Power Quality Impact of Photovoltaic Systems on Residential Distribution
Networks

by

Qingxin Shi

A thesis submitted in partial fulfillment of the requirements for the degree of

Master of Science
in

Energy Systems

Department of Electrical and Computer Engineering
University of Alberta

© Qingxin Shi, 2014



Abstract

The rapid proliferation of distributed photovoltaic (PV) panels results in some
power quality concerns of residential distributed networks. Therefore a thorough
study is highly needed on evaluating the severity of such concerns, which

includes the harmonic distortion and the voltage rise.

In order to study the power quality impact, the fundamental and harmonic models
are proposed to represent the detailed power electronics circuit of the PV inverter.
The model is verified by a simulation study and a lab experiment. Based on the
model, the thesis investigates how serious the harmonic impacts become when
multiple PV inverters are integrated to the residential distribution network. In
particular, the harmonic resonance concern caused by the PV inverter filter is

analyzed.

In addition, a Monte Carlo simulation platform has been developed for studying
the low voltage networks. The platform incorporates the behavior and electrical
models of the PV inverter and residential loads. It can support several power-

quality-related studies in regard to residential distribution networks.
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Chapter 1

Introduction

Photovoltaic (PV) is a method of generating electrical power by converting solar
radiation into direct current (DC) electricity using semiconductors that exhibit the
photovoltaic effect. Compared with other types of renewable power generation,
the PV generation has no rotation components, no mechanical loss or noise. It is
relatively easy to build and relocate. The maintaining cost is low. In this chapter,
the application background and the motivation of this research topics is
introduced. A literature review is presented on the modeling of PV inverter and its

harmonic impact studies. In addition, the thesis scopes and outline are presented.

1.1 Overview

In recent years, the solar power global capacity is experiencing a rapid
development, as is shown in Figure 1.1. As predicted by [1], the solar power will
provide up to 20% of the total electricity demand worldwide by the year of 2050
and 64% by 2100 (in Figure 1.2).
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Figure 1.1 Solar power global capacity 1995-2012
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Figure 1.2 Global energy use by source in the 21* century

The application of PV generation includes two aspects: large-scale PV plants in
wild area and small-scale rooftop PV systems in the city. Figure 1.3 shows a
general single-line topology of the North American residential distribution

network (secondary side) with PV systems integrated. The PV system mainly

consists of a PV array that converts the solar irradiance into DC power, and a PV

inverter that converts the DC power into AC power.
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Figure 1.3 Residential distribution system with PV system integrated



The rooftop PV system is an important type of distributed generator. It is installed
where electricity is used and therefore reduces the stress on electricity distribution
networks, especially during peak demand hours. However, it is claimed that
several power quality problems arise due to the high penetration of PV system,
such as harmonic distortion, voltage rise and voltage fluctuation problems [5]~[7].
The severity of these problems should be evaluated when planning and managing

the distribution system.

This thesis is concentrated on modeling distributed PV systems and evaluating
their power quality impacts on the residential distribution system. In addition,
since only the PV inverter interface the secondary system (shown in Figure 1.3),
the term “PV inverter modeling” is equivalent to “PV system modeling” in the

thesis.

1.2 Harmonic Impact of PV Inverters

In this subsection a literature review is presented about the harmonic modeling of

the distributed PV inverters and its harmonic impact on the low voltage network.
1.2.1 Significance of the Harmonic Issue of PV Inverters

The PWM inverter is widely used in modern grid-tied PV inverters to convert DC
power into AC power. The overall structure of a grid-tied PV inverter is shown in
Figure 1.4. Figure 1.5 shows the harmonic spectrum of a PV inverter output
current (/,..). It is measured by Yokugawa DL850 with a high sampling frequency
of IMHz. As this figure reveals, both low order harmonic (<2kHz or 30™ order)
and high order harmonic (equals to or multiples of switching frequency)
components exist in the PV output current. Traditionally, the PV inverter was
usually considered a harmonic source. Its low-order harmonic feature and
harmonic impact on the distribution system received a great deal of attention [7]-
[15]. However, few detailed studies were done to explain the mechanism of the
harmonic current generation: that is, whether the harmonic is generated by the

inverter itself or by the grid background harmonic. Furthermore, since the low-



pass filter displays capacitive characteristic at a specified frequency band, it can
interact with the system impedance and result in additional resonance in the

system [11].
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Figure 1.5 Harmonic current spectrum of PV inverter

Therefore, it is quite essential to investigate and clarify the low order harmonic
impact of PV inverters on the supply systems. The harmonic impact consists of

two aspects:

e On the one hand, the PV inverter acts as a harmonic source. We need to
determine its harmonic current injection to the system;

e On the other hand, the PV inverter acts as a harmonic impedance. We
need to investigate its harmonic interaction with the system impedance

and potential resonance problem.

Obviously, the harmonic source characteristic is shared by all kinds of nonlinear
loads, while the harmonic impedance characteristic is unique for filter-based

power converters and should be studied in depth.



1.2.2 Traditional Harmonic Modeling Method of PV Inverters

In order to investigate the aggregated harmonic impact of PV inverters on
distribution systems, a simplified and accurate harmonic model should be built up.
The existing harmonic models of the PV inverters can be classified into three

categories.

A. Current Source Model

Reference [7] suggested that the PV inverter can be modeled as a current source,
on the basis that the low order harmonic current was measured at the PV output
side. Reference [15] studied the allowable penetration of distributed resources by
considering the harmonic limits and other power quality constraints. And the PV

inverter was also modeled as current source.

However, such references lack a detailed and convincing study on the harmonic
characteristic of the PV inverter: they failed to explain how the harmonic current
is generated and to verify whether it remains constant under different background
harmonic voltages. Therefore this model is inadequate for power system harmonic

studies.

B. Norton/Impedance Model

The Norton model was proposed in [8]-[10]. These references assumed that the
harmonic current output of a PV inverter consists of two parts. As is shown in
Figure 1.6, the Norton current source /;,,(%) represents the PV output harmonic
current /,..(h) when the grid voltage is sinusoidal. The Norton impedance Z;,.(%)

represents the impact of grid harmonic voltage V,..(h) on L,c.(h).

1. (h)

Y

TN

L0 || Z,, () Ve (h)

O

Figure 1.6 Norton equivalent of the PV inverter



Reference [8] proposed an active measurement-based method for determining
Liny(h) and Z;,,(h). The PV inverter is connected to a programmable voltage source,
which can modify the harmonic voltage V,c.(h). Then 1,..(h) is also modified. The

Norton impedance and current source are estimated by (1.1):

— Vpcc‘72 (h) B Vpcc—l (h)
Ipcc—Z (h) - [pcc—l (h) ’

V .(h)
Iinv(h) = Ipcc—l - ; l(h)

Z (h) <h<50

(1.1)

Reference [9]-[10] proposed the dynamic frequency-domain Norton model which
incorporates the general control strategy of the PWM inverter. To some degree
the model explained the cause of harmonic current emission. However, control
block parameters are required to implement this model and it is not convenient to

apply this model to harmonic impact studies.

C. Full Circuit Model

Reference [11] analyzed the mechanism of the PV inverter’s harmonic current
generation in 2011. The equivalent circuit of the PV inverter is presented in
Figure 1.7. In the steady state condition, the inverter bridge output terminal is
represented by an independent voltage source V; at both the fundamental and the
harmonic frequencies. The harmonic spectrum of V; is obtained by the lab
measurement. Z;, and Zcy represent the filter inductance and capacitance and Z;,

represents the combination of filter inductance and grid impedance.

Z,(h) 1.(h) Zi(h)
ey (h) +
Q) v, (h) za|] Voe® v, h)

O

Figure 1.7 Harmonic model of grid-integrated PV inverter

This topology clearly indicates that both the inverter harmonic voltage and grid

background harmonic voltage contribute to the PV inverter harmonic current



I..(h). However, there is still room for improvement in this model: no verification
study was done to prove that the inverter bridge output can be modeled as a
voltage source at each harmonic order, which is the theoretical basis of the

harmonic modeling.

In summary, the contributions of traditional studies are as follow: 1) the low-order
harmonic feature of the PV inverter is partially explained; and 2) the
measurement-based model is proposed to quantify the low-order harmonic feature
of the PV inverter. However, an analytical model needs to be proposed and
validated so that we can analyze the potential harmonic impact of aggregated PV

inverters on the power system.
1.2.3 Harmonic Impact of PV Inverters on Distribution Networks

Low order harmonics are presented in the PV output current. These currents,
flowing through the impedances of the distribution system, result in additional
harmonic voltage distortion. The harmonic impact of a single PV inverter is
probably not significant. However, the number of grid-tied PV inverters may
increase very quickly in the low voltage networks. This phenomenon creates a

concern whether the grid harmonic voltage will increase obviously [13].

The secondary distribution system model is presented in Figure 1.8 [12]. It
indicates that North American structures and European structure are quite

different, which may lead to differences in the harmonic impact study.
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Figure 1.8 Secondary distribution network with its supply system

Traditional harmonic impact studies usually regarded the PV inverter as a
harmonic current source whose spectrum was based on the measurement.
Reference [13]-[15] proposed the measurement-based method for investigating
the harmonic impact of rooftop PV panels or small-scale PV plants on the
residential distribution network in Europe. In these studies, the simplified
European secondary system model is applied (shown in Figure 1.9). The PV
inverter is modeled as a current source at harmonic frequency and its harmonic
spectrum 1is extracted from field measurement data. Then, sensitivity studies are
conducted to estimate the harmonic voltage distortion under different grid
operating conditions, for example: 1) how the harmonic voltage changes with the
total PV installation capacity; and 2) how the harmonic voltage changes with solar
irradiance. The study procedures of these three references are quite similar and

are summarized in Figure 1.10.
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Figure 1.10 Procedure of harmonic impact study of PV inverters

Reference [16] also presented a harmonic impact study of the PV inverter. This

paper made a difference in that it investigated the potential harmonic resonance

problem caused by the filter of the PV inverters.

In summary, although the traditional studies demonstrated the harmonic impact of

PV inverters by providing sufficient field data, there still exist three shortages:

e About the PV inverter model: these studies failed to explain the

harmonic characteristic of a PV inverter in an analytical manner.

Reference [13] suggested that the PV output harmonic current might

change with system harmonic voltage but didn’t investigate the problem in

detail.



e About the residential load model: The residential load parameters are
hypothetical and cannot represent the general operating conditions of a

practical residential distribution network.

e About the network topology: The network topology is only applicable to
European networks and is sometimes oversimplified. In North America,
however, the secondary distribution network is quite different. Therefore
more studies are needed to estimate how the PV inverter affects harmonic

power flow in typical North American low-voltage networks.

1.3 Thesis Scope and Outline

This thesis is mainly focused on the collective power quality impact of PV
inverters on residential distribution networks. Two topics are discussed in this

research work.

The first topic is the harmonic characteristics and modeling of the PV inverter.
With the harmonic model, we can estimate the harmonic impact of the PV

inverter. This study will try to answer the following two questions:

e Why does the PV inverter generate low order harmonic current and how to
quantify it? If this is done, we can decide whether it causes significant

harmonic impact on the distribution system.

e How does the inverter filter interact with the system impedance, and can it

cause a serious resonance problem in the power system?

The second topic is a Monte Carlo simulation platform for studying the electric
features of a low voltage residential network. The platform incorporates the
behavior model and electric model of residential loads (developed by [3]) and
those models of PV inverter (developed in this thesis). It is able to simulate the
random loading behavior of the residential distribution network. Therefore it is an
effective tool for studying the power quality impact of PV inverter on residential

distribution systems.
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In addition, another project related to power quality impact of PV is presented in
Appendix E. It is a survey and a fundamental study on the statistical pattern of the
cloud transient behavior, which is the basis for studying the cloud transient impact

on the distribution systems with large PV penetration.
The thesis is organized as follows:

Chapter 2 proposes the steady-state model of the PV inverter at both fundamental
and harmonic frequency, based on the operating principle of the PV panel and PV
inverter. The fundamental model is verified by field measurement data. The
harmonic model is verified by the simulation study and the PV integration

experiment.

Based on the PV model in Chapter 2, Chapter 3 presents a harmonic impact study
of the PV inverter on residential distribution networks. Firstly a detailed
simulation study is made in order to demonstrate how the PV inverter affects the
harmonic voltage and harmonic current at the house entrance point. Besides, an
analytical study is conducted to demonstrate the mechanism of harmonic

resonance problem caused by the PV inverter.

Chapter 4 presents a Matlab-based program that can simulate the electric
parameters of a residential distribution network over an extended period of 24
hours. The program takes into consideration the random loading behavior of home
appliances and PV panels. Therefore it can support not only comprehensive PV
integration studies, but also several demand side studies such as non-intrusive

load monitoring (NILM), demand response and other power quality problems.
Chapter 5 concludes this thesis and provides suggestions for future research.
Appendix A summarizes the typical parameters of the PV inverter filter.

Appendix B presents the modeling of the multiphase coupled line and the single-

phase three-winding transformer for secondary system power flow calculation.

Appendix C documents the typical parameters of a single-phase induction motor.

11



Appendix D documents the input data structure of the Monte Carlo simulation

platform introduced in Chapter 4.

Appendix E presents a statistic pattern of cloud transient indices. The result can
be used to study the impact of the solar irradiance variability on the voltage

regulation of the distribution systems with large PV penetration.

Appendix F presents the computer programming method for automatically

counting the cloud transient indices from the raw field data.

12



Chapter 2

Harmonic Characteristics and Models of PV Inverters

Large PV penetration may result in several power quality problems in the
distribution systems such as harmonic distortion and overvoltage. In order to
estimate the severity of these problems, a PV inverter model at both fundamental

and harmonic frequency is required.

This chapter explains the configuration of practical PV inverters and conducts
theoretical analysis on the harmonic characteristics of the PV inverter during the
steady-state operation. An analytical harmonic model of PV inverter is proposed.
Section 2.1 presents a survey of the configuration and electric feature of the
distributed PV array and PV inverter. In Section 2.2, a fundamental frequency
model of the PV inverter is proposed. Also, in Section 2.3, the harmonic
characteristic of PV inverter is analyzed and the harmonic frequency model is
proposed. The model is further verified by simulation study and lab experiment in
Section 2.4 and 2.5 respectively. The characteristic of the harmonic model is

further analyzed in Section 2.6, which is followed by a summary in Section 2.7.

2.1 Description of the PV System

This section presents a survey of the typical circuit topology of an authentic PV
system and its technical parameters, which is quite essential for the later modeling

studies.
2.1.1 Configuration and Electric Feature of PV Arrays

A. Configuration of PV Array

The configuration of a rooftop PV array is shown in Figure 2.1. Each part of the
PV array is described as follows [19]:
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e Solar (PV) cell: an electronic device that converts solar energy into direct
current electricity through the PV effect. Assembly of cells is used to
make PV modules.

e PV module: A group of PV cells connected in series to provide a
significant output voltage (typically larger than 20V) is called a PV
module. A module typically consists of 48, 60 or 72 cells.

e PV string: Group of series-connected solar PV string to obtain a higher
output voltage.

e PV array: Group of parallel-connected solar PV string to allow the system

to produce more current.

Figure 2.1 The structure of a PV array

A number of PV modules are connected together to build up a PV array. There are
mainly three different ways of connecting the PV module circuit, shown in Table

2.1 [25].
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Table 2.1 Comparisons of different types of PV module

Type Central String Module
Cieut [ & a1 = | [ [ [
topology
| | |
A |
=] T T, !
DCbus | High voltage, high High voltage, low Low voltage, low
current current current
Feature | - Higher power losses, | - Separate MPPT for - Higher installation
- Mismatch losses each string, cost,
between PV modules, - Higher overall - No mismatch losses
- Nonflexible design for | efficiency than central | due to individual MPPT,
enlargement, inverter. - Flexible design for en-
- Low power quality. largement.
Usage This topology is widely | This topology is most | This topology is widely
situation | used in the past and less | widely used nowadays | used nowadays
used nowadays

B. Electric Feature of PV Module

The basic PV module equivalent circuit is presented in Figure 2.2. The brochure

usually provides four main technical parameters [17]: open-circuit voltage (V,.),

short-circuit current (/;), maximum power voltage (V,,) and maximum power

current (/,,,). The electric feature of a practical PV module product is shown in

Figure 2.3 [17]. The following conclusions can be drawn from the figure:

e The maximum power voltage V,,, almost remain constant under different

solar irradiance;

e The maximum power P,,, is proportional to the solar irradiance.

Besides, the technical parameters are based on the Standard Test Condition

(STC) (solar irradiance 1000W/m” and a cell temperature of 25°C). Therefore the

rated P,,, of PV module is reached under 1000W/m? irradiance.
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Because of its I-V and P-V characteristics, maximum power point tracking
(MPPT) is required to harvest the maximum energy that the PV module can
produce. In practical, this is achieved by the MPPT controller inside the PV

inverter.
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Figure 2.2 Basic PV module equivalent circuit
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Figure 2.3 Electrical feature of a PV module

In practical, the PV module cannot always operate in the temperature of 25°C.
Under a fixed solar irradiance, the relation between PV maximal output power

and temperature is:

PMPP(p.u,)(T):1+/1(T_25) (2.1)

where T is the PV cell temperature (°C), Puyppp..) 1s the per-unit of maximal

power under temperature 7, and A is the temperature coefficient (%/°C).

Table 2.2 lists several coefficients for different PV module products.
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Table 2.2 PV module temperature coefficient

Product Rated MPP Operation Coefficient

power (W) temperature (°C) A (%/°C)
Mitsubishi: PV MTL260-HC 260 -30 ~ +80 -0.45
Canadian solar: CS6X-300P 300 -40 ~ +85 -0.43
SunTech: STP250S-20 250 -40 ~ +85 -0.44
General Electric: GEPVP200 200 N/A -0.5

Therefore we select the average value 4 = -0.45% as the temperature coefficient

for the general PV module. Then, equation (2.1) can be expressed as:
Pyyop(pay(T) =1-0.0045(T - 25) 2.2)

C. PV Panel Orientation

There are three kinds of PV panel orientation: horizontal, latitude tile and 2-axis
tracking. One example of the field data is presented in Figure 2.4 [18]. In large-
scale PV plant, the 2-axis tracking is sometimes applied. The tracking greatly
promotes the solar energy harvesting efficiency but increases the expense.
Therefore the latitude tile is widely applied in rooftop PV panel. In areas of
different latitude, an optimal tilt angle is decided for the PV panel installation. In

this thesis, the solar irradiance profile of interest is based on the latitude tile type.

[ Horizontal |
1200 Latitude tilt
2-axis tracking

1000 |-

800 I

600 [~

400 [

Solar irradiance (W/m”2)

200 -

1 1 5

0 200 400 600 800 1000 1200 1400

Time (min.)

Figure 2.4 Solar irradiance at various PV panel orientations
2.1.2 Configuration and Function of Grid-tied PV Inverters

Grid-tied PV inverter is a packaged box which mainly includes a DC/DC
converter, a PWM inverter bridge and a low-pass filter. The topology and general
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control scheme of a grid-tied PV inverter is summarized in Figure 2.5. The major

components of a PV inverter are summarized as Figure 2.6 [10], [22], [25], [32].

PV inverter box

4 DC/AC switch N
'_ ____________________________ I
[ DC/DC PWM inverter |
PV array : converter bridge - I_‘(’lV'_pa_ss_ﬁEei | |l EMC filter
1
Circuit < o = T = ! +°
|
L [ = '
dc | | pee
_ I !
0/ p— - ~ t 1 _o
,,,,,,,,,, [
SPWM
Duty ratio D enerator I
Control Y VP" 1 pv Y = 7y . pee V/JCF
scheme PWM modulation
signal: Ma, ¢
DC/DC controller _ | DC/AC controller |«
»-| (MPPT included) P o & PLL -t
\\ ef /,,

Figure 2.5 The general configuration of a PV system
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|| Measurement, control and __{
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DC & AC switch \
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Figure 2.6 The function components of PV inverter

A grid-tied PV inverter is required to realize three functions [22]:

e Power conversion: the PV inverter converts the DC current generated by
PV array into AC current (almost sinusoidal) that is in phase with the grid
voltage. Therefore a phase lock loop (PLL) element is included in the
PWM control board for detecting the grid voltage phase angle.
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e  Maximum power point tracking (MPPT): MPPT is the control method
that a PV inverter uses to remain close to the ever-moving maximum
power point (MPP) of a PV array. The PV inverter is able to track the
MPP under the varying solar irradiance level by adjusting the terminal
voltage of PV array. Nowadays the MPPT efficiency of a commercial PV

inverter can be as high as 99.5%, according to the user manuals [19]-[21].

e Grid disconnection and protection: As required by IEEE-1547 [29], all
grid-tied inverters must disconnect from the grid if the AC line voltage or

frequency exceeds the limits prescribed in the standard.

A variety of PV inverter topologies are applied in the industry. One general
classification is to divide them into two types: insulated (transformer-based) type
and non-insulated (transformerless) type [25]. Below is a review of four common

types of topology.

A. Insulated type (transformer-based type)

The transformer in the PV converter has two functions: 1) regulate the voltage

level and 2) insulate the DC component from the grid.

Power frequency transformer inverters: As is shown in Figure 2.7, a 60-Hz
transformer is installed between the LC filter and the PCC. The 60-Hz transformer
can insulate the DC current components from the grid. However, it makes the
inverter quite bulky. This type is applicable to high power level PV systems
(generally larger than 30kW).

PV array Boost converter ) PWM inverter ) LQ filter N B 60-Hz transformer -

; % . }gﬁ T

- R O e —— -

Figure 2.7 A 60 Hz, transformer-based, three-phase inverter circuit

High-frequency transformer inverters: Many of the grid-tied inverters available

in North America today utilize high frequency transformers [22]. This type has
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the low weight advantage over power frequency transformer-based inverters. As
is shown in Figure 2.8, a high-frequency transformer is installed between the H-
bridge and the LC filter. The transformer provides isolation and boosts the voltage
for grid interconnection. This type is more applicable to low capacity situation

(several kW).

High-freq.
PV array Boost converter P\YM inverter tra?sf(i)?mer LC filter

+0

1l T
s
~

ol

Figure 2.8 A high frequency, transformer-based, single-phase inverter circuit

B. Non-insulated type (Transformerless type)

Transformerless PV inverter is popular in Europe, especially for string inverters
and increasingly for 3-phase central inverters. The basic premise is that since a
building or utility transformer is down the line anyway, another transformer right
in or alongside the PV inverter is not needed [22]. Eliminating the transformer not
only reduces cost, size and weight but also reduces the power loss associated with

the transformer, increasing inverter efficiency.

Single-stage transformerless inverter: the single-stage inverter realizes two
functions, MPPT and DC/AC conversion, with the same device. Figure 2.9 is a
typical topology of single-stage inverter. However, since there is no voltage boost
component in single-stage inverter, there must be a number of (at least 10) PV
modules connected in series to obtain a required DC voltage for the inverter. This

makes the PV array less flexible to build.

PV array

Figure 2.9 A single-stage transformerless inverter
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Two-stage transformerless inverter: the first stage is DC/DC converter, realizing
the function of voltage boost and MPPT; and the second stage is DC/AC inverter,
realizing the function of voltage conversion (in Figure 2.10). In the industry, this
topology is the most widely used topology for small-scale PV panels (<10kW)
[22].

PV array _ Boost converter PWMinverter  LC filter

+0

ol

Figure 2.10 A two-stage transformerless inverter

In summary, the 60-Hz transformer is only used in large capacity, 3-phase
inverters [19]-[21]. Since this project is focused on the residential PV system, the
single-phase, two-stage, transformerless PV inverter will be considered as the
typical topology of interest. In addition, the LC/LCL type filter is widely adopted
in the commercial inverter. The technical data of a typical single-phase, two-stage

PV inverter is presented in Table 2.3 [21].

Table 2.3 An example of PV inverter technical data
Manufacture: Canadian solar CSI-150

0TLD-GW
Item | Value | Remarks
DC input data
Max. PV-generator power (W) 1800
Max. DC voltage (V) 450
MPPT voltage range (V) 120~450
Turn on DC voltage (V) 125
Max. DC work current (A) 12

Number of inputs/MPPT trackers | 1/1
Standby power consumption (W) | 5
AC output data

Nominal AC power (W) 1500

Max. AC power (W) 1650

Nominal output voltage range (V) | 110~260V

Max. AC current (A) 18

THD; (at rated power) <1.5% THD; ranges 1~5% for different
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products

Power factor ~1  (nominal

power)

AC connector Single phase

Efficiency

Max. efficiency 97.6% When the PV module reaches
about 30%P,.q, the efficiency
almost reaches the maximal.
Usually it is between 95~98%
for different products.

MPPT efficiency >99.5% 99.5% is the typical value for
almost all PV inverters

The grid-tied PV inverter should obey standards given by the utility companies. In
particular, the IEC-61727 [23] and the IEEE-1547 [29] are worth considering.

These standards deal with issues like power quality, detection of islanding

operation, grounding, etc. in regard to the integration of distributed energy

resources (DER). Summaries are listed in Table 2.4.

Table 2.4 Summary of the major standard dealing with integrations of PV system

Limits in percent of /;*

(11-15) 2.0%
(17-21) 1.5%
(23-33) 0.6%

Issue IEC61727 IEEE1547
Nominal power 10kW 30kW
Harmonic current (3-9) 4.0% (2-10) 4.0%

(11-16) 2.0%
(17-22) 1.5%
(23-34) 0.6%
(>35) 0.3%

Even harmonics in these ranges shall be less than 25%
of the odd harmonic limits listed.

Maximum current THD

5%

Power factor at 50% of
rated power

0.9

DC current injection

Less than 1.0% of rated
output current.

Less than 0.5% of rated
output current.

normal operations

Voltage range for normal | 85 ~ 110% 88 ~110%
operation
Frequency range for | 50+ 1Hz 59.3 ~60.5 Hz

* [, = max (Ljpuq, Ipy) Where I,,4 is the Local maximum load current integrated demand without the

DER unit, and /py is the DER unit rated current capacity.
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2.2 Modeling of PV Inverters at the Fundamental Frequency

In the power flow calculation, the distributed PV inverter is different from the
large-scale power plant that can be modeled as a PV (power-voltage) node. The
main reason is that no constant-voltage control method is applied to the PV

inverter.
2.2.1 Fundamental Frequency Model of PV

A. Real Power Calculation

In references [6]-[7], the PV system is modeled as a current source at the
fundamental frequency. However, it can be concluded from PV inverter manuals
that the MPPT efficiency of commercial inverters is as high as 99%. Furthermore,
the efficiency of PV inverter is usually above 95% when its output power is larger
than 0.25 p.u. [19]-[20]. Therefore it is reasonable to assume that under the same
solar irradiance and same temperature, the PV inverter can keep constant output
power no matter how the PCC voltage fluctuates. Then the PV inverter can be
modeled as a negative P-Q load at the fundamental frequency (see Figure 2.11),

where P is a function of the solar irradiance /rr and temperature 7: P = f(Irr,T).

P od PV ])inv + jQim'

Irr PV mod _
module inverter pc:c — ( P+ Q)

Figure 2.11 Fundamental model of PV inverter

Recall equation (2.2) in Section 2.1.1, the PV array output power is,
P (T) =P, sc[1-0.0045(T -25)] (2.3)

where:

T is the PV cell temperature (°C);
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Irr is the projection of solar irradiance (W/m?) into the normal vector direction of
the PV module;
Ppax stc 18 the maximal power under the Standard Test Condition ([rr =

1000W/m?, T = 25°C).

According to the discussion in Section 2.1.1 and the field measurement result in
[24], the maximal DC power produced by the PV module is proportional to the
solar irradiance it received. However, if the DC power exceeds the maximal

power rating, the exceeding part is “cut off” by the PV inverter,

Irr
P (T)=min| ————xP, (T),P,, (T 24

mod( ) mm[lOOO W/mz x max( )7 max( )j ( )

Based on the operation efficiency of the PV inverter (set 0.96 as a typical value),

the AC power transmitted to the grid is,

Irr

P(T) = P, (T) =17, Poo(T) = 0.96mi
( ) mv( ) nmv mod( ) mm[1000 W/m

> XRW(T),PW(T)j (2.5)

In addition, the PV cell temperature 7 can be replaced by the atmosphere

temperature 7°' if 7 value is unavailable.

B. Reactive Power Calculation

Figure 2.12 shows the 24-hour measurement data of a practical PV inverter on a

cloudy day. The following electrical features can be concluded accordingly:

e During the night, the PV inverter doesn’t generate real power. The inverter
acts as a small-capacity STATCOM because its filter capacitor and
controller still generates the reactive power. The PV inverter cannot be
regarded as open circuit.

e The value of Q keeps roughly constant no matter how P fluctuates during

the day.
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Figure 2.12 PV output power (measured in Edmonton, June 24, 2013)

Generally Q is much smaller than P. Therefore Q can be assumed zero for
simplification and the PV inverter is modeled as a constant power element at the

fundamental frequency (under constant solar irradiance).
2.2.2 Verification of the Fundamental Frequency Model

In this subsection, we will verify the constant power model by studying the
statistical correlation between PV power and voltage from the measurement data.

According to the definition of load classification:

P (VY Y
P \v 26)

rated rated

If a = 2, the element is a constant impedance;
If a = 1, the element is a constant current source;

If o = 0, the element is a constant power.

Figure 2.13 (a) shows the measured output power and voltage profile of a PV
inverter during a whole day (the time interval of the data is 0.5 minutes). A 30-
min partial amplitude is presented in Figure 2.13 (b). When a voltage step change
happens, from 247.0V to 252.5V, the power almost remains constant at this time
step. Due to some dynamic process inside the PV inverter, the output power

cannot keep exactly constant and o cannot be exactly 0. Therefore a statistical
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method is proposed to verify whether the PV inverter can be approximated as a

constant power model under the constant solar irradiance condition.
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Figure 2.13 PV output power and PCC voltage (measured in Edmonton, June 28, 2013)

Step 1: From the multi-day PV measurement data, select the 4-minute data
segment containing the voltage rising or falling edge (‘AV‘ >1V), as shown in

Figure 2.13 (a). Define ¢; and ¢, as the snapshot before and after the voltage

change. Note: if a data segment contains both a voltage step change and a large

power step change (say, AP ‘ > O~1Ra,ed ), this segment cannot be selected because
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the “constant solar irradiance” condition is not satisfied (the big power change is

caused by the solar irradiance transient).

Step 2: Calculate the moving average of the voltage and power segment near the

voltage rising/falling edge, as shown in Figure 2.13 (b).

V=3V (=) V(DY ()

4
4
- Ve, +V(Ee, +D)+V(, +2)+V (¢, +3)
L=
4

The calculation of P; and P, are similar to V; and V5. Since the data resolution is
0.5 minutes, the duration of V; segment and V, segment is 4 minutes, during

which the solar irradiance can be regarded as constant.

Step 3: Calculate the power and voltage increment AP and AV respectively; then
the a index is obtained. If a < 0.5, it is reasonable to consider the PV inverter as a

constant power model.

AP=P,-P,

2.7
AV 1y 2.7)

The following is a method for calculating the a index:

A _( 4 j
Pmted I/mted (2 8)

P, _( v, }
Prated I/mted

Formula (2.8) is simplified to:

% (2.9)

o= ln(PZj/ln[sz (2.10)
I 4
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_ AP AV . .
Since —— and —— are basically less than 2%, o is expressed as:

1 1

In A+AP In 1+£

_ 5 )_ 5.
In hi+Av In 1+A—V
4 4

Formula (2.11) indicates that the index a approximate to the ratio between power

@2.11)

pu

=&k
>

changing rate and voltage changing rate.

According to the proposed method, 9 suitable data segments are selected from the
two-week measurement data and processed according to the above method, the

correlation between AP, and AV, i1s shown in Figure 2.14.
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Figure 2.14 Correlation power and voltage changing rate

Then the average a is:

The field data analysis indicates that the power change caused by the voltage step
change is quite small and the PV output power is not obviously affected by the
PCC voltage. Therefore it is accurate to model the PV system as a negative P load

for power flow calculation.
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2.3 Modeling of PV Inverters at the Harmonic Frequency

According to the general circuit topology of the PV inverter (shown in Figure

2.15), the low order harmonic modeling consists of two steps:

1) Properly model the inverter bridge output terminal that has a harmonic source
characteristic;

2) Model the low-pass filter that has a harmonic impedance characteristic.

Inverter bridge filter
+ o] ——©°
S1 S2 "M
T I/d" pwm pee
$3 0 k54 .
- Lo |

Figure 2.15 Single-phase PWM inverter

Step 2 can be achieved when the filter topology and parameters are obtained. The
following is a discussion on how to implement Step 1. For a PWM inverter, the
inverter bridge output can be expressed as a deterministic voltage source Vpm(t)

in the steady-state operation:
Vi () =V < S(2) (2.12)

where,
S(#) is the time-domain representation of the switching function, S(¢) equals to 0
or 1 depending on the switch-on state of the device;

V4 1s the DC-link voltage.

Equation (2.12) indicates that the DC-link voltage and PWM switching function
are two factors for determining the harmonic spectrum of inverter bridge output
voltage V,um(f). Therefore, in the next two subsections, the harmonic
characteristic of the switching function and the DC-link voltage will be discussed

in detail, providing the PV inverter modeling with theoretical basis.
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2.3.1 The Switching Function of the Single-Phase PWM Inverter

Figure 2.16 shows the PWM modulation principle. During the positive half cycle,
when the reference signal is higher than the carrier signal (m(¢) > V,(t)), the
switches (S1, S4) are on; otherwise the switches are off. During the negative half
cycle, the switches (S2, S3) work in a similar way. Using this technique, the
magnitude and phase angle of the inverter output voltage can be directly
controlled by adjusting the magnitude M, and phase angle ¢ of the reference
signal.
m(t) =M, cos(wt — )

. 2.13
m(t) sampling method S(t) ( )

Vpk |- — M, (1)
M, ()

Ver(D)

Amplitude

~VY

I_ S(t)

=
I R

~V

Switching state
(e} —
[ T

Figure 2.16 Sampling method and the resultant PWM switching function

There are two kinds of PWM implementation: natural sampling (the reference
signal is represented by m,,,(f)) and uniform sampling (the reference signal is
represented by m,,(t)), shown in Figure 2.16. For the uniform sampling, the
reference signal update is performed only at the beginning of each modulation
period T [11]. It is expected that if the switching frequency is higher, m,,i(?) is

closer to m,,4,(1).

Figure 2.17 shows an example of the PWM switching function S(¢) based on the
uniform sampling implementation. In this example, the modulation index M, =
0.9, and the switching frequency is 3600Hz (60th order). The FFT calculation is
done to the function S(f) with a very high sampling rate of 8333 point/cycle
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(=5*10°/60, to simulate the 500kHz sampling frequency). The numerical

harmonic spectrum is expressed by (2.14).

S(t)=>|S,|cos(het + p,) (2.14)
h=1

AT e (T e |
it
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i ittt il

| Il
; | I
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Switching function (p.u.)
(=]

Figure 2.17 Sampling method and PWM switching function

Then the harmonic spectrum of the switching function is obtained. The magnitude

of the harmonic spectrum |Sh| (h =1, 3, 5...) is presented in Figure 2.18 (the

even-order harmonics are not shown because their magnitudes are much less than

that of odd-order harmonics). The following conclusions can be made:

e The low-order harmonics still exist in the switching function even if the
reference signal is purely sinusoidal. However, the low-order harmonics
are much smaller than the switching frequency harmonics.

e Compared with the natural sampling, the uniform sampling leads to a
higher low-order harmonic component. Besides, the sampling method has

little impact on the switching frequency harmonics.
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Figure 2.18 Harmonic spectrum of the switching function

The switching frequency of a practical PV inverter is fixed. However, for various
types of PV inverters, the switching frequency is different. Figure 2.19 presentes
the harmonic spectrum of switching functions with three switching frequencies. In
this sensitivity study the uniform sampling method is applied. As the figure
reveals, the low-order harmonic spectrum is quite arbitrary: there is no
deterministic relation between the low-order harmonic magnitude and the

switching frequency. However, the IHD of the low-order harmonic is typically
less than 0.5%.
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Figure 2.19 Harmonic spectrum of the switching function with different switching

frequency

Furthermore, the low-order harmonic spectrum of the PWM switching function
can be analyzed through complex deduction. Reference [30] proposed a double-
Fourier time-domain switching function of PWM inverter:

A
Vpk |

Amplitude

~Yy

y = — S(1)

Switching state
(=}
v

Figure 2.20 Modulation process using enhanced sampling for two-level PWM inverter

0 4Jh (hpgfaﬂ-j h
St=Y ——=Zsin (ha)ft—p—mj +
h=L3-- hpsr 2 (2.15)
47 (mM,ﬂj
© +o0 LH 0
DI E sin((ma)ct + heo,t) - hp;”j
m=1,2-

where:
wris the modulation frequency, which equals to the grid voltage frequency;

@, 1s the carrier wave frequency;
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. . 3 a)C
P =——, and Mp is the modulation ratio M, = —;
M, o

¢ 1s the sampling factor, the definition is shown in Figure 2.20. “& =1 represents
the uniform sampling;

M, is the modulation index, the magnitude of the PWM reference signal;

J,(x) is the Bessel function of the first kind, order 4;

Note: The first term on the right-hand side of (2.15) includes low-order odd
harmonics hw,, for h = 1,3,5.... The second term represents switch-frequency
harmonics mw. + hw,,, form=1, 2,... and h = =1, £3, £5,....

Formula (2.15) indicates that the switching function contains characterized low-
order harmonic components. Furthermore, the low-order harmonic spectrum

mainly depends on the carrier wave frequency w. and the sampling factor .
2.3.2 The Characteristic of the DC-link Voltage

This subsection discusses whether the DC-link voltage can be regarded as a
constant DC voltage source. If it can be, the harmonic analysis of the inverter is

greatly simplified.

400
380 [ . rd ", o A

360 -

Vpc (V)

340

320 -

300 1 | | 1 | 5
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Figure 2.21 Measured DC-link voltage waveform [27]

The DC voltage control block in the PWM controller can decouple the DC-link
voltage from the grid voltage [27]. As is shown in Figure 2.21, the measured DC-

link voltage waveform is approximately constant except for the double-frequency
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harmonic and noises. The following is a discussion on the mechanism of double-

frequency harmonics and its impact on the inverter bridge output voltage.

Figure 2.22 illustrates the relationship between the input power and output power
for a single-phase PV inverter. Because of the transient power difference, the PV
inverter always needs energy storage capacitor for balancing the instantaneous
energy between the input and the output. This capacitor is placed in front of the

inverter as shown in Figure 2.22 (b).
Pout \ /\ A - ML ML
T\

0

(a) Instantaneous power (b) power transfer

AC

Figure 2.22 Input power and output power for a single-phase PV inverter

For a grid-tied PV inverter, the output current should be in phase with the grid

voltage. Thus, the output power can be expressed as [28]:

P
P, ()= \/EVg cos(w,t)- 2 % cos(w,t) = By, — Py, cos(2w,1) (2.16)
g

where P,,(f) is the instantaneous output power of the inverter; Ppy is the DC
power from the input PV panels, and ¥, is the grid voltage magnitude. Then the

energy stored in the capacitor can be calculated as below:

[[B.()-P.,]-dt= % vl —%Cng (2.17)
Thus, the peak-to-peak value of the voltage ripple can be obtained as below:
P,
rip — (2 1 8)
a)gCDCVDC
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Theoretically, we can mitigate the V., by increasing the size of the DC-link
capacitor. However, a large capacitor will increase the cost of the PV inverter.

Using the parameters of a practical PV inverter,
PPV=3000W, CDC=235011F, VDCz420V

The double-frequency voltage ripple is calculated: 17, =0.021, . The inverter

output voltage is expressed as,

V() = [V, 0017, sin2at + @,,) J
=V, [ S(t)+0.01sin2ex +¢,,)S(t) | (2.19)
=V, [S@t)+S'(1)]

where S(f) =|S,|cos(ar +¢,) +|S,|cos(3et + ;) +|Sy|cos(5et + ;) +++-.
Formula (2.19) indicates that the effect of the DC voltage ripple on the voltage

Vowm(?) 1s equivalent to modifying the switching function S(f) by adding the term

S"'(¢) . It should be noted that ‘S,»‘ < wheni> 1, thus
S'(t) = 0.01sin2ext + @, ) % |S1 | cos(at + @)
By expand S'(?), its harmonic spectrum is obtained.

S'(t)=0.01sin (201 +¢,, )|S,|cos(wt +¢,) (2.20)

=0.005|S,|cos (@t +(,, — ¢, —90°))+0.005|S,| cos (3t + (¢,,, + @, —90°))

Based on the phase angle difference between S(z) and S'(r) , the double-
frequency ripple of DC-link voltage can increase or decrease the 3™ harmonic of
the inverter terminal voltage by up to 0.5% of the fundamental. Besides, the ripple
doesn’t affect other harmonic orders of the inverter output voltage. For the
purpose of PV inverter harmonic modeling, it is reasonable to approximate the

DC-link as a constant DC voltage source. This approximation only leads to a

36



small error in 3™ harmonic. In addition, many DC-link control strategies have

been proposed to mitigate the 2nd ripple of the DC-link voltage [27].
2.3.3 Harmonic Model of PV
Theoretical analysis in 2.3.1 and 2.3.2 has reached two main conclusions:

e The switching function contains small amount of low-order harmonic
components;
e The DC-link can be modeled as constant DC voltage source and be

decoupled from the DC/DC converter.

Based on the above two conclusions, the inverter terminal voltage can be

represented as a combination of voltage sources at each odd harmonic order.

m(t) San1plingmethod4> S(t)
H
S(t)= Y 2|8, |cos(hat + @,) (2.21)

h=1,3

V. (h)y=V, xS(h)

pwm

where S (h) = ‘Sh‘ej% is obtained by the FFT calculation of the switching function

S(#). Note: the FFT sampling rate should be high enough so that an accurate
harmonic spectrum of S(7) is obtained, and a minimum of 5000 points per cycle is

recommended.

An exemplary harmonic spectrum of V),,,,(f) is presented in Figure 2.23.
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Figure 2.23 Harmonic spectrum of inverter terminal voltage
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It has been proved theoretically that at each harmonic order, the inverter bridge
output acts as an independent voltage source V),,.,(h). In addition, a filter is
installed between the inverter bridge output terminal and the grid PCC. Therefore,
at the harmonic frequency the PV inverter can be modeled as a voltage source and
an LCL filter block, as shown in Figure 2.24 (a). In addition, there are two
alternative kinds of filter topologies being applied to the PV inverter, as shown in
Figure 2.24 (b).

Filter Utility grid
. L R, L, L,.(h) —

. =
OV, (h) R % v V. (h)

LCL type

(a) PV inverter model

L type LC type
(b) Filter topologies

Figure 2.24 Harmonic model of PV inverter

According to the Superposition Law, the harmonic current at PCC is the
combined effect of two voltage sources: the inverter bridge voltage source V,,,.(h)
and the grid voltage source V,(h). Taking LCL filter as an example, the total
harmonic current through the PCC is calculated by (2.22).

1.(h)= V() y Z(h)
T2 ZMNZMFZ,B) ZW+HZWFZ,B) o 5
A0

2 Z.(W)+(Z,() + Z,(h)

where:

Z(h)=R + jhoL,,
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1
JhaoC

Z.(h)=R +

Z,(h)=R, + jholL,;

Z,(h) =R, + jhoL, is the equivalent impedance of the grid;
Vowm(h) 1s the inverter bridge output harmonic voltage;

Vo(h) is the grid harmonic voltage.

2.3.4 Discussion on the Harmonic Model

The harmonic model discussed in Section 2.3 is based on the assumption that the
control block only regulates the fundamental voltage/current of the PV inverter.
This subsection presents a brief survey of the general control method in the PV

inverter manufacture, confirming the assumption.

A. Practical Control Strategy in Industry

The basic VSC control strategy is divided into three types: 1) constant voltage
control, 2) constant current control, and 3) constant power control. The grid-tied

PV inverters usually adopt the constant power control, as shown in Figure 2.25.

H44
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generator

A PWM modulation I
signal: Ma, ¢ pec pr

Current
controller

P
MPPT | "%

PLL

A

Figure 2.25 PV inverter constant power control

Generally, these control methods only directly regulate the fundamental voltage
and current with close-loop control. There is neither harmonic voltage nor

harmonic current feedback element in the control scheme [31]. Therefore the
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harmonic spectrum of V), 1s independent of the grid harmonic voltage. Then the

inverter bridge can be modeled as an independent harmonic voltage source.

B. Harmonic Compensation Control and Its Impact on PV Harmonic Model

In recent years, researches have been done on the harmonic compensation of
VSCs [32]. The basic consideration is to add harmonic feedback element so that
the VSC can actively mitigate the harmonic current or the harmonic voltage at the

PCC.

PWM modulation
signal: Ma, ¢

Current
controller

Fundamental
current reference
Harmonic voltage compensation
pee [ Harmonic | pec_h | 1 ref _h
- . - p
detection R, | Harmonic current
reference

1 ref _f C
A

Figure 2.26 Part of the power control block with harmonic compensation

In this method, the current reference /,..r contains both fundamental and harmonic
components. The harmonic components are generated by the harmonic feedback
control block, as shown in Figure 2.26. A power electronic interfacing converter
is utilized to improve the voltage quality of a power distribution system via
harmonic voltage compensation. The harmonic voltage at the PCC is extracted to
control the PV inverter as a small damping resistor at “selected” harmonic
frequencies. The effect of the internal impedance term is to introduce an

additional harmonic voltage for the inverter output voltage [32].

However, these harmonic compensation control methods have not been adopted
by the PV inverter manufacture [31]. In case the harmonic control methods are
applied, the harmonic spectrum of V,,, will be related to the controller
parameters at the “selected” harmonic orders. Thus the inverter bridge is modeled
as a controlled voltage source. For other “unselected” harmonic orders, the bridge

is still modeled as an independent voltage source.
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2.4 Verification Study on the PV Inverter Model - Simulation

In order to investigate the validity of the proposed harmonic model, a PV inverter
is simulated in MATLAB-Simulink. In the following, the simulation system is
introduced and the simulation result is compared with the result obtained from the

analytical harmonic model.
2.4.1 Simulation System

The simulation model built in Matlab/Simulink software is presented in Figure
2.27. Since this chapter is focused on the steady-state model, the PWM
modulation parameters M, and ¢ can be assumed constant. Therefore the control
system is not included in the simulation program. The simulation model includes
a DC side circuit, PWM inverter bridge, LCL filter circuit and grid side voltage

source. In the system, the DC-link is modeled in two ways:

Discrete PWM
generator — 4 pulses

LCL filter

. PWM inverter
DC/DC converter Switch bridge

ow ]

MAARS B i +
12

Ve ’{ T =C,. Vie

Duty ratio
regulator

Programmable single- %

phase voltage source =

Figure 2.27 Simulated grid-connected PV inverter

e Simulation 1 (turn the switch to “1”): model the DC-link as constant DC
voltage source V..

e Simulation 2 (turn the switch to “2”): model the DC-link as a detailed PV
inverter circuit. This circuit includes a DC/DC converter and a DC voltage

source Vpy that models the PV panel output.

On the AC grid side, a programmable single-phase voltage source models the

background harmonic voltage. Table 2.5 lists the parameters of the simulation
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system. In addition, the parameters V., Vpy and the duty ratio of the DC/DC
converter are selected to make the PWM inverter operate at the same power level

in two simulations.

Table 2.5 Parameter of the PV system

Components Items Value
DC-link PV panel output voltage Vpy 150V
Boost converter inductor L SuH
DC-link capacitor Cy, 2350uF
DC voltage V. 425V
PWM Inverter | Modulation frequency w,, 60Hz
Triangle carrier angular frequency . | 4.8kHz
Modulation index M, 0.85
Modulation index ¢ 8.4deg.
LCL Filter Inverter side resistor R; 0.05Q
Inverter side inductor L, 2.1mH
Grid side resistor R, 0.05Q
Grid side inductor L, 1.2mH
Damping resistor R, 2Q
Shunt capacitor C 10.6pF
Grid side Grid side voltage source V, 257V
Grid side impedance R, +jX, 0.09+j0.055Q@60HZz

Two simulation scenarios are conducted:

Scenario 1: As shown in Figure 2.27, let the grid voltage be sinusoidal and
conduct “Simulations 1” and “Simulations 2” in turn. Thus the harmonic spectrum
of the PCC current is obtained by the Ampere meter 4.

Scenario 2: Add 3rd ~ 19th order harmonic to the grid voltage Vg, then conduct
the two simulations again. Note: the typical grid harmonic voltage spectrum is

measured in the lab (shown in Table 2.6).

Table 2.6 Typical grid harmonic voltage spectrum

Harmonic | Magnitude | Phase angle | Harmonic | Magnitude | Phase angle
order V) (deg.) order V) (deg.)
1 257 0 11 2.98 91
3 1.42 -56 13 1.53 71
5 4.38 -165 15 0.23 59
7 2.33 72 17 0.29 42
9 0.27 96 19 0.15 37
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2.4.2 Simulation Results and Analysis

In this subsection, three sets of harmonic current spectrums are presented. The
first set is obtained from the proposed harmonic model of the PV inverter (Figure
2.24), the second is obtained from “Simulation 1” and the third is obtained from
“Simulation 2”. Note that for “Analytical model”, the inverter bridge terminal
voltage V,,m(h) 1s obtained from equation (2.21) and the harmonic current 7,..(/)
is calculated from equation (2.22). These sets are compared to show the validity

and accuracy of the proposed harmonic model.

Figure 2.28 and Figure 2.29 present the harmonic spectrum of the PV inverter

output current /,.. of the two scenarios. The analysis is as follows:

T T

T T T
Il Analytical model
25 [ Simulation 1 (with DC voltage source) ||
Il Simulation 2 (with detailed circuit)

—_

Current magnitude (%)
W

0.5

3rd Sth 7th 9th 11th  13th 15th 17th  19th
Harmonic order

Figure 2.28 Harmonic spectrum of 7,.. (under sinusoidal grid voltage)
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Il Analytical model
[ ISimulation 1 (with DC voltage source) |
Il Simulation 2 (with detailed circuit)

Current magnitude (%)
&
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Figure 2.29 Harmonic spectrum of /.. (under grid harmonic voltage)

1. The comparison between “Simulation 1” and “Simulation 2”:

43



When we model the DC link as a DC voltage source and detailed circuit, the

simulated harmonic currents through PCC match well for most harmonic orders.

500

450,\/ VAV Vi Vi VAV,

Voltage (V)

400

350
0

50 100 150
Time (ms)

Figure 2.30 Simulated DC-link voltage waveform

The main differences among the two models are 3™ harmonic component. In
“Simulation 27, the DC side includes a capacitor. As is analyzed in Section 2.3.2,
the DC-link voltage contains double-frequency ripple due to the charging and
recharging of the capacitor (shown in Figure 2.30). The ripple modifies the 3™
harmonic components of the inverter bridge voltage V., and the inverter output

current ..

2. The comparison between the “Analytical model” and “Simulation 1”:

The harmonic currents obtained from the analytical model approximately match
with those obtained from Simulation 1. However, the 11" order in Scenario 1 and
the 15™ in Scenario 2 have errors larger than 20%. The main reason is that some
small transient exists in the time-domain simulation waveform of V),,,,,(¢) and the
waveform cannot reach the absolute steady-state. As a result, the harmonic
spectrum obtained by FFT cannot exactly match the frequency-domain result

obtained by the analytical model.

Despite the error in some harmonic orders, overall the harmonic spectrum
obtained from the analytical model matches with that obtained from the
Simulation 1 and 2. Therefore it is feasible to model the DC-link (inverter bridge
input) as a DC voltage source, and further represent the inverter bridge output as
an AC voltage source at each harmonic order. Then PV inverter is modeled as a

harmonic voltage source and a filter, as shown in Figure 2.24.
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2.5 Verification Study on the PV Inverter Model — Lab

Experiment

In this subsection an experiment will be conducted in order to further verify the
proposed harmonic model of the PV inverter. In the experiment we will observe
whether the inverter bridge terminal voltage has harmonic interactions with the

grid harmonics.
2.5.1 Description of the Experimental PV Inverter

In this experiment, the Xantrex Grid-Tied PV Inverter GT3.0-NA-DS-240 is
applied. It is designed to convert solar electric power into utility-grid electricity.
In order to operate, the inverter must have grid power available and connected.
The inverter essentially consists of two separate parts: a PV inverter and a
wiring/disconnect box. The front panel and inside circuit of the inverter are shown

in Figure 2.31 (a) and Figure 2.31 (b) respectively.

v3444 8 448 FIOEH : e
| [
g

Inverter box =

Wiring/disconnect _|
box

DC/AC disconnect
switch

(a) Front panel of Xantrex inverter
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Figure 2.31 Picture of Xantrex inverter

The basic technical data for the PV inverter is presented in Table 2.7 [20].

Table 2.7 Electrical specification of GT3.0-NA-DS-240

Item Value Remarks

DC input voltage range 195 ~ 600V

Max. AC power output 3000W

AC output voltage (nominal) 240V

AC output voltage range 211 ~ 264V

Max. AC current 14.2A

Current THD (at rated power) | <5%

Power factor >().9 (nominal power)
Max. efficiency 96.6%

2.5.2 Experiment Principle and Procedure

Unlike the simulation study in which the grid harmonic voltage can be modified,
we are not able to observe different levels of grid harmonic voltage within a short

period. Therefore an alternative experiment method is proposed.

As is shown in Figure 2.32, insert an inductor AX in series with the PV inverter so

that the grid impedance Z, is changed. Thus the harmonic voltage at the PCC is
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also changed. In addition, a linear load should be connected in parallel with the

inverter to reduce the reverse power flow that is injected into the utility grid.

S

PV inverter
I,.(h) PCC Ay | Z
Y

+ ] @—o

Vdc_"_ @ Vl’“(h)gjb Zluud Vg(h)

O

Figure 2.32 Experiment circuit topology
The experiment includes two scenarios:

Scenario 1: Close the switcher S so that the inductor AX is short-circuit. Then
switch on the PV inverter and keep it operating for about 10 minutes;
Scenario 2: Open the switcher S so that the inductor is connected to the system.

Then follow the same procedure as in Scenario 1.

In each scenario, the measurement data was set continuously sampling (60
cycles/second). Each cycle has 256 snapshots. Three sets of parameters are

recorded in the experiment:

e The DC input voltage Vpy
e The AC output current /..

e The AC integration voltage V..

The inverter bridge terminal voltage V., is impossible to measure directly.
According to the circuit topology presented in Figure 2.33, V), can be calculated

through the measurement data at each time step,

1

pwm (

) A z, 1,.(h)

1 —1 o
| S I

1)\

OV, Z ]| V.(h) V..(h)

c pee

O

Figure 2.33 PV inverter circuit topology
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Vi) =V, (W)~ 1, (W) Z,(h)

pee

= - 2.23
Ty =1, 1) = 75 (223)
VoW =V (W) =1, (M) Z,(h)
According to (2.23), V,um 1s expressed as,
V() =V, ()~ 1, (DZ () - (lmw) Ll _Zlizgh)zz(h)]zl n @24)

Then calculate the average harmonic voltage over a period of time and regard it as

the harmonic spectrum of V).
— 1 N
P (W)=~ 2V (15 1) (2.25)
n=l

2.5.3 Experiment Implementation

The experiment platform is presented in Figure 2.34. In this experiment, we use
three-phase rectifier to generate a sufficient DC voltage supply (>195V) for the
PV inverter. The parameter and function of each instrument are shown in Table

2.8.

4 3-@ voltage T\ PV inverter / S
3-®s 1 i . (including -® n
source # regulator Rectifier  Capacitor LCL filton Insulation >~ souree #

PCC transformer
A O oa ao 1 T
B O ob bo 45 V.= ®

; o 4
Lo . [§ |os
3 o
G O go ‘ Lo G

C o oc ¢coO d‘—|_
4

@ 77777777777 Data
.. .4‘3_0 »| acquisition
PV array v Utility grid
O ‘

(a) Practical circuit connection

U
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PV inverter

3-O receptacle #2

Series inductor

Insulation transformer 3-0 receptacle #1

Voltage regulator

(b) Instrument set-up

Figure 2.34 The experiment system of PV integration

Table 2.8 Parameter and function of the experiment instruments

Components

Main parameter

Function/descripton

3-® source #1
3-® source #2

Phase voltage: 120V
Phase voltage: 120V

Supply the voltage regulator
Act as the PCC for PV
integration

inverter

3-® voltage | Phase  voltage range: | Generate an appropriate voltage for the
regulator 0~120V rectifier
Rectifier box Maximal AC voltage: | Generate the DC voltage for the PV
800V (Vpear) inverter
Maximal current 25A
Electrolytic Maximal voltage: 450V Mitigate the ripple of DC link voltage
capacitor Capacitance: 1440pF
PV inverter Maximal power 3kW The type of PV inverter is Xantrex,
DC input voltage range: | GT3.0-NA-DS-240
195~600V
AC output voltage range:
211~264V
Inductor Inductance: 3mH The inductor (1.13Q2 @60Hz) is large
enough to affect the system impedance,
which is roughly estimated as 0.1Q.
Load box Resistance: 125/N Q Consume the AC power generated by
(N=1~10) PV inverter.
Insulation Truns ratio: 240V/120V 1) Boost the receptacle voltage to 240V
transformer in order to simulate the 240V phase-to-

phase voltage of service panel;
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mailto:1.13Ω@60%20Hz

2) Insulate the PV inverter, prevent
short-circuit.

Data acquisition

The type is PGSN-DA-08

2.5.4 Experiment Result and Analysis

Firstly, we should check the ripple level of the DC-link voltage. Figure 2.35

indicates that when the inverter is switched off, the DC voltage is quite constant.

On the contrary, when the inverter is operating with rated power, there is a

considerable ripple. However, the ripple ratio 100*(V,qy -

still acceptable for the PV inverter input.

min)/Vaverage = 5% is
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240
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(b) Scenario 2

Figure 2.35 Transient DC input

voltage of PV inverter

Figure 2.36 shows that the inverter operates at the rated power with obvious

power fluctuation. The main reason is that the Volt-Ampere characteristic of

rectifier output is a constant voltage source, being different from the Volt-Ampere
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characteristic of a practical PV array. Therefore the MPPT controller is always

searching for the maximal power point (MPP) and there is a fluctuation in the

output power.
3400
No inductor
With inductor
3200
g b e b e e L e
B 00 AT (O
< ‘ I J\ o N N UL ALY [
WU A YDA M A
VI VA U LY A VLYY
28001 (/-1 VYWY 4 \f Ny
W VIV VY U I/ )
WY H
V
260(10 20 40 60 80 100 120 140 160 180

Figure 2.36 Inverter output power under two scenarios

Figure 2.37 indicates that the harmonic spectrum of V.. is modified by the series
inductor. The fundamental voltages of Scenario 1 and 2 are 258.5V and 256.6V
respectively. Figure 2.38 presents the estimated harmonic spectrum of V), in two
scenarios. The fundamental voltages of Scenario 1 and 2 are 260.8V and 259.0V
respectively. We can observe that the magnitude and phase angle of the harmonic
voltages almost match in the two scenarios, which represent the different
background harmonic level. This result indicates that the harmonic interaction
between V), and V.. is quite small. Therefore, at the harmonic frequency, it is
reasonable to model the inverter bridge output terminal as an independent voltage

source. Consequently the harmonic model of PV inverter is verified.
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Figure 2.37 Harmonic spectrum of PCC voltage V). (directly measured)
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Figure 2.38 Harmonic spectrum of inverter bridge voltage ¥, (indirectly measured)

2.6 Characteristics of the PV Harmonic Model

The harmonic model proposed in Section 2.3.3 described the harmonic source and
harmonic impedance characteristics of PV inverters. These two characteristics
will be quantified in this section using the practical parameters, as presented in
Table 2.9. The filter parameters are measured from a practical PV inverter and the

grid impedance is also obtained from field measurement [33].
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Table 2.9 Parameter of the PV inverter

Classification | Items Value
AC side Rated power 3000W
LCL Filter Inverter side resistor R; 0.05Q
Inverter side inductor L; 2.1mH
Grid side resistor R, 0.05Q2
Grid side inductor L, 1.2mH
Damping resistor R, 2Q
Shunt capacitor C 10.4pF
Grid side Grid equivalent voltage V, 257V
Grid impedance R, +jX, (95% index) | 0.09 +;0.055Q @60Hz
Grid impedance R, +jX, (5% index) | 0.008 +;0.015Q @60Hz

2.6.1 Harmonic Source Characteristics

As a nonlinear element, the PV inverter injects harmonic current to the grid.

Assume there is no grid side harmonics, the harmonic current /,..(%) is totally

caused by the inverter itself, as shown in Figure 2.39. I,..(h) is calculated by

(2.26).

where:

Z(h)y=R + jhol, ; Z (h)=R, +

)

V. (h)

pwm

@

Figure 2.39 Equivalent circuit of PV inverter integration

_ V() . z,(h)
Z,(h)+ Z, () | (Z,(0) + Z, () Z,(h)+(Zy(h) + Z, () )

1
Jho

C 5 Zz(h) = Rz +jha)L2§

Z,(h)=R, + jheoL,;

Vywm(h) 1s the inverter bridge output harmonic voltage.

(2.26)

Since Z; is a random variable affected by the grid condition, the field

measurement provides the probabilistic distribution of Z, [33]. A single index

53



showing the value that is not exceeded by 95% of the raw data (called the “95%
index”) is applied. Two sets of Z, (5% index and 95% index) values are used to
estimate the I,..(h) according to (2.26). Figure 2.40 shows that the harmonic
current /,..(h) changes very little with the Z; fluctuation. The main reason is that

Z, 1s much smaller than the total filter impedance.

0.2

T T T
}f Il 72 (95% index)
} I 72 (5% index)
|
|

e
—_
[

Current magnitude (A)
(=]

o
=)
n

3 5 7 9 11 13 15 17 19
Harmonic order

Figure 2.40 Harmonic spectrum of the output current /.

In order to compare the harmonic current injection of PVs and other home
appliances, an index called the Equivalent-CFL is applied [2]. This index
quantifies the harmonic impact of each load by the number of CFLs to which it is

equivalent. This index is defined as follows:

1

h PV

Ratio, ,, = (2.27)

h_CFL

where [, py 1s the PV harmonic current magnitude at order h, and /, cr; 1s the
representative CFL harmonic current magnitude at order h. In order to obtain a
single index and compare the PV with a representative CFL, the ratios of different

harmonic orders are aggregated into one value by using a weighted average as

follows:

(2.28)

h=3

Equivalent — CFL,, = \/Z(wh X Ratio, p, )2 =

The weighting factor wj, is the individual harmonic distortion of the CFL current.
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Besides PV, other two common home appliances are compared (shown in Table
2.10). Although the power ratio of PV is 200 times of CFL, its harmonic impact is

smaller than common nonlinear appliance such as a household.

Table 2.10 Comparing harmonic impact of the PV inverter and home appliances

Load type CFL PV Refrigerator | Desktop
Operating power (W) | 15 3000 150 94
Power ratio 1 200 10 6.27
Equivalent CFL 1.00 1.18 1.10 4.45
Ratio; 1.00 1.38 0.47 5.12
Ratios 1.00 0.77 1.91 4.57
Ratio, 1.00 0.76 1.10 2.33
Ratioy 1.00 1.09 0.14 1.98
Ratioy; 1.00 2.00 1.13 4.00
Ratio;; 1.00 1.04 0.96 5.13
Ratio;s 1.00 0.71 0.21 2.63
Ratio;; 1.00 2.06 0.86 3.57
Ratio;y 1.00 0.72 0.58 5.83

2.6.2 Harmonic Impedance Characteristics

Unlike other linear loads that are modeled as R+ jhX , the PV inverter filter

contains a capacitor. The filter total impedance is:

1
Z.. (h)=(R + jhoL R + +(R, + jhoL 2.29
ﬁltei( ) ( 1 -] 1)”( c ]hG)C] ( 2 .] 2) ( )

The frequency response of the inverter filter impedance is presented in Figure
2.41. The impedance magnitude reaches a peak around the 16™ order harmonic
because of a parallel resonance. Observing from the grid side, the filter is
capacitive between the 18™ and 28" harmonics and inductive at other harmonic

orders.
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Figure 2.41 Frequency response of the filter impedance

In summary, the harmonic current injection of the PV inverter is almost constant

no matter how the grid impedance changes. However, the harmonic current is

quite small compared with other nonlinear loads. Therefore we can expect that the

PV inverter is close to a passive element at the harmonic frequency.

2.7 Summary

In this chapter, both fundamental and low-order harmonic models of the PV

inverter are proposed. The models are verified by the field data analysis, time-

domain simulation and lab experiment. The following are the main conclusions of

this chapter.

1.

At the fundamental frequency, the PV inverter is modeled as a negative P-
Q load. In particular, O can be neglected for simplification since it is much
smaller than P. The field measurement data analysis suggested that under
the constant solar irradiance, the PV output power P approximately
remains constant with grid voltage variation. In order to determine the
value of P, the solar irradiance and temperature of the PV panel are

required.

At the harmonic frequency, the PV inverter is modeled as the series of a
voltage source and a passive filter. It can be used instead of the detailed
power electronic circuit for distribution system harmonic analysis. The

most important contribution of this study is: it proved that the inverter
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bridge output terminal can be represented by a voltage source at each
harmonic order. This representation is based on two assumptions: 1) the
DC-link of the inverter can be modeled as a constant voltage source so that
the inverter bridge is decoupled from the DC/DC converter, and 2) the
switching function of the inverter bridge contains low-order harmonic
components and its harmonic spectrum is independent of the grid
harmonics. The harmonic model is validated by the time-domain

simulation and the PV integration experiment.

When applying the PV inverter harmonic model, the user should follow
the following procedure: 1) calculate the harmonic spectrum of voltage
source by doing FFT with the inverter bridge voltage, and 2) decide the
filter topology and parameters. Four sets of typical filter parameters are

summarized in Appendix A.

The harmonic model reflects both the harmonic source characteristic and
harmonic impedance characteristic of the PV inverter. As a harmonic
source, the PV injects low order harmonic current to the grid. However,
the harmonic injection of PV inverter is not significant. Therefore the PV

inverter is close to a passive element at harmonic frequency.
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Chapter 3
Harmonic Impact of PV Inverters on Secondary

Distribution Systems

PV inverters (PVs) are integrated to the secondary distribution system through the
house service panel side. According to the harmonic model developed in Chapter

2, the PV inverter has two aspects of potential harmonic impact:

e The PV inverter contains harmonic source and can inject harmonic current
to the power system. Chapter 2 has proved that the harmonic current
injection is quite small. This chapter will further confirm the impact of

harmonic source from the power system perspective.

e The PV inverter also contains filter impedance. The filter is capacitive at a
certain frequency band and may cause a resonance problem by interacting

with the grid impedance [32].

Since the installation number of distributed PV inverters may increase quickly in
the future, it is quite essential to assess the severity of above two harmonic issues

by using the PV inverter models.

3.1 Description of Secondary Distribution System Model

A typical secondary distribution system of North America is shown in Figure 3.1.
It contains a primary network equivalent circuit (14.4kV), a single-phase three-
winding service transformer (14.4/0.12/0.12kV), several groups of two-phase
three-wire secondary conductor and several houses connected in parallel. In this
case, the number of houses is assumed 10. And each PV inverter is connected

phase-to-phase to avoid the voltage unbalance.
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Figure 3.1 Secondary distribution system with PV integration

Below is an explanation of the system.

1) Primary system: One phase (p) represents the energized conductor and the
other phase (n) represents the neutral conductor. ¥, models the neutral voltage rise
caused by the upstream system and loads.

2) Transformer: The three-winding coupled transformer model is applied to the
power flow calculation (the detailed modeling is presented in Appendix B.2).

3) Secondary conductor: The two-phase, three-wire coupled conductor is applied
(the detailed modeling is presented in Appendix B.1).

4) Residential houses: Most of the residential loads are connected phase-to-neutral.
Both linear and nonlinear loads are modeled as P+jQ element at the fundamental
frequency. At the harmonic frequency, a linear load is modeled as impedance.

Z(h)=R+jX(h)=%V2 + jh Q o

0 mVr (3.1)
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where P is the rated real power of the load and Q is the rated reactive power, V, is
the rated voltage of the service panel, it equals to 120V or 240V. Also, a nonlinear
load (except PV) is modeled as current source. The harmonic current magnitude

and phase angle are determined according to the load’s harmonic spectrum (the

typical harmonic spectrums are presented in Appendix D).

I(h) = 1) 2=, 000 = 0,0, (1) +h(00) =0, (1)

1 spectr (h )

spectr

(3.2)

Furthermore, in each house, the loads connected to the same phase are lumped

into a single impedance and current source, such as Z;, and /.

The typical parameters of the secondary distribution network and the PV inverter

are shown in Table 3.1 and Table 3.2 respectively.

Table 3.1 Secondary distribution system parameters

Classification | Parameters Sample values
Primary Phase voltage V, 14.4kV
System Neutral voltage V,, 10V
(Thevenin Source equivalent impedance Z,=64.04 + j46.58Q
equivalent) Z,=1.537+;0.448Q
Zon = 0.439 +0.834Q
Service Apparent power rating S, 37.5KVA
Transformer Base power Spase 37.5KVA
Voltage rating 14400/120V
Short-circuit R 0
Short-circuit X Xpa=0.04p.u., X, = 0.04p.u.,
Xab = 005pu
Grounding resistance Ry 12Q
Secondary Secondary conductor impedance | Z, = Zg = 0.249 + j0.878C/km
System (self and mutual impedance) 7Zx = 0.427 +j0.961Q/km
Zan = Zpn = 0.0592 +j0.429Q/km
Z g =0.0592 +0.491Q/km
Length of transformer — PCC ly=10.10km
Length of PCC — House #X [;=0.09km, [, =0.07km, ...
House #X Grounding resistance Rg 1Q
Phase impedance Zpn = 0.21450.094 Q/km
Neutral impedance 7 = 0.55+70.365 Q/km
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Table 3.2 PV inverter parameters

Parameters Value
Rated power 1.5kW
Inverter side inductor L, 2.1lmH
Inverter side resistor R; 0.05Q2
Grid side inductor L, 1.2mH
Grid side resistor R, 0.05Q
Shunt capacitor C 10.4pF
Damping resistor R, 2Q

3.2 Harmonic Impact of PVs on the System — Simulation Study

The objective of this section is to evaluate the harmonic impact of PVs on the
secondary system. In particular, it is essential to compare the performance of the

voltage source and filter impedance of the harmonic model.
3.2.1 Simulation Study Method

The simulation system and its parameters are introduced in Section 3.1. In

addition, the modeling of houses with PV integration is introduced as follows:

House electric model with PV: In order to compare the harmonic impact of the
voltage source and the filter impedance, three cases are simulated.

Case 1: No PV inverter is connected to the house;

Case 2: Each house is installed with a PV inverter. The PV is modeled as a
passive filter (filter model), as shown in Figure 3.2 (a);

Case 3: Each house is installed with a PV inverter. The PV is modeled as a

harmonic voltage source in series with a filter (full model), as shown in Figure 3.2

(b).

Service panel PV inverter
Phase A

Neutral

Phase B

v

(a) Representing PV with filter model
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Service panel PV inverter

Phase A

Neutral Vo (1)

Phase B v

(b) Representing PV with full model
Figure 3.2 Residential house model with PV inverter

In each simulation scenario, the harmonic voltage V,,, V3, and harmonic current

Liv.a, Iy p at the service panel side is observed (shown in Figure 3.2).

House behavior model: The harmonic impact of PV inverters is related to the
grid operating condition. It includes the grid impedance and the grid background
harmonic observed from the service panel. The grid impedance is affected by
linear loads and the grid background harmonic by nonlinear loads. In this study,
three time periods through the day are simulated to represent the random behavior
of loads: morning, noon and evening. As is presented in Table 3.3, the common
home appliances are manually assigned to each house according to the general
lifestyle. For example, the toaster and cooker are likely to be switched on in the
morning while TV and computer are switched on at noon or in the evening.

During each period, the switch-on schedule of home appliances is defined in the

program.
Table 3.3 Description of daily time period for simulation

Time period | Main household activity Home appliance involved
Morning: Preparing breakfast Toaster, cooker, microwave,
7:30~7:50 incandescent light, CFL etc.
Noon: Preparing lunch/ entertainment | Cooker, stove, microwave, TV,
12:00~12:20 PC etc.
Evening: Preparing dinner, laundry and | Microwave, stove, incandescent
17:30~17:50 | entertainment light, CFL, TV, PC etc.

In each time period, the simulation of three scenarios is done over an extended
period of 20 minutes with 1-second resolution. In each snapshot, the switch-on

state of each appliance is determined according to the switch-on schedule. Then, a
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multiphase harmonic power flow calculation is done by using the simulation
platform that will be introduced in Chapter 4. Note: the load switch-on schedules

of above three scenarios are exactly the same.
3.2.2 Simulation Results and Analysis

Figure 3.3 presents the examples of 10-house average harmonic voltage and

harmonic current trend.
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Figure 3.3 Phase B harmonic voltage and current trend at the service panel (7:30~7:50)

As the figures reveal, during a period of 20 minutes, the harmonic voltages trend
in three scenarios have deterministic difference with each other. The harmonic
currents in three scenarios also have the similar pattern. Therefore one snapshot
can be selected for calculating the typical harmonic spectrum of the voltage and
current. In this simulation, individual demand distortion (/DD) of Phase B is

calculated by (3.3).

DD :[W%(}l)xloo% (3.3)

L
where I; is the maximal demand current. It is assumed to be 20A 1n this section.

The typical harmonic voltage and current spectrums of three periods are presented

in Figure 3.4.
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Figure 3.4 Harmonic voltage and current spectrum at the service panel

Based on the simulation result, the harmonic impact of PV inverters can be

summarized as follows:

Harmonic source and filter impedance: Comparing the results of “filter
model” and “full model”, we can observe that the harmonic voltage and
harmonic current at the service panel side are quite close to each other.
During the morning period when the background harmonic (shown as “No
PV” bar) is low, the difference between “filter model” and “full model” is
relatively obvious. However, during the evening period when the
background harmonic is higher, the difference becomes negligible.
Therefore, the voltage source V() doesn’t obviously affect the service
panel harmonic voltage and current when the background harmonic is
relatively high. In other words, the harmonic impact is mainly caused by
the filter impedance. Thus it is reasonable to approximate the PV inverter

as the filter model for power system harmonic analysis.

Effect of filter impedance: Comparing “no PV” and “filter model”, we
can observe that the installation of PV leads to lower harmonic voltage

and slightly higher harmonic current. For the 21% harmonic, the PV leads
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to a larger harmonic voltage. The main reason is that the filter is capacitive
around the 21* harmonic order and causes a parallel resonance by
interacting with the grid impedance. However, the harmonic voltage

amplification is not significant.

3.3 Harmonic Impact of PVs on the System — Analytical Study

Section 3.2 suggested that the PV inverter filter can cause harmonic resonance in

the secondary system. In this section, an analytical study is made to demonstrate

the mechanism of the harmonic resonance problem and to estimate its sensitivity

to the filter and power system parameters.

3.3.1

Simplification of the Secondary System

In order to study the resonance problem, we need to simplify the secondary

system and to express the driving point impedance (the self-impedance observed

from a node of the system) as a function of the LCL filter and grid impedance

parameters. To achieve this, the following three approximations are made:

1)

2)

The primary side voltage is sinusoidal. In other words, the harmonic

distortion in the secondary system is only caused by the nonlinear loads.

The service conductor impedance (Z4, Zi and Zj in Figure 3.1) is
neglected because it is much smaller than the load impedance. For instance,
a typical service conductor impedance Z,,,.. and Phase A linear load

impedance Z,, are as follows [33]:

Z

service

=7 +Z,,=0017+ j0.0067Q
g, -V _ 10
“ P—jO 2000- /100

=7.2+ j0.36Q

Hence both real part and imaginary part of Zsic. 1s negligible compared
with Z,. Consequently, the PCC and service panel point are merged and

all residential loads and PV are directly connected to PCC.
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3) The harmonic voltage source V,,,(h) of the PV inverter model can be
neglected because its harmonic impact is quite small, which has been
proved in Section 3.2. As a result, the whole PV inverter is considered to

be a passive filter, as shown in Figure 3.5.

Rl Ll R2 L2 N
: = [z
r . L

Figure 3.5 Harmonic model of PV inverter (neglecting the harmonic source)

Firstly, assume the secondary system only contains one house. At the harmonic

frequency, the system can be simplified step by step (shown in Figure 3.6).

PCC & Service panel

PCC & Service panel

(2) (b)

PCC & Service panel PCC & Service panel
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Figure 3.6 Simplification method of the secondary system (at harmonic frequency)

From (a) to (b): The inverter impedance is split into two series-connected parts.
And the neutral line is split into two parallel-connected parts. In this way the two

phase circuit is decoupled.
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From (b) to (¢): Take Phase A as an example, Z,,; is the primary side impedance

reflected to secondary side and Z,4 is the transformer impedance. Z,  is assumed

mva

tobe@.
2

From (c) to (d): The circuit outside the house is represented by the grid original
impedance Zg. And the house load can be represented as three components: linear
load impedance Zj,, nonlinear load current /;, and inverter filter impedance Z;,,,.

The parameters are determined as follows:
The grid original impedance is given by,
Zp=Z,,+Z,+Z,+2Z, (3.4)

The inverter impedance is calculated by,

Zinva = Zinv = l ZIZC +ZZ (35)
2 2\Z+2Z,

where Z, =R, + jhol,, Z. =R+ and Z, =R, + jhol, .

JhaoC

Secondly, when the secondary system contains multiple houses, each house
connected to PCC is considered as a three-component circuit. Figure 3.7 shows

how to further simplify the circuit.

From (a) to (b): The multiple houses can be merged into one house. The
aggregated load impedance, load current and PV filter impedance are given by

(3.6). Note: the n PV inverters are assumed identical.

1 Zinvaf
Zla = f 1 ’ I[a = Z]la—k’ Zinva = n : (3'6)
k=1
k=1 Zla—k

From (b) to (c): All the loads except PV inverter can be moved to the grid side

and merged with the grid original impedance. Then the grid side can be equivalent
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to a Norton circuit, and the grid equivalent impedance Z,., and grid current

source I, are given by (3.7).

yAA
01
Z, . =Z,Z,=——
g £ “Z +Z
g0 la (37)
I,=1,
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h 1 i
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Figure 3.7 Simplification method of multi-house circuit (at harmonic frequency)
For each harmonic order, the driving point impedance at PCC is,

Z =7

pcc — “g-eq || inva

=7, ||l 22, +7Z, | /2 (3.8)
T\ Z+Z,

— Zg*eq [(Zl +ZZ)Zc +lez:|
(z,+2,+2n2,_ )2, +2,(Z,+2nZ,_,,)

Besides, if there are no PVs in the secondary system, the driving point impedance

at PCC is,

z (3.9)

pcc—noPV = g—eq
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Therefore the harmonic voltage at PCC is given by (3.10). The equation shows
that the driving point impedance Z,. plays an important role in the system
response to harmonic sources. If Z,.. becomes very large at a specified frequency,

a large harmonic voltage will result.

vV =127 (3.10)

pcc g pcc
3.3.2 Harmonic Resonance Analysis

This subsection aims to analyze the harmonic resonance issue. The first step is to
find the resonance frequency w,. It is roughly estimated that w, is at least 10 times
of fundamental frequency. Within this range, the real part of Z;, Z, and Z,.., are
negligible,

Z =~ jhol,, Z,~ jhol,, Z, , = jhol,

Thus formula (3.8) is expressed as:

. . 1 . .
jol,_, {]a}(Ll + Lz)(RC + ]a)CJ + ja)Llja)Lz}

Z (w)=

pee
jo(L+L,+L ’g_eq)(Rc + J;CJ +jol jo(L,+L', )

. (L, + L, - &’ LL,C)+ jo(L, +L,)R,C (3.11)
~ SO [(L, +L+L ) -’ L (L L) C] +jo(L+L,+L',_ )RC

c

2 A+ B
4, + jB,

where L'g_gq =2nL, .

If R<1Q, then we can find 4, > and A4,>  based on the typical filter

parameters. Therefore the maximum Z,..(w) is reached when,
4, =(L+L+L', - L(L+L", ,)C=0 (3.12)

Solve for the resonance frequency w,,

71



L+L,+L',
0, = | (3.13)
CL(L,+L', )
Then the resonance impedance is obtained,
; 2
2, (@)= jo.L 'MM ~jol', |1+ L+l -~ LI,C (3.14)
JB, jo,(L+L,+L'_,)RC

The resonance amplification AMP is defined as (3.15). It means the ratio
between the resonance impedance and the system equivalent impedance without
PV filters. The larger the AMP becomes, the more serious harmonic voltage

amplification occurs.

Z (@, Z,.(o L+L —&'LL
AMP = ”“( ’) :| P“( V) ~[1+— ) a)r‘l 2C (3.15)
ZpCC*I’lDPV (a)}) ‘Zg—eq(a)r) ]a)r (Ll + L2 + L g—eq)RcC
Substitute (3.13) to (3.15), gives,
L ‘
AMP =1—j L s 7 (3.16)
Rc\jC(Lz +L', )L+ L+, ,)

where L'g_gq =2nL, .

According to (3.16), we can see that the resonance amplification is affected by

two factors:

e AMP decreases with R, increasing. Specially, AMP is roughly inversely
proportional to R. when R, is very small.
e AMP is also affected by the PV inverter number n. However, the variation

pattern cannot be directly observed from (3.16).
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3.3.3 Sensitivity Study on the Harmonic Resonance

In this subsection, a sensitivity study is conducted to demonstrate the impact of
above two factors on the severity of the harmonic resonance. The system driving

point impedance and the PCC harmonic voltage are calculated by (3.17).

= Zg—eq I:(Zl +Zz)ZC +lez:|
T A m 2z, )24 2 (24 202, ) (3.17)
V.=1Z

pce

Typical parameters are applied to this sensitivity study. Below is a specification of

the secondary distribution system [33].

1) Primary system: The primary side impedance reflected to the secondary side is
extremely small due to the large turn ratio of the transformer. Thus Z,,; is assumed

to be 0.
2) Transformer: Z,, = Z,, =0.010+ j0.020€2

3) Secondary conductor (Transformer-PCC): Z ,+2Z,, =0.027+ j0.011€Q

4) Residential houses: 10 houses are connected to PCC and each contains linear

loads and nonlinear loads. Table 3.4 shows the load specifications of each house:

Table 3.4 Residential load specifications

Load type Model Parameters
Linear load | Impedance | - Total power: 2500W
- Average power factor: 0.995
Nonlinear Current - 7 common nonlinear loads are used: CFL, PC, laptop,
load source TV, fridge, furnace and washing machine.
- Randomly select several loads from the above 7 loads
and calculate their total harmonic current injection /;, of
each harmonic order.

5) PV inverter: the parameters are presented in Table 3.2.

A. Frequency Response of the Driving Point Impedance

The driving point impedance Z,.. is mainly affected by two main factors: the filter

damping resistance and the PV inverter number.
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1) The impact of the filter damping resistance: In this case, the PV number 7 is
fixed to 10. The frequency response of Z,.. is presented in Figure 3.8. As the
figure reveals, around the resonance frequency (20"~26" harmonic order), Zpee 18
amplified by the PV inverter; in other frequency band, Z,.. is reduced by the PV
inverter. Furthermore, AMP obviously decreases with the increasing of R.. When

R. equals to 2Q (the value of a practical PV inverter), AMP is as low as 1.18.
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No PV 1<——AMP=4,06 NoPV
N With PV: Rc:m i | ———— WithPV:Rc=2Q
--------- With PV:R=0.50Q i ceeeees With PV:R=0.5Q
. 1 _ ¢
g | [T WPViRT0030 i AMP=2.20 & sl With PV: R=0.05Q
\5 ’ 3 . //ﬂ
£ AMP=1.18 8 i
£ 1 E o .
3 =) LT
=l ¢ / — -~il
’.:/-~ 3 /!
05 o2 W e 0.5 i
= P i
- ’_/ t_“."::) P H
ob==" = -1
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Harmonic order Harmonic order
(a) Magnitude (b) Imaginary part

Figure 3.8 Frequency response of Z,.. with different R,

2) The impact of the PV inverter number: In this case, the damping resistance R, is
fixed to 2Q. The frequency response of Z,.. is presented in Figure 3.9. With the
PV inverter number increasing, the resonance frequency becomes slightly lower
and AMP becomes slightly higher. However, the variation of AMP is not

significant because the damping resistor R. is large enough to mitigate the

amplification.
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Figure 3.9 Frequency response of Z,.. with different PV inverter number
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In summary, the resonance amplification is quite sensitive to the filter damping
resistance but not very sensitive to the PV inverter number. Furthermore, based on
the practical secondary system parameters and inverter filter parameters
(especially R.), the driving point impedance at PCC will not be seriously
amplified at the resonance frequency, even if all houses are installed with PV

inverters.

B. Harmonic Distortion at PCC

According to the frequency response of the driving point impedance, the PCC
harmonic voltage spectrum can be estimated. It should be noticed that the
resonance may not happen at integer harmonic order. Hence the AMP is a
conservative index for estimating the maximal harmonic voltage amplification.
The individual harmonic voltage distortion /HDy can be calculated by (3.18),

where the fundamental voltage V(1) is assumed 120V for simplification.

V CcC
IHD, (%) = = 100% ~

% 100% (3.18)
0

(h) Voee (1)
120
The harmonic voltage at PCC is presented in Figure 3.10. Consequently, for low
order harmonics (<21*), IHDy is reduced by the PV inverter. For harmonic orders
close to the resonance point (21¥~25"), IHDy is amplified except for the 25
order harmonic in the “R.=2.0Q” bar. For larger harmonic orders (>25th), IHDy 1s

significantly reduced. The estimated harmonic voltage spectrum in Figure 3.10

has the similar trend to the simulated harmonic voltage spectrum.

In particular, when R.=0.05Q, the 23" harmonic voltage is amplified by 100%
more and it is likely to exceed the limits if more nonlinear loads are in operation;
when R~=2Q, the 23" harmonic voltage is only amplified by 15% less. For a
practical PV inverter, the resistor has been designed large enough to mitigate the
resonance problem. Therefore the resonance cannot cause significant harmonic

voltage amplification.
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Figure 3.10 Harmonic voltage spectrums under different damping resistance

C. Power Loss Assessment of the Damping Resistor

The study of Part A and Part B has concluded that a large damping resistor R. can
greatly mitigate the harmonic resonance amplification. However, the power loss
might be a concern when applying a large R.. Hence an approximate quantitative

study is needed to clarify whether the power loss caused by R, is acceptable. As is

shown in Figure 3.11, since V  (h) < at low harmonic order, the power

pwm

loss caused by low order harmonics is negligible. Then the power loss is caused

by the fundamental and switching-frequency harmonic current through R...

L, L,

Y Y Y Y 7YY Y Y

@ prm RL‘ @ Vg
€T

Figure 3.11 PV inverter harmonic model

At the fundamental frequency, é» . and the voltage drop on L; is

negligible. The power loss is,

P, ()=’ (DR =(o,CV.()) R =(0,CV,,, (D) R (3.19)

pwm

where oy is the fundamental angle frequency and V() is the voltage drop at the

capacitor.
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Around the switching frequency, wL, > . and the voltage drop on C is

we

negligible. The power loss at h-th harmonic is,

PlOSS (h ) =

LW R ~ (Z’LU’)J R (3.20)

oLy

Therefore the total power loss of R, is estimated by (3.21).

2 2172 szwm(h)
Psre =0;CV2 (DR + D e R, (3.21)
h=h,,+13 10 Orly
Besides, if we assume the PV inverter is operating at 80% rated power and the

efficiency is 96%, the total power loss of the PV inverter can be estimated,

P

loss—inv

= 80% x 3000 x (1—17) = 96}

The resonance amplification and the corresponding power loss are presented in
Figure 3.12. The power loss is almost proportional to R, and it reaches 13W when
R=2Q. However, 13W is still a small part of the inverter total power loss.
Therefore the power loss of the damping resistor is not serious in the PV inverter.
In addition, 2Q is a proper value for balancing the damping effect and the resistor

power loss.

Power loss (W)

Figure 3.12 The power loss and resonance amplification with different R,
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3.4 Summary

This chapter investigated the harmonic impact of PV inverter on the residential
distribution system through simulation and analytical study. In particular, it is our
interest to investigate how the large penetration of PV inverters affects the
harmonic voltage/current distortion at the house service panel side. The main

conclusions of this chapter are summarized as follows:

1.  The effect of harmonic source: It has been demonstrated that when the
harmonic voltage source is or isn’t included in the PV harmonic model,
the difference between their harmonic voltage/current is not significant,
especially when the grid background harmonic is high. Therefore the
harmonic source can be neglected when doing the system harmonic power

flow analysis.

2.  The effect of harmonic impedance: The harmonic impact of a PV
inverter is mainly caused by the filter impedance. For the harmonic orders
close to the resonance frequency, the filter impedance can slightly amplify
the harmonic voltage. For other harmonic orders, however, the filter help
reduce the harmonic voltage. Therefore, the large integration of PV
inverters doesn’t negatively affect the power quality of secondary
distribution system from the perspective of harmonics. Furthermore, the
harmonic impact of PVs on the primary system is even lower and needn’t

be studied in detail.

3. A secondary system simplification method is proposed for evaluating the
mechanism of the harmonic resonance. The LCL filter of the PV inverter
displays capacitive at a specified frequency band. Consequently it can
interact with the system impedance and result in a parallel resonance
problem. The resonance amplification decreases significantly with the
increasing of the damping resistor. For a practical PV inverter, the

damping resistance is large enough for mitigating the resonance
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amplification. Meanwhile, the power loss of the damping resistor is not a

big concern.
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Chapter 4
A Monte Carlo Simulation Platform for Studying Low

Voltage Residential Networks

Chapter 2 and Chapter 3 have proposed the model of PV inverter and studied its
harmonic impact on low-voltage (LV) residential networks. Generally, the
harmonic impact of a PV inverter is related to the grid operating conditions,
which is directly determined by the amount and characteristic of residential loads
in operation. Therefore a stochastic simulation program is highly required to

simulate the practical operating condition of residential networks.

Furthermore, low-voltage residential electric networks have become a frontier of
research and development due to a number of demand side innovations. Examples
are the rooftop PV panels, electric vehicles (EV and associated vehicle-to-grid
operation), demand response programs, and home energy use monitoring etc.
[34]-[35]. Such developments also result in a great need for a tool that can model
and simulate residential networks properly and effectively. Therefore, with the PV
inverter model developed in this thesis and the aggregated residential load model
developed in another study [3], it is ready to develop such a tool. The tool is
expected to support a number of residential network research activities, as

llustrated below:

1. Integration of local generators (such as PVs): A number of research topics
have been proposed in this direction, such as optimal operation of the
residential network, switching between grid-connected and islanded
modes, and minimization of load-generation unbalance. A proper
simulation platform is an essential tool for evaluating the performance of

various proposed or published techniques.
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Power quality concerns: The adoption of new load and generation
technologies in homes and LV networks has raised concerns on their
potential power quality impacts. An example concern is the neutral-to-
earth voltage (NEV) rise due to the connection of large loads such as EV
chargers between phase and neutral [40], which could lead to stray voltage
incidents. Another concern is the harmonic interactions among the devices.

Detailed low voltage network models are needed to analyze such problems.

Non-intrusive Load Monitoring (NILM) research: This research attempts
to determine the energy use of individual home appliances based on the
power measured at the service panel side only [36]-[37]. Due to its
significant energy-saving and data analytic potentials, NILM has become a
very hot research topic pursued by various disciplines [37]-[39]. A notable
challenge faced by this research is how to verify the proposed NILM
algorithms. A detailed simulation platform that can model the electrical
behaviors of various home appliances is one of the attractive solutions to

this challenge.

Demand response studies: Demand response programs control the
operation of certain appliances in homes or influence their operation
through means such as time-of-use pricing. To predict the effectiveness of
a demand response program, one has to understand, model and simulate
the household energy consumption characteristics [41]-[42]. Since the
home appliances operate in a probabilistic manner, a large number of
Monte Carlo style simulations are needed to determine the outcome of a

demand response programs statistically.

In response to the above needs, this chapter proposes a generic low voltage

residential network simulation platform that can be used to evaluate many of the

demand side smart grid ideas and techniques. The platform takes into account the

common characteristics of the four research areas identified above. It covers an

extended simulation period of 24 hours and has an output resolution of one

snapshot per second. The proposed concept, to some extent, is similar to that of
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power system dispatch simulators [43]-[44], but the modeling issues and target

applications are completely different.

Power system dispatch simulators are mainly used to identify trends on the
network, such as load-generation balance, steady-state violations, etc.; which
require only the fundamental frequency model of network components at steady-
state. On the other hand, the proposed simulator will be used to analyze the
random behavior of a residential network, and to produce data for other
researches such as appliance identification (NILM). To perform these studies, not
only steady-state, but also harmonic and motor starting simulations are required,
the behavior of network devices must be modelled in a probabilistic manner; and
every conductor of the multiphase secondary networks must be modelled to study

load imbalance, poor neutral conditions, harmonic cancellations, etc.

4.1 The Proposed Simulation Platform

Similar to high voltage power system studies, the residential network studies
require two broad types of modeling and simulation tools. One is to simulate the
dynamic responses of a network triggered by a single event such as a short-circuit
fault. Several commercial tools such as PSCAD and Matlab/Simulink are
available to meet these needs. The second type is to simulate the quasi-steady-
state behavior of the network over an extended period such as 24 hours. It should
provide a realistic consumption behavior of customers, including the individual
operation and signature of each residential device. To our knowledge, such a tool
has not been developed and its research is needed. The objective of the proposed
platform is to satisfy the needs of the quasi-steady-state network studies. Since the
simulation covers extended period, a number of unique issues must be addressed,
such as when an appliance will be switched-on, how long it will remain in
operation, what is the typical solar irradiance level at different snapshots, etc.

These issues will be further explained later.
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4.1.1 General Requirements on the Simulation Platform

Through analyzing the common characteristics of the four research areas, the
following general requirements have been identified for the quasi-steady-state

simulation platform:

1) Extended simulation period. The operation of residential loads is highly time-
dependent. For example, laundry activities are more likely to take place in the
morning, while TVs are mostly switched-on in the evening. Many researches
require modeling the network activities over at least a 24 hour period, as the
performance of various demand side techniques must be verified over an extended
period. A NILM algorithm, for example, is expected to be able to identify the

actions of major home appliances at any time of a day.

2) Modeling of random behaviors of residential loads and generators. Since
the loads and generators in the LV network operate in a random manner over the
simulation period, the proposed tool must be able to handle probabilistic events.
At any instant, the tool shall determine the operating status of a load or generator
based on their operation profiles that are characterized with probabilistic

distribution functions.

3) High resolution output. The platform should also be able to output the
network responses at a resolution of one snapshot per second. This requirement is
essential to model the unique electrical signatures of some home appliances
(which may last few seconds as will be shown later). Such information is usually
taken into account by NILM research. Besides, for the PV integration study, the

modeling of solar irradiance variability also requires a high resolution.

4) Multiphase network model. The residential network is a multi-conductor
circuit with both phase-to-neutral and phase-to-phase connected loads. In addition,
it has various grounding points whose grounding resistances can have an impact
on the network responses. Therefore, the simulator must include every conductor
of the system so that situations such as load unbalance, poor neutrals and

harmonic cancellations and so on can be studied.
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5) Harmonics and motor starting. Harmonics and motor starting dynamics
produced by many residential loads carry unique electrical signatures. These
signatures are used for appliance identification by many NILM algorithms. It is,
therefore, very important for the simulation platform to model such signatures.
Additionally, harmonics and motor starting dynamics are disturbances that must

be assessed from power quality perspective.

The above requirements can be addressed by using two models for the LV
network. One is the electrical model which represents the electrical
characteristics of the network and loads. Another is the behavior model which

covers the random operations of loads caused by the behavior of home inhabitants.
4.1.2 Electric Model

This model represents the electrical characteristics of the simulated LV system,
such as the network topology and impedances. A typical multiphase LV network
of North America, selected for the proposed platform, is shown in Figure 4.1 [57].
It contains a primary network equivalent (14.4 kV), a service transformer
(14.4/0.12/0.12kV), and several houses connected in parallel. Although the
platform has been designed to cover any number of houses, 10 is typically used
on the studies. Each house is represented by a further detailed circuit comprising

individual devices connected in different rooms (shown in Figure 4.2).

Note that the equivalent circuit for the primary network is a two-phase coupled
Thévenin circuit. One phase (p) represents the energized conductor and the other
phase (n) represents the neutral conductor. V, models the neutral voltage rise
caused by the upstream system and loads. This model is very general so one can

use it to study the impact of primary system on the LV network.
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4.1.3 Behavior Model

Behavior model here refers to the chronological operating characteristics of
various loads or generators. For example, the behavior model of a microwave
oven can be characterized by its on-instant, power setting and off-instant. The
behavior model of the simulator is responsible to determine the probabilistic load
demand during the simulation. In other words, it establishes which devices are
connected to the network at a particular instant based on the time-of-use
probability characteristics of the device. An example output of the behavior model
over a 24 hour period is shown in Figure 4.3. This figure shows the operating
status of several common appliances (high value means in operation and low

value means off-line).
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Figure 4.3 Sample household load behavior profile.
4.1.4 Sequential Monte Carlo Simulation

The probabilistic operating characteristics of LV loads and generators make it
impossible to predict the response of a residential network using a deterministic
approach. A sequential Monte Carlo (SMC) simulation technique is adopted to
address the problem. SMC is a computer simulation method based on
probabilistic theory and statistic technique. When applied to this paper, the SMC
simulation method will determine whether the expected operation status of an

appliance at a given snapshot is ON or OFF. Such status depends on the previous
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appliance states (if appliance was ON or OFF on previous snapshots). Therefore
the basic idea is to create a plausible residential behavior profile such as the one
presented in Figure 4.3, considering the time-of-use probability of the various
devices connected to the network. Once such a behavior profile is created, it is
combined with the network electrical model to create an instance of the network
for that profile. This instance is a deterministic network. Multiphase power flow,
harmonic power flow and motor starting studies are then performed for the
instance in a second-by-second sequence. This will yield the network responses

over the simulation period for that instance.

In reality, there are many instances of load profiles. So the simulation is repeated
many times for various randomly generated instances. Statistical analysis is then

conducted on the results to obtain statistically valid performance indices.

4.2 Load Behavior Modeling Technique

This section will present methods to determine the random operating states of

residential loads and generators for a 24 hour simulation period.
4.2.1 Home Appliance Time-of-use Probabilistic Behavior

To model a residential demand scenario, the simulator must determine a time
distribution of the ON/OFF states for all home appliances. These are considered
random events, since they directly depend on the residence occupants’ behavior.
Such behavior follows certain statistical distributions, usually referred to as the
time-of-use probability curves [46]-[47]. These curves consist of 7 items: cooking,
laundry, lighting, breakfast, PC, TV and house clean. Each curve presents the
likelihood of a residence starting an activity at each instant of a day and correlates
to one or several home appliances. They are obtained through load survey
research. The Example curves of laundry and cooking activities are shown in

Figure 4.4.
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Figure 4.4 Example of time-of-use probability profile for household activities

These activities are associated with specific appliances. For example, microwave
and stove are related to cooking and they share the same time-of-use probability
profile — cooking. Thus, using the activity time-of-use profile, switch-on
behaviors can be determined for all home appliances. This procedure is repeated
for every appliance during the entire simulation period. The result is a time-of-use

profile, such as that shown in Figure 4.3.

On a single snapshot, if a specific home appliance is NOT connected to the
network, the LV simulation platform applies the methodology proposed in [3] to
determine whether it will be switched-on or not. Such methodology calculates the

appliance switching-on probability according to (4.1).
P(n)=P(n)xmxkxc (4.1)

where:

P(n) — Switching-on probability for the appliance on the current snapshot;

P,(n) — Base probability read from the time-of-use profile on the current snapshot;
m — Average number of switch-on events per day for the appliance under study;

k — Household size factor. It is determined by the ratio between the number of
house occupants and the average number of people per household (2.5 is assumed

as default, but may be modified by the user);
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¢ — Calibration scalar determined by (4.2), where n refers to each time snapshot

and the Occupation Function (OF(n)) is 1 when house is actively occupied and 0

otherwise.
0, OF(n)=0
c=1— ! , OF(n)=1 (4.2)
2 B.(n)xOF (n)
n=1

A random number () between 0 and 1 is then generated. If » is smaller than the
switch-on probability P(n), the appliance is switched-on and remains ON for its
associated working cycle duration. The cycle duration of an appliance is
determined by (4.3). Otherwise, it remains OFF.

T, =Unif (T, T (4.3)

min ? max)
where T, and T, are also provided by the time-of-use survey data [47].

An example of the resultant load behavior model is provided on Figure 4.3 for 10
loads. In this example, the house is actively occupied only in the early morning
and after 12:00am. However, one may notice that the fridge (RFR) has a periodic
switch-on profile, independently of house occupancy pattern. The remaining

appliances are switched-on only when house is actively occupied.
4.2.2 Electric Vehicle Charging Behavior

The EV charging behavior is modeled by two random variables: (a) charging start
time and (b) charging duration. To some extent, EV behavior model is similar to
appliance time-of-use probability curves; however the modeling issues are distinct

as described below.

EV charging start time is usually at night, when EV owners are at home, and
during off-peak demand to take advantage of time-dependent tariffs. It is modeled
by a Normal probability density function (pdf) as in (4.4), where x is the plug-in
time; u and o are the average and standard deviation of x, respectively [48]. All

variables are given in hours.
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S(x)= : e(z(";’)], u=10=3 4.4

ovN2xm

The charging duration time is determined according to the battery state of charge
(SOC) when it is plugged-in. SOC is calculated by (4.5), where R is the maximum
miles an EV can run from electric battery only; m is the number of miles travelled
during 1 day, which is modeled by a lognormal pdf [49].

R—-—m

SOC_{TxIOO% 0<m<R “5)

0 m>R

Once the battery SOC is determined, its charging time duration can be directly

calculated according to the total battery capacity and the charger power level.

After determining charging start time and charging duration time variables, the
EV behavior may be integrated to the LV simulation platform. Figure 4.5 presents

three charging examples.

vl | ' »
EV #2) []
B #3—]

0 2 4 6 8 10 12 14 16 18 20 22 24

Time (hour)

Figure 4.5 Charging profile for three EVs using different charging strategies
4.2.3 Solar Irradiance Level Behavior

The power generated by a PV array is directly dependent on the incident solar

irradiance level, which, in turn, depends on clouds intermittent behavior [50].

The Beta pdf is generally employed to model the solar irradiance variability for a
single snapshot [51]. Although such approach has been used in a number of
published works, it considers each snapshot is independent from each other.

However, if a cloud starts covering the sun at 14:00, it is unlikely to disappear at
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14:01. In view of this drawback, a new approach is herein proposed, based on
historical measurements. The method will be introduced using actual historical
data from Edmonton, Canada, although its parameters may be readjusted

according to weather information available at the location under study.

The sky condition over 1 day is divided into four categories, according to the
cloud coverage level (CCL): “Clear” “Partly clear” “Mostly cloudy” and
“Overcast”. CCL is quantified according to the solar irradiance level reaching the
surface of earth (/rr); and its maximum value on a determined place (/77,,,y), both
given in W/m’, as in (4.6). For the city of Edmonton, Canada, CCL probabilities
are presented in Table 4.1 [52], and a maximum irradiance level curve is extracted
from historical measured data [53]. With such information, once a day-type is
chosen, the daily solar irradiance curve may be forecasted according to the

following algorithm.

Irr

CCL=1-

I (4.6)

max

Table 4.1 Cloud Coverage Level Probability for Different Day-types

Day-type Cloud-type | Cloud coverage level Ol:::?fg:lcl?’(‘% )
1 0.00-0.05 67.4
Clear 2 0.05-0.15 18.6
3 0.15-0.25 14.0
4 0.25-0.35 38.5
Mostly clear 5 0.35-0.45 38.5
6 0.45-0.55 23.0
7 0.55-0.65 353
Mostly cloudy 8 0.65-0.75 41.2
9 0.75-0.85 23.5
Overcast 10 0.85-0.95 45.0
11 0.95-1.00 55.0

Initially, a cloud-type (CT) is randomly chosen according to the probability of
occurrence presented in Table 4.1, for the correspondent day-type. According to

the selected CT, CCL is randomly determined using (4.7), where Unif represents a
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uniform pdf, and CCL,;, and CCL,,, are, respectively, the minimum and

maximum cloud coverage level for the correspondent CT presented in Table 4.1.

CCL =Unif (CCL,,,,CCL,,) @.7)

max

Since cloud forecast may be up to 80% inaccurate [54], cloud duration period may
be randomly determined between 0 and 86400 seconds (24 hours). Therefore,
cloud end time is given by (4.8), where ¢ is the current simulation time snapshot

(in seconds).
endtime = t + Unif (O, 86400) (4.8)

For each snapshot, a random correction factor is applied to CCL in order to model
cloud coverage level variability within different snapshots. The corrected CCL
value CCL recrea 1S modeled by a normal distribution (Norm(u,0)) with average u
equal to CCL and standard deviation ¢ of 0.05 as in (4.9). Negative values of

CCL . orrecrea are adjusted to zero.
CCL, ..(t)= Norm(u=CCL 6 =0.05) (4.9)

CCL orreced(?) 1s, then, applied to determine the current solar irradiance level using
(4.10), where Irr,,(?) is the maximum irradiance for the corresponding instant ¢,

and is given in W/m’.

[I"I"(f) = Il”l’m (t) X [1 - CCLcorrected (t)] (4.10)

Equations (4.9)-(4.10) are repeated for the subsequent snapshots, until CT end
time is reached. Once cloud duration has been completed, a new cloud-type is

randomly chosen and the algorithm must be repeated using (4.7)-(4.10).

By the end of the 24-hour simulation, the solar irradiance level curve is
determined. Figure 4.6 presents a sample curve derived from the proposed
algorithm, for a clear day. The irradiance level is, indeed, close to the maximum

ever recorded until 9:00, when a group of clouds cover part of incident irradiance.

92



This behavior persists up to 14:00, when clouds disappear and the incident

irradiance level becomes closer to its maximum limit again.
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----- Maximum limit
—Random clear day
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Figure 4.6 Solar irradiance level prediction for a clear day

Once the 24-hour solar irradiance curve has been determined, PV power output

for a single snapshot is given by (4.11), according to the fundamental model

proposed in Section 2.2..

P (T) = Py s 1-0.0045(T -25) |

P(T)=0.96xmin (L xP_(T),P (T)j 10
1000 W /m* ™ 7

where,

Irr is the solar irradiance level in W/m’ ;

T is the PV cell temperature (°C) which can be replaced by the atmosphere

temperature 7" if it is difficult to measure T;

Ppuax stc 1s the maximal power under the Standard Test Condition (R = 1000 W/mz,

T=25°C);

P4 1s the PV array peak power output at temperature 7.
4.2.4 Deterministic device behavior

The capability to model deterministic events is also implemented in the proposed
simulation platform. This feature is useful, for instance, for appliance

identification. The user may wish to assign the exact time snapshot a certain
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appliance is switched-on in order to verify the effectiveness of its NILM
algorithm. In addition, it may also be used to study energy storage control
algorithms such as the ones discussed in [55], since its working cycle is

deterministically related to house demand.

4.3 Residential Network Modeling Technique

There are 86,400 seconds over a 24 hour period. Each second represents one
snapshot of the network. For any particular snapshot, the network configuration
and the status of loads are known. This is a deterministic network scenario.

Various power system solution techniques are developed to solve the scenario.
4.3.1 Fundamental Power Flow Calculation

The power flow calculation includes house internal nodal voltages calculation in
order to increase the simulator faithfulness to a real low-voltage residential
network. Both linear and nonlinear devices are modeled as constant power loads.
Thus, an iterative method is applied to solving the nonlinear power flow equations.
In each iteration, a two-stage solution algorithm is adopted in order to reduce the
network size and simplify the solution process. Rated nodal voltages are used as

an initial guess.

The first stage updates voltages of the secondary network (outside the house). In
this stage, home loads are transformed into equivalent impedances using their
current terminal voltage and correspondent power demand. With the obtained
impedances, house equivalent admittance seen from service panel and network

admittance matrix (¥y) can be readily calculated.

The second stage updates voltages inside the house. A new estimative for internal

nodal voltages is determined, solving the circuit of Figure 4.2 with load

equivalent impedances and updating house service panel voltages ( Vv, V).

The techniques for solving the two stages are introduced in details as follows:
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A. Stage 1 — the Secondary Network Model

The nodal voltage method is a good choice for solving multiphase load flow
problems. The first step is to generate the nodal admittance (¥) matrix of the

secondary distribution network.

Customer side

Utility side
Transformer ‘
(7] 12,, DL,
Vo !
V)
=0 3 12 House #1
[¥s] [¥,0]
VVI 2
.,._® 9
= 0 a
[Y;.] ] o C) Loy

15 House #2

Figure 4.7 Multiphase secondary distribution network

Figure 4.7 shows a secondary network that contains two houses. The network can
be divided into two parts: utility side and customer side. The nodal admittance

matrix is expressed as the combination of several sub-matrices.

Utility side:
e Primary side equivalent admittance (2*2 matrix): ¥
e Single-phase three-winding transformer admittance (3*3 matrix): Y7
e Service conductor (transformer-PCC) admittance (3*3 matrix): ¥z
Customer side:
e Service conductor (PCC-house) admittance (3*3 matrix): ¥Y; =1, 2, ...)
e Single house circuit admittance (3*3 matrix): Yg; =1, 2, ...)
The detailed method of generating the Y matric of the coupled line and the

transformer is introduced in Appendix B. Thus the structure of the network

branch admittance matrix is,
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Y,

H2? 112%12 |

(4.12)

This network is a 15-node-20-branch network. The correlation matrix 4 can be

formulated from Table 4.2 (The starting nodes and ending nodes number are

labeled in Figure 4.7).

Table 4.2 Network branch information

Branch Starting Ending Branch Starting Ending
order node node order node node

1 1 3 11 9 12
2 2 4 12 10 11
3 3 4 13 11 12
4 5 4 14 10 12
5 4 6 15 7 13
6 5 7 16 8 14
7 4 8 17 9 15
8 6 9 18 13 14
9 7 10 19 14 15
10 8 11 20 13 15

The whole nodal admittance matrix is obtained:

Y, =AY, A"

(4.13)

Among the 15 nodes, there are only 13 independent nodes because the voltage of

node 1 and 2 are known parameters. Then the nodal voltage equation is expressed

as:

Y31V1+Y32V2+Y33V3+"'
Y41V1 +Y42V2+Y43V3+"'

YIS,IVI + YIS,2V2 + Y15,3V3 +ee

(4.14)
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where Y;; is the self-admittance of node i, Y;; is the mutual-admittance between
nodeiandnodej (i, j =1, 2, ..., 15). Since V; and V; are known and Y;; =0, Y;»> =

0 when i > 4, equation (4.14) can be transformed to:

Y33V3+Y34V4"' 5:_(Y31V1+Y32V2)

YoV i+Y,J V- 5:_(Y41V1+Y42V2)

YoV, + YV, s=0 (4.15)
Y15,3V3 +Yls,4V:1"' ;5 =0

Rewrite (4.15) in matrix form,
I, =YV, (4.16)

Solved (4.16) for the network nodal voltage,

VN :Y]\;llN 4.17)
where,
i Yo oo | V3—| _(Y31Vl +Y32V2)—‘ IVINI—‘
Y Y, ... 1% _ r
Y, = ? ‘:‘ . 0 Vv = :4 and I, = (Y41V1 :+Y42V2) = o
Y15,3 YIS,4 ‘ VlSJ 0 J L 0 J

B. Stage 2 — Internal House Model

Each room is represented by a branch connected to the service panel. The
equivalent circuit is shown in Figure 4.8 (take Phase A-N as an example). The

method of power flow calculation is as follows.

For the i-th iteration, transform each load into impedance using the internal room

voltage:

‘V(i) 2
Z = (4.18)
P-jO
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Figure 4.8 Single room equivalent circuit

Lump the load impedance of the same room in turn (house wire impedance is

considered).
Zag,K = ZK
Z o+ Z, ) oad k is on
Zpgsr = s e 2l . (4.19)
’ Zooi tZ o> if load k is off
where k=K, K —1,---
The room equivalent impedance Z,, is:
Z=Zp+Z, (4.20)

Each phase of a house may include multiple rooms. By using (4.18)~(4.20), we
can calculate all the room equivalent impedances of Phase A, House #1. Then the

Phase A impedance is:

Z =7 .z (4.21)

la eq—1 eq—2 ” i

Solve nodal voltage equation (4.16) and obtain the service panel voltage of each

house. Then go back to the house circuit and calculate the internal room voltage.

. A Z
V(l+1) — V(l+1) % ag,k 4'22
Ik 1 k-1 7 . Zwk ( )

ag.k

Update the equivalent impedance of each load for the next iteration by using

(4.18).
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C. Iterative Load Flow Method

Based on the discussion above, the iterative method for solving the nonlinear

power flow equations is summarized as follows:

Step 1. Initialize house internal voltages with rated value and the iteration counter

with zero (i = 0).
vO=y® =120, V =240

Step 2. Based on the house internal nodal voltages (¥, ,{", ... ), transform all

house loads and PV inverters into impedances by using (4.18). Then calculate the

equivalent impedance of each phase by (4.19)~(4.21):

Z

la>

Z

Ib>

Z

lab

Step 3. Formulate the network ¥y matrix by using (4.12) and (4.13). Solve nodal
voltage equation, and we can obtain the updated network nodal voltages. New

house service panel voltages are 0 p i posb
yv,=1I1, (4.23)

Step 4. Based on new service panel voltage and appliance apparent power,

calculate household internal phase voltages by using (4.22):
I/l(1i+l), V](ZM)’
Step 5. Check convergence criteria based on maximum voltage update:

max{ ‘Vk(m) _ Vk(i)‘ }
AV (%) =100 x

pu

k=12, (4.24)

k—rated

where Vi_qeq 1S the rated voltage at node k£ and N is the number of nodes in the

system. If AV (%) <0.1%, stop iteration. Otherwise return to Step 2.
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This solution algorithm has been thoroughly tested on highly unbalanced
networks. It has presented a robust convergence behavior (3 to 5 iterations) for all

tested cases.
4.3.2 Harmonic power flow Calculation

Harmonic power flow results are needed to assess power quality impact. The
solution algorithm adopted is also divided into the two stages as previously
described. However, on harmonic frequencies, linear loads are modeled as
impedances and nonlinear loads as current sources [56]. Thus the system solution
becomes linear and no iteration is required. The network model and house internal

circuit model refer to Figure 4.7 and Figure 4.8.

At h-th harmonic order, we aim to solve the nodal voltage equation:

Y, Vi, =1y, (4.25)
where
Y, Y Vl—‘
Y,,= Y;zl b Vs = V4 and
Yii Y | Vs
IN,h :[O’ N [2b]T

Next is the procedure of the secondary system harmonic load flow that is done

separately for each harmonic order.

Step 1. Calculate the equivalent impedance of each linear load and the harmonic

current of each nonlinear load.

Case 1: The linear load is modeled as impedance:

: P .0
Z(h)=R+ jX(h)= V:+ jh v’ 4.26
(h) JX(h) o e (4.26)
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where P and Q are the real power and reactive power of the load respectively, and

V,1s 120 or 240V.

Case 2: The nonlinear load is modeled as current source, based on the load

harmonic spectrum:

1(1):P ;/jQ (4.27)
I (h
1) = 1(1)1%(1)), 0 =0, (W +h(0)-0,., ()  (428)

where V, is the phase voltage obtained from fundamental power flow calculation.

Case 3: The PV inverter model can be transformed to a Norton circuit in series

with an impedance. Thus it is convenient to add the model to the nodal voltage

equation.
Z, Z, Z,
—1 — 1o — o
@ prm (h) ZC ::> GD Iirw(h) Zinv
o o

(a) (b)
Figure 4.9 PV inverter model for harmonic power flow calculation
(h)

v
[W (h) —_pwm: 7
Z, (4.29)

Z,(h)=2,|Z,

mv

Step 2. Calculate the house equivalent impedance and current injection in each
phase (the method is similar to that introduced in Section 4.3.2). Then formulate

the network nodal admittance matrix.

Step 3. Formulate and solve the nodal voltage equation (4.25).
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4.3.3 Electromechanical Transients Simulation of Motor Starting

Transients in this simulation platform refer to the electromechanical transients
associated with motor starting. Traditional motors are still widely used in
residential networks nowadays. Examples are fridge, dryer and furnace. The
starting of such motors produces unique current spikes. These spikes have been
found very useful for NILM algorithms as they represent these motor loads. It is,

therefore, important for the proposed platform to include motor starting transients.
A simplified induction motor dynamic behavior can be described as follows [63],

do

EZTE_TL (430)
where J is motor inertia coefficient (kg.m?); w is rotor speed (rad/s); T is the
electromagnetic torque produced by the motor (N.m); 7 is the load torque

applied to motor shaft (N.m). In particular, 7z is a function of w. In order to

calculate the dynamic 7%, a single-phase motor circuit model should be applied.

A. Equivalent Circuit of Single-Phase Induction Motor

A single-phase induction motor with one stator winding inherently does not
produce any starting torque when the rotor is still. In order to make the motor start,
some arrangement is required to produce a starting torque. The simplest method is
to connect an auxiliary winding in addition to the main winding in the stator.
Then the motor is equivalent to an unbalanced two-phase motor (see Figure 4.10).
When the motor reaches a rotating speed of 75% of synchronous speed, the

auxiliary winding is automatically disconnected [63].

The capacitor-start/capacitor-run (CSCR) type is widely applied to hard-to-start
load such as compressors, refrigerators and air-conditioners. Therefore CSCR is
selected as the typical model for simulating the electromechanical transient
process in this chapter. The simplified equivalent circuit of CSCR motor is shown

in Figure 4.10.
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Figure 4.10 Capacitor-start, capacitor run induction motor

According to the double revolving field theory, the equivalent circuit of
main/auxiliary winding can be split into two halves, as shown in Figure 4.11. The
two halves represent the effects of forward and backward magnitude fields [63].

In the circuit, the deduction of Zyand Z, are presented in Appendix C.

Ia JXc Rla lea
——i
V=V
ja’Xx,
_jaEbm
(a) Main winding (b) Auxiliary winding

Figure 4.11 Equivalent circuit of single-phase motor we being standstill

The impedance of main winding and auxiliary winding are given by (4.31), where
the compensate capacitor X, is properly selected to maximize the starting torque

per Ampere.

{Zm:le+lem+Zf+Zb 431)

Z,=R,+j(X,,—X)+d’(Z,+Z,)
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where a is the turns ratio between the auxiliary winding and the main winding.

a= V“ , it is generally close to 1. With the impedance and the terminal voltage V'

S

known, the winding input currents can be solved from equations (4.32).

z,1,-ja(Z,-Z,)1,=V 432)
ja(z,-2,)1,+Z,1,=V
Then the dynamic torque is,
2a1,||1,|(R, +R,) .
T, = . sin(7,,1,) (4.33)

syn

Initially, default (or user input) values are assigned to motor parameters, such as
impedances, inertia coefficient J, rated slip s, and rated efficiency #,. Then, one
may calculate rated load torque according to (4.34), where wgyn. is the rotor

synchronous speed in rad/s; and P;, is the power consumed by the motor in watts.

— B)u[ — 77}" x Pin 4 34
—rated ® y (1 _ Sr) ( . )

mec—rated sync

T,

Load torque relationship with rotor speed depends on load type. For fans (present
in the furnace) torque depends on rotor speed squared, while for compressors

(present in the fridge) load torque is constant for any rotor speed [64].

Since the angular speed of motor varies smoothly in a dynamic process, the
differential equation (4.30) can be transformed into a difference equation with a

time step of 1 cycle (1/60 second).
At
(t+At) = 7(TE(t) —T, )+ o(t) (4.35)

Since the time resolution for NILM study is 1 second, the first recorded motor
starting instant is randomly determined within a 1 second window of the
simulation period, as in (4.36), where ¢ is the first recorded time, given in

seconds.
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t, =Unif (0,1) (4.36)

Once the motor starting instant has arrived, its speed @(¢+ Af) and correspondent
slip s(¢#+ Ar) must be updated using (4.35), where Af is the integration step and

Tx(?) is determined according to (4.31)~(4.33) with slip s(¢) (initial speed is zero

and, consequently, initial slip is 1).
t+At=t,+nxlsec, nisinteger (4.37)

When (4.37) is satisfied, the motor dynamic power demand is calculated as (4.38).
Thus the appliance is modeled as P(¢)+ jO(t) at this snapshot and one network

power flow solution is performed using the algorithms described in Section 4.3.1,
4.3.2. This algorithm must be repeated for the next integration step #+A¢ until

steady-state operation is achieved.

1(t)=1,()+1,(t)
I)smrz(t) = K(t)[(t) COS<VS, 1> (438)
0, (0 =V,(OI(@)sin (7, 1)

B. Case Study

During the dynamic simulation process explained above, it should be verified
whether appliance terminal voltage can be regarded as constant. If the assumption
is true, it greatly simplifies the solution algorithm, since the terminal voltage does
not need to be updated at every integration step Az. The real measurement data
(Figure 4.12) have shown that service panel voltage drop during motor start is
around 0.01 p.u. and lasts for less than one second, while the simulator resolution
is 1 second. Therefore we can use the rated service panel voltage for the dynamic

simulation.

1) =1,(0)+1,(0)
P, () =120x I(t)cos(I) (4.39)
O, (1) =120x I(¢)sin(I)
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Figure 4.12 Measurement results during fridge starting transient
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Based on the typical single-phase induction motor parameters (shown in
Appendix C), the motor starting dynamic power is simulated and presented in
Figure 4.13.
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Figure 4.13 Simulation results during a fridge starting transient
4.3.4 Simulation of Home Appliances Dynamic Behavior

Some appliances operate with multistage/multilevel power demand characteristics,
which is called trend signature [37]. An example is the washing machine that has
wash, rinse, and spinning modes. Modeling such appliances is essential for the
simulator and is done as follows. Once an appliance is ON, the simulator also

models a set of random variables that compose its signature.

The classification of load trend signature is summarized in Table 4.3 [37]. The
simulation platform should be able to simulate these signatures. In this simulation
platform, only the signature of rising spike (caused by motor starting) is modeled
analytically. Other 5 signatures are modeled according to the measurement data.
Due to the parameter variation of these signatures, we have to introduce a series

of random parameters to describe the dynamic operating behavior of appliances.
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Table 4.3 List of power trend signatures

Trend Characteristic Cause or when to happen Example
signature appliances
Rising Short-term high-level of | Inrush current when the motor | Fridge,
spike dynamic power is starting furnace
Falling Short-term low-level of | At the moment of switching | TV
spike dynamic power channels
Pulses Repetitive switch-on or | Caused by power electronic | Stove,
switch-off event through | devices in two situations washer
the operation cycle
Multi-stage | Several steady-state | The appliance is operating in | Furnace,
power level different states PC
Fluctuation | Continues low-frequency | Caused by power electronic | Freezer
variation of power devices
Noises Continues high-frequency | For laptops and TV, the power | Laptop,
variation of power consumptions constantly vary | TV
with the sound, visual display
or other tasks
A. Rising Spike

The rising spike is caused by the inrush current of the motor starting

as an example, the load signature is presented in Figure 4.14.
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Figure 4.14 Rising spike signature

»

Time

The duration of dynamic process is, 7, = 2s. During this two seconds, a

subprogram is called for calculating the motor starting dynamic power P,,. The

method is discussed in Section 4.3.3.

Prise(n) = P

start

B. Falling Spike

(t,+n) {, :Um'f(O,l),n =0,10r2
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Falling spike is caused by channel changing of TVs. Take LCD TV as an example,
the load signature is presented in Figure 4.15, and the duration and power level of

falling spike are listed in Table 4.4:
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(a) Real measurement data (b) Simulation model

Figure 4.15 Falling spike signature

Table 4.4 Example of LCD TV as a falling spike model

Variable Value
P (W) user-defined
Tfa[[ (SCC.) Umf(l,B)*
P/a]]/P Norm(02,002)

* All the random timespan values are rounded because the simulation time step is 1 second.

C. Pulses

Many heating appliances have pulses when they are operating, such as stove and
heater. The duty ratio may differ, for example, from 0.2~0.6, depending on the tap
position the user chooses. The duty-ratio of each cycle is modeled as norm
distribution. The load signature and random parameters are presented in Figure

4.16 and Table 4.5 respectively.
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(a) Real measurement data (b) Simulation model

Figure 4.16 Duty cycle of pulses
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Table 4.5 Example of stove as a pulses model

Variable Value
P (W) user-defined
T (sec.) Norm(30,2)
T,./T Unif(0.2,0.6)

D. Multi-level and Multi-stage

The furnace signature (shown in Figure 4.17), for instance, has four power levels
and three different stages. The ratio between each power stage and the rated

power should be determined randomly. The random parameters are presented in

Table 4.6.
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Figure 4.17 Multi-stage appliances

Table 4.6 Example of furnace as a multi-level, multi-stage model

Variable Value
P (W) user-defined
P,/P Norm(0.8,0.01)
Py/P Norm(0.2,0.01)
P;/P Norm(0.2,0.01)
T (sec.) Norm(360,30)
T7,/T Unif(0.3,0.7)
T (sec.) 60

E. Fluctuation

Some appliances contain continues low-frequency variation of power. Take the
freezer as an example, the load signature and random parameters are presented in

Figure 4.19 and Table 4.7 respectively.
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Figure 4.18 Fluctuation signature

Table 4.7 Example of freezer as a fluctuation model

Variable Value
P (W) user-defined

T (sec.) Norm(60,5) model it as triangle wave
71/ Topr Unif(0.05,0.1)

F. Noise

Some appliances contain continues high-frequency variation of power. Take the

laptop as an example, the load signature and random parameters are presented in
Figure 4.19.
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Figure 4.19 Multi-stage appliances

We use “typical noise” to model the power noise of the laptop. The “standard

noise” is extracted from the real measurement data and normalized, as is shown in
Figure 4.20.
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Figure 4.20 Standard noise for simulating the random load behavior

4.4 Summary of Simulation Platform

4.4.1 Structure of the Simulation Platform

The simulation tool proposed in this paper may be summarized with a high-level

flowchart presented in Figure 4.21, which is further described below.

We aim to develop such an easy-to-use simulation platform for studying the
electric feature of the residential network. Therefore, the “Read Input Data”
routine provides a user-friendly input data structure divided into two files, which

are described as follows:

1) Network electrical information: this file contains utility related information
(primary network equivalent, transformer parameters, distribution lines
parameters, grounding impedances, etc.), in addition to nonlinear appliances
harmonic spectrum. Default information is provided for all parameters, for the

user unfamiliar with such electrical data.

2) Residential houses information: this file contains household device
connections. The user must specify which devices are installed at which room. A
generic type and number of appliances can be specified, which provides the user
with great flexibility to create a realistic house scenario. The only electrical
information required is the device rated power and power factor. Therefore, this

file may be edited by any users, even those who are not familiar with network
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electrical concepts. Additionally, specific non-default appliance behavior patterns

can also be provided on this input file.

Overall network Residential homes
electrical information information

\—> Read input data }4—‘

v

Network Behavior Solution

Generate The time-of-use profile for all home appliances, Default time-of-use
electric vehicles and PV panels, using sequential Monte probability curves
Carlo simulation strategy, according to Section 4.2

v

Load Dynamic Process
Create the dynamic behavior model for all appliances

according to the technique in Section 4.3.3 & 4.3.4

< END 4—{ Output results

Calculate equivalent network
parameters for current snapshot

¢ = = t=t+ lsec
Network Electric Solution

Perform single snapshot deterministic fundamental and
harmonic power flow with simple dynamic features
according to input file requirements. The method is in
Section 4.3.1 & 4.3.2

v

Store single snapshot results

Figure 4.21 Overall LV network simulation platform flowchart

Firstly, the input information feeds the “Network Behavior Solution” core, which
determines the switch-on states of all household devices throughout the 24-hour
simulation. If no specific behavior information is provided by the user for a
device, default time-of-use probability curves are considered. Secondly, the
dynamic behavior of home appliances is added to the load profile. Thirdly, for
each time snapshot (one second), corresponding load states (per-unit operating
power level) are retrieved, equivalent network parameters are calculated, and the
“Network Electric Solution” core is executed. After each electric solution
snapshot, fundamental and harmonic voltages at the house service panel are stored.
Then, based on house equivalent impedances, both power and current demand at

each phase are determined. Once the simulation has finished, “Output results”
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routine is performed to provide the study outcome in a table format with the
output variables behavior over the simulated period. Results may be later read and
processed according to user needs. The structure of the input file will be

introduced in Appendix D.

A platform prototype has been developed using the Matlab environment. In terms
of computational processing, the highest efforts involved are the calculation and
factorization of the network admittance matrix for fundamental and each
harmonic frequency. The simulation time of 1 snapshot on a 10-house network
with over 100 appliances (about 250 nodes) up to the 9™ harmonic is
approximately 100 ms. This value may be drastically reduced if sparse matrix
techniques, code optimization and, overall, a compiled programming language is

used.
4.4.2 Examples of the Simulation Result

Figure 4.22 shows an example power demand and third harmonic profile of a
home produced by the simulator over a 24 hour period. The Figure 4.22 (b) and (d)
indicates that the load signature such as spike, pulses and multi-stages are clearly

simulated, which provide the NILM study with good test examples.
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Figure 4.22 Sample power demand and third harmonic simulation results
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4.5

Case Studies

This section presents several case study results. They are used to illustrate the

potential applications of the platform. The network electrical parameters and

residential house parameters are presented in Table 4.8 and Table 4.9 respectively.

Table 4.8 Input / built-in parameters

Classification | Parameters Sample values
Primary Phase voltage V, 14.4kV
System Neutral voltage V, 10V
(Thevenin Source equivalent impedance Z,=64.04 +j46.58Q
equivalent) Z,=1.537+;0.448Q
Zon = 0.439 +j0.834Q
Service Apparent power rating S; 37.5KVA
Transformer Base power Spase 37.5 KVA
Voltage rating 14400/120V
Short-circuit R 0
Short-circuit X Xpa=0.04p.u., X, = 0.04p.u.,
Xab = 0.05p.u.
Grounding resistance Ry 12Q2
Secondary Secondary conductor impedance | Z, = Zg = 0.249 +j0.878Q/km
System (self and mutual impedance) Zn=0.427 +j0.961Q/km
ZAN = ZBN =0.0592 +J04299/km
Zag = 0.0592 +j0.491Q/km
Length of transformer — PCC lpy=0.10km
Length of PCC — House #X [;=0.09km, [,=0.07km, ...
House #X Grounding resistance Rg 1Q
Phase impedance Zon = 0.21450.094 /km
Neutral impedance Znn = 0.55+70.365 Q/km
Table 4.9 Home appliance parameters
Room Phase Appliance | Quantity | P (W) PF | Distance to service
connection code panel (km)
1 A WSH#* 1 180 0.45 0.009
1 A TOA 1 1000 1 0.012
1 A MW 1 1200 | 0.99 0.014
1 A HEA 1 220 0.99 0.014
1 A MBL 4 33 0.38 0.021
1 A RFR 1 150 0.94 0.024
2 B PC 1 100 1 0.015
2 B LCD 1 40 0.96 0.015
3 B CFL 6 15 0.9 0.010
3 B FRZR 1 180 0.9 0.019
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3 B LAP 1 75 0.96 0.024
3 B LCDTV 1 300 0.99 0.033
4 A FUR 1 500 0.84 0.020
5 AB STO 1 1200 | 0.95 0.010
5 AB DRY 1 4000 | 0.88 0.016

* The meaning of each appliance code refers to Appendix D.

Five scenarios of case study are made by using the simulator.
4.5.1 Power Quality Impact of PV Inverter Integration

A utility company may want to investigate technical impacts arisen from the
increasing connection of residential rooftop PV systems on low voltage networks.
To achieve such goal, a sample case study is performed on a 10-house network
scenario. On the considered network, 5 houses are randomly selected to contain
PV systems with power ratings of 2~3 kW. The PV systems are phase-to-phase
connected to avoid the voltage unbalance. A clear day is considered in this case.
Figure 4.23 compares the 1-min average service panel phase voltages before and

after PV integration.
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Figure 4.23 PV array integration impact on service panel voltages

Simulation results can identify a voltage rise around noon. The main reason is as
follows: during the noon period with high solar irradiance, the PV output power is
likely to far exceed the house power demand. Therefore there is a reverse power
flow from the customer side to the utility side, and a voltage rise at the service

panel occurs. Such results indicate that the overvoltage during the day may
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become a concern for the utilities according to PV penetration levels. Specially, if
the grid is not stiff enough (grid impedance observed from house entrance point is
large), the overvoltage caused by the PV integration would be even more

significant.

The simulation platform is also suitable for more detailed studies, such as 1)
identifying the impacts of an increasing PV penetration trend over the years, and 2)
investigating the cloud transient impact on the voltage regulation of LV networks

with high PV penetration.
4.5.2 Neutral-to-earth Voltage Incidence

In this example, a brief investigation is made about the impact of neutral
condition and PEV load on neutral-to-earth voltage (NEV) at the service entrance
point of a house. NEV has been considered as the main source of stray voltage in
residential houses [40]. It is an important branch of the distribution system

condition monitoring.

To simulate a damaged neutral condition, an impedance of 0.3Q is added in series
with the neutral conductor connected to one of the 10 houses in the network.
According to Figure 4.24 and Table 4.10, a damaged neutral condition will
negatively impact the NEV, increasing the risk of stray voltage incidents. The
95%-index presented in Table 4.10 shows the NEV values that are not exceeded
during 95% of the simulation duration (24 hours). The result clearly indicates that
the broken neutral can make the NEV more sensitive to the load variation. As a

result, the NEV is more likely to exceed the limit.
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Figure 4.24 Impact of neutral condition on neutral-to-earth voltage level

Table 4.10 95%-index of NEV for Different Neutral Conditions

Normal neutral Damaged neutral

Difference

1.08 V 1.83V

69.4%

Another example is the impact of plug-in electric vehicle (PEV) on the neutral-to-

earth voltage. When the PEV is connected phase-to-neutral, the high power level

of the load may lead to a neutral voltage rise. Figure 4.25 presents the comparison

between 1-min-average neutral voltages in two cases. The result indicates that the

neutral voltage can obviously increase at night when the PEV charger is in

operation.
1.5 : : : : .
— Without PEV
= — With PEV 15
> :
[
=)
8
z z
=
i o
z 3
i >
s =
£ E
153 53
z z
0.5

0 2 4 6 8 10 12 14 16 18 20 22 24
Time (hour)

(a) 24-hour profile

Il Without PEV
Il With PEV

Ist 3rd 5th 7th 9th 11th 13th 15th RMS
Harmonic order

(b) 95% index

Figure 4.25 Neutral-to-earth voltage at the service panel side (House #9)

4.5.3 Residential load Identification

This subsection evaluates the effectiveness of NILM algorithm proposed in [37].

A 5-day simulation is performed using the platform. The power demand profile
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for one household over the 5 days is fed into the appliance identification program.
The success rate of appliance identification for some of the major appliances is

shown in Table 4.11.

Some examples of the load identification result (the identified load are labeled

with the red curve) are presented in Figure 4.26.

Table 4.11 Identification accuracy summary

Appliance Actual Correctly False Identification
name operation | identified identified accuracy (%)
times times times
Fridge 240 218 0 90.8
Freezer 360 345 0 95.8
Microwave 36 31 0 86.1
Stove 14 14 0 100
Furnace 60 56 0 933
Washer 2 2 0 100
Dryer 2 2 0 100
Laptop 3 3 0 100
PC & LCD 4 3 0 75
LCDTV 9 9 0 100
CFL 17 14 0 82.4
Water heater 3 3 0 100
Toaster 4 4 1 75
MBL 11 9 0 82.0
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Figure 4.26 Identification of home appliances

4.5.4 Demand Response Analysis

Demand response is shifting or shaving of electricity use during peak demands in
response to price signals or other criteria. By smoothing peaks in demand,

consumers can both reduce their electricity costs and their environmental footprint

[65].

Time-of-use prices reflect the fact that the cost to provide electricity changes
throughout the day. When demand is low, less expensive sources of electricity are
used. When demand rises, more expensive forms of electricity production are
called upon, making prices higher. There are three different time-of-use prices:
6.7¢/kWh for off-peak, 10.4¢/kWh for mid-peak, 12.4¢/kWh for on-peak. These
prices are changed every May 1 and November 1 by the Ontario Energy Board
(OEB) [65] (shown in Table 4.12).
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Table 4.12 Time-of-use electricity price in Ontario

Day type Time period Summer Winter
(May 1%~ Oct. 31") | (Nov. 1¥ ~ Apr. 30™)
Feature ¢/kWh Feature ¢/kWh
Weekday | 7:00 ~11:00 Mid-peak 10.4 On-peak 12.4
11:00 ~ 17:00 On-peak 12.4 Mid-peak 10.4
17:00 ~ 19:00 | Mid-peak 10.4 On-peak 12.4
19:00 ~ 7:00 Off-peak 6.7 Off-peak 6.7
Weekend All day Off-peak 6.7 Off-peak 6.7

In this example, the proposed platform is used to evaluate a demand response

strategy. It consists on scheduling the laundry activity (washer and dryer working

cycles), which is more likely to occur from 8:00 to 15:00 [46], to an off-peak time,

in order to take advantage of a time dependent tariff. If a time dependent tariff is

considered, such action could reduce the total energy bill, in addition to reduce

the household peak demand. The result of the proposed demand response program

is presented in Figure 4.27. The strategy effectiveness is confirmed by over 10%

electricity bill reduction (shown in Table 4.13).
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Figure 4.27 Demand response technique evaluation on LV simulator

Table 4.13 Daily Expense Saving with Demand Response Strategy Application

Energy demand Total expense
(kWh) (CAD ¢)
Before appliance shifting 8.02 79.2
After appliance shifting 8.03 68.4
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4.6 Summary

A sequential Monte Carlo simulation platform for residential networks has been
proposed in this chapter. This platform can be used to assist the research of power
quality impact of PV inverters. It can also be used to verify and demonstrate
demand-side based smart-grid techniques. The platform consists of two main
components. The first is a multiphase network model with power flow, harmonic
and dynamic study capabilities. The second is a load/generation behavior model
that established the operating characteristics of various loads/generators based on
time-of-use probability curves. These two components are combined together
through a sequential Monte Carlo simulation scheme. The usefulness of the

platform has been demonstrated through application case studies.
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Chapter 5

Conclusions and Future Works

5.1 Thesis Conclusions and Contributions

This thesis discussed the power quality impact of small-scale PV inverters on the

low voltage residential networks. A systematic method was established for the

modeling of PV inverters at both fundamental and harmonic frequency. In

addition, the harmonic impact assessment was conducted for the low voltage

residential networks.

The major conclusions and contributions of this thesis are summarized as follows:

An extensive survey was conducted to extract the general features of the
authentic PV system. The information such as PV system circuit topology,
the typical parameters of the PV module and PV inverters were
summarized. These practical technical data ensures that the study is of

considerable industry application.

The steady-state model of the PV inverter was developed. At the
fundamental frequency, the PV inverter is modeled as a negative constant
power load. The output power is determined by two external
environmental factors, solar irradiance and temperature. At the harmonic
frequency, it 1s modeled as a voltage source in series with a passive filter.
The PV inverter models were verified through the field data analysis, the
Matlab-Simulink simulation and the lab experiment. According to the
harmonic model, the PV inverter has both harmonic source characteristic

and harmonic impedance characteristic.

Based on the PV inverter model, a harmonic impact assessment was

conducted for secondary distribution system. It was concluded that the
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harmonic impact of PV inverters is mainly caused by the filter impedance
of the harmonic model. Furthermore, the resonance issue of PV inverter
was studied. For harmonic orders that are close to the resonance frequency,
the filter impedance can result in a slightly higher harmonic voltage. For
other harmonic orders, the filter can decrease the harmonic voltage. The
simulation and analytical study shows that the harmonic resonance
resulting from large PV penetration is not serious. Therefore from the
perspective of harmonics, the PV inverter will not negatively affect the

power quality of residential distribution networks.

In addition, another research work related to the power quality issue of residential
distribution networks is presented in Chapter 4. This work developed a Monte
Carlo simulation platform tool for studying the electric feature of low-voltage
system. The platform includes both the electrical model and behavior model of
the loads and PV inverters. In particular, it can be used to study the power quality
impact of PV inverters on the system under practical operating state. The
simulation result indicates that although the harmonic-related issue is not serious,
the voltage rise can be a concern with large PV penetration. In addition, the
platform can support a number of studies related to the residential distribution
system, such as non-intrusive load monitoring (NILM), distribution system

condition monitoring and demand response.

5.2 Suggestion for Future Works

This thesis can be improved and extended in the following three aspects:

e To make the harmonic impact study more accurate and comprehensive, a
more sophisticated secondary system model could be introduced in
Chapter 3, considering the various house connection ways: series-
connection, parallel-connection or both. Furthermore, other loads such as
the electric vehicle (EV) charger and the fuel cell also contain a PWM

converter and low-pass filter. Hence it is interesting to study the collective
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harmonic impact of these filter-based converters if more practical

technical data is available.

As discussed in Chapter 1, the PV inverter includes both high-order and
low-order harmonics. The characteristics and models of low-order
harmonic have been studied in this thesis. However, further researches can
be done on the high-order harmonic characteristic of PV inverters and on

how these harmonics propagate in the low voltage system.

Besides the harmonic related issue and voltage rise, the voltage fluctuation
is another critical power quality concern of PV inverters. This issue is
closely related to the PV output power variability, which is affected by the
random solar irradiance. Compared with other DGs, the PV panel has no
rotating device and no mechanical inertia. Therefore during a cloudy day
the PV output power can fluctuate seriously with the solar variability. The
statistical indices of solar variability have been obtained and presented in
Appendix E. Further work can be done to develop a comprehensive model
for characterising the temporal and geographic distribution pattern of the
solar variability. Also, it is critical to evaluate the cloud transient impact
on the voltage regulation of the distribution system with high PV

penetration.
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Appendix A

PV Inverter Filter Parameters

The harmonic characteristic of a PV inverter largely depends on the topology and
parameter of its built-in low-pass filter. Through detailed measurement, the
equivalent circuit of a PV inverter is figured out (shown in Figure A. 1). The L; is
the inverter side inductor and L; is grid side inductor. R; and R, represent the stray
resistance of the inductor winding. C is the shunt capacitor and R, is the damping

resistance, which is a physical resistor in the electric board.

: I

Figure A. 1 Filter topology of Xantrex Grid-tied inverter GT3.0-NA-DS-240

O

In addition to the measured filter parameters in the lab, four groups of typical

filter parameters are summarized from the references (shown in Table A.1).

Table A.1 A summary of typical filter parameters

Parameters | Lab inverter | Reference Reference Reference
measured [11] [32] [9]
L, 2.1mH 1.8mH 2mH 2mH
R, 0.05Q 0.15Q 0.05Q 0.1Q
L, 1.2mH 0.3mH 1.3mH 0.8mH
R, 0.05Q 0Q 0.05Q 0.4Q
R, 220 0.566Q 0.25Q 0Q
C 10.4pF 10uF 10pF SuF
Rated power 3kVA <0.5kVA N/A N/A
Switching N/A 20kHz 12kHz 16kHz
frequency
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Appendix B

Modeling of Multiphase Network Components

B.1 Modeling of the Multiphase Coupled Line

The modeling of three-phase mutual-coupled distribution line is the basis for the
distribution system multiphase load flow study. The three-phase conductor with
self and mutual impedance is shown in Figure B.1 [58]. Considering the universal
case where the three phase parameters are unsymmetrical, the line voltage drop is

represented by (B.1).

v, e— L1 *V
I \ Z, i) Zne
V, e—> 1 oV,

Vv, =21, (B.1)
Vvl4 Vvl - Vzt Zaa ab ac 114
Where Vo=\Vs |=\V,-Vs|s £, =\ 2, Z,, Z, | and I, =1,
1/36 I/3 - I/é Zac Zbc ch 136

The three-phase conductor can be modeled as a 6-bus, 3-branch network for
multiphase load flow calculation. The equivalent circuit is shown in Figure B.2.
The imaginary branches among line (a), (b) and (c) represent the effect of mutual
impedance. Thus the network can be represented as a 6*6 nodal voltage equation.
Next step is to demonstrate how to transfer the branch current equation (B.1) into

nodal voltage equation.
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Figure B.2 Equivalent circuit of three-phase conductor

Equation (B.1) can be rewritten as

I,=YV, (B.2)
Kw Klb Yuc

where , 1 =Z iI =Y, Y, Y,
Y. Y. Y,

In computer algorithm, we use the correlation matrix 4 to formulate the nodal
admittance matrix. According to the circuit theory, A4 is a 6*3 matrix in this case.
“6” represents the number of buses and “3” represents the number of branches.

The element of A4 is defined as:

0, when branch £ is not connected to bus j
1, when branch £ is connected to bus j, with branch current depart
@ = - from j

-1, when branch k is connected to bus j, with branch current come

to j

Based on the above principle, the correlation matrix 4 is generated.
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1 00
01 0
0 0 1
A=
-1 0 O
0o -1 O
10 0 -1
Multiply equation (B.2) by A4,
Al, = AY,V, (B.3)

The relations between nodal voltage and line voltage drop, nodal injected current

and line current are,

b ®
Substitute (B.4) to (B.3), gives,
I,=A4Y,A4"V, (B.5)
Let Yy = AY, A" then (B.5) is expressed as,
I,=YV, (B.6)

where Iy =[1, I, I, I, I, 1,1, Vi =[Vi,Vas Vi Vs Voo V], and Yy is the 6%6

admittance matrix.

The calculation procedure is summarized as below:

-1
73*3) 4 Yr (3%3) Y (6%6)

matrix matrix matrix

AY, A"

The element of 6*6 matrix is shown (B.7). Each element is also labeled in the

Figure B.3.
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Figure B.3 Equivalent circuit of three-phase conductor (with parameters)

B.2 Modeling of Single-Phase Three-Winding Transformers

For a single-phase three-winding transformer (shown in Figure B.4), the

following procedure can be followed to obtain its nodal admittance matrix [59]:

Figure B.4 Single-phase three-winding transformer

1) Convert the short-circuit test data into a common power base Spue, and

construct the well-known star circuit of transformers with the converted data:
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(B.8)

2) Convert the start circuit to delta circuit:

2 _
X —Xanab—i-XanXpb—i-Xanpb
X, ~ Xp X (B.9)

a

3) The per-unit matrix is obtained by forming the nodal admittances matrix of the

delta circuit:

pa pb pa pb
Y= -B, B, +B, -B, (B.10)
_pr _Bab pr+Bab
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Appendix C

Single-phase Induction Motor Parameters

Typical motor parameters are required for modeling the motor starting transient.
A set of typical motor parameters are extracted from the manuals of two

commercial single-phase induction motors and presented in Table C.1 [60]-[61].

Table C.1 Typical parameters of the single phase induction motor

Classification | Values

Electric Rated power: 100W

parameter Main winding:

Rim=3.6Q, X =5Q; Ry = 7.4/2Q, Xom = 3.8/2Q; X =j120/2Q,
Auxiliary winding:

Ry, =12.8Q, X, =5.8Q; Ry, = 7.4/2Q, X,, = 3.8/2Q; X =j120/2€Q2,
Running capacitor: C, = 30uF

Turns ratio: a=0.75

Synchronous rotating speed ng = 1800rpm

Efficiency #: Unif{0.5, 0.7)

Slip s: Unif(0.04, 0.05)

Mechanical Rotational inertia J: 0.0003 kg*m®

parameters

These parameters, applicable to the 100-watt motor are regarded as the base value
for single-phase motor simulation. For other power levels, we can scale the motor
parameters based on the following assumptions: 1) the motor impedance is
inversely proportional to the power level, and 2) the rotational inertia is

proportional to the power level.
For a single-phase motor with a rated power of P,, the per-unit power is

P, =P /100

Then the motor parameters are scaled as follows:

: R X
Impedance (the stator and rotor impedance): R = % , X =hee
pu pu
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Bx1

Load torque: 7, = (1 )
@ \1=S

Rotational inertia: J, =, xP

base pu

In addition, the forward and backward impedance of the rotor are shown in Figure

C.1.

705X,

0.5R,
S, T

(a) Forward impedance (b) Backward impedance

Figure C.1 Forward and backward impedance

mag ”
\ ()

Z,=R,+X,=j05X +j0.5X'2j
(C.1)

A~

Z,=R,+X, = 05X

mag ”

With the stator side impedance, rotor side impedance, load torque and rotational

inertia, the motor starting dynamic current and power can be calculated.
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Appendix D
Input Data Summary of Monte Carlo Simulation

Platform

The users should prepare the input file by themselves before using the simulation
platform. The input file is divided into three parts: 1) residential network
electrical information; 2) appliance time-of-use probability curves; 3) residential

home information.

—{ Primary system ‘

—4 Transformer ‘

—{ Service conductor impedance ‘

—{ House wire impedance ‘

No. of switch-on/day: 8
Min. cycle duration: 4 min.

* N
Max. cycle duration: 60 min.

Class of behavior: lighting

Residential network
electrical information

No. of switch-on/day: 0.5

- Min. cycle duration: 29 min.
_4 Appliance character }__{ WSH ’_ Max. cycle duration: 29 min. > 27 appliances

Class of behavior: laundry

No. of switch-on/day: 1
Min. cycle duration: 2 min.
Max. cycle duration: 120 min.
Class of behavior: occasional

Harmonic spectrums of
— nonlinear appliances
(shown in Table 3)

16 appliances

* The abbreviation code for home appliances refers to Table D.5

Figure D.1 Input data file 1 — system and appliance electric data

Input file 1: residential network electrical information (default and change by

* mat file). This data file includes the secondary distribution network electric
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parameters and the nonlinear load harmonic spectrum parameters. The structure

of this file is shown in Figure D.l. In particular, the measured harmonic

spectrums of 6 major nonlinear loads are shown in Table D.1 and Table D.2 [2].

Table D.1 Harmonic spectrum of home appliance — Part |

Appliances CFL PC Laptop
Operating 15 94 70.7
power (W)
THD (%) 120 99.5 151
Mag. (A) | Ang. Mag. (A) Ang. Mag. (A) Ang.
(deg.) (deg.) (deg.)
H1 0.156 26.4 0.823 0.5 0.647 20.6
H3 0.125 81.4 0.65 1.6 0.512 65.7
H5 0.091 148.0 0.407 3.6 0.346 125.5
H7 0.070 -137.5 0.161 8.6 0.292 -158.1
H9 0.050 -66.8 0.099 58.1 0.313 -92.4
Hl11 0.030 10.2 0.12 168.7 0.298 -34.2
H13 0.020 110.4 0.118 178 0.264 273
H15 0.018 -154.2 0.05 -170.2 0.245 90.4
H17 0.013 -60.8 0.05 -64.8 0.225 150.3
H19 0.012 41.7 0.07 -17.7 0.192 -149.1
H21 0.014 133.1 0.041 -7.9 0.164 -84.8
H23 0.015 -131.0 0.025 12.6 0.145 -21.8
H25 0.018 -50.1 0.031 144.6 0.123 38.9
H27 0.018 26.1 0.031 161.6 0.097 102.4

Table D.2 Harmonic spectrum of home appliance — Part 11

Appliances Regular Fridge Furnace Washer
Operating 150 535 189
power (W)
THD (%) 18 10.5 75.4
Mag. (A) Ang. Mag. (A) Ang. Mag. (A) Ang.
(deg.) (deg.) (deg)
H1 1.275 -19.7 5.16 -33 2.31 -63.6
H3 0.06 -131.6 0.505 -159.4 1.538 164.5
H5 0.17 173.5 0.199 78.6 0.528 19.2
H7 0.076 344 0.049 141.5 0.289 126.1
H9 0.007 5 0.027 -30.8 0.38 -19.7
Hl11 0.034 -129 0.02 -131.7 0.118 174.3
H13 0.022 76 0.006 -78.7 0.18 -76.5
H15 0.004 145.1 0.004 125.7 0.192 147.5
H17 0.012 -37.9 0.006 -0.1 0.042 -91.1
H19 0.007 146 0.002 -179.2 0.122 88.6
H21 0.002 -155.3 0.001 45 0.105 -41.1
H23 0.004 344 0.003 -120.9 0.021 25.6
H25 0.002 -126.1 0.001 94.1 0.082 -101.9
H27 0.001 -100.6 0.004 55 0.057 -63.5
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Input file 2: appliance time-of-use probability curves (default/change by *.mat
file). This data file includes the time-of-use probability curve for household
activities that are related to home appliance usage [47]. The activities are
classified into 9 categories. The structure of data file is shown in Figure D.2. The

Example curves of laundry and cooking activities are shown in Figure D.3.

Weekday

Cooking
Weekday

Breakfast
—' Weekend

Laundry

TV

Residential house

. . C
information

Lighting

TEIy

House clean

N

Occasional event ‘

Stove

Figure D.2 Input data file 2 — appliance usage probability data

0.25 T T T

= Laundry
0.20 ====Cooking
0.15
0.10
X
0.05 ll.!
0.00 &1 "'r"m.l
0 5 10 15 20

Time (hour)

Figure D.3 Example of time-of-use probability curves for household activities
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The classification of home appliances according to the activity category is shown
in Table D.3. Each of the 27 home appliances in the database belongs to one of
the activities. The switch-on event of this home appliance is determined according

to the probabilistic curve.

Table D.3 Household activity classification

Activity Related home appliances

Cooking Stove, microwave, rice cooker, coffee maker, blender, food
processor, dishwasher

Breakfast Toaster

Laundry Washing machine, dryer

Television CRTTV,LCDTV

PC Desktop + LCD, laptop

Lighting CFL, incandescent light, magnetic-ballast lamp, electric-ballast
lamp

House cleaning | Vacuum cleaner

Occasional Heater, treadmill

Stove Stove, oven

Non- Fridge, freezer, furnace

probabilistic

Input file 3: residential home information (change by *.txt file), the format of

data file shown in Table D.4.

This classification of data file is reasonable. Input file 1 and Input file 2 are
regarded as default data, which are usually kept constant in different studies.
However, the users have access to change the default data if they need. They can
back up the *.mat file and make changes to the initial data file in the “Workspace”
of Matlab. Input file 3 is changeable data file, which is usually changed in
different studies. The user can directly edit this data file in the .txt file according

to the format.
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Table D.4 Input data file 3 - appliance general information

HOUSE Distance to | Num app | Num people | Working type
PCC (km)
HOUSE 0.3 15 2 1
this line represents new behavior probabilities
Lighting= | PC= TV= Cooking= Stove= Breakfast= Laundry= Houseclean= Occasional=
Room Phase Appliance | Quantity P (W) FPF Distance to panel | External External prob | Deterministic turnON
number connection (km) spectrum file file instants (hhmm)
1 A CFL 3 15 0.9 0.01 CFL_spectr.csv*
1 A LCDTV 1 300 0.99 0.015
1 A CFL 6 15 0.9 0.02
1 A CFL 1 15 0.9 0.023
2 B CFL 2 15 0.9 0.005 9:50, 10:37, 20:20 **
2 B CFL 1 15 0.9 0.01
2 B CFL 4 15 0.9 0.031
2 B COO 1 800 1 0.036
2 B FUR 1 500 0.84 0.042
3 A CFL 2 15 0.9 0.016
3 A PC 1 100 1 0.021
3 A LCD 1 40 0.96 0.021
3 A CFL 1 15 0.9 0.025
4 AB OVE 1 1200 0.95 0.01
HOUSE 0.5 12 3 2
Lighting= | PC= TV= Cooking= Stove= Breakfast= Laundry= Houseclean= Occasional=
1 AB OVEN 1 1200 0.95 0.01
2

* The users can change the external “harmonic spectrum data” or “probability data” by preparing a *.csv file of such data and entering the

file path.

** The deterministic switch-on time of an appliance should follow the format “hh:mm”.
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In “Input file 3”, each home appliance is represented by a code for convenience,

as shown in Table D.5.

Table D.5 Checklist of home appliance codes

Code Appliance name
CFL Compact Fluorescent Lamp
EBL Electric-Ballast Lamp
MBL Magnetic-Ballast Lamp
INC Incandescent Lamp
PC Desktop PC
LCD LCD Computer Monitor
LAP Laptop
LCDTV LCD Television
CRTTV CRT Television
RFR Regular Fridge
FUR Furnace
ASDFR ASD-based Fridge
FRE Freezer
WSH ASD-based Washer
DRY Regular Dryer
OVE Electric Oven
MW Microwave Oven
TOA Toaster
COF Coffee Maker
FOO Food Processor
VAC Vacuum Cleaner
DSW Dishwasher
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Appendix E
Cloud Transient Impact on Distribution Systems with

High PV Penetration

Unlike conventional or other renewable energy generators, PV panels do not have
rotating element, and thus have no inertia. This characteristic potentially causes a
problem: when the solar irradiance experiences a rapid fluctuation due to the
cloud movement over a clear sky, the output power would also fluctuate almost
synchronously [66]. The most severe disturbance on the grid would occur when a
band of clouds sweep over an area with a large concentration of PV panels. This
could result in a fairly large and sudden variation in the PV output [67]. Concerns
about the potential of photovoltaic output fluctuations caused by transient clouds
were firstly put forward in 1980s [68]. In recent years a lot of researches have
been done for investigating the cloud transient patterns and estimating its impact

on the distribution system with PV penetration.

In the distribution systems with high PV penetration, large variations of the PV

output power induced by cloud transients may result in the following effects [69]:

e At the transmission system level — output power fluctuation require
significant back-and-forth throttling of the gas-fired units in order to
maintain the balance between generation and load (i.e., frequency
regulation).

e At the distribution system level — undesirable voltage fluctuations which

may lead to excessive operations of the Load Tap Changers (LTC).

In addition, the sudden reductions in PV output power caused by sudden drops in
irradiance may cause undesirable tripping of PV and other generators due to the
operation of under-voltage relays [67]. On the other hand, the moving cloud is not

large enough to cover the whole city. During a cloud transient event, the solar
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irradiance variability might be different at different sites. Therefore, in order to
estimate the cloud movement impact, we should at first study the temporal and

spatial distribution pattern of solar irradiance in cloudy days.

E.1 Characteristics of Solar Irradiance Variability — Temporal

Distribution

Generally, the solar irradiance variability is characterized by the irradiance ramp,
which is calculated as the difference between the irradiance of two consecutive

snapshots, normalized by R,4eq = 1000W/m?> [77].

_ R(t+At)—R(1)

AR(t) (E.1)

rated
On the other hand, since the PV output is proportional to the solar irradiance
when the PV inverter operates in steady state, the irradiance fluctuation ramp also
applies to power fluctuation.

AP(1) = P(t+ At) - P(¢)

(E.2)
rated

where P,,.q 1s the rated power of the PV inverter. In this way, a time series of

power fluctuation is derived from a time series of power output for a given time

interval At.

The study of power ramp is significant for estimating the severity of cloud
transient impact on the voltage fluctuation. Typically, power fluctuations below
10 minutes are absorbed by the grid as frequency fluctuations, thus affecting
power quality; if it is longer than 10 minutes, the network operator can

comfortably react by adding (or subtracting) power from other sources [76].
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Figure E.1 Distributions of the irradiance fluctuations registered at Cintruenigo site

Figure E.1 shows an example of probability curve derived from 1-year
measurement data with different time intervals [77]. It indicates that the curve is
highly related to the time interval. With the time interval increasing, the
possibility of big power fluctuation ramp between two consecutive snapshots will

get much higher.
1. Cloud Transient Event

The previous studies on the solar irradiance variability have a drawback in
common: no matter which time interval they choose (1-sec, 20-sec, 1-min or 10-
min), they only focus on the power fluctuation of “single-time-interval”. The
result shows that the probability of big power change (>50%) in one time interval
is as low as 0.01%. However, when a piece of cloud sweeps over a PV site, the
power output drop may last for several time intervals (shown in the dashed blue
square frame in Figure E.2). Even if the AP in each step is below 20%, the total
power drop can be as high as 60 ~ 70%. However, this sort of “multiple-time-
interval” power fluctuation is not included in the previous studies. Therefore they

underestimated the probability of big power fluctuation caused by moving cloud.
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Figure E.2 Power output fluctuation induced by moving cloud

900

In this project, an event-based solar variability statistic model is proposed for

characterizing the cloud transient issue. As shown in Figure E.3, each cloud

movement event contains three processes:

o Cloud approaching: P has a big falling ramp (generally 0.2~0.8P,.q), this

process lasts for several second to several minutes.

e Cloud staying: P keeps a low level. This process may last for more than

10 minutes.

o Cloud leaving: P has a big rising ramp (0.2~0.8P,4.4); this process lasts

for several second to several minutes.

rated
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Figure E.3 Cloud transient event
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In order to quantify a cloud transient event, we need to count the probability

distribution of 3 random factors as shown in Figure E.3:

e Cloud approaching/leaving duration 7y, (sec.)
e Cloud staying duration 74, (sec.)

e Power output fluctuation magnitude Pp, (W) that is caused by cloud

approaching/leaving
In the example shown in Figure E.3, the values of these three factors are:

Tﬂuc = {291}
T =4

stay

Py, ={P(t) = P(t+2)

P(t+6)—P(t+7)|}

5

Some cloud transient events in the field data are labeled in Figure E.4 (a).
Furthermore, as is shown in Figure E.4 (b), while a cloud is approaching, there
might be a small steady segment in the curve. Therefore we should calculate the
power output drop before and after this steady segment separately. When a cloud

is leaving, the same situation occurs.

3500

T T
Cloud approaching
3000 Cloud staying H

Cloud leaving

2500
20008y - fesse 2east ;‘ };9%9‘

1
1000 f \ \!
500 % 1 L R L? 1

o Sed ¥

1500

ek
L il

Qutput power (W)

0
1500 1510 1520 1530 1540 1550 1560 1570 1580
Points

(a) Partial amplitude 1

149



3000

I I

Cloud approaching
2500 - - Cloud staying
Cloud leaving

12
=1
(=
o

29 Iy

1500 j\ WW \s 4 W\/ 8§§th )%6\
I's g\ I Y

\J

Output power (W)

0
1360 1370 1380 1390 1400 1410 1420 1430 1440
Points
(b) Partial amplitude 2

Figure E.4 Example of cloud transient event

According to the definition of cloud movement event, a program is developed that
can automatically detect the cloud transient events from multiday PV power curve

(The detecting method is introduced in Appendix F). There are two sources of

data to be analyzed:

e The PV inverter output power data obtained by PDS Lab, University of
Alberta. The data covers two periods: February 25" ~ March 12" and June
17" ~ July 2" 14 cloudy days are selected (five days in period 1 and nine
days in period 2) from 31 days. One example day is shown in Figure E. 5.

e The solar irradiance data obtained by National Renewable Energy
Laboratory (NREL), United State. The data covers one period: June 1% ~
June 30™. 19 cloudy days are selected.
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Figure E. 5 Cloud transient event

150



2. Statistics of Cloud Transient Indices

The probability distribution of cloud moving duration, cloud shading duration and

relative power variability are presented as follows.

Figure E.6 shows that the cloud approaching/leaving duration is mainly 1~3

seconds. While in two places, the distribution bars are quite different due to
different climate.
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(a) PDS Lab data (b) NREL data
Figure E.6 Probability density of cloud approaching/leaving duration

Figure E. 7 shows that most of the cloud staying duration probability ranges 1~5

minutes. The probability distribution in two places have similar trend.
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Figure E.7 Probability density of cloud staying duration

In Figure E.8, the small power fluctuation (AP<10%P,.q) 1s not considered as a
cloud transient event. The main reason is that we are interested in large solar
variability that has considerable impact on the power system. As the figure
reveals, the probability decrease slowly with the increasing of PV output
fluctuation magnitude. The high fluctuation magnitude (AP>50%P,.q) still has a
probability of 20%. The impact of such solar variability on the distribution system

voltage should be a concern.
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(a) PDS Lab data
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Figure E.8 Probability density of PV output fluctuation magnitude

E.2 Characteristics of Solar Irradiance Variability — Spatial

Distribution

Generally a distribution feeder can be more than 10 kilometers long and the PV
panel can be installed anywhere along the feeder. When we evaluate the power
quality impact of cloud transient on this system, one important issue is whether
the solar irradiance can be considered identical for different locations. Obviously,
during a totally clear day or overcast day, the solar irradiance is almost identical
over an area of decades of kilometers. During a cloudy day, this is not necessarily
the case due to the random size and shape of the moving cloud cluster. Next is a

review of the existing researches on the spatial distribution of cloud transient.
1. Concept and Indices

Dispersion factor D is an important index for quantifying the relative distance

between two locations [72]:

L

= E.3
CS x At E3)

where L is the distance between two locations (m), CS is the cloud speed (m/s)

and At is the time interval of the irradiance data (s). D is a dimensionless quantity.
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As is shown in Figure E.9, the physical meaning of D is how many time intervals

it takes the cloud to move from above one PV site to above another site.

1 time interval distance:
CS*At

Time interval = 1min. 12:00 12:01 12:02 12:03
Dispersion factor=3 <" asd

~
Distance

Figure E.9 The moving cloud passing a PV site

Clear-sky index is the ratio between transient solar irradiance and clear sky

irradiance:

GHI(t)

= ~7 E.4
v GH]clear (t) ( )

where GHI is the global horizontal irradiance (W/mz). GHI,jeq 1s the clear-sky
global irradiance (see Figure E. 10).
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Figure E. 10 Global irradiance (GHI) and clear-sky global irradiance

Correlation coefficient is the covariance between the clear-sky indices AK?,, of

two sites over a period of time.
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o = E[AKt,, x AKt},]

0,0,

where AK?,, ={AKz, (1), AK?) (¢ + At), AK), (¢ +2A1), -

is the standard deviation of the vector AKXz}, .

2. Field Measurement Result

(E.5)

t+NAf} and o

Figure E.11 presents a correlation coefficient p in regard to the distance between

two sits [73]-[74].
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Figure E.11 Comparison of results to geographic diversity study

As the above results indicate, with a specified time interval A¢, the correlation

efficient of clear-sky indices in two locations can be damped to zero if they

locates far away enough. Reference [75] summarizes the minimal “required”

distance to make the solar irradiance in two sites zero-correlated, as is shown in

Figure E.12.
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Figure E.12 Zero correlation crossover distance as a function of time scale

This analysis suggests that 20s fluctuations become uncorrelated positively at a
distance of less than 500 m. The distances are respectively 1 km, 4 km and 10 km

for fluctuation time scales of 1, 5 and 15 min respectively.
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Appendix F

Method of Detecting the Cloud Transient Event

A cloud transient event consists of three processes: cloud approaching, cloud
staying and cloud leaving, as shown in Figure F.1. The aim of detecting cloud
transient event is to count the probabilistic distribution of three indices: cloud
approaching/leaving duration 7j,., cloud staying duration Ty,, and power output
fluctuation magnitude Pp,.. A program is developed to automatically detect these
three data segments. The solar irradiance curve or PV output power curve is

divided into four data segments, as shown in Figure F.1:

e High level segment: equal to the period with clear sky;
o Falling segment: the period when cloud is approaching;

o Low level segment: the period when cloud is passing and the PV site is

fully covered by cloud;

e Rising segment: the period when cloud is leaving.

Switch to
“risng”

Switch to
“low level”

Switch to
“ falling”

Switch to
“high level”

PV output (W)

»
»

Time (point)

to+l o2

» € » € <
> <€ » € P

High level Falling Low level Rising High level

Figure F.1 The recorded data of a cloud transient event

The program is smart enough to detect the starting point and ending point of each
segment. Specially, it is critical to define two empirical thresholds for deciding

whether we should “switch” to another segment.
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Threshold of switching to a falling/rising segment |AP,(7)| =0.2;

Threshold of continuing a falling/rising segment |AP, (¢)| = 0.08.

In conclusion, the logical flowchart of detecting the cloud transient event is

shown in Figure F.2.

END

Set up two threshold:
1. P1=0.2: threshold for identifying a falling/rising edge
2. P1=0.08: threshold for continuing a falling/rising edge

Y
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Figure F.2 Flowchart of the detecting method

After the detection, a result table is generated. An example is shown in Table F.1.

Table F.1 An example of detected data segment

falling/rising segment low level segment
Start point | End point | Start point | End point
751 753 753 758
758 759 765 768
1074 1079 1079 1080

With the detected start/end point of each segment, the probability distribution of

indices Tjue, Ty and Py, can be calculated.
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