
Citation: Othee, A.; Cale, J.; Santos,

A.; Frank, S.; Zimmerle, D.;

Ghatpande, O.; Duggan, G.; Gerber,

D. A Modeling Toolkit for

Comparing AC and DC Electrical

Distribution Efficiency in Buildings.

Energies 2023, 16, 3001. https://

doi.org/10.3390/en16073001

Academic Editor: Jian Yao

Received: 11 February 2023

Revised: 13 March 2023

Accepted: 17 March 2023

Published: 25 March 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

A Modeling Toolkit for Comparing AC and DC Electrical
Distribution Efficiency in Buildings
Avpreet Othee 1 , James Cale 1,* , Arthur Santos 1 , Stephen Frank 2 , Daniel Zimmerle 1 ,
Omkar Ghatpande 2 , Gerald Duggan 1 and Daniel Gerber 3

1 Department of Systems Engineering, Colorado State University, Fort Collins, CO 80523, USA;
avpreet.othee@ieee.org (A.O.); arthur.Santos@colostate.edu (A.S.); dan.zimmerle@colostate.edu (D.Z.);
Jerry.Duggan@colostate.edu (G.D.)

2 National Renewable Energy Laboratory, Golden, CO 80401, USA; stephen.frank@nrel.gov (S.F.);
omkar.ghatpande@nrel.gov (O.G.)

3 Lawrence Berkeley National Laboratory, Berkeley, CA 94550, USA; dgerb@lbl.gov
* Correspondence: james.cale@colostate.edu; Tel.: +1-970-412-0494

Abstract: Recently, there has been considerable research interest in the potential for DC distribution
systems in buildings instead of the traditional AC distribution systems. Due to the need for per-
forming power conversions between DC and AC electricity, DC distribution may provide electrical
efficiency advantages in some systems. To support comparative evaluations of AC-only, DC-only,
and hybrid AC/DC distribution systems in buildings, a new modeling toolkit called the Building
Electrical Efficiency Analysis Model (BEEAM) was developed and is described in this paper. To
account for harmonics in currents or voltages arising from nonlinear devices, the toolkit implements
harmonic power flow, along with nonlinear device behavioral descriptions derived from empirical
measurements. This paper describes the framework, network equations, device representations, and
an implementation of the toolkit in an open source software package, including a component library
and graphical interface for creating circuits. Simulations of electrical behavior and device and system
efficiencies using the toolkit are compared with experimental measurements of a small office environ-
ment in a variety of operating and load configurations. A detailed analysis of uncertainty estimation
is also provided. Key findings were that a comparison of predicted versus measured efficiencies
and power losses in the validation testbed using the initial toolkit implementation predicted device-
and system-level efficiencies with reasonably good accuracy under both balanced and unbalanced
AC scenarios. An uncertainty analysis also revealed that the maximum estimated error for system
efficiency across all scenarios was 3%, and measured and modeled system efficiency agreed within
the experimental uncertainty in approximately half of the scenarios. Based on the correspondence
between simulation and measurement, the toolkit is proposed by the authors as a potentially useful
tool for comparing efficiency in AC, DC, and hybrid AC/DC distribution systems in buildings.

Keywords: DC distribution; electrical efficiency; harmonic power flow

Notation: In this paper, bold letters are used to denote matrices or vectors; non-bold letters
are used for scalar quantities; subscripts are used to index device, port, or harmonic num-
bers; W denotes the set of whole numbers; Ck, denotes the space of continuous functions
with first k derivatives; {·}T represents the matrix transpose operator; | · | symbolizes the
absolute value of a real number or cardinality of a set; ›{·} denotes a phasor quantity; Re{·}
and Im{·} symbolize the real and imaginary parts of a complex number, respectively;
|| · || represents the magnitude of a complex number; {·}∗ denotes complex conjugation;
j :=
√
−1; f (x; α) symbolizes the evaluation of function f with input variable(s) x and fixed

parameter(s) α.
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1. Introduction

In recent years, there has been considerable interest in comparing the efficiency of
DC distribution systems and traditional AC distribution systems. This interest is inspired
by increasing proportions of residential electrical loads, miscellaneous electrical loads
(MELs) [1,2], and building equipment which can operate from DC distribution systems.
In addition, many renewable power generation systems, such as solar photovoltaic (PV)
and energy storage systems, natively produce DC power, enabling a direct connection
between DC sources and loads. Use of DC distribution reduces or eliminates conversions
between AC and DC, and therefore, frequently has been proposed as a means of achieving
energy savings [3–9].

Electrical distribution systems in buildings are similar in concept to electrical distri-
bution systems in utilities [10,11]. However, distribution systems in buildings cannot be
conveniently analyzed using conventional grid-power-flow techniques because building
distribution systems’ loads are typically composed of large proportions of nonlinear de-
vices [12]. In addition, quantifying the efficiency and energy costs of competing distribution
system topologies (including AC-only, DC-only, and hybrid AC/DC) can be challenging
because of the number of possible electrical configurations, how system boundaries are
defined, whether the application includes on-site storage and/or solar PV, combinations of
potential loads and equipment types, and the efficiencies of the converters used [12–15].
Modeling and simulations provide means of estimating and comparing electrical distri-
bution systems’ performances, and several such approaches have been proposed. Nearly
all studies performed have used some form of energy-balance model, in which loads and
component losses are tallied to estimate the required input energy. The simplest of these use
basic system topologies and fixed device efficiencies to estimate the potential energy savings
of a DC distribution compared to an AC one [3,5,16,17]. Other early energy-balance models
used closed-formed equations to compute converter, transformer, and wiring losses under
a variety of scenarios [18,19]. More recent energy-balance models account for performance
in partly-loaded conditions by including multiple scenarios or time-series load profiles
and using efficiency curves or tables to model varying converter efficiencies [6,20,21]; some
studies also estimated wiring losses using various approximations [9,14,22]. Apart from
energy-balance models, one study used a modified version of optimal power flow to model
mixed AC-DC building electrical distribution systems [12], and one used time domain
simulation to model a low-voltage DC distribution [23].

Energy-balance models share a common shortcoming: 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) and may also yield inaccurate estimates of efficiency to the extent that device
losses are influenced by phenomena such as voltage, system imbalance, and current dis-
tortion. To address this shortcoming, the authors are developing next-generation building
modeling tools to provide a flexible and modular environment to enable practitioners
to assess and compare the energy efficiencies and lifecycle costs of competing electrical
network designs.

A key component of this research is the development of a modeling approach for
estimating electrical efficiency in building distribution systems without the need for detailed
time-domain simulations, which require prohibitively long computational times for large
systems. However, because of nonlinearities and harmonic content arising from electronic
devices in most modern buildings, linear circuit-analysis approaches are generally not
valid for assessments of these electrical efficiencies.

In [24], the authors compared and contrasted three modeling approaches for estimat-
ing efficiencies in AC-only, DC-only, and hybrid AC/DC distribution systems: energy
balance based on device efficiency curves, harmonic power flow (HPF), and full time-
domain simulation. Therein, the comparison between modeling results and experimental
measurements supported the conclusion that the HPF method provides a suitable balance
among accuracy, computational time, and model development time compared to the other
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approaches. In addition, the HPF method provides the advantages of predicting harmonic
content, simulation of highly unbalanced loading conditions, and scalability for simulating
large networks [25,26].

This paper expands upon the research in [24] by providing a detailed description of the
underlying framework and implementation used to model a system of nonlinear network
equations representing modern buildings, packaged in a new software tool called the Build-
ing Electrical Efficiency Analysis Model (BEEAM) [27]. Specifically, the paper describes how
the system network equations required for HPF are constructed by representing all devices
as one- or two-port networks, which may include nonlinear devices. An implementation of
the toolkit in Modelica is also described, including an overview of the toolkit component
library and graphical interface. Simulations of electrical behavior and device and system
efficiencies are also compared with experimental measurements of a small office in different
configurations and with various loads. The validation presented in this work stands in
contrast to the earlier DC-distribution-system-modeling literature, which has very rarely
compared simulation results to real experimental data or field measurements.

Key contributions of this work are:
• Description of a framework and modeling approach for assessment of component and

system electrical efficiencies in AC, DC, and hybrid AC/DC distribution configura-
tions, including nonlinear effects and potential load imbalances, which do not rely on
time-domain simulations;

• Proposal of a new software tool that implements the above approach to perform
detailed DC vs. AC distribution-efficiency comparisons;

• Initial validation of the tool’s accuracy with experimental measurements, for several
circuit configurations and power levels in both AC and DC distribution systems,
including balanced and unbalanced load conditions.

The remainder of this paper is structured as follows. Section 2 provides a description
of the overall framework used to model electrical networks and the general harmonic
power flow solution. This is followed in Section 3 by a description of component models
for linear and nonlinear devices. Implementation of the modeling toolkit in software is
described in Section 4. Section 5 describes experimental validation of the toolkit using
laboratory measurements; a detailed uncertainty analysis is contained in the Appendix A.
Finally, conclusions and suggestions for future research are provided in Section 6.

2. Modeling Framework

This section describes the modeling framework used to estimate harmonic currents,
voltages, and power flows in buildings within the BEEAM modeling toolkit. Background
on electrical network theory using one- and two-port models is first given, followed by a
description of the model representations of several devices.

2.1. Background on Linear AC Circuit Analysis

Steady-state analysis of AC circuits using frequency-based methods is a well-established
technique in the power engineering community. In electrical systems composed of lin-
ear and passive circuit elements, driven by sinusoidal sources, phasor analysis is often
employed to reduce the solution of steady-state currents and/or voltages in a network
to solving a system of linear algebraic equations. In this method, sinusoidal voltage and
currents are represented as phasors in the frequency domain under the transform:

f (t) =
√

2 F cos(ωt + θ f ) ←→ F̃ = F∠θ f , (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, ∠θ f

symbolizes ejθ f , and θ f is a phase shift generally measured with respect to an input source.
On the right side of (1), the symbol for electrical frequency is suppressed but implied
under the transformation shown. Additionally, note that the representation of the phasor
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magnitude as the rms value of f (versus peak value) is arbitrary but is the convention used
throughout this paper.

In phasor analysis, the steady-state effect (reaction) of an inductive element L in
an electrical circuit represented by an inductive reactance, XL = ωL, and the capacitive
element C by capacitive reactance, XC = 1/ωC. Resistive elements do not have frequency
dependence and therefore are 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 ‹V = [ ‹V1 · · · ‹VN ]T denote a vector of phasors containing phasor voltages ‹Vn

at nodes n = 1, 2, . . . , N in an electrical network. Ĩ = [ Ĩ1 · · · ĨM ]T denotes 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., ‹V = ZĨ. For a linear network,
the solution of steady-state current phasors can be computed (assuming Z is invertible) as:

Ĩ = Z−1‹V = Y‹V, (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
assumption of system linearity, (2) can be applied at any frequency to determine an over-
all 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) as:

f (t) = ∑
h

√
2 Fh cos(hωt + θ f ,h) ←→ F̃h = Fh∠θ f ,h (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 θ f ,h is the phase shift at this harmonic number.
Note that while h = 0 (i.e., DC) is valid in (3), there is no phase shift, and the

√
2 term

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

evaluated, 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 (2) by the use
of (3) as:

Ĩh = Yh‹Vh, ∀h ∈ H (4)

where Yh is the admittance matrix at harmonic h. While the solution given by the phasor
approach in (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 electronic devices. Following the discussion
below on one- and two-port network theory, the solution of these systems using harmonic
power flow is discussed (see Section 2.3).

2.2. Electrical Network Theory
2.2.1. One- and Two-Port Network Representations

A two-port network, depicted in Figure 1, is an electrical network with two “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) [28]. Note that in this context, “input” and “output”
are defined for computational purposes only and do not necessarily indicate the direction of
real power flow. Herein, port 1 (port 2) is arbitrarily assigned the input (output) port label.
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+

−
Ṽ1

Ĩ1

Ṽ2

+

−
Two-port

Ĩ2

Figure 1. General two-port network.

The “ABCD” representation is a common representation of a two-port network; this
representation for the device in Figure 1 is given as:


‹V1

Ĩ1


 =

ñ
A B

C D

ô
 ‹V2

− Ĩ2


. (5)

In linear devices, coefficients A, B, C, and D in (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 of Ĩ2 in (5). See [29] for
other equally-valid network representations.

To account for additional harmonics, the two-port matrix representation can be ex-
tended 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 ‹Vd,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 then become
H × H submatrices. For example, to relate input ‹Vd,2,h′ with output ‹Vd,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 define the sasme for ma-
trix elements Bd,h,h′ , Cd,h,h′ , and Dd,h,h′ . The two-port input/output relationship is for all
harmonics is then given as:




‹Vd,1,h0‹Vd,1,h1

...‹Vd,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 ,0 Dd,hH ,1 · · · Dd,hH ,hH







‹Vd,2,h0‹Vd,2,h1

...‹Vd,2,hH

− Ĩd,2,h0

− Ĩd,2,h1

...
− Ĩd,2,hH




. (6)

Note that for purely linear devices (such as a cables), there is no cross-coupling of
harmonics, and all off-diagonal elements of the submatrices are zero:
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‹Vd,1,h0‹Vd,1,h1

...‹Vd,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







‹Vd,2,h0‹Vd,2,h1

...‹Vd,2,hH

− Ĩd,2,h0

− Ĩd,2,h1

...

− Ĩd,2,hH




, (7)

in which case the two-port representation is fully decoupled by a harmonic and can be
written compactly as:


‹Vd,1,h

Ĩd,1,h


 =

ñ
Ad,h,h′ Bd,h,h′

Cd,h,h′ Dd,h,h′

ô
 ‹Vd,2,h′

− Ĩd,2,h′


, ∀h, h′ ∈ H (8)

Nonlinear devices, however, may contain coupling between harmonics. Furthermore,
the governing equations for practical nonlinear devices cannot always be described using
the standard two-port network form. (The matrix elements themselves may be functions of
the state variables, or the matrix representation may not be an adequate way to capture the
nonlinear relationships.) To generalize the 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 (‹Vd,1,h and ‹Vd,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’s behavior;

• The nonlinear equations that define the device’s behavior can be written to describe
exactly two independent variables and two dependent variables at each harmonic h.

Note that with these properties, a linear two-port network is a specific case of the
general nonlinear two-port network model defined above. The network formulation used
in this research also utilizes one-port networks for sources and loads, see Figure 2, which
have a single voltage, a 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.

+

−
Ṽ1

Ĩ1

One-
port

Figure 2. General one-port network.

2.2.2. 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 for how devices and distribu-
tion systems are modeled in this research. In this approach, each subgraph links at least
two network ports, and each network port forms an "edge" in the subgraph. The subgraphs
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are related (coupled) to each other indirectly via the relationships defined by the one- and
two-port networks.

Figure 3 demonstrates an example of an electrical network described in this fashion.
The network depicted in Figure 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. Exemplary electrical network containing interconnected devices, wherein each device is
depicted as a one-port (gray) or two-port (blue) network.

Figure 4 is a directed graph representation of the network of Figure 3, demonstrating
how the network is decomposed into four directed subgraphs linked indirectly via the one-
and 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 4, ng,p
represents port p of subgraph g, and eg,k represents edge k of subgraph g.

g = 1 g = 2 g = 3

g = 4

n1,1

n1,2

n3,1

n3,2

n4,1

n4,2

e1,1 e1,2 e2,1 e3,1e2,2 e3,2

e2,3 e4,1 e4,2

d = 1 d = 2 d = 3

d = 4

d = 5

d = 6

n1,2

n2,2

Figure 4. Directed graph representation of the electrical network of Figure 3.

In an electrical network, the total number of variables is twice the number of edges
(branches): one voltage and one current per edge [29]. Let E represent the total number of
edges; the number of variables is then 2E. (Note that for simplicity, harmonics are not yet
being considered; see below for treatment of harmonics.) Note that the number of edges, E,
is also equivalent to the total number of ports defined by the devices, since each edge is
also a port. That is, E = V + 2W, where V = |V| 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 [29]. For all subgraphs (i.e., the network
as a whole), there are therefore E linear KVL and KVL equations. To fully define the



Energies 2023, 16, 3001 8 of 46

system, another E equations are needed; these are obtained from the "connection equations"
defined by the one- and two-port networks: V equations for the one-port networks and
2W equations from the two-port networks. Since E = V + 2W, the 2E equations are
thus obtained.

However, note that it is not typically necessary to obtain all 2E equations to fully solve
a system. For any given subgraph, the circuit state 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 VH + 2WH = EH variables from the one- and two-port network
connection equations. Using node voltages phasors as state variables, a carefully selected
set of (N − G)H equations involving those voltages could be used to define the system.

To illustrate the concepts in the foregoing, suppose the circuit in Figure 3 is to be
solved for the set of H = 3 harmonics h ∈ {0, 1, 3}. As shown in Figure 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 the:

• 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 four subgraphs;
• VH = 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 be 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).

2.3. Harmonic Power Flow Solution

The solution of a set of generally nolinear equations representing an arbitrary electrical
network is created in the modeling toolkit by employing a harmonic power flow (HPF)
approach. The HPF method extends the traditional power flow methodology in three key
aspects: (i) representation of additional harmonic frequencies beyond the fundamental (line)
frequency in the system state; (ii) representation of the nonlinear behavior of all devices
in the system, including individual harmonic contribution and potential cross-coupling;
and (iii) enforcement of power balance at all harmonics [12,25].

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,‹Vd,1 ; γd), d ∈ Dn`, (9)

where Dn` ⊂ D is the set of all nonlinear devices in the system; Pin,d,1 is the average real
power into device d, at harmonics h ∈ H, which is computed as:

Pin,d,1 = ∑
h∈H

Re{‹Vd,1,h Ĩ∗d,1,h}, (10)
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where ‹Vd,1,h is the voltage and Ĩd,1,h the input current of device d, for port 1 and harmonic h,
respectively; Ĩd,1 in (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 =
î

Ĩd,1,0 Ĩd,1,1 · · · Ĩd,1,h−1 Ĩd,1,h+1 · · · Ĩd,1,H−1 Ĩd,1,H | Ĩd′
óT

, (11)

where Ĩd,1,h′ , h′ ∈ H \ {h} is device d’s 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 (11), or Ĩd,1,h; ‹Vd,1 in (9) is a set of voltage phasors including at least the voltage for device
d, port 1, and harmonic h, but possibly others in the network:‹Vd,1 =

î ‹Vd,1,h | ‹Vd′
óT

, (12)

where ‹Vd,1,h is the device d, port 1 voltage at harmonic h, and ‹Vd′ is a vector of voltages
in the network other than ‹Vd,1,h; finally, the vector γd in (9) contains the device-specific
behavioral parameters. The interpretation of (9) is that the h’th harmonic of the current
phasor into 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),
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, and 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 the voltage input source(s).

2. Compute network currents. Using the last converged solution of network voltage pha-
sors, compute current phasors through all branches of the network using either linear
circuit analysis or (9) for all linear and nonlinear devices in the network, respectively.

3. Enforce power balance. For each nonlinear device, compute the average real input
power 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 3.5),
adjust the magnitudes of the current phasors at the input port of the device so that
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.

The following section describes how network devices are modeled, including how
nonlinear device behavior and losses are represented in the modeling framework.

3. Device Models

This section illustrates example linear and nonlinear device models for specific com-
ponent 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, and the
other two are dependent.
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3.1. 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.
The following relationships apply:

Ĩd,1,h = − Ĩd,2,h (13a)‹Vd,1,h = ‹Vd,2,h − Z(h) Ĩd,2,h (13b)

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

‹Vd,1,h

Ĩd,1,h


 =

ñ
1 Z(h)

0 1

ô
 ‹Vd,2,h

− Ĩd,2,h


. (14)

3.2. Shunt Impedance

In a shunt impedance, the network equations are:

Ĩd,1,h =
‹Vd,2,h

Z(h)
− Ĩd,2,h (15a)‹Vd,1,h = ‹Vd,2,h (15b)

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

‹Vd,1,h

Ĩd,1,h


 =

[
1 0
1

Z(h) 1

]
 ‹Vd,2,h

− Ĩd,2,h


. (16)

Note that the equations for each harmonic in (14) and (16) are decoupled, and the total
number of equations is 2H.

3.3. 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:‹Vd,1,h = −

‹Sin,d,1

Ĩ∗d,1,h

(17)

where ‹Sin,d,1 = Pin,d,1 + jQin,d,1 is the total input harmonic apparent power, Pin,d,1 is the
total average real power into the device given in (10), and

Qin,d,1 = ∑
h∈H

Im{‹Vd,1,h Ĩ∗d,1,h}, (18)

is the total reactive power into device d, for port p = 1 and harmonic h. In the toolkit,
users specify the components of the real and reactive harmonic power contributions in the
summations in (10) and (18).

3.4. Transformers

This section defines single-phase and three-phase transformer models compatible
with the proposed HPF algorithm. The models defined here neglect changes in resistance
at harmonic frequencies due to the skin effect nonlinearity due to magnetic saturation
and cross-coupling between phases. However, incorporation of these effects is theoretically
possible and is suggested as future work.
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3.4.1. Single-Phase Transformers

Single-phase transformers can be modeled as two-port devices. The most general rep-
resentation 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
Section 2.2. In cases where nonlinear effects can be neglected, in addition to winding and
magnetic core impedances, the ideal transformer model with voltage ratio N1/N2 (primary
winding turns:secondary winding turns) shown in Figure 5 is used.

−

+

Ṽ1

N1 :N2

+

−

Ṽ2

Ĩ1 Ĩ2

Figure 5. Ideal single-phase transformer model.

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

‹Vd,1,h

Ĩd,1,h


 =




a 0

0 1
a




 ‹Vd,2,h

− Ĩd,2,h


, (19)

where a := N1/N2. A higher-fidelity model of the single-phase transformer which includes
winding and magnetizing impedances, but neglects nonlinear effects, is shown in Figure 6.
Note that the transformer model in Figure 6 is a composite model, utilizing series and
shunt impedance elements and the ideal transformer.

−

+

Ṽ1

r1 jωL`1

jωLm Rm

N1 :N2
jωL`2 r2

+

−

Ṽ2

Ĩ1 Ĩ2

Figure 6. Equivalent steady-state circuit for a single-phase transformer. The blue box defines a
two-port component.

In Figure 6, r1, r2 are the resistances of winding 1 and 2, respectively; L`1, L`2 are
the leakage inductances of winding 1 and 2, respectively; Lm, Rm are the magnetizing
inductance and resistance of the core, respectively; ω is the fundamental radial electrical
frequency of the input. The internal circuit with boundaries defined by the blue box in
Figure 6, represents a linear two-port network with the following an ABCD matrix valid
for any harmonic:


‹Vd,1,h

Ĩd,1,h


 =




a
Ä

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

ä Ä
1
a

äÅ (a2Z2(h)+Z3(h))(Z1(h)+Z3(h))−Z2
3 (h)

Z3(h)

ã
a
Ä

1
Z3(h)

ä Ä
1
a

ä(
a2Z2(h)+Z3(h)

Z3(h)

)





 ‹Vd,2,h

− Ĩd,2,h


, (20)

where Z1(h) := r1 + jωhL`1, Z2(h) := r2 + jωhL`2, and Z3(h) := Rm || jωhLm.

3.4.2. Three-Phase Transformers

Three-phase transformers can be viewed as multi-terminal devices, as depicted in
Figure 7. The most general representation of the device would include nonlinear effects
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such as magnetic saturation, differences in electrical parameters, and voltage imbalances;
these non-idealities would generally lead to cross-coupling between harmonics between
all phases and would require the use of a general nonlinear two-port 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.

ṼA

ṼB

ṼC

ĨA

ĨB

ĨC

Ṽa

Ṽb

Ṽc

Ĩa

Ĩb

Ĩc

3-Phase

Transformer

Figure 7. Three-phase transformer component.

Suppose that the voltages and currents on the right side (analogous to a “port”) of
the component in Figure 7 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
symmetry of electrical transformer parameters among phases, and the three-phase voltage
and current are balanced, each electrical phase of the transformer can be represented in
steady-state as three separate circuits, with the two-port transformer models shown in
Figure 6. 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 8.

In Figure 8, 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 6; 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, ‹V1, Ĩ1 and ‹V2, Ĩ2 are the voltage and current inputs (outputs) of the electrical
A-phase transformer winding. Figure 8 also illustrates how network connections can result
in a smaller number of system unknowns, as discussed in Section 2.2.2; for example, in this
case, the output current Ĩ2 of device d = 1 is the (negative) input current into device d = 2.

n

∼ṼA

∼
ṼB

∼ṼC

Ṽ1

+

−
Ṽ2

+

−
Ṽ3

+

−

Ṽ4

+

−
Ṽ5

+

−
Ṽ6

+

−

Ṽ7

+

−
Ṽ8

+

−
Ṽ9

+

−

ĨA

ĨB

ĨC

Ĩ1

Ĩ4

Ĩ7

Ĩ2 −Ĩ2

Ĩ5 −Ĩ5

Ĩ8 −Ĩ8

Ĩ3 −Ĩ3

Ĩ6 −Ĩ6

Ĩ9 −Ĩ9

d = 1 d = 2 d = 3

d = 4 d = 5 d = 6

d = 7 d = 8 d = 9

Figure 8. Balanced electrical network with two-port linear transformer models.

If nonlinear effects are neglected but it cannot be assumed that the transformer’s
parameters are electrically symmetric and/or there are voltage imbalances, then there will
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generally be coupling of harmonics between phases. In this case, the transformer can be
represented by modification of the general two-port network matrix in (6). In particular,
the set of input/output voltage vectors in (6) must both be augmented to include variables
for the additional (third) winding on each side of the transformer.

3.5. Power-Electronic Converters

Power-electronic converters are generally nonlinear devices, requiring the use of gen-
eralized nonlinear component models. The following sections describe nonlinear device
behavior, loss representation, and power balance for converter components commonly
found in building applications and that can also be represented as two-port models. The fol-
lowing descriptions correspond to the single-phase converters for the hardware validation
studies in Section 5; multi-port converter models (e.g., three-phase converters) are not
described in this paper and are recommended for future work.

3.5.1. Converter Device-Specific Behavior

The parameterized, device-specific behavior function gd in (9) is a generally nonlinear
function which describes the behavior of the input current through device d, as a function
of harmonic number, the device’s 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 they can be used in an HPF algorithm, subject to the restriction that gd ∈ C2. The first
step is to determine the general form of the function from measured or simulated time-
domain device behavior, under a range of device input or output power values. Typically,
observation readily indicates which variables most impact current magnitude and phase
angle (see example below). 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 influence current behavior. (In this work, n = 2 as described below.) Express the
surface function using a n-dimensional lookup table and use the linear interpolation
between measured (simulated) points. Note that linear representation of the function
ensures gd ∈ 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 (cf. [30]).

In the validation studies described in Section 5, the empirical method was used to
determine gd. Therein, experimental observation indicated that the current magnitude
|| Ĩd,1,h|| for the devices under study were most influenced by the harmonic number h and
device input power Pin,d,1. (We observed that the input voltage waveform shape has little
practical influence the current waveform for low levels of voltage distortion; the selected
model therefore neglects its effects.) Figures 9 and 10 show surface plots of the current
magnitude and phase angle, respectively, of a power-electronic converter (Power Supply 3;
see Section 5).

As shown in Figure 9, the magnitude of the measured current harmonics can be
described as a reasonably smooth function of harmonic number itself and input power.
Figure 10 indicates that the current phase angle can be reasonably approximated as a linear
function of harmonic number only. Note that although the empirical method was used
in this initial work, current research by the authors is investigating the analytical method
for determining the device-specific behavioral function (see discussion on future work in
Section 6).
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Figure 9. Contour plot of the current magnitude of the measured nonlinear device as a function of
harmonic number and input power.
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Figure 10. Contour plot of the measured current phase angle of the nonlinear unwrapped device as a
function of harmonic number and input power.

3.5.2. 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, Pin,d,1, is given in (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{‹Vd,2,h Ĩ∗d,2,h}. (21)

The relationship between average real input power, output power, and power losses
used herein expands upon the work in [20,31] and is expressed in the form:

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

Ploss,d︷ ︸︸ ︷Ä
β1 + β2Pout,d,2 + β3P2

out,d,2

ä
= Pout,d,2 + f`(Pout,d,2; βd) (22)

where Pout,d is the average real power loss in the device, f`(·) is a loss function, and vector
βd contains the three scalar loss parameters for the device: βd,i ∈ R, i ∈ {1, 2, 3}.

Currents injected into the power distribution system by AC-connected power elec-
tronic converters at harmonic frequencies (h > 1) cause losses elsewhere, such as resistive
losses in cables and in transformer windings and magnetic losses in transformer cores.
In effect, converters transfer some power from the fundamental frequency to harmonic
frequencies, such that (in an AC-input device, for example) the power transfer at port
1 is positive for h = 1 but may be negative for h > 1. This power injected back to the
distribution system at port 1 must be accounted for in each converter’s power balance
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equation (Equation (22)), which is why Pin,d,1 and Pout,d,2 are defined as summations across
all harmonics.

Use of (22) with fitted parameters has been shown to yield reasonable accuracy when
compared to measurements for a variety of devices (cf. [20,31]). However, the model
suffers from the drawback of not adequately representing the power relationship at low
power levels for some devices; for example, this discrepancy can arise if the device enters a
"stand-by" or power-saving mode. To account for this behavior, this research proposes a
"two-state" power loss function expressed as:

f`,2s = λPsb,d + (1− λ) f`(Pout,d,2;
¬

βd), (23)

where Psb,d is the stand-by power of device d; the scaling parameter is

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

)
,

(24)

where min
(
Pout,d,2

)
is the minimum measured output power of the device when it is not

operating in stand-by mode; vector
¬

βd are the fitted loss parameters for the function f`
in (22) after removing measured power values less than min

(
Pout,d,2

)
. Assigning βd,0 =

min
(
Pout,d,2

)
and collecting parameters in vector β′d = [ βd,0 |

¬
βd ]T , the power relationship

for the nonlinear devices is expressed:

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

= f (Pout,d,2 ; β′d). (25)

Herein, Pin,d,1 = f (Pout,d,2; β′d) denotes the modified two-state power relationship,
with adjusted loss parameters β′d, for all devices d ∈ Dn`. The best-fit loss parameters βd,i
may be determined using a numerical fitting procedure to minimize the error between
measured and predicted power loss according to (25).

In this work, we used linear least-squares to obtain best-fit parameters βd,i i > 1 for
each converter using input and output power observations at 10% steps from 10% to 100%
rated power. Separately, we set βd,0) equal to the converter’s observed power consumption
when unloaded, as described above. An example curve fit for an AC/DC converter (Power
Supply 1 in Section 5) is shown in Figure 11.
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Figure 11. Comparison of two-state loss model (blue, solid) to an uncorrected loss model (dashed, red);
power loss measurements are shown as black dots.

As shown in Figure 11, power-loss measurements (black dots) at output power values
less than min

(
Pout,d,2

)
= 100 W did not fall along the same polynomial curve as mea-

surements at higher power levels. Therefore, the curve obtained from f` in (22) using
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best-fit parameters with all measurement points (red dashed line) resulted in noticeable
discrepancies at low power levels. On the other hand, using the fitted curve f`,2s in (23),
the error in the modeled loss was improved, particularly at low power levels.

3.5.3. AC/DC Converters

To model AC/DC converters (“rectifiers”), power balance and internal loss modeling
were calculated in this research using (9)–(10) and (21). Since these are nonlinear devices,
harmonic currents on the input side of each component (designated as port p = 1 below)
are computed from (9). In the validation studies shown in Section 5, a simplified form of (9)
was used; i.e., gd was assumed to be a parameterized function of harmonic number, output
power, and fundamental input current only (neglecting the potential contributions of other
network current and voltage harmonics), which can be written as:

Ĩd,1,h = gd( h, Pin,d,1, Ĩd,1 ; γd), ∀h > 1. (26)

In addition, there are three constraint equations for the rectifier: the DC input current
is zero ( Ĩd,1,0 = 0), the DC output voltage is regulated (‹Vd,2,0 = VDC), and the AC output
voltage is zero (‹Vd,2,h = 0, ∀h > 0). Thus, the rectifier component specifies one equation for
power balance, H − 2 equations 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 specified such that for each harmonic h there are
exactly two independent variables and two dependent variables.

Note that for AC/DC converters with multiple DC output ports (see “central converter”
in Section 5.1), the device is modeled herein as a rectifier coupled to multiple, isolated
DC/DC converters. This device is therefore represented as a set of interconnected two-port
networks, where the internal connections are simplified in the modeling framework to
reduce the number of variables.

3.5.4. DC/DC Converters

As for 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 (25). In addition, DC/DC con-
verters have the following constraints: AC input current is zero ( Ĩd,1,h = 0, ∀h > 0), DC out-
put voltage is regulated (‹Vd,2,0 = VDC), and AC output voltage is zero (‹Vd,2,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, for a total of 2H equations.

3.5.5. DC/AC Converters

DC/AC converters (“inverters”) are modeled as voltage-source devices with a regu-
lated (fixed) output voltage spectrum: ‹Vd,2,0 = 0 and ‹Vd,2,h = ‹VAC,h, ∀h > 0. (For a perfectly
regulated inverter without switching harmonics, ‹Vd,2,1 = ‹VAC,1 and ‹Vd,2,h = 0, h 6= 1.) In-
verter losses also follow (25). 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.

4. Software Implementation

This section describes the software implementation of the mathematical approach
described in the previous section, packaged and released as the Building Electrical Efficiency
Analysis Model (BEEAM) software toolkit [27] (herein, the "toolkit").

4.1. Toolkit Objectives and Architecture

The objective of the toolkit is to provide users with a graphical interface to perform AC
vs. DC (or hybrid AC/DC) distribution efficiency comparisons in buildings with typical
electrical loads, under a variety of potential configurations. Other desirable features of the
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toolkit are to (a) provide a variety of cabling, transformers, AC and DC loads and devices
to the user; (b) provide an easily-interpretable summary of efficiency comparisons while
abstracting away details of the underlying mathematical solver; and (c) provide a user
guide and usage examples.

To support these objectives, the toolkit was developed using the Modelica program-
ming language, then implemented and tested using Dymola [32] and OpenModelica [33].
Modelica is an open source language with significant library development and support by
an active user community. Previously developed libraries for power systems simulation
such as the Modelica Power Systems library [34] and the Electrical Quasi Stationary library
(part of the Modelica Standard Library) [35] were leveraged in this work.

As discussed in Section 2.2.2, the HPF system representation can potentially yield
a large number of equations, particularly for large networks. As Modelica is an object-
oriented language, it allows for vectorized objects, which enables efficient representation
and implementation of the fully coupled HPF equations. In addition, solvers for Mod-
elica automatically perform variable elimination by substitution, thereby reducing the
dimensions of the system of equations.

4.2. Component Library

Components in the toolkit are organized by groups and their logical interconnections.
This grouping specifies an equipment hierarchy which is used to internally reference com-
ponents 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.
• Cables: standard cables for AC and DC applications.
• Transformers: single- and three-phase AC transformers.
• PowerElectronicsConverters: models for AC/DC, DC/DC, and DC/AC power elec-

tronic converters.
• Loads: common building electrical loads, including resistive, inductive, and constant

power loads.

4.3. 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, harmonic frequencies in the system are represented using vectorized vari-
ables, where elements of these vectors contain the ordered voltage and current harmonics.
The Modelica language specification defines a special class for defining terminals called
“connector”. The toolkit extends this class to define a “harmonic pin” connector:

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 v;
complex flow variable i represents current. The size of the harmonic connector is set by
the parameter h. 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.

4.4. Component Models

All components in the toolkit are modeled and connected as one- and two-port devices,
corresponding to the framework described in Section 2.2.2. The partial class twoPinBase
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defines a base class that establishes relations between the two ports of a two-terminal
device. Electrical element models extend the twoPinBase class. The following standard
variables are defined in twoPinBase and are used to model a device:

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.

As an example, one-port series impedance components are 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 defined
in the systemDef block; j is the imaginary unit; .re and .im are the real and imaginary op-
erations, respectively, defined in the Modelica Standard Library (Modelica.ComplexMath).

Associated with all one-port components is a graphical two-terminal icon illustrated
for a series impedance element in Figure 12.

Z
name

Z = z

Figure 12. Toolkit icon for a series impedance element.

In Figure 12, 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.

As an example of a two-port device model created in the toolkit, Figure 13 shows the
graphics layer of an AC/DC converter, where the left side of the component is the “input”
port, consisting of AC harmonic voltages 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 13 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.
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Figure 13. Two-port converter device model underlying interconnects.

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 3.5.3, are defined in the equation section. (see the
toolkit source code for the complete script).

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;
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

4.5. System Solver

As a physical systems modeling language, Modelica insulates the user from the
underlying solver implementation, allowing the user to focus only on modeling system
behavior. Solving the system of equations—as described by the language—is offloaded to
the underlying Modelica compiler.

Every variable in Modelica is time-stamped by default. For a linear system compris-
ing a set 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, the Mod-
elica compiler chooses from among its installed iterative root-finding algorithms to solve
the system. The 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
voltages and currents needed for estimation of steady-state device and system efficiencies.
However, because Modelica is inherently time-based, 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 h time period.

Simulation Example

A graphical representation of a complete electrical network using BEEAM library
components is shown in Figure 14; this circuit corresponds to the electrical configuration of
Scenario 2.3 in Section 5. System simulation parameters are defined in a top-level block
(upper left in Figure 14) called “System Setup” that assigns variables within the SystemDef
class. For this example, the system parameters were set to: hrms = {1, 3, . . . 19} (harmonics
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to be simulated); fFund = 60 Hz (fundamental frequency); fSamp = 10× 103 Hz (sampling
frequency when visualizing time-domain waveforms). Parameters for devices, such as the
voltage source, transformer, and other components, are set using pop-up windows for each
device. The simulation output for this circuit is described in Section 5.
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Figure 14. Graphical representation of example electrical network in BEEAM, corresponding to
Scenario 2.3 in Section 5.

5. 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 Powerhouse Energy Campus at Colorado State University. The following sections
describe the laboratory experiments and comparison to simulations using BEEAM.

5.1. Laboratory Experiments

The experimental testbed was designed to emulate realistic loads found in a small office
building, 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 unbalanced loading.

A notional diagram of the testbed is shown in Figure 15, where Figure 15a represents
the AC and Figure 15b the 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 trans-
former, connected 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: a laptop
AC/DC power supply with a controllable load bank (CLB), light emitting diode (LED),
light fixture supplied by an AC/DC driver, AC/DC power supplies with resistive loads,
and resistive heating elements. In the DC configuration, 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:
laptop DC/DC power supply connected to a CLB, light emitting diode (LED) light fixture,
and fixed resistive loads.
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480 VAC ∆–Y

AC Distribution Bus

(a) AC-only distribution.

480 VAC ∆–Y

DC Distribution Bus

(b) DC-only distribution.

Figure 15. Testbed configurations with AC-only (a) and DC-only (b).

The physical testbed is shown in Figure 16. The testbed was constructed using
industrial-grade electrical equipment, mounted on a panel-board for convenience dur-
ing configuration changes and access to measurement points. To implement configuration
changes and provide circuit protection, an electrical enclosure (“load center”) contained
switches and fuses, supplying a total of six possible load branches.

Figure 16. Testbed hardware with power analyzer, laptop, LEDs and resistive load banks. (Photo used
with permission by Arthur Santos of Colorado State University.)

The load center was connected to utility mains through a 3 kVA, ∆-Y transformer
(ACME, model T2A533081S), with 480 V primary and 208 V/120 V secondary. Power de-
vices in the testbed consisted of: Power Supply 1 (Mean Well, RSP-1000-48), Power Supply
2 (Xunbuma, T-1000-48V), Power Supply 3 (Mean Well, SE-1000-48), Central Converter
(Nextek, PHD16-ACDC-DIM-P-24-6), Laptop Charger 1 (HP, 391174-001), Laptop Charger
2 (HP, PA-1900-15C2), Laptop Charger 3 (HP, PA-1121-12H), Laptop Chargers 4–6 (Bix
Power, BX-DD90X-24V), LED Drivers 1–3 (Mean Well, APV-25-24), LEDs 1–3 (24 VDC, 22 W,
2500 lumens), 200 kW (Lasko), 400–900 kW (unbranded) heating elements, and three 400 W
and 20 V (custom-built) resistive CLBs.

Using six different wiring configurations and for loading conditions, a set of 24 experi-
mental scenarios were implemented and measured. Herein, each scenario is referred to
by wiring configuration and load condition as “Scenario w.l”, where w ∈ {1, . . . , 6} is the
winding configuration number and l ∈ {1, . . . , 4} is the loading condition. When referring
collectively to all loading conditions under a given winding configuration, the shorthand
“Scenario w” is used. The AC configurations were used to obtain experimental measure-
ments in 16 scenarios (Scenarios 1.1–1.4, 2.1–2.4, 3.1–3.4, 4.1–4.4); the DC configuration was
used for obtaining measurements under eight scenarios (Scenarios 5.1–5.4, 6.1–6.4).

In Scenarios 1 and 2, power electronic loads on the secondary side of the transformer
were connected as shown in Table 1. In these scenarios, the four loading values were applied
to the converters as follows. The AC/DC power supplies were operated under loads of:
no load, 10 Ω, 5.6 Ω, or 3.9 Ω. The laptop chargers were connected to the 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 a Keysight multifunction switch measuring unit (MU)
model 34980A with Keysight 34921T multiplexer and a Keysight PA2203A power analyzer.
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Table 1. Device configurations for AC Scenarios 1 and 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 and 4 were the same as Scenarios 1 and 2, except that the AC/DC power
supplies and resistances were replaced by heaters drawing approximately the same rated
power level. The converter connections under these scenarios are shown in Table 2. Loads
applied to the converters with respect to each phase in Scenarios 1–4 are shown in Table 3.

Table 2. Device configurations for AC Scenarios 3 and 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 3. Load power settings for AC Scenarios 1–4.

Loads for Scenarios 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 Scenarios 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, 4.4 700 500 100

In the DC configuration for Scenarios 5 and 6, DC voltage was supplied by the central
AC/DC converter, and the load converters consisted of: DC/DC laptop chargers; CLB 1–3,
which were connected to DC/DC laptop chargers 4–6, 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, and in Scenario 6 it was supplied with 208 V. The four
load power levels for each DC scenario are shown in Table 4.
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Table 4. Load power settings for DC Scenarios 5 and 6.

Scenario Power [W] Scenario Power [W]

5.1, 6.1 0 5.3, 6.3 541

5.2, 6.2 178 5.4, 6.4 904

5.2. Comparison of Toolkit Results with Measurements

To evaluate the accuracy of predicted electrical efficiency using the toolkit, simula-
tions of the experimental scenarios described above were performed using the BEEAM
toolkit and compared to experimental measurements. Predicted total system efficiencies
accumulated over all devices in the network are compared to measured system efficiencies
for Scenarios 1 and 2, 3 and 4, and 5 and 6 in Figures 17–19, respectively. As shown in
Figures 17–19, total system efficiency predicted by the toolkit matched well with measured
efficiencies over all scenarios. Predicted total system power losses in the network in Scenar-
ios 1 and 2, 3 and 4, and 5 and 6 are shown in Figures 20–22, respectively. Again, simulated
total power losses show reasonably good agreement with the experimental measurements
in all scenarios. Additionally, shown in Figures 17–22 are error bars on measured quantities;
a detailed analysis of measurement uncertainty is given in the Appendix A.

Discussion: Comparison of predicted versus measured efficiencies and power losses in
the initial toolkit implementation revealed that system- and device-level efficiencies could
be predicted with reasonable accuracy in AC and DC configurations in both balanced and
unbalanced conditions. The maximum estimated error for system efficiency throughout
all scenarios was 3%. Measured and modeled system efficiency agreed within the experi-
mental uncertainty in approximately half the scenarios (see Appendix A). However, on an
absolute wattage loss basis, further improvements to the underlying component models
were identified.

Scenario
1.1

Scenario
1.2

Scenario
1.3

Scenario
1.4

Scenario
2.1

Scenario
2.2

Scenario
2.3

Scenario
2.4

0

20

40

60

80

To
ta

lS
ys

te
m

E
ffi

ci
en

cy
[%

]

Measured BEEAM

Figure 17. Predicted versus measured total system efficiencies, Scenarios 1 and 2.
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Figure 18. Predicted versus measured total system efficiencies, Scenarios 3 and 4. † indicates that
uncertainty could not be estimated; see Appendix A.4.
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Figure 19. Predicted versus measured total system efficiencies, Scenarios 5 and 6. † indicates that
uncertainty could not be estimated; see Appendix A.4.
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Figure 20. Predicted versus measured total system power losses, Scenarios 1 and 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

50

100

150

Po
w

er
[W

]

Measured BEEAM

Figure 21. Predicted versus measured total system power losses, Scenarios 3 and 4.
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Figure 22. Predicted versus measured total system power losses, Scenarios 5 and 6.

Discrepancies between simulated and measured power values were likely attributable
to simplifying assumptions made in the initial implementation of the toolkit. One simplifi-
cation was in the building transformer model used in the validation studies. In particular,
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the balanced and linear three-phase transformer modeling approach depicted in Figure 8
was used for simplicity. This model assumes the secondary load is balanced, and conse-
quently neglects potential coupling between phase currents and their harmonics. Second,
it was assumed that the transformer was linear, with parameters extracted from measure-
ments taken under purely sinusoidal, non-magnetically saturated conditions. In future
work, the transformer model will be improved by accounting for load imbalance and phase
coupling using a symmetrical components model.

Note that although the loads used in this small-scale validation study are represen-
tative of a typical small office, the load levels and the AC and DC distribution system
components are not necessarily representative of a real building’s operation. The purpose
of the validation experiments was to validate the modeling toolkit, not to establish whether
AC or DC distribution is more efficient in the general case. Therefore, the experimental re-
sults shown in the foregoing should not be considered as predictive of real-world efficiency
for AC or DC distribution systems.

6. Conclusions

In this paper, a one- and two-port network framework and open source software toolkit
for comparing electrical efficiencies in AC, DC, and hybrid AC/DC distribution systems
for buildings was described. The new software toolkit, BEEAM, accounts for harmonics
in currents or voltages in the distribution system by specifying nonlinear device-specific
functional relations between voltage and current harmonics for all nonlinear devices
in the system. The solution for the voltage and current phasors at each harmonic in
the network is obtained using a harmonic power flow approach, from which device-
and system-level power losses and efficiencies are computed. The BEEAM toolkit was
implemented in Modelica, complete with a component library, graphical interface, user
guide, and examples [27].

Comparison of predicted versus measured efficiencies and power losses in the initial
toolkit implementation revealed that device- and system-level efficiencies could be pre-
dicted with reasonably good accuracy under both balanced and unbalanced AC scenarios in
a small-scale laboratory validation experiment. A detailed uncertainty analysis also demon-
strated that the maximum estimated error for system efficiency across all scenarios was
3% and that the measured and modeled system efficiency agreed within the experimental
uncertainty in approximately half the scenarios.

Some limitations to this work were: (a) the initial validation studies shown herein were
performed on a small-scale demonstration testbed that did not include some devices that
could be found in modern buildings, e.g., renewable generators and three-phase converters;
(b) a balanced, linear transformer model was used in the validation studies that neglected
potential coupling and harmonics between electrical phases in the transformer or any
nonlinearities; (c) device-specific behavioral functions in the initial toolkit were represented
using interpolation using experimental device measurements; and (d) investigation into the
relative contributions of harmonics from active and reactive power and how they impact
the efficiency calculations.

Future work (currently underway) will further develop and validate BEEAM in new
test configurations, to include co-simulation of electrical and thermal building system
performance in bench-scale and full-scale laboratory demonstrations and the analysis of
harmonic contributions from active and reactive power flows. The toolkit transformer
model will also be improved to allow the removal of the assumption of a balanced, linear
transformer by using a full representation symmetrical components. Finally, additional
research is underway to establish closed-form parametric models for the device-specific
behavioral functions for a class of power-electronic devices, along with a numerical fitting
procedure to extract the best-fit parameters. These closed-form models are expected to
improve the computational efficiency of BEEAM, by avoiding interpolation steps. Be-
yond these activities, recommended future work to extend this research is the development
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and validation of three-phase converter models compatible with BEEAM and suitable for
larger buildings studies.
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Nomenclature
Indices and Sets
h ∈ H Set of harmonic numbers
v ∈ V Set of one-port networks in electrical model
w ∈ W Set of two-port networks in electrical model
d ∈ D Set of all devices in the model, d ∈ V ∪W
g ∈ G Set of subgraphs formed by ideal interconnects between network ports
p ∈ {1, 2} Set of device port numbers
Eg Number of edges (branches) in subgraph g
Ng Number of nodes in 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

Variables
Ĩd,p,h Current phasor into port p of device d at harmonic h‹Vd,p,h Voltage phasor at port p of device d at harmonic h
Pin,d,p Average real input power, into device d, port p
Pout,d,p Average real output power, out of device d at port p
Ploss,d Average power loss, in device d
Functions and Parameters
fd Loss function for device d
gd Device specific behavioral function for device d
γd Vector of behavioral parameters for device d
βd Vector of one-stage loss parameters for device d
β′d Vector of two-stage loss parameters for device d

Appendix A. Uncertainty Estimation

This appendix describes the uncertainty analysis methodology used for the experimen-
tal validation of the BEEAM library, corresponding to the validation experiments described
in Section 5.

Appendix A.1. Data Collection

As described in Section 5, the validation experiment included 24 scenarios (16 with an
AC distribution and 8 with a DC distribution). Each scenario was repeated three times; the
measured values reported represent the averages of the three runs.

https://doi.org/10.5061/dryad.m63xsj471
https://github.com/NREL/BEEAM
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Appendix A.1.1. Instrumentation

Instrumentation used in the experiment consisted of two Keysight PA2203A power
analyzers, one Keysight 34980A multifunction switch, six LEM LTS 6-NP current transduc-
ers, and six Belkin Wemo F7C029 Insight smart plugs. Table A1 summarizes the accuracy
specifications for these instruments.

Table A1. Instrument accuracy specifications.

Instrument Rated Accuracy

Keysight PA2203A Power Analyzer 0.1% Reading + 0.05% Range + Fixed Term

Keysight 34980A Multifunction Switch with 34921T Multiplexer
(
% Reading + % Range

)
; range-dependent

LEM LTS 6-NP Current Transducer 0.7% Full Scale

Belkin Wemo F7C029 Insight Smart Plug Not specified; estimated at 0.6% Reading

Appendix A.1.2. Keysight PA2203A Power Analyzer

All channels of the Keysight PA2203A power analyzer were configured with a 1:1
voltage probe and internal 50A current measurement for all scenarios. In this configuration,
the power analyzer’s specified accuracy [36] was

0.1% Reading + 0.05% Range + Fixed Term, (A1)

in which the power range is the multiple of the voltage and current ranges and

Fixed Term = 100µV× Rtrans ×Voltage Reading, (A2)

where Rtrans = 1 for the voltage probes used. For each scenario, the voltage and current
range selected by the power analyzer for each channel were recorded and used to calculate
the channel’s power range.

Appendix A.1.3. Keysight 34980A Multifunction Switch

The Keysight 34980A multifunction switch with a 34921T multiplexer module installed
was used to measure DC voltages. The unit’s specified accuracy [37] was:

• 0.0035% Reading + 0.0005% Range for the 10 V range
• 0.0055% Reading + 0.0006% Range for the 100 V range.

As the unit was set to the "auto-range" function during all experimental runs, we used
the 10 V range to measure the output of the LTS 6-NP current transducers and the 100 V
range to measure all other voltages.

Appendix A.1.4. LEM LTS 6-NP Current Transducer

The LEM LTS 6-NP DC current transducer has a specified accuracy of 0.7% IPN ,
in which the nominal primary current (full scale) (IPN) is 6 A [38]. The transducer output
voltage was

Vout = 2.5V±
Å

0.625× IP
IPN

ã
V, (A3)

in which the polarity of the second term depends on the polarity of measured current, IP.
As the experiments were performed in a temperature-controlled laboratory; temperature
drift for ambient conditions was assumed to be negligible.

Appendix A.1.5. Belkin Wemo Smart Plug

The Belkin Wemo F7C029 Insight smart plug provided pass-through measurement of
120 VAC receptacle loads. (The F7C029 is an older model which is now out of production;
however, Belkin technical support provides a “Frequently Asked Questions” webpage [39].)
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This device does not have a manufacturer-specified accuracy. The authors tested the accu-
racy of multiple Wemo smart plugs while measuring 200 and 400 W loads using a PA2203A
power analyzer as a reference. Approximately 92% of Wemo smart plug samples were
within ±0.6% of the power analyzer reference, and 100% of samples were within ±0.7%.
Therefore, our analysis used 0.6% Reading as the Wemo smart plug accuracy specification.

Appendix A.1.6. System Topology

Figures A1–A7 display electrical diagrams for all scenarios with connected instrumen-
tation. In Scenarios 3 and 4, heaters and their associated smart plugs were included in the
circuit only if active for the loading condition. For Scenarios 5 and 6, loading conditions
` = 2 included one load resistor, ` = 3 included four load resistors, and ` = 4 included all
seven load resistors. Each load resistor in Scenarios 5 and 6 was nominally 85 W at 24 VDC.
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Figure A1. Electrical diagrams for Scenarios 1 and 2. (a) Electrical diagrams for Scenarios 1.1 and 2.1.
(b) Electrical diagrams for Scenarios 1.2–4 and 2.2–4.
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Figure A2. Electrical diagrams for Scenarios 3.1-2 and 4.1. (a) Electrical diagrams for Scenarios 3.1
and 4.1. (b) Electrical diagrams for Scenario 3.2.
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Figure A3. Electrical diagrams for Scenarios 3.3, 3.4, 4.2–4, 5.1, and 6.1.
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Voltage: 34980A DMM
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NO LOADS

Figure A4. Electrical diagrams for Scenarios 5.1 and 6.1.
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Figure A5. Electrical diagrams for Scenarios 5.2 and 6.2.
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Figure A6. Electrical diagrams for Scenarios 5.3 and 6.3.
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Figure A7. Electrical diagrams for Scenarios 5.4 and 6.4.
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Appendix A.2. Uncertainty Calculations

The uncertainty analysis combines the uncertainty associated with random (Type A)
errors and systematic (Type B) errors, per their NIST definitions [40]. For each quantify of
interest, Type A uncertainty equals the estimated standard deviation from the three runs
conducted for each scenario, and Type B uncertainty was calculated from the instruments’
rated accuracies. Uncertainty estimates were combined using the standard rules for error
propagation [40,41]. Total uncertainties are reported using a 95% confidence interval (1.96σ).
An excel spreadsheet that implements all the uncertainty calculations is provided with
this appendix.

Appendix A.2.1. Notation

Throughout the following sections, σx refers to the estimated standard deviation of
quantity x; sMeas represents the Type A component of uncertainty, that is, the estimated stan-
dard deviation of the experimental measurements; sPA, sDMM, sTrans, and sWemo represent
the Type B components of uncertainty associated with the power analyzer, digital multime-
ter (multiplexer), current transducer, and smart plug, respectively; and i is a generic index
associated with sets of multiple devices of the same type. To avoid a proliferation of indices,
uncertainty components s are always defined locally to the quantity x being discussed.

Appendix A.2.2. Assumptions

The following assumptions were used throughout the uncertainty analysis:

1. Measurements made for the same scenario with the same instrument have systematic
(Type B) error characterized by the instruments’ rated accuracy.

2. As the manufacturers data sheets did not specify the coverage (prediction inter-
val) associated with the rated accuracy, the rated accuracy for all instruments was
assumed to correspond to 99.7% coverage (3σ). Therefore, for each instrument k,
sk =

1
3 ×Accuracy.

3. Errors attributable to Type A and Type B uncertainty were uncorrelated.
4. Wemo smart plug measurements include the smart plugs’ known self-consumption

of approximately 1.5 W.

Appendix A.2.3. System Input

The system input power PIn was measured at the transformer primary with the
power analyzer configured for three-phase, ∆ power measurement. In this configuration,
the power analyzer reports individual Y-transformed measured power values PA, PB,
and PC. For each phase φ ∈ {A, B, C}, the estimated standard deviation is

σPφ
=
»

s2
Meas + s2

PA, (A4)

in which sPA is one-third of the accuracy range calculated according to (A1) based on the
voltage and current ranges used for the scenario. Given the relationship

PIn = PA + PB + PC, (A5)

the individual phase standard deviation estimates are combined as follows:

σPIn =
√

σ2
PA

+ σ2
PB

+ σ2
PC

. (A6)
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Appendix A.2.4. Transformer Secondary

For Scenarios 1–4, the transformer secondary power PSec was measured using the
power analyzer configured for three-phase, Y power measurement. Estimates of the phase
standard deviations σPa , σPb , and σPc were calculated according to (A4) and combined as:

PSec = Pa + Pb + Pc, (A7)

σPSec =
√

σ2
Pa
+ σ2

Pb
+ σ2

Pc
. (A8)

In Scenarios 5 and 6, only the Nextek PHD was connected to the transformer sec-
ondary. Therefore, a single-channel, single-phase power measurement of the Nextek input
was made: PSec = Pa for Scenario 5, with the voltage probe connected line-neutral; and
PSec = Pbc for Scenario 6, with the voltage probe connected line–line. σPa and σPbc were
calculated according to (A4), σPSec = σPa for Scenario 5 and σPSec = σPbc for Scenario 6.

Appendix A.2.5. System Output

The system output power POut is the sum of the measured or calculated output power
for each load device i present in the scenario,

POut =
N

∑
i=1

PDev,i. (A9)

The estimated standard deviation σPOut was therefore

σPOut =

Ã
N

∑
i=1

σ2
PDev,i

. (A10)

Derivations for the individual standard deviations follow.

Appendix A.2.6. DC Load

Output power for DC load resistors and load banks was calculated using either V × I
or V2/R, depending on the measurements available. In all cases, DC voltage VDev,i was
measured using the multifunction switch as a digital multimeter (DMM). The voltage
uncertainty is given by

σVDev,i =
»

s2
Meas + s2

DMM, (A11)

in which sDMM is one-third of the accuracy range calculated according to the formula
provided in Appendix A.1.3 for the 100 V range.

DC load current IDev,i was measured using the LTS 6-NP current transducers; the
transducer output was then read using the DMM. The DDM voltage is given by (A3).
Therefore, the uncertainty in the current reading IP attributable to the DMM is

6
0.625

sDMM, (A12)

in which sDMM is one-third of the accuracy range calculated according to the formula pro-
vided in Appendix A.1.3 for the 10 V range. The uncertainty attributable to the transducer is
one-third of 0.7% of 6 A, or sTrans = 14 mA. The combined estimate of standard deviation is

σIDev,i =

√
s2

Meas +

Å
6sDMM

0.625

ã2
+ s2

Trans. (A13)

For some scenarios, not all DC load currents could be measured, given the equip-
ment available. Instead, the DC load resistances were independently characterized under
load using the power analyzer. The Type A uncertainty of the resistance was obtained by
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estimating the standard deviation of the resistance values measured during the charac-
terization test. (Type B uncertainty was not computed for the resistances.) The average
resistances RLoad,i and their associated standard deviations σRLoad,i were used directly in
the uncertainty analysis.

For the V × I case, the covariance between voltage and current σ2
VIDev,i

was obtained
from the experimental measurements. The overall power uncertainty was

σPDev,i = PDev,i

ÃÅ
σVDev,i

VDev,i

ã2
+

Å
σIDev,i

IDev,i

ã2
+ 2

(
σ2

VIDev,i

PDev,i

)
. (A14)

For the V2/R case, the resistance and voltage values were assumed to be independent
(no covariance). The overall power uncertainty was therefore

σPDev,i =

Ã
σ2

VDev,i

Å
2

VDev,i

RLoad,i

ã2
+ σ2

RLoad,i

Ç
V2

Dev,i

R2
Load,i

å2

. (A15)

Appendix A.2.7. LED Lighting Load

In Scenarios 1–4, the LED lighting load voltage and current were measured with
the DMM. Therefore, the uncertainty is given by (A14). However, in Scenarios 5 and 6,
LED load power was measured directly using the power analyzer (one channel per LED).
For Scenarios 5 and 6 only,

σPLED,i =
»

s2
Meas + s2

PA, (A16)

in which sPA is one-third of the accuracy range calculated according to (A1) based on the
voltage and current ranges used to measure LED i.

Appendix A.2.8. Heater Load

Space heater power in Scenarios 3 and 4 was measured using the Wemo smart plus,
for which the accuracy was estimated at ±0.6%; that is, sWemo = 0.002PHeater,i. The com-
bined uncertainty was

σPHeater,i =
»

s2
Meas + s2

Wemo. (A17)

Appendix A.3. System Losses

Independent estimates with uncertainties were obtained for transformer loss, converter
loss, and total system loss.

Appendix A.3.1. Transformer Loss

For each scenario, the transformer loss was

PLossTran = PIn − PSec. (A18)

The associated uncertainty was

σPLossTran =
√

σ2
PIn

+ σ2
PSec

. (A19)

Appendix A.3.2. Converter Loss

The converter loss was
PLossConv = PSec − POut. (A20)

The associated uncertainty was

σPLossConv =
√

σ2
PSec

+ σ2
POut

. (A21)



Energies 2023, 16, 3001 38 of 46

Appendix A.3.3. Total System Loss

The total system loss was
PLoss = PIn − POut. (A22)

The associated uncertainty was

σPLoss =
√

σ2
PIn

+ σ2
POut

. (A23)

Appendix A.4. Efficiency

For each scenario, the calculated system efficiency was

η =
POut

PIn
. (A24)

The associated uncertainty was

ση =

Ã
σ2

PIn

P2
In

+
σ2

POut

P2
Out

+
σ2

PInPOut

PInPOut
, (A25)

in which σ2
PInPOut

is the covariance in the values of PIn and POut observed in the measured
data. In Scenarios 3.2 and 6.2, the estimate obtained for σ2

PInPOut
was a large negative value

that rendered the argument of the square root function in (A25) negative; this prevented
the team from obtaining uncertainty estimates for η in these two scenarios.

Appendix A.5. Results

For all scenarios, the average values of the measured device power values 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 A2–A4 compare the measured and modeled values of these quantities.

Table A2. 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± 2.0 W 99.2 W 50.3± 1.7 W 51.3 W

1.2 460.7± 2.4 W 449.2 W 403.4± 2.2 W 394.8 W

1.3 1254.9± 3.2 W 1243.7 W 1172.2± 2.6 W 1161.4 W

1.4 1870.9± 3 W 1887.9 W 1750.2± 2.8 W 1749.9 W

2.1 101.6± 2 W 99.2 W 50.3± 1.7 W 51.3 W

2.2 1772.1± 2.8 W 1796.9 W 1651.1± 3.8 W 1654.9 W

2.3 1839.2± 3 W 1861.4 W 1709.4± 2.7 W 1711 W

2.4 1853.9± 3 W 1599.2 W 1482.3± 3.3 W 1483.9 W

3.1 56.8± 2 W 56.2 W 5.3± 1.6 W 8.2 W

3.2 415.3± 2.5 W 400.4 W 357.6± 2.2 W 346.8 W

3.3 985.3± 1.5 W 966.2 W 919.3± 1.3 W 901.9 W

3.4 1613.2± 3.6 W 1598.8 W 1529.2± 3.6 W 1511.1 W

4.1 56.8± 2 W 56.2 W 5.3± 1.6 W 8.2 W

4.2 1616.7± 2.9 W 1602.4 W 1522.8± 2.7 W 1503.6 W



Energies 2023, 16, 3001 39 of 46

Table A2. Cont.

System Input Power PIn Transformer Secondary Power PSec

Scenario Measured Modeled Measured Modeled

4.3 1612.9± 1.9 W 1596.9 W 1523.4± 1.8 W 1505.7 W

4.4 1407± 3.1 W 1391.2 W 1322.5± 3.6 W 1303.9 W

5.1 72.4± 2 W 67.9 W 19.8± 0.7 W 20.0 W

5.2 294.2± 1.5 W 283.3 W 239.7± 1.9 W 232.9 W

5.3 693± 1.6 W 690.1 W 627.5± 1.4 W 623.5 W

5.4 1081.1± 4 W 1095.9 W 992.9± 5.3 W 998.5 W

6.1 71.9± 2 W 68.9 W 19.4± 0.8 W 21.1 W

6.2 290.5± 3.3 W 278.3 W 236.6± 3.1 W 228.7 W

6.3 680.7± 1.4 W 674 W 619.2± 1 W 613.8 W

6.4 1051.7± 3.2 W 1055.5 W 975.2± 4.8 W 976.4 W

Table A3. Measured and modeled values for transformer and converter losses.

Transformer Loss PLossTran Converter Loss PLossConv

Scenario Measured Modeled Measured Modeled

1.1 51.5± 2.6 W 47.9 W 50.3± 1.7 W 51.2 W

1.2 57.3± 3.3 W 54.4 W 104.2± 3.1 W 95.4 W

1.3 82.7± 4.2 W 82.3 W 175± 3.2 W 165.2 W

1.4 120.6± 4.1 W 138 W 220.8± 3.8 W 220.8 W

2.1 51.3± 2.6 W 47.9 W 50.3± 1.7 W 51.2 W

2.2 121± 4.7 W 142 W 215.5± 5.4 W 219 W

2.3 129.8± 4 W 150.3 W 216.3± 3.9 W 217.7 W

2.4 101.6± 4.5 W 115.3 W 200.3± 4.3 W 201 W

3.1 51.5± 2.6 W 48 W 5.3± 1.6 W 5.3 W

3.2 57.7± 3.3 W 53.7 W 60± 3.2 W 49.2 W

3.3 66± 2 W 64.3 W 66.2± 12.8 W 48.8 W

3.4 84± 5 W 87.7 W 67± 26.9 W 48.9 W

4.1 51.5± 2.6 W 48 W 5.3± 1.6 W 5.3 W

4.2 93.9± 3.9 W 98.8 W 68.1± 24.3 W 48.8 W

4.3 89.6± 2.6 W 91.3 W 66.5± 24.3 W 48.7 W

4.4 84.6± 4.8 W 87.3 W 67.4± 23.1 W 48.8 W

5.1 52.6± 2.1 W 47.9 W 19.8± 0.7 W 19.5 W

5.2 54.5± 2.5 W 50.4 W 41.7± 2.6 W 35.3 W

5.3 65.5± 2.1 W 66.6 W 75.4± 3 W 71.4 W

5.4 88.3± 6.7 W 97.4 W 108.7± 6.2 W 114.4 W

6.1 52.5± 2.2 W 47.8 W 19.4± 0.8 W 20.6 W

6.2 53.9± 4.5 W 49.6 W 40.5± 4.1 W 32.6 W

6.3 61.5± 1.7 W 60.3 W 66.1± 2.7 W 60.7 W

6.4 76.5± 5.8 W 79.1 W 92.4± 6 W 93.7 W
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Table A4. Measured and modeled values for total system loss and efficiency.

Total System Loss PLoss Efficiency η

Scenario Measured Modeled Measured Modeled

1.1 101.8± 2 W 99.1 W – –

1.2 161.5± 3.3 W 149.8 W 64.9± 0.4 % 66.6 %

1.3 257.7± 3.7 W 247.5 W 79.5± 0.3 % 80.1 %

1.4 341.4± 4 W 358.8 W 81.8± 0.2 % 81 %

2.1 101.6± 2 W 99.1 W – –

2.2 336.5± 4.8 W 361 W 81± 0.3 % 79.9 %

2.3 346.1± 4.1 W 368.1 W 81.2± 0.2 % 80.2 %

2.4 301.9± 4 W 316.3 W 80.9± 0.2 % 80.2 %

3.1 56.8± 2 W 53.4 W – –

3.2 117.7± 3.4 W 102.8 W 71.7 % † 74.3 %

3.3 132.2± 12.9 W 113.1 W 86.6± 1.3 % 88.3 %

3.4 151± 26.9 W 136.6 W 90.6± 1.6 % 91.5 %

4.1 56.8± 2 W 53.4 W – –

4.2 161.9± 24.3 W 147.6 W 90± 1.5 % 90.8 %

4.3 156± 24.3 W 140 W 90.3± 1.5 % 91.2 %

4.4 152± 23.1 W 136.1 W 89.2± 1.6 % 90.2 %

5.1 72.4± 2 W 67.4 W – –

5.2 96.2± 2.4 W 85.6 W 67.3± 0.1 % 69.8 %

5.3 140.9± 3.1 W 137.9 W 79.7± 0.5 % 80 %

5.4 197± 5.1 W 211.8 W 81.8± 0.5 % 80.7 %

6.1 71.9± 2 W 68.3 W – –

6.2 94.4± 4.3 W 82.2 W 67.5 % † 70.5 %

6.3 127.6± 2.9 W 121 W 81.3± 0.4 % 82.1 %

6.4 169± 4.8 W 172.8 W 83.9± 0.6 % 83.6 %
† Uncertainty value could not be calculated due to large estimate of covariance; see Appendix A.4.

Figures A8–A19 compare the measured and modeled system input power and total
system loss for all scenarios. These figures supplement Figures 17–22 in Section 5.
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Figure A8. Predicted versus measured total system input power, Scenarios 1 and 2.
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Figure A9. Predicted versus measured total system input power, Scenarios 3 and 4.
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Figure A10. Predicted versus measured total system input power, Scenarios 5 and 6.
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Figure A11. Predicted versus measured transformer power, secondary; Scenarios 1 and 2.
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Figure A12. Predicted versus measured transformer power, secondary; Scenarios 3 and 4.
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Figure A13. Predicted versus measured transformer power, secondary; Scenarios 5 and 6.
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Figure A14. Predicted versus measured transformer loss, Scenarios 1 and 2.
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Figure A15. Predicted versus measured transformer loss, Scenarios 3 and 4.
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Figure A16. Predicted versus measured transformer loss, Scenarios 5 and 6.
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Figure A17. Predicted versus measured converter loss, Scenarios 1 and 2.
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Figure A18. Predicted versus measured converter loss, Scenarios 3 and 4.
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Figure A19. Predicted versus measured converter loss, Scenarios 5 and 6.
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