3.1

Scenario

3.2

Scenario

3.3

Scenario

3.4

Scenario

4.1

Scenario

4.2

Scenario

4.3

Scenario

4.4

0

500

1,000

1,500

T
ra

n
sf

o
rm

er
P

o
w

er
at

S
ec

o
n
d
ar

y
[W

]

Measured BEEAM

Figure C.5: Predicted versus measured transformer power at secondary, Scenario 3-4.
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Figure C.6: Predicted versus measured transformer power at secondary, Scenario 5-6.
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Figure C.7: Predicted versus measured transformer loss, Scenario 1-2.
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Figure C.8: Predicted versus measured transformer loss, Scenario 3-4.
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Figure C.9: Predicted versus measured transformer loss, Scenario 5-6.
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Figure C.10: Predicted versus measured converter loss, Scenario 1-2.
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Figure C.11: Predicted versus measured converter loss, Scenario 3-4.
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Figure C.12: Predicted versus measured converter loss, Scenario 5-6.
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