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Abstract

With an increasing focus on the environment and moving from fossil to renewable energy;,
there has and is an increasing interest in zero energy buildings. Zero energy buildings
often utilize local intermittent renewable energies such as wind and solar energy, and are
going to play an important role in the smart grid development with their distributed
generation and energy storage etc. In Southern Norway, the smart village Skarpnes is uti-
lizing building integrated photovoltaic systems and is developed for studying zero energy
buildings and its impact on electricity demand and power quality.

Power electronic based equipment such as uninterruptible power supplies, adjustable speed
drives, personal computers and more have all enhanced our daily lives by providing an
efficient and reliable way of utilizing the electrical energy. Because of their non-linear be-
haviour, they are responsible for harmonic currents causing additional losses and harmful
effects.

In this thesis, a shunt active power filter based on the instantaneous power theory used for
power quality improvement is studied. This involves harmonic current, reactive power and
neutral current compensation, where load data is obtained from the smart village Skarp-
nes project. Investigating the operation of the shunt active power filter during import
and export of power, during load changes and operation during distorted and unbalanced
utility voltage.

Based on simulations using MATLAB/Simulink the three-phase, four-wire shunt active
power filter is able to compensate the harmonic currents, reactive power and neutral
current. The total harmonic distortion in the source current after compensation is below
limits proposed by the Institute of Electrical and Electronics Engineers Standard 519-2014
for all test cases.
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Chapter

Introduction

1.1 Background

Today, a large portion of our electrical energy utilization involves power electronics.
Power electronic based equipment such as uninterruptible power supplies, adjustable speed
drives, personal computers and more have all enhanced our daily lives by providing an
efficient and reliable way of utilizing the electrical energy [1]. The equipment mentioned
draw non-sinusoidal currents, commonly referred to as harmonic currents, these currents
are usually unwanted and affect the power system in a negative manner. Figure 1.1 shows
a non-linear load connected to the point of common coupling (PCC)!, notice how the
harmonic currents have contributed with distorting the voltage waveform at the PCC. A
distorted voltage waveform will most likely affect other loads connected at the PCC, both
linear and non-linear, in a negative manner.

Power Source Voltage at PCC
T T T T T T T T T T T | N Non-linear
: ! R R current
I I \J \J
b e I
PCC l

~‘< Non-linear
Linear loads loads

Figure 1.1: Definition of point of common coupling [3].

'PCC is defined as the closest point of the customer to the power system where another customer
could be supplied from [2].
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Harmonic currents do increase the root mean square (rms) value of the line current caus-
ing additional losses, extra heating and loading, and may also cause failure in power
system equipment such as power factor correction capacitors [4]. In spite of of providing
an efficient way of utilizing the electrical energy, power electronic devices causes power
quality issues and therefore a conflict exists.

Many countries have developed their own standards to limit the effect of harmonics in the
power system, but standards such as IEEE Std 519 and EN61000-3-4 by IEC are often
referred to. In general, customers are responsible for limiting harmonic currents injected
to the power system, while the utility is responsible for voltage distortion at PCC at
distribution level [5]. How much harmonic content or distortion is in a voltage or current
waveform can be expressed with Total Harmonic Distortion (THD) as

ZII%,rms
THD, = yh=2 (1.1)
[1,r‘ms
th?,rms
h=2
THDy = ‘———F-— 1.2
v ‘/1rms ( )

Sometimes, under light load conditions, T'H D; might reveal high distortions. However
due to light load conditions i.e. small currents, the harmonic currents will most likely not

influence the voltage at the PCC. Therefore, to provide a more suitable definition under
light load, IEEE Std 519-2014 defines the term Total Demand Distortion (TDD) as

§ [fQL,rms
TDD, = "= (1.3)

IL,rms

Where [}, is the rated rms value of the load current at fundamental frequency, operating
at rated values T"H Dy is equal to TDD;. IEEE Std 519-2014 defines TDD and individual
harmonic current limits for customers having different utilization capacities, by using the
short circuit ratio (Isc/Ir), where Igo is the available short circuit current at the PCC
and I, is the rated demand current of the loads connected at the PCC. Table 1.1 shows
different limits for different short circuit ratios, a lower short circuit ratio indicates a
high source impedance or in other words a weaker distribution system and therefore the
harmonic currents will have a greater impact than in a system with higher short circuit
ratio. This can be demonstrated using Ohm’s law

Vh = Zh X [h (14)

A higher value of Z;, will cause greater voltage distortion for the same amount of harmonic
currents injected. Instead of injecting harmonic currents in the system, customers should
mitigate their own harmonics by using e.q. various filtering techniques explained later in
the thesis.
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Table 1.1: IEEE Std 519-2014 Harmonic Current Limits (120 V - 69 kV)

I./1p <11 11<h<17 17<h<23 23<h<35 35<h<50 TDD (%)

<20 4.0 2.0 1.5 0.6 0.3 2.0

20 < 50 7.0 3.5 2.5 1.0 0.5 8.0
50 <100  10.0 4.5 4.0 1.5 0.7 12.0
100 < 1000 12.0 2.5 5.0 2.0 1.0 15.0
> 1000 15.0 7.0 6.0 2.5 1.4 20.0

Similarly, IEEE Std 519-2014 also propose voltage distortion limits as shown in Table 1.2.

Table 1.2: IEEE Std 519-2014 Harmonic Voltage Limits

Bus Voltage at PCC Individual Voltage Distortion (%) Total Voltage Distortion (%)

V <1.0kV 2.0 8.0
1kV<69 kV 3.0 5.0
69-161 kV 1.5 2.5
> 161 kV 1.0 1.5

Nowadays, active power filters (APFs) have become a viable and available solution for
improving various power quality issues [6]. The basic principle is shown in Figure 1.2,
where a shunt APF/compensator behaves as a three-phase controlled current source in-
jecting the inverse of the harmonic currents originated from the non-linear load resulting
in sinusoidal supply currents.

1.1.1 Electricity Usage in Smart Village Skarpnes

Electricity Usage in Smart Village Skarpnes is a project owned by Agder Energi Nett AS,
in collaboration with Teknova AS, Eltek AS and University of Agder with support from
the Norwegian Research Council under grant 226139. Where one of the goal is to examine
how the distribution network can be designed and operated in an efficient manner when
more zero energy buildings are connected to the grid [8].

Skarpnes is a residential area just outside of Arendal, the area consist of several houses
of near-zero energy standards®. Each house is equipped with an advanced power quality
analyzer from Elspec with high time resolution, offering the possibility to study harmon-
ics, waveforms etc. Additionally Scanmatic AS has installed measurement devices that
take measurements of each circuit inside each house, but with a lower time resolution.
The distribution transformer supplying Skarpnes is also equipped with a power quality
analyzer from Elspec with high time resolution.

2A zero energy building is a building with zero net energy consumption [9].
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\ Igb Iéb Non-linear
: . load
Isc Iic
A
Source Iei
icadicohicca

Reference

Compensator
currents

—_

Figure 1.2: Basic principle of shunt current compensation [7].

With these measurements, utility companies like Agder Energi Nett AS would like to
understand how zero energy buildings affect the power quality, and how the load profile
will change based on the installed on-site generation of electricity, energy storage and
ground heated water.

1.2 Objectives

The main objective is to investigate the use of a shunt active power filter used for power
quality improvement with focus on harmonic currents, reactive power and neutral current
compensation in zero energy buildings. The main objective can further be divided into
different smaller objectives and are as follows:

o After installing the shunt APF in the zero energy building is the total harmonic
distortion within limits proposed by IEEE Std 5197

o How does the shunt APF handle transients and currents shifted 180 electrical degrees
with respect to the voltage because of exporting energy production from the building
integrated photovoltaic (BIPV) system?

o Study the effect when a shunt APF is connected to a weaker grid i.e. greater system
impedance.
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1.3 Scope of Work

The scope of work is based on the objectives and are:

Overview of power quality issues focusing on harmonics, understanding the impact
of non-linear equipment connected to the grid and harmonic currents, reactive power
and neutral current compensation.

Overview of electrical power definitions under sinusoidal and non-sinusoidal condi-
tions.

Understanding how the instantaneous power theory can be used as a control algo-
rithm in shunt APFs, both during sinusoidal and non-sinusoidal utility voltage.

Development of a simulation model of a shunt APF using Skarpnes data as load
profile using MATLAB/Simulink.

1.4 Limitations

In the simulation model, parameters such as sampling frequency and physical limitations
i.e. maximum switching frequency etc. are not being considered.

1.5 Thesis Outline

Below is a short description for each chapter in this thesis.

Chapter 1 gives a brief introduction to power quality, explaining a few common
terms, as well as an introduction to the Skarpnes project, Electricity Usage in Smart
Village Skarpnes. At last the objectives, scope of work and limitations for this thesis
are mentioned.

Chapter 2 gives the reader insight of what power quality is and what problems are
associated with it, as well as presenting a few common solutions for power quality
improvement.

Chapter 3 gives the reader insight in different power theory definitions for single-
phase as well as three-phase systems. Power definitions by Budeanu and Fryze are
presented, as well as the instantaneous power theory.

Chapter 4 gives the reader insight in how a shunt active power filter is implemented
using the instantaneous p-q theory as the control algorithm for current reference
generation.

Chapter 5 shows how the simulation model is built in MATLAB/Simulink based
on knowledge from Chapter 4.

Chapter 6 shows the simulation results and are then discussed after each section.
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o Chapter 7 presents a conclusion based on Chapter 6 and suggestions for future
work is presented.

« Appendix A gives a quick overview of the data acquisition system at Skarpnes.
» Appendix B load parameters used in the MATLAB /Simulink model are displayed.

o Appendix C various simulation results not shown in Chapter 6 are displayed.



Chapter

Theoretical Background

This chapter provides general knowledge regarding power quality, mathematical tools used
in power quality analysis and various solutions for improving it. Power quality is a term
used to describe the quality of the power delivered by the power system. When electrical
devices are exposed to poor power quality they may experience loss of performance and
their lifetime may become shorter [10], therefore maintaining good power quality in the
distribution network is important. Power quality is becoming an important topic as the
increase of power electronic devices that are beeing connected to the grid as a result of
more intermittent renewable energy sources, zero energy buldings, electric vehicles etc.
[11].

2.1 Power Quality Issues

There are several type of events that affect the power quality, some are defined in IEEE
1159 [12] as

Voltage unbalance: The voltage is unbalanced or not symmetric when the three wave-
forms have unequal magnitudes and /or not shifted 120 degrees with respect to each other.
It is defined as the ratio of the negative sequence to the positive sequence component.
Positive and negative sequences are explained in Section 2.3. Voltage unbalances may be
caused by unbalanced loads or generation faults.

Voltage sag: When the rms value of the voltage waveform drops 10% or more be-
low the nominal voltage for a period from half a cycle to a few seconds. Events lasting
longer are referred to as undervoltage. Voltage sags are typically caused by an abrupt
increase in load (short circuits, motors etc.).

Voltage swell: When the rms value of the voltage waveform increases 10% or more
above the nominal voltage for a period from half a cycle to a few seconds. Events lasting
longer are referred to as overvoltage. Voltage swells are typically caused by an abrupt
reduction in load.
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Frequency variations are deviation from its nominal operating value. The voltage
waveforms are supposed to have a specific frequency, in Norway 50 Hz, and any deviation
from that value are referred to as frequency variations. At any instant, the frequency de-
pends on the balance between power produced and power demand ( Py odquced — Paemand 7

0— Af).

Waveform distortion: When a current or voltage waveform deviates from a sinusoidal
shape in steady state it is said to be distorted. Non-linear loads may cause distorted wave-
forms. Fourier analysis provides a mathematical tool for describing distorted waveforms,
explained in the next section.

2.2 Harmonics

Fourier showed that any periodic function that satisfy f(¢t) = f(t +T) where T is the
time period of the function can be described as a sum of sinusoidal functions, this can
mathematically be written as

f@)=Fo+ > fu(t) = Fo + Y _ {an cos(hwt) + by sin(hwt)} (2.1)
h=1 h=1
where
F L 0 2.2
= — t)dt .
b= oo | 1® (2:2)
1 2w
an = f/ F(#) cos(hut)dt for h=1,2,...,00 (2.3)
7 Jo
1 2m
b, = —/ f(t)sin(hwt)dt forh=1,2,...,00 (2.4)
7 Jo
Most waveforms in the power system possesses half-wave symmetry i.e. f(t+7) = —f(t),

as a result the Fourier series of such waveforms contain only odd integer values of h and
no DC component. Even order harmonics may exist but are much rarer and are caused by
for example arc furnances, cyclonconverters and half-wave rectifiers [13]. Even harmonics
can cause the undesired dc component and unequal positive and negative peak values
[14]. Even harmonics are limited to 25% of the odd harmonic limits in Table 1.1.

2.2.1 Causes and Effects

Often the cause of harmonics currents are the end-user loads, utility equipment such as
transformers are also responsible for harmonic currents with their magnetizing currents,
but due to their low magnitude compared full load current, the end-user loads are usually
the main source of harmonic pollution. Because of the needed step of a DC/AC converter,
BIPVs are a source of harmonic pollution and actions should be taken to reduce it. High
harmonic distortion may cause unwanted effects such as transformer, power factor cor-
rection capacitor, motor or generator heating and interference with voice communication
circuits. [4].
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2.3 Symmetrical Components

Symmetrical components is a mathematical method of expressing a set of n unbalanced
phasors as a set of n balanced sets of phasors, where each balanced phasor set includes
positive, negative and zero sequence phasors [15]. The positive sequence has the rotational
sequence abc, the negative sequence has the rotational sequence acb and for the zero
sequence all phases are co-phasal, illustrated in Figure 2.1. For a three-phase unbalanced
system one would require three sets of positive, negative and zero sequence phasors, one
set for each phase. Mathematically this can be represented as

Va Va0 Va,+ Va,—
Vabe = | Vo| = [Voo!| + | Vor | + | Vo (2.5)
Ve Veo Ver]  [Ve-

where .
Vo 1 1 1 1 V.
V_ 1 o af |V

where o = e%“, shifting a vector by an angle of 120 degrees counter clockwise. Using
symmetrical components one can analyse unbalanced systems the same way as analyzing
balanced systems and treat the problem as a superposition of the three symmetrical
components [16].

- Zero
Positive Negative Sequence

Sequence Sequence ///

Figure 2.1: Symmetrical components.

2.4 Positive, Negative and Zero Sequence Harmonics

The fundamental currents in a balanced three-phase system are shifted 120 degrees with
respect to each other and may be written as

io(t) = i(t)
w(t) = it =) (2.7)

i(t) = ilt+ =)
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For balanced harmonics, where h is the harmonic number, may be written as

ian = Ipcos(h X 2mft+ ¢p)
9
inn = Incos(h x 2rft — h x g + én) (2.8)

2
ien = Incos(h x 2mft+h x g + on)
Looking at the third harmonic

iag = I3c08(3 X 2w ft+ ¢3)
2
ip3 = Izcos(3 x 2w ft —3 X ?ﬂ + ¢3) = I3c08(3 X 27 ft + ¢3) (2.9)

2
ic3 = Izcos(3 x2mft+3 x ?ﬁ + ¢3) = I3c08(3 X 27w ft + ¢3)

It is clear that i, 3 = %3 = %.3 and are thus often referred to as zero sequence harmonics.
Looking at the fifth harmonic

iy = I5cos(b X 2w ft+ ¢5)
2 2
ins = Iscos(5 x 2mft — 5 x g + bs) = Is cos(5 x 2 ft + g Fos)  (2.10)

2 2
ie5 = Iscos(bx2mft+5 x ?ﬂ + ¢5) = I5cos(b x 2w ft — %%—qbg,)

Showing the fifth harmonic has a negative rotational sequence (acbh). Looking at the
seventh harmonic

a7 = I7cos(7 x2mft + ¢r)
, 27 27
Ly = I7COS<7 X 27Tft—7 X ?4-(?7) = [7COS(7 X 27Tft— §+¢7) (211)
, 2m 2m
g = Ircos(7T x2mft+7 X 3 + ¢7) = Iy cos(7 x 2 ft + 3 + ¢7)
Showing the seventh harmonic has a positive rotational sequence (abc), furthermore it can
be proven that the following pattern in Table 2.1 is valid and is repeated further when

the harmonic currents are balanced [17]. If unbalanced, each harmonic order may have a
positive, negative and zero sequence component.

Table 2.1: Harmonic Sequences.

Harmonic 2 3 4 5 6 7

Sequence Negative Zero Positive Negative Zero Positive
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2.4.1 Triplen Harmonics

Triplen harmonics are defined as the multiples of the third harmonic (3rd, 6th, 9th etc.)
[18]. The triplen harmonics are of particular concern because their co-phasal nature
(shown in Section 2.4). Using Kirchhoft’s current law (KCL) and if (i3, = i3, = i3.) the
following can be written

ian = i3q 4 i3y + i3e = iz (2.12)

As a result, the neutral conductor may carry large currents at multiples of three times the
fundamental frequency, which it would not do in a balanced three-phase system without
zero sequence harmonics. Therefore the neutral conductor must be sized with this in
mind or actions to reduce the neutral current should be considered.

2.5 Clarke and Park Transformation

The Clarke and Park transformation also known as the a0 and dq0 transformation
respectively, are mathematical transformations used to simplify the analysis of three-phase
systems. The transformations transform the three-phase system from an abc reference
frame to a stationary a0 or a rotating dq0 reference frame, illustrated in Figure 2.2. The
power invariant transformation from abc to a0 is given by

1 1 1
to 21 V2 V2 2 Ua
o | =4/ 1 -3 —3 Up (2.13)
ug 0 § —§ Ue
and the inverse transformation is given by
1
Uq 9 ﬁ 1 \O[ Ug
w| =13 % -3 ¥ Ue, (2.14)
Ue 11 V3 (%
V2 2 2
The transformation from abc to dq0 is given by
Ug 9 cos(wst)  cos(wst — 120°)  cos(wst + 120°) Uq
ug| = = | —sin(wst) —sin(wst — 120°) —sin(w,t + 120°) (7 (2.15)
Ug 1/2 1/2 1/2 U
and the inverse transformation is given by
Uq cos(wst) — sin(wst) 1 Uq
up| = | cos(wst —120°) —sin(wst — 120°) 1 Ug (2.16)
Ue cos(wst +120°)  —sin(wst + 120°) 1 U
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Figure 2.2: Clarke and Park transformation.

Both the Clarke and Park transformation are widely used in various electrical engineer-
ing applications such as power conditioning devices, field-oriented control of induction
machinery etc.

2.6 Harmonic Mitigation Techniques

Harmonic currents should be limited to limit the voltage distortion, as well as reducing
losses e.q. eddy current losses which are proportional to the square of the frequency [19].

There are several harmonic mitigation techniques, common filtering techniques are pas-
sive and active power filters. Delta/star distribution transformers can be used to trap the
zero-sequence third harmonic as they will circulate inside the delta windings, this will
prevent them for polluting the power system further up. Avoiding long cables (greater
impedance) to harmonic polluting loads may also help, but not always possible.

2.6.1 Passive Filters

Passive filters can either be connected in series or in shunt with respect to the load. Series
filters must be sized for the full load current, while the shunt filters can be sized for the
harmonic currents only. Passive filters are tuned for specific harmonic frequencies, and are
therefore more commonly connected to individual loads. The basic principle of a shunt
filter is shown in Figure 2.3b, it provides a low impedance path for the tuned frequency
and at the same time act as a high impedance path for other frequencies. Undesirable
resonance events may occur between the installed filter and the system impedance [20],
therefore the implementation of passive filters should be done with care.
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ZSO’U/I‘C@
in —Q=100
L : E ]
Vi " i, £
2 0k i
Ch — |
(a) Passive single-tuned shunt filter. (b) Impedance versus frequency.

Figure 2.3: Passive filter.

2.6.2 Active Power Filters

Active power filters can be series connected, shunt connected or a combination of both.

Shunt Active Power Filters
From Figure 2.4, the source current is equal to the load current before connecting the
shunt APF and can be written as

iy =ip =if+ip (2.17)

where i, and ¢; are the source and load current respectively, the load current can be
decomposed to a fundamental current ¢y and harmonic currents 4;. Identifying the har-
monic currents from the load, the shunt APF can be controlled in such a way to inject
the inverse of the harmonic currents at the PCC, resulting in sinusoidal source currents

iy = ip 4 in — b pieer = iy (2.18)

Essentially the filter act as a controllable current source injecting currents at the PCC.

Source current Load current
Power e \ /1 Non-linear load
Supply 8% \AJ
Is>

I~
Filter current

\,‘/\/ \/ AV, \ﬁi f

le

Shunt APF

£
L

Figure 2.4: Shunt active power filter.
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Series Active Power Filters

The series APF act as a controlled voltage source illustrated in Figure 2.5. The series
APF is mainly used to compensate for utility problems such as voltage disturbances
(sags, swells etc.), voltage unbalances and/or voltage distortion [21]. To compensate
for harmonic currents a shunt passive filter must be connected as shown in Figure 2.5,
providing a low impedance path [22].

Power Vi Vioad Non-linear
Supply Ve, load
OOt
lEir
Series APF —|G 1

|_”J Passive Filter

Figure 2.5: Series active power filter.

Unified Power Quality Conditioner

Combining the functionalites of both the shunt- and series APF, two systems can be
connected back to back sharing the same DC bus [23]. The combination of shunt- and
series APFs shown in Figure 2.6 is often referred to as unified power quality conditioner

(UPQC).

Power Non-linear load
Supply

() {
13|+ |HF

Series APF Shunt APF

Figure 2.6: Series and shunt active power filter combination.
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Converter Topologies

For the implementation of a shunt APF, different converter topologies may be used. Fig-
ure 2.7 shows two three-phase, three-wire power converters. Figure 2.7a shows a pulse
width modulation (PWM) voltage source converter (VSC) with a capacitor as energy
storage element. Figure 2.7b shows a PWM current source converter (CSC) with an in-
ductor as energy storage element.

0 G G A A -

— % ____J_ﬁ
= 4#} _”%}___ml P4 4 4 =
(@) (b)

Figure 2.7: Converter topologies: (a) Voltage source converter (b) Current source con-
verter.

An analysis of benefits and drawbacks of VSCs and CSCs for APFs is done in [24, 25],
but generally VSCs are preferred due to efficiency, size and reliability [25].

In residential areas, office buildings etc. with single-phase, non-linear loads supplied
by a three-phase, four-wire system, power electronic topologies as shown in Figure 2.8 are
used to be able to compensate zero-sequence currents. A comparison between different
three-phase, four-wire topologies is given in [26].

3G G A3+ A0 O

e g @ g W= LYY
o YN YN
e o g g S Ve g g S

5 F 3 4(,}_m A+ 4§}_m

Figure 2.8: Converter topologies: (a) Four leg converter (b) Three leg, split capacitor
converter.
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2.6.3 Line Reactors

Line reactors may help with high frequency harmonic attenuation by being placed in front
of for example a variable frequency drive. From Equation 2.19, the line reactors reactance
is proportional to the frequency, f.

X, =2rfL (2.19)

For harmonic attenuation purposes one typically apply no more than 5% impedance to
the input of the drive. Adding 5% impedance, the current THD can be reduced to around
30-40% down from 70-100% [27, 28].

DC Bus

__________

Reactors

Figure 2.9: Line reactors in front of a three-phase rectifier.
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Power Theory Definitions

Power definitions under sinusoidal operating conditions are well established and accepted
worldwide, but under non-sinusoidal operating conditions several and different power
theories are in use [7].

3.1 Definitions Under Sinusoidal Balanced Conditions

This section presents power definitions for systems operating under sinusoidal and bal-
anced conditions.

3.1.1 Single-Phase Power Theory

The voltage and current in a single-phase system can be written as

v(t) = V2V sin(wt) (3.1)
i(t) = V2Isin(wt — ¢)

where V' and I are the rms value of the voltage and current waveforms respectively . The
instantaneous power is given by

p(t) = v(t)i(t) = 2V I sin(wt) sin(wt — ¢) = VI cos(¢) — VI cos(2wt — ¢) (3.3)

Equation 3.3 has two components, an average and an oscillating component. Further
decomposing and re-arrangement of Equation 3.3 gives

p(t) = VIcos(¢)[1 — cos(2wt)] — VI sin(¢) sin(2wt) (3.4)

Term 1 Term 2

Based on Equation 3.4 the instantaneous power has two terms and are described as:

« Term 1 has an average value equal to VI cos(¢) and an oscillating component with
a frequency twice of the fundamental and represents an unidirectional power flow.

17
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o Term 2 has only an oscillating component with a frequency twice of the fundamental
with a peak value of VIsin(¢), and has an average value of zero and represents a
bidirectional power flow. Term 2 is absent if the voltage and current waveforms are
in phase i.e. ¢ = 0.

Based on Equation 3.4, three constant powers are conventionally represented as:
Active power, P is defined as the average value of Term 1

P =V1cos(¢) (3.5)

Reactive power, Q is defined as the peak value of Term 2

Q = VIsin(¢) (3.6)

Apparent Power, S is defined as
S=VI (3.7)

The apparent power is often referred to as the maxium reachable active power at unity
power factor (PF) [29]. The PF is defined as the ratio of the active power to the apparent
power

P
PF = — .
. (33)

and is a term used to describe the utilization of the power system when supplying energy.

3.1.2 Three-Phase Power Theory

Looking at a balanced sinusoidal three-phase system, the voltages and currents can be
written as

va(t) = V2V sin(wt)
w(t) = V3V sin(wt — 2;) (3.9)
ve(t) = V2v sin(wt + 2;)
and
io(t) = V2Isin(wt+ )
in(t) = V2Isin(wt+ ¢ — 2;) (3.10)

io(t) = V2Isin(wt+ ¢+ 2;)

With or without a neutral conductor, the three-phase instantaneous power is given by

P3(t) = va(t)ia(t) + vp(t)in(t) + ve(t)ic(t) (3.11)
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Substituting Equations 3.9 and 3.10 in Equation 3.11 gives
pa(t) = VIcos(¢)[l — cos(2wt)] — VIsin(¢)sin(2wt)
2 2
po(t) = VIcos(d)[l — cos(2wt — g)] — V1sin(¢) sin(2wt — g) (3.12)

pe(t) = VIcos(¢)[l — cos(2wt + 2;)] — VIsin(¢) sin(2wt + 2;)

Adding the three instantaneous powers gives
p3(t) = pa(t) + po(t) + pe(t) = 3V I cos(¢) = 3P (3.13)

From Equation 3.13 the three-phase instantaneous power is constant and have no oscil-
lating component like the instantaneous power in a single-phase system. The three-phase
active power, Pj is given as the average value of ps(t)

Py =3V 1cos(¢) (3.14)

The three-phase reactive power, ()3 is given by the sum of the peak value of the terms
with zero average from Equation 3.12

Q3 = 3V Isin(¢) (3.15)
The three-phase apparent power, S is given by
Sy =3VI (3.16)

3.2 Definitions Under Non-Sinusoidal Conditions

Under non-sinusoidal conditions the power definitions are not unique. An example is
the extension of apparent power to polyphase systems, it has at least three different
definitions, which yields the same results under balanced sinusoidal conditions but yield
different results if one of the conditions above are not met [30]. Two sets of individual
power definitions by Budeanu and Fryze gained popularity after their publication.

3.2.1 Power Definitions by Budeanu

Budeanu proposed in 1927 [31] a set power definitions that can be used in analysis of the
power system under non-sinusoidal conditions in the frequency domain.

Budeanu defined the the active power P and reactive power () as a superposition of
active and reactive powers of all harmonics

P = i Ph = i Vh]h COS(¢h) (317)
h=1

— h=1

Q = i Qn = i Vi sin(¢n) (3.18)
h=1 h=1
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where V and I are the rms values of the voltage and current waveforms and are calculated

as
G =
Vo= f/ 2yt = |3 V2 (3.19)
T Jo el

[ = ;/OTiQ(t)dt: S 12 (3.20)

where T' is the fundamental waveform period. Budeanu concluded that in circuits with
distorted voltages and/or currents there was another power, Budeanu referred to it as the
distortion power, D.

D? = 5% — P? — ? (3.21)

The reactive and distortion power proposed by Budeanu lack clear physical meaning
and are just mathematical expressions, and their values does not provide the required
information which could be used to design compensating circuits [32].

3.2.2 Power Definitions by Fryze

Fryze proposed in 1930 [33] a set of power definitions under non-sinusoidal conditions
in the time domain. Fryze decomposed the source current into an active and a reactive
component.

The active power is given as the average value of the instantaneous power, p(t)

P, = ; /0 byt — ; /0 L oi(t)dt = VI = VI, (3.22)

where V' and I are the voltage and current rms values and V,, and I, are the active
voltage and current. Other parameters were defined as:
Apparent power, P,

P,=VI (3.23)
Active power factor, A
P
A== 3.24
5 (321)

Reactive power factor, A,
Ay =V1—\2 (3.25)
Reactive power, P,
P,=+\/P?—-P2=V,I=VI, (3.26)

where V, and I, are the reactive voltage and current and are defined as

V, = AV (3.27)
I, = A\ (3.28)
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and the active voltage and current as

Vi, = AV (3.29)
I, = A (3.30)

The power definitions proposed by Fryze do not need to decompose the waveforms using
Fourier series, but requires the calculation of rms values and hence not valid during
transients. The idea of decomposing the current into an active and reactive component
offers the opportunity to compensate for undesired currents.

3.3 The Instantaneous Power Theory

The instantaneous power theory, commonly referred to as the p-g theory, was proposed
by Akagi et al. [34] and is based on a set of instantaneous powers defined in the time
domain. It can be applied to three-phase systems with or without a neutral wire, with
no restrictions to the voltage or current waveforms and is valid during transients and in
steady state operating conditions [7]. The instantaneous power theory first transforms the
voltage and current waveforms from the abc reference frame to the a0 reference frame,
using the Clarke transformation and defines the instantaneous powers there. Unlike tra-
ditional theories where one treat the three-phase system as three single-phase systems,
the p-¢ theory deals with all three phases at the same time and treat it as one system [7].

The instantaneous zero sequence power pg, real/active power p and imaginary/reactive
power ¢ are defined as

Po Vg 0 0 7:0
P — O Vq UB /L.Ot (331)
q 0 Vg —Vq iﬁ

The three-phase instantaneous active power is equal to the sum of p and p,
P3(t) = Vala + Uplp + Vele = Vol + Vgig + Volo = P + Po (3.32)

The three instantaneous powers above can each be decomposed to an average and an
oscillating part as done below [35].

1. Instantaneous zero sequence power (py)

Po = Do + Po (3.33)

po: Average value of the instantaneous zero sequence power. It corresponds to the
energy per unit of time that is transferred from the source to the load by the zero
sequence voltage and current.

Po: Oscillating part of the instantaneous zero sequence power, meaning the energy
per unit of time that is oscillating between the source and load by the zero sequence
voltage and/or current.
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2. Instantaneous real power (p)
p=p+p (3.34)
p: Average value of the instantaneous real power, corresponding to the energy per
unit of time transferred from the source to the load.
p: Oscillating part of the instantaneous real power, meaning the energy per unit
of time that is oscillating between the source and load and does not result in any
energy transfer from the source to the load.

3. Instantaneous imaginary power (q)
¢=q+q (3.35)

The imaginary power ¢ represents the energy per unit of time that is beeing ex-
changed between the phases of the system, meaning the imaginary power does not
contribute to energy transfer between the source and load at any time [7].

q: Average value of the instantaneous imaginary power, corresponding to the con-
ventional three-phase reactive power.

G: Oscillating part of the instantaneous imaginary power.

Figure 3.1 shows a graphical representation of the three instantaneous power terms.

p p —
) ()
' LOAD
n_~_
Po Po q

T |

SOURCE

o

Figure 3.1: Instantaneous powers in a three phase, four wire system [7].
The zero sequence power has the same characteristics as the instantaneous power in a
single-phase circuit, it has an average value, py. The average value py do contribute with
energy transfer, but it cannot produce constant power alone, because py always consists
of py together with py [7].

Below are expressions for the three instantaneous powers pg, p and gq.

Average powers

po = Y 3Vonlon cos(¢on — don) (3.36)
h=1
p = Z 3V+hf+h COS(¢+h - 5+h) + Z 3V_hf_h COS(¢_}L — (S_h) (337)
h=1 h=1
q = Z 3V+hf+h Siﬂ(¢+h - 6+h) - Z 3V_hf_h sin(¢_h — 5—h) (338)

h=1 h=1
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Oscillating powers

]50 = Z Z 3‘/07”]0}1 COS((wm - wh)t + ¢0m - 6Om)]

m=1
m#h

Lh=1

+ Zl Z _3%7”[0}1 COS((wm + wh)t + ¢0m + 50m)‘|
m=1 Lh=1

oo
p=2
m
m

=1
+h

Z 3VimIin cos((wp — wp)t + G — O4p)
Lh=1 J

Z 3Vl cos((wp — wp)t + ¢ — 0_4)

Lh=1

Z _3V+m[7h COS((UJm + wh)t + ¢+m + 5h>]

Lh=1

Z —3V_ L cos((wm + wp)t + ¢ + 5+h)]
Lh=1

Z 3VimIinsin((wy, — wp)t + G — 5+h)]

Lh=1

i —3V_p I _psin((wm — wp)t + ¢y — (5_h)]

Lh=1

Z =3V _psin((wm + wp)t + ¢ + 5h)1
Lh=1

Z —3V_ Loy sin((wm + wp)t + ¢ + 5+h)]
Lh—1

(3.39)

(3.40)

(3.41)

From Equations 3.36 to 3.41 it is evident that only the product of voltage and current
at the same frequency and rotational sequence yields average power, while the product
of voltage and current at different frequencies and rotational sequences yields oscillating

powers.

3.3.1 Using the p-q Theory for Shunt Compensation

The p-q theory is often used in power condition devices [36, 37, 38|, Figure 3.2 shows
a general overview of the control algorithm when used for shunt compensation. After
calculating the instantaneous powers, a selection of powers to be compensated based on

the compensation goal is decided. Various powers compensation combinations are:

o Compensation of the load imaginary power ¢, resulting in zero imaginary source

power.
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o Compensation of the average load imaginary power ¢, resulting in oscillating imag-
inary source power.

o Compensation of the oscillating active power p, resulting in the source reactive power
to be equal to the load reactive power, while the source only supplies constant active
power.

o Compensation of both the oscillating powers p and ¢ resulting in sinusoidal source
currents, if the voltages are sinusoidal. The average powers p and ¢ are still supplied
by the source, not compensating for ¢ makes the displacement power factor less than
unity.

o Compensating the oscillating power p, the zero sequence power p, and both the
average and oscillating powers of ¢, all the undesirable currents are in theory be-
ing eliminated. Togheter the non-linear load and the compensator act as a linear
resistive load [7], assuming balanced and sinusoidal supply voltages.

Y
Vv B0
abe - » Instantaneous
. Clarke lupo . Power
labc| Transformation Calculation
—>
p q
v A4
Selection of powers to be compensated
p Y A 4 q
Vapo| - B0 current lgo | Inverse Clarke [ | '
calculation Transformation

Figure 3.2: Control method based on the instantaneous p-q theory.

If the utility voltage is distorted and/or unbalanced, the p-q theory can not satisify the
three "optimal" compensation strategies given below, but only one [7], therefore a choice
must be made between:

e Draw constant instantaneous power from the source.
e Draw sinusoidal currents from the source.

e Draw the minimum rms value of the source current that transfer the same amount
of energy to the load with minimum losses along the transmission line.

The sinusoidal current strategy should be the best alternative to control a shunt APF
according to [39].
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Shunt Active Power Filter

Passive filters have been among the popular solutions for reducing the effect of harmonic
pollution, however under varying load conditions they are not optimal as they are tuned
for specific frequencies. Shunt APFs have proven to offer a good solution for reducing
the harmonic pollution caused by non-linear loads [37, 40], as well as reactive power
and neutral current compensation. This chapter will focus on how the instantaneous p-¢
theory can be used as a control algorithm for shunt APFs. An overview including the
control algorithm is shown in Figure 4.1.

PCC
] o Non-linear
@—fVW\‘V\/\/ ; load

|

F Bower ———1: Harmonic ‘|

OWer g identification | | DC bus voltage |, |

| block K and reference regulator de: |

| Iy generator :I

| | L |

| | : N Reference calculation :|

| VSC | VDA
| Ly |
I 777 7

l _| | | Current feedback Current l

| | controller :
]

| I T Gate pulses (PWM) |

I I Control Block |
| |
| |
| |

Shunt Active Power Filter

Figure 4.1: Control block schematic of shunt active power filter [3].
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4.1 Instantaneous Power Theory

The instantaneous p-q theory is a popular theory used as the control algorithm for shunt
APFs, undesirable powers can conveniently be selected and compensated. The transfor-
mation from vgp. to vap0 is given by the Clarke transformation

1 1 1
Yo 21 V2 V2 2 Ya
val =43 1 -1 -1 Up (4.1)
& 0 § —§ Ve
and the inverse transformation is given by
1
Uq, 9 ﬁ 1 \Of Vo
1 1 3
Bl =\l v "2 2z | |va (4.2)
Ve 11 V3 (%
N 2

1 1 1
to o V2 V2 2 ta
i =y[3| 1 - -1 b (4.3)
ig 0 ? —§ le
and the inverse transformation is given by
1
i 5| v 1 3 io
1 1 3 .
wl=y\3| v "2 2 || (4.4)
Qe 1 1 V3 ig
V2 2 2

Recalling from Chapter 3, Section 3.3 that the instantaneous zero sequence power pg, the
instantaneous real/active power p and the instantaneous imaginary/reactive power ¢ are
defined from the instantaneous phase voltages and line currents in the a0 coordinate
frame as

Po Vo 0 0 10
pl=1 0 v, g o (4.5)
q 0 Vg —Uq ig

The powers pg, p and g could further be decomposed and expressed as

Po = Do+ Po (4.6)
= p+p (4.7
g = q+gq (4.8)

Shown in Section 3 the product of harmonic current and voltage only result in average
power if voltage at the same harmonic frequency and rotational sequence is present, oth-
erwise the result is oscillating power. Assuming that the compensation goal is to compen-
sate undesired currents and obtain sinusoidal source currents, the reference compensation
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powers become

Po = —Do—ho (4.9)
¢ o= —i-q (4.11)
Notice the reference power, p* = —p + p,ss has the term pj.s, included. Because of the

regulation of the DC bus voltage and losses in the VSC, the VSC requires some power
from the grid [41]. A DC voltage controller is used for calculating pj,ss. If losses are more
than what is supplied to the VSC the DC link voltage would fall, and rise if the losses are
less than what is supplied. For proper operation the DC voltage should be maintained at
a fixed reference value by a controller, the controller does not need to have a fast response
[42]. Using a PI controller as in Figure 4.2, the term pj,ss is given by

Pioss = Kp(‘/ref - Vdc) + K; /(V;«@f - Vdc)dt (412)

The reference currents are calculated from Equation 4.5 solving for i,50 and gives

it . (atvg) 0 0 Py
= 0 Uola VU | (P (4.13)
e 2 2

ZE Uo(’Ua + Ug) 0 Vol  —UgUq q

*

Reference currents i}, 5, are then transformed into 7}, using the inverse Clarke transforma-
tion from Equation 4.4. Figure 4.2 gives an overview of the instantaneous power theory
control algorithm. Several methods for separating the average power p from the power p
exists, where low-pass filters (LPFs) is a common method.

Vapo
Vahe >
- Instantaneous
. Clarke lago | Power
labe | Transformation "| Calculation
—>
Pl [d
Lowpass | |«
Filter
El)
I | *
—_— abc
i a0 current lapo | jnverse Clarke 1,
__ 9 | calcution "| Transformation

Figure 4.2: Instantaneous power theory overview [7].
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During sinusoidal utility voltage conditions, the oscillating powers can be assumed to be
caused solely by the harmonic currents from the non-linear load [7]. However, if the shunt
APF were to operate under non-sinusoidal utility voltage, the reference currents would
not fully compensate the harmonic currents from the non-linear load, because harmonic
currents may contribute together with harmonic voltages to produce average active or
reactive power. Therefore a positive sequence detector is used to extract the fundamental
positive sequence voltage from the voltage waveform and used as input in Figure 4.2,
when the compensation goal is sinusoidal source currents.

4.2 Positive Sequence Detector

The phase voltages are composed primarily of the fundamental positive sequence compo-
nent (V7,), but may be unbalanced containing negative and zero sequence fundamental
components as well as harmonics. A positive sequence detector is necessary in the sinu-
soidal current control strategy. The positive sequence detector provides the possibility
for the shunt APF to compensate for load currents that are not responsible for average
active power together with the fundamental positive sequence voltage.

The fundamental positive sequence detector shown in Figure 4.3 is based on the p-q
theory and determines the fundamental positive sequence from the three-phase utility
voltage. The main component is the phase locked loop (PLL) that tracks the fundamen-
tal frequency of the voltage waveforms and is explained in Section 4.2.1.

PO

»  PLL | Instantaneous
Power
Vapo R Calculation
Clarke
»| Transformation p’ q’
Vabe
— Lowpass
|y Filter
— Lowpass | |«
up q Filter
Y Vv
v’ vV’
af voltage op ,| Inverse Clarke | |* abc
calculation "|  Transformation

Figure 4.3: Fundamental positive sequence detector scheme [7].



29 CHAPTER 4. SHUNT ACTIVE POWER FILTER

In terms of symmetrical components the currents are given as

i = Y V3ILsin(wyt +045) + > VB3I, sin(wpt +6_p) (4.14)
h=1 h=1

ig = — Z \/§I+h cos(wpt + d4p) + Z Vi3I, cos(wpt + 0_p) (4.15)
h=1 h=1

g = Z \/6]0}1 sin(wht + 5Oh) (416)
h=1

thus the fundamental positive sequence currents are given as

ia = V3Lqsin(wit+6,9) (4.17)
ig = —V/3I.cos(wit+d.) (4.18)

To obtain the fundamental positive sequence voltages using the scheme in Figure 4.3, the
amplitude of the auxiliary currents ¢/, and 2% nor the phase angle is important and can be
chosen arbitarily [7]. Only accurate tracking of wit is important, therefore the auxiliary
currents reduce to

ii, = sin(wgt) (4.19)
— cos(wst) (4.20)

!
]

Recalling from Chapter 3, the average powers are given by

p o= > 3Vinlipcos(din — 0yn) + > 3Vopl_pcos(p_p — 6_p) (4.21)
h=1 h=1

(7 = Z 3V+hl+h sin(gb+h - 5+h> - Z 3V—hI—h sin(gb_h - 5—h) (422)
h=1 h=1

It can easily be seen from Equations 4.21 and 4.22 that only the fundamental positive
sequence voltage V. contributes to the average values of the fictitious powers p’ and ¢
(calculated in the positive sequence detector, see Figure 4.3), this can be guaranteed
because the currents i, and ij; are derived from the positive sequence current I, only.
Thus any presence of negative sequence or harmonic voltages and/or currents will result
in oscillating powers, which are not included in the inverse Clarke transformation.

The af voltages are calculated from i, ij5, p" and ¢’ as

ol 1 [ =i [
M=kl )

/

whes Which resemble the

The inverse Clarke transformation is then used on v, 4 to obtain v
fundamental positive sequence voltages.
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4.2.1 Phase Locked Loop

A PLL circuit is commonly used to obtain frequency and/or phase information of the
measured waveform. Among many PLL algorithms, the synchronous reference frame
(SRF) PLL is among the popular [43]. The three-phase voltage waveforms are transformed
into the a3 frame using the Clarke transformation and then to the SRF (dq frame) using
the Park transformation. A block diagram showing the conventional SRF-PLL is shown
in Figure 4.4.

V ref Off
Vd - * *
+ Q] (0] 0
Vane Clarke VaB‘ Park Pl _[ >
—> . > .V
Transformation Transformation |Vq
—»

A

Figure 4.4: Block diagram of the PLL.

The angle #* used in the Park transformation is obtained by integrating the frequency
w*, generated using a PI controller. If the utility frequency is equal to the frequency w*,
Va and V, appear as DC values depending on 6*. The initial dynamic response can be
improved using a feed forward signal, wys = 2750, seen in Figure 4.4. Similarly, if the
frequency change is known a feed forward signal may be used to reduce the tracking error
between 6* and the actual angle 6 during frequency changes.

Setting the reference value Vg,.r equal to
zero, will make the PI controller drive the

feedback voltage V; to the reference value B
Vares. In other words the PI controller re- ®
sults in a rotating reference frame to which — ®
the voltage V; has the desired reference 4,% N ?
value Vy,.r. This gives the ability to lock g /// As
onto the rotating utility voltage space vector, ) g
‘/;. // \ *

40‘ 9\_ \\9

A J Y

The presence of harmonics in the utility volt- a

age will enter the PLL as oscillating signals.

The obvious method to eliminate the problem

is to use filters, but this reduces the dynamic Figure 4.5: Syncronous reference frame
response. The presence of the integrator in the and voltage vector.

forward path provides strong filtering proper-

ties and the use of filters may be avoided [44].
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4.3 Hysteresis Current Controller

Among various PWM current control strategies for shunt APFs, the hysteresis current
controller (HCC) is a simple, robust and high bandwidth method used for generating the
switching patterns for the VSC, the main drawback is its varying switching frequency
[45, 46]. The HCC maintain the compensation current within a desired hysteresis band
(HB). The HB directly affect the switching frequency, a lower value of H B gives less ripple
but higher average switching frequency and vice versa. The switching logic in Figure 4.6
for leg A is given by

If icq < (icarer — HDB) - the upper switch is off and the lower switch is on.
If icqg > (icaref + HDB) - the upper switch is on and the lower switch is off.

Where ¢, and icq e are the line current and reference line current respectively for leg A.
The current and voltage waveforms for phase a is shown in Figure 4.7, similar waveforms
and switching logic also applies to phase b and phase ¢ but shifted in time.

Leg A
hon [T 4
- FOECEe
icrer 4 N e IS
dcS | N—

4 H;} 4g}_m

| S— |

Lon,

(a) (b)

Figure 4.6: (a) Hysteresis current controller. (b) Voltage source converter.
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Figure 4.7: Principle of the hysteresis current controller.







Chapter

Simulation Model

Nowadays, simulation has become an important and powerful tool during development and
to study the behaviour of various systems. MATLAB/Simulink is used as the simulation
platform for studying the shunt active power filter as it offers an environment where
complex control algorithms and electrical networks can easily be integrated. An overview
of the simulation model is shown in Figure 5.1, the subsystems will be explained in the
following sections.

Discrete,
e =1e-06s

—Vabe powergui

An nA ale o
n Be 'BM!}' 8B a|e E
ble al b
Cle [ cle a|C cle 1 8c
|l n

Three-phase voltage supply Rs. Ls

Skarpnes House

d Id
L
Active Power Filter
Lf
a al A an—‘
a AR
b 2/ B 2 |b - B
n—,—-c Cle
C al C C

Figure 5.1: Overview of the simulation model.
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5.1 Supply Modeling

The three-phase voltage source is implemented in MATLAB/Simulink as shown in Figure
5.2, the supply voltage is given by the following expression

Va sin(wt)
vy | = V2 x 230 |sin(wt — 27/3) (5.1)
Ve sin(wt + 27/3)

At a given time, a voltage disturbance can be added (Figure 5.2b) to the source. The
supply voltage is then given by the following expression

Vg sin(wt) V_gsin(wt + ¢_,) Vo, sin(hwt + ép.4)
vp| = V2 x 230 |sin(wt — 27/3) | + | Vopsin(wt + ¢_p) | + | Visin(hwt + énp) | (5.2)
Ve sin(wt + 27/3) V_.sin(wt + ¢_.) Vesin(hwt + ¢p,.c)

T 6 n,
LT p—
Sine wave gen A I
A
Controlled Violtage Source fith /\/
| HETSE > ®+ &5 [\/ fundamental
Sine wave gen B = i B negative seq.
Controlled Voltage Sourcel
Phase C s o— Phase A
= Ol =
Sine wave gen C I
Controlled Voltage Source? 0
Constant
&b
n
(a) Three-phase voltage source. (b) Sine wave gen A block.
Figure 5.2

Similar sine wave generator blocks in Figure 5.2b are also implemented for phase B and

C.

5.2 Load Modeling

The load data are real measurements obtained from the Skarpnes village through El-
spec Investigator. Elspec Investigator had no option to show the phase shift for each
harmonic with respect to the fundamental waveform, hence the harmonics are assumed
to be in phase with its respected fundamental waveform. The load is implemented in
MATLAB/Simulink as parallel current sources with numerical values as in Table 5.1 and
5.2.
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Table 5.1: Load data used in the simulation model, harmonics are displayed in percentage
of fundamental. From house C6 at 01.10.2015 - 07:30.

Phase 50 Hz hs hs hy hgy hi1 his has

A 3.5949  8.885% 11.724% 9.794% 6.443% 3.842% 0.960% 0.000%
B 2.5077 16.170% 11.356% 9.445% 8.085% 5.639% 4.699% 0.000%
C 4.2711 13.837% 6.183% 8.547% 6.443% 4.464% 2.858% 2.556%

To simulate the scenario when the residence is exporting power, the load data in Table
5.2 is used.

Table 5.2: Load data used in the simulation model, harmonics are displayed in percentage
of fundamental. From house C6 at 01.07.2015 - 13:30.

Phase 50 Hz hs hs hy hg h1y his his

A -7.9093  2.489% 4.141% 2.226% 1.543% 0.309% 0.873% 0.309%
B -7.6760 6.490% 7.522% 5.123% 3.773% 1.742% 1.025% 0.000%
C S7477 4771 % 4.855%  3.181%  1.908% 0.711% 0.300% 0.000%

5.3 Shunt Active Power Filter

The inside of the Active Power Filter block in Figure 5.1 is shown in Figure 5.3 and
includes two subsystems, reference current calculation and PWM hysteresis. The DC
side capacitors was chosen to have the value Cy,¢ = 2 pF, based on similar active power
filters in articles [39, 47, 48] and slightly modified by trial and error to give adequate
performance (e.q. energy storage capability and voltage ripple) for this particular system.
Each capacitor initial voltage is set to 400V to avoid large start up currents.

Vabce

labc ICabe

Ploss PWM -
hysteresis
Reference current ]
calculation irefja— lapf_ref
g
: | —— <G
L@+ g
n Ala alp labc ,_,—®
Vi {v “f % A !
T bp—<2>
i =) TS
T Universal Bridge
3 arms c

Figure 5.3: Active power filter block.
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The inductor, L; connected between the shunt APF and the PCC (see Figure 5.1) was
selected to be 10 mH based on analysis done in [39, 47, 49] and modified slightly to
give adequate performance for this particular system. The value of Ly affect the dynamic
response of the shunt APF and should be kept small to maintain a fast response. However,
a lower value of Ly will also increase the switching frequency in the hysteresis current
controller resulting in increased switching losses.

5.3.1 DC Voltage Controller

The DC voltage controller is implemented as shown in Figure 5.4, the reference value Vdc*
is set to 800V. For proper operation, the voltage reference should be greater than atleast
twice the value of the utility voltage [50]. The PI controller parameters are found by a trial
and error approach and are K, = 50 and K; = 250. The feedback signal has oscillations
and therefore the PI controller output has oscillations, a low-pass filter is installed before
the PI controller with a cut-off frequency of 25 Hz to reduce the oscillations in the input

signal to the controller.
800 —»@—»% » PI
Vdc*

LPF 25 Hz

Vde

Figure 5.4: DC voltage controller.

5.3.2 Hysteresis Controller

A hysteresis controller with hysteresis band, HB = 0.2 was used, implemented as in
Figure 5.5. The relay blocks to the right compares the input to the specified thresholds,
the on/off state of the relay is not affected if the input is between the upper and lower
limits.

4
—@
iref )

imeas |

b

Figure 5.5: Hysteresis controller, PWM hysteresis block.
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5.3.3 Reference Current Calculation

The reference current calculation block, shown in Figure 5.6, has three main sub-blocks:
Positive sequence detector, instantaneous p-q calc and Iaf3 ref calc.

[10] 10 Ila
va Val—»Va_in
Vb la
VabcPosiﬁve Sequence Detector VB —>{VB_in q q Lla Ib
Ve = ICabe
Clark transform V/
a —la Va_out Va
B e
IBJ’
2. b ]
labc l—"ﬁ Vp_out g Inverse Clark transform
| 10}—»{10])
Instantanious p-q calc la ref calc

Clark transform |
Figure 5.6: Reference current calculation block.
Instantaneous p-q Calculation Block

The instantaneous p-q calc block is calculating the instantaneous powers p and ¢ using
Equation 5.3

Po Vo 0 0 io
p| = 0 Vo % lo (53)
q 0 Vg —Uq ig

Frequently, the average value of the instantaneous active power (p) is obtained as shown
in Figure 5.7 but with a low-pass filter. Depending on the order and cut-off frequency it
takes some time to settle and may have overshoot and still an oscillating component in
the output. This can of course be adjusted with the cut-off frequency, but a lower cut-off
frequency limits the dynamical response.

-Posc + Ploss

Figure 5.7: Obtaining the average power.

Instead, using a mean block as in Figure 5.7 to calculate the average value, it is possible to
exploit symmetries found in the instantaneous power waveforms, at best the calculation
of the average value only requires a fraction of the measured waveforms and can be as
small as 1/6 but never greater than one cycle [35].
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Depending on whether the voltages and/or currents are balanced and the presence of even
harmonics the following symmetries exist [35]:

e 1/6 Cycle e 1/2 Cycle

If the power system has balanced
voltages and currents without even
harmonics, the instantaneous power
waveforms have symmetry equal to
1/6 of the fundamental period.

1/3 Cycle

If the power system has balanced volt-
ages and currents with even harmon-
ics, the instantaneous power wave-

If the power system has unbalanced
voltages and /or currents without even
harmonics, the instantaneous power
waveforms have symmetry equal to
1/2 of the fundamental period.

1 Cycle

If the power system has unbalanced
voltages and/or currents with even
harmonics the instantaneous power

waveforms have symmetry equal to
the fundamental frequency period.

forms have symmetry equal to 1/3 of
the fundamental period.

As an example, the instantaneous active power waveform from an unbalanced system
without even harmonics is shown in Figure 5.8. The figure shows the waveform repeat
itself twice during one fundamental cycle period, i.e. only half a fundamental cycle is
required to calculate the average value.

4000 T T T T T
= 3000
2
2000 - .
e
lOOO Il Il L Il Il
0.02 0.03 0.04 0.05 0.06 0.07 0.08

Time(9)

Figure 5.8: Instantaneous real power in an unbalanced system without even harmonics.

A comparison between a second-order butterworth low-pass filter with a cut-off frequency
equal to 25 Hz and a moving average filter exploiting symmetries to obtain the average
value of the instantaneous active power is shown in Figure 5.9.

3000 T T T T T T T
= Paeleaiaiaieiebetatealy 2320\//\\//\ 1
\;, 000~  J - Tmmmmssommmeeee- 225
2
& 1000 —Average | |

= ow-pass|
0 | | | | | | | I
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09

Time ()

Figure 5.9: Average active power in an unbalanced system without even harmonics.
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Ia3 Reference Calculation
The Iaf reference calc block is calculating the reference currents in the a0 frame as

i T @ 0 0 1w
ol = 5T 0 VoUa  UVoUg p* (5.4)

Then the currents are transformed to i), using the inverse Clarke transformation.

" 1 -

i ARE 1 0 it

| = 3] va T2 2 Lo (5.5)

i 4 1 3 i

c

V2 2 2

Positive Sequence Detector

The Positive Sequence Detector block is implemented based on Chapter 4, Section 4.2 and
shown in Figure 5.10. The utility voltage is transformed using the Clarke transformation,
then the fictitious instantaneous powers p’ and ¢’ are calculated inside the p-¢ calc block

“ -1: 28

Using a mean block and exploiting symmetries the average values of p’ and ¢’ are obtained,
then used in Equation 5.7 for calculating the instantaneous voltages v;, and v in the Vs

pos. calc block as
Ul 1 ?:/ _?:/ ﬁl
al e B
HEr=1k Al o0

The auxiliary currents iy and i are obtained from the SRF-PLL block. Using the inverse
Clarke transformation on v;, and vj, the instantaneous positive fundamental voltages,
V. ape are obtained as

Vg L
B v
wl=|-3 ¥ H (5.8)
v 1 V3| LVs
¢ T2 T2

°
°

Vabc

va Va Va_in
| Va+—>]
(@D | Vb Mean p Va Va

Ve VB VB_in q q
Clark transform V Meana - \;<aE+
Sin la_inn la_out la
Vabc VB VB
Cos »% I5inn  Ip_out B Ve
SRF-PLL p-q calc Vap pos. calc Inverse Clark transform

Figure 5.10: Positive sequence detector.
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Synchronous Reference Frame Phase Locked Loop
The SRF-PLL block is implemented as shown in Figure 5.11 based on Subsection 4.2.1.
First the abc voltages are transformed using the Clarke and Park transformation

U 9 cos(wst)  cos(wst —120°)  cos(wst + 120°) Va
vg| = = | —sin(wst) —sin(wst —120°)  —sin(wgt + 120°) Up (5.9)
v 1/2 1/2 1/2 Ve

The PI controller parameters were found by trial and error and was selected as k, = 0.1
and k; = 100. The angle, 0 is used to create the auxiliary currents 4;, and i} (Equations
4.19 and 4.20) used in the positive sequence detector.

Vabc
(A1 )—»abc

q0 >

abc to dq0

sin b

m PLL Tracking

Sine Wave

Figure 5.11: Synchronous reference frame phase locked loop.
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Results and Discussion

This chapter presents a number of simulations that have been performed to observe the
behaviour of the shunt APF under various loading and utility voltage conditions. The
shunt APF is activated at time ¢ = 0.02s in all five cases, below is a description of each

case.

Case 1 shows the simulation results during sinusoidal utility voltage, load currents
from Table 5.1 are used. At t = 0.1s an increase in load is activated.

Case 2 shows the simulation results during distorted and unbalanced utility voltage,
load currents from Table 5.1 are used.

Case 3 shows the simulation results during sinusoidal utility voltage and when the
residence is exporting power to the grid. Current profile from Table 5.2 is used.

Case 4 is similar to Case 3, but distorted and unbalanced utility voltage is included.

Case 5 shows the simulation results during sinusoidal utility voltage, load currents
from Table 5.1 are used. The source impedance is increased to observe the effects
on a weaker grid.

The system parameters used in the simulation model are listed in Table 6.1, where f,, R,
Ls, Copy and Ly are system frequency, source resistance, source inductance, capacitance
of the capacitors used in the shunt APF and inductance of the inductors connected be-
tween the shunt APF and PCC respectively. Refer to Figure 5.1 for a schematic, and as
mentioned in Chapter 5 the values for Cp,r and Ly was chosen based on relevant articles
and then modified slightly to give an adequate performance.

Table 6.1: System parameters.

fs Rs Ls C(a,pf Lf
50Hz 0.1 Q2 0.0l mH 2000 pF 10 mH

41
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6.1 Case 1 - Sinusoidal Utility Voltage

This section presents the simulation results for Case 1,the results will be discussed at
the end of this section. At ¢ = 0.02s the shunt APF is activated and at t = 0.1s the
fundamental current is doubled in all phases, the third harmonic is doubled in phase B
and the fifth harmonic is doubled in phase C'. The rest remains unchanged with respect
to Table 5.1. In Case 1 there is no need for a positive sequence detector as the utility
voltages are purely sinusoidal and balanced.

Utility Voltage
T

400
200 1y
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-200
-400

Source Current

20 T T T 36 T T T T T
- W
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3.2
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Figure 6.1: Utility voltage, source currents and house currents.
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Figure 6.2: Neutral Current.
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Figure 6.3: THD in the source current for phase A, before and after compensation.

Phase A

T T T T T T T T

(A)

5 TEANN A NN C — Actual
- —R
23 T T | | | | | I eference
0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
Phase B
5 T T

T T \ T T T

—Actual

— Reference
| | | |

5 1 ! 1 1

0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2

J\ Phase C
T

(A)

_10 | | | | | | | I
0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
Time(s)

Figure 6.4: Reference and actual compensating currents from the shunt APF.
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Figure 6.5: Instantaneous active and reactive source power.
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6.1.1 Discussion based on Case 1

Figure 6.1 shows the utility voltage, source currents and house currents respectively. The
shunt APF is turned on at ¢t = 0.02s and the source currents become sinusoidal, balanced
and in-phase with its respective phase voltage i.e unity power factor. The THD of the
phase A current before and after compensation can be seen in Figure 6.3, before compen-
sation the THD is equal to 19.22% and after compensation equal to 2.16%, similar plots
for phase B and C can be found in Appendix C. The frequency spectrum plots showing
the THD etc. is taken before the load change, but similar values of THD are present after
the load change in steady state. Most of the harmonic currents are compensated, but
high frequency components have been introduced in the source currents, which can be
seen in Figure 6.1, where a zoomed plot of the source current is showing high frequency
ripple with a peak to peak value of approximately 0.3A. The magnitude can be reduced
by lowering the hysteresis band, H B but as a result the switching frequency will increase.
Similarly the switching frequency can be lowered by increasing H B, but this will increase
the peak to peak value of the ripple. An overview of the high frequency spectrum can
be seen in Appendix C, Figure C.1, showing the majority to be within the range 20-50kHz.

The neutral current in Figure 6.2 is reduced after compensation, what remains is the
high frequency ripple current with a maximum peak to peak value of approximately 0.4A.

The instantaneous active and reactive powers supplied by the source are shown in Fig-
ure 6.5. After compensation at t = 0.02s, only average active power is supplied by the
source. The reactive power and oscillating active power demanded by the house is now
compensated by the shunt APF. However, due to the switching ripple in the compensat-
ing currents (Figure 6.4), the instantaneous powers supplied by the source also have high
frequency, low magnitude ripples.

At t = 0.1s, when the increase in load is activated, a spike in the source currents can be
observed. As a consequence, spikes can be seen in the neutral current and instantaneous
power plots. The shunt APF is not able to instantaneously compensate the instantaneous
step in the load currents (last plot, Figure 6.4). Apart from the spikes, the source currents
remain sinusoidal, balanced and in-phase with its respective phase voltage. The voltage
across the capacitors in the shunt APF drops due to the load change, seen in the first
plot in Figure 6.6. During transients the shunt APF is supplying the load with average
and oscillating instantaneous active power for a short period of time, seen in the last plot
in Figure 6.6. The DC voltage controller responds to the load change by increasing the
Dioss signal (second plot, Figure 6.6) so that the DC voltage is forced back to the reference
value in steady state.
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6.2 Case 2 - Distorted and Unbalanced Utility Volt-
age

Case 2 studies how the shunt APF is operating under distorted and unbalanced utility
voltage, the results will be discussed at the end of this section. At ¢t = 0.05s a voltage dis-
turbance, composed of a negative sequence fundamental component and a fifth harmonic
component is added. The utility voltage can be expressed as

Va sin(wt) 40 sin(wt) 30 sin(bwt)
vy | = V2230 [sin(wt — 21/3)| + |40sin(wt 4 27/3) | + |[40sin(5wt 4 27/3)| (6.1)
Ve sin(wt + 27/3) 20 sin(wt — 27/3) 30sin (5wt — 27/3)
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Figure 6.7: Utility voltage, source currents and house currents.
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Figure 6.8: Neutral Current.
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Figure 6.12: Instantaneous active and reactive source power when the compensation goal
is sinusoidal source currents.
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6.2.1 Discussion based on Case 2

Figure 6.7 shows the utility voltage, source currents and house currents respectively. Be-
fore t = 0.05s, Case 2 is identical to Case 1. At ¢t = 0.05 and beyond, when the utility
voltage is distorted and unbalanced, the source currents remains sinusoidal and it appears
to be no change in spite of the disturbance in the utility voltage. The positive sequence
detector is able to detect the fundamental positive sequence (first plot, Figure 6.13) dur-
ing distorted and unbalanced utility voltage. The PLL output (last plot, Figure 6.13) is
also able to track the angle # during distorted and unbalanced waveforms.

As a result of the presence of distorted and unbalanced utility voltage, the shunt APF can
no longer both compensate to achieve sinusoidal source currents and constant source power
(Chapter 3). A decision between the two compensation goals has to be made. Figure 6.12
shows the instantaneous source powers when sinusoidal currents are the compensation
goal, the instantaneous powers are no longer constant. Nevertheless, the currents are
sinusoidal and the THD is reduced to 2.24% in phase A down from 19.22% (Figure 6.10),
similar plots for phase B and C' can be seen in Appendix C, Figures C.5 and C.6.

If the compensation goal is to supply constant power from the source, i.e. removing
the positive sequence detector, the source currents can no longer remain sinusoidal as
shown in the plots in Figure 6.15. Figure 6.17 shows source currents that now contain
third harmonics in all phases and a THD value above 10%.

High frequency, low magnitude ripples are still present after the shunt APF is activated
and have the same characteristics as shown in the Figures in Case 1.

A comparison between a moving average and low pass filter is shown in Appendix C,
Figure C.4.
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6.3 Case 3 - Exporting Power

Case 3 studies how the shunt APF operates when the residence is exporting power under
sinusoidal and balanced utility voltage. The results will be discussed at the end of this
section.
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Figure 6.18: Utility voltage, source currents and house currents.
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Figure 6.19: Neutral Current.
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Figure 6.20: THD in the source current for phase A, before and after compensation.
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Figure 6.21: Instantaneous active and reactive source power, compensating for oscillating
active power and both the average and oscillating reactive power.
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Figure 6.23: Instantaneous active and reactive source power, not compensating for average
reactive power.

6.3.1 Discussion based on Case 3

Figure 6.18 shows the utility voltage, source currents and load currents respectively. Af-
ter activating the shunt APF at ¢t = 0.02 the source currents becomes sinusoidal and
balanced, with a THD in phase A of 1.84% and is operating at unity power factor. THD
plots for phase B and C' and compensating currents can be seen in Appendix C, Figures
C.7, C.8 and C.9 respectively.
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The instantaneous source powers are shown in Figure 6.21, only the average value of
the instantaneous active power is exported to the grid, and the instantaneous reactive
power is zero after compensation.

If the residence was to export reactive power to the grid, the shunt APF will prevent
the residence from doing so. To solve this, the compensating algorithm has to be slightly
modified so the shunt APF is only compensating for the oscillating part of the instanta-
neous reactive power (¢) and not the average part of instantaneous reactive power (q).
The instantaneous reactive power when the shunt APF is only compensating for the os-
cillating part of the instantaneous reactive power is shown in Figure 6.23, the system is
no longer operating at unity power factor (Figure 6.22) and the average instantaneous
reactive power is no longer zero. The instantaneous active power remains unaffected.

6.4 Case 4 - Exporting Power and Distorted and Un-
balanced Utility Voltage

In Case 4, Case 3 is extended to include distorted and unbalanced utility voltage..
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Figure 6.24: Utility voltage, source currents and house currents. Compensation goal:
Sinusoidal source currents and zero average reactive power.
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sation goal: Constant source active power and zero reactive power.
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Figure 6.28: Source currents, instantaneous active and reactive source power. Compen-
sation goal: Constant source active power and constant non-zero average reactive power.



CHAPTER 6. RESULTS AND DISCUSSION 58

= Fundamental (50Hz) = 7.321 , THD= 17.23%

*g T T T T T T T T T

E15F .

-

5

T 10 -

B

& 5 T

& o | L m 1 m ! ! ! | |

= 0 100 200 300 400 500 600 700 800 900 1000
Frequency (Hz)

’3? Fundamental (50Hz) = 6.392 , THD= 20.32%

6 20 B T T T T T T T T T ]

T 15 -

>

L10r .

o

Q\C’/ 5r- ;

& o ! I w1 R ! ! | ! !

= 0 100 200 300 400 500 600 700 800 900 1000

Frequency (Hz)

Figure 6.29: THD after compensation in phase A for Figures 6.27 and 6.28 respectively.

6.4.1 Discussion based on Case 4

Figure 6.24 shows the utility voltage, source currents and house currents respectively
during power export, when the compensation goal is sinusoidal currents and zero aver-
age value of the reactive power. The source currents become sinusoidal and have the
same amount of high frequency, low magnitude ripples as previous cases. Because of the
presence of distorted and unbalanced utility voltage, the instantaneous source powers in
Figure 6.25 are no longer constant.

In Figure 6.26 the utility voltage, source currents, instantaneous active and reactive pow-
ers are shown respectively. The compensation goal is sinusoidal source currents, but
export of reactive power to the grid (notice non-zero average value of the instantaneous
reactive power). As a result the source currents are no longer in phase with the utility
voltage.

In Figure 6.27 the source currents, instantaneous active and reactive powers are shown
respectively, when the compensation goal is constant source active power and full reactive
power compensation. The source currents are no longer sinusoidal and has a THD above
5%, see first plot in Figure 6.29.

In Figure 6.28 the source currents, instantaneous active and reactive powers are shown
respectively, when the compensation goal is constant source active power but export of
constant reactive power to the grid. The source currents are no longer sinusoidal and has
a THD above 5%, see last plot in Figure 6.29.
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6.5 Case 5 - Increasing System Impedance

Case 5 studies the effect of the shunt APF when it is connected to a weaker grid. Therefore
the source impedance is increased to R, = 1 Q2 and Ly = 0.5 mH, the rest of the parameters
in Table 6.1 remain unchanged.
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Figure 6.30: Utility voltage, source currents and house currents.
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Figure 6.31: Neutral Current.
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6.5.1 Discussion based on Case 5

The utility voltage, source currents and house currents can be seen in Figure 6.30 respec-
tively. The effect of the increased source impedance can be seen in the utility voltage.
The high frequency ripple currents are now responsible for high frequency ripple in the
utility voltage.

The THD in the source current in phase A after compensation is 4.67% (Figure 6.33),
which is approximately 2-3% higher than the previous cases. The shunt APF is able to
compensate and achieve sinusoidal source currents with approximately the same amount
of high frequency ripples as in the previous cases.

The instantaneous active and reactive source power in Figure 6.32 have now a higher
peak to peak ripple magnitude and oscillations. The positive sequence detector is able to
detect the fundamental positive sequence component (Figure 6.34).






Chapter

Conclusion

A simulation model for a three-phase, four-wire shunt APF using the instantaneous power
theory as the control algorithm was implemented in MATLAB/Simulink studying the op-
eration of the shunt APF under various conditions using load data from Skarpnes.

The shunt APF with a hysteresis current controller was able to almost instantaneously
compensate for the harmonic currents, reactive power and neutral current during all five
test cases.

o Case 1 The source currents became sinusoidal and the THD was reduced below
5%. Neutral current and reactive power were successfully compensated and constant
active power supplied by the source was achieved.

« Case 2 Having to chose between sinusoidal source currents or constant powers, as
both are not possible during distorted and/or unbalanced utility voltage. Choosing
sinusoidal source currents, the harmonic currents were successfully compensated
and the source current became sinusoidal, the THD was reduced below 5%. The
average value of the instantaneous reactive power was compensated, but oscillations
in both the active and reactive instantaneous powers appeared during the voltage
disturbance. If the compensation goal was constant powers, the source currents
could not remain sinusoidal and as a result the THD was above 10%.

o Case 3 The residence was able to supply sinusoidal currents with a THD value below
5% and at unity power factor. If however, reactive power had to be exported, the
control algorithm had to be slightly modified, so the shunt APF did not compensate
for the average value of the instantaneous reactive power.

o Case 4 Similar to Case 3, but under distorted and unbalanced utility voltage. The
residence was able to supply sinusoidal currents with low distortion, but with the
voltage disturbance the powers could no longer remain constant. If constant powers
was the goal, the source currents could no longer remain sinusoidal. As in Case
3, the compensation algorithm had to be slightly modified depending on whether
reactive power were to be exported or not.

63
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o Case 5 With an increased impedance, the high frequency ripple was responsible
for high frequency ripple in the utility voltage waveforms. Nevertheless, sinusoidal
source currents were achieved, but the instantaneous powers now had a higher peak
to peak ripple magnitude.

The neutral current remains the same in all cases as in Case 1, because the zero-sequence
powers were always compensated.

Based on this study, the simulations have shown that the shunt APF can be used in
zero energy buildings for harmonic currents, reactive power and neutral current com-
pensation. However, due to the low energy demand of a zero energy building, several
buildings could be compensated with one shunt APF as the ripple stays approximately
the same whether the load is one or five buildings.

7.1 Future Work

Based on the work done in this thesis, future work may include:

e Other control algorithms than the instantaneous power theory can be implemented
and tested.

o Implementing different PWM techniques and design of a LC/LCL output filter in
order to reduce the current ripples.

 Build an experimental setup and/or a hardware-in-the-loop model to study the effect
of sampling frequency and physical limitation such as switching frequency etc.
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Appendix

Data Acquisition

Figure A.1 gives an overview of the Elspec and ABB data acquisition system installed at
Skarpnes.

Substation Server
Agder o)
Energi )>

Nett AS

4

A 4

Elspec

Data measurements

| Elspec | | Elspec | Elspec

House 1 House 2 House 3 House 4 House 5
o=
[¢)
House—>| Elspec |<-| Inverter |<—| PV arrayl —
[¢)
— Server
Circuit 2 ABB .
» Scanmatic
AS

Figure A.1: System overview of data acquisition.

All five houses and the local substation have an Elspec G4420 Blacbox Power Quality
Analyser installed. The device measures the current and voltage waveforms at a very
high resolution, based on those measurements several parameters such as total harmonic
distortion, rms values, real-time waveforms, active and reactive power can be obtained
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and studied. All these parameters and more are available and can be viewed in the El-
spec Investigator software. Figure A.2 shows the user interface for the Elspec Investigator.

Due to the high cost of the Elspec equipment, each circuit inside each house is not equipped
with a power analyser from Elspec. Instead cheaper measurement devices from ABB, in-
stalled and managed by Scanmatic AS are used, but measures at a much lower resolution.
Thus looking at waveforms and harmonics are only possible with the measurements from
the Elspec equipment. However, the measurements from the ABB equipment may be
useful to see if any particular appliances are causing any problems.
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Figure A.2: Elspec Investigator interface.



Appendix

Load Parameters

Load parameters exracted from Elspec Investigator for Skarpnes used in the Simulation.

1 %$%%%% Load parameters used in simulation Case 1,2 and 5 %%%%%
2

3 %$%parameters

4 clear all;

5 clc;

6 $55%5%5%555%5%555%5%5%555%5%55%5%5%555%5%5%5%5%5%5%55%5%5%5%%
7 % Phase A %

8 L1_fund = 3.5949;

o L1 _h3 = L1_fund=*8.885/100;

10 L1_h5 = L1_fundx11.724/100;

11 L1 _h7 = L1 _fundx9.794/100;

12 L1 _hO = L1_fund*6.443/100;

13 L1_hll = L1_fund*3.842/100;

14 L1_hl3 = L1_fund*0.960/100;

15 L1_hl5 = L1_fund*0/100;

16

[ [

17 % Phase shifts (deg) %

18 Thetal_ fund = -30;

19 Thetal_h3 = —-30;

20 Thetal_h5 = -30;

21 Thetal_h7 = -30;

22 Thetal_h9 = —-30;

23 Thetal_hll = -30;

24 Thetal_hl3 = -30;

25 Thetal_hl5 = -30;

26

27 55555555 5%5%5%5555%55%5%5%5%555%5%55%5%5%5%55%5%5%5%5%%%

28 % Phase B %
29 L2_fund = 2.5977;

30 L2_h3 = L2_fund*16.170/100;
31 L2_h5 = L2_fundx11.356/100;
32 L2_h7 = L2_fundx9.445/100;
33 L2_ho9 = L2_fund*8.085/100;

=
|l\)
jop
.
=
Il

34 L2_fund*5.639/100;
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35 L2_hl3 = L2_fund*4.699/100;
36 L2_hl5 L2_fund*0/100;
37

[ [

38 % Phase shifts (deg) %

39 Theta2_fund = -120-30;
40 Theta2_h3 = -120-30;
41 Theta2_hb5 = -120-30;
42 Theta2_h7 = -120-30;

43 Theta2_ho = -120-30;

44 Theta2_hll = -120-30;

45 Thetaz2_hl3 = -120-30;

46 Theta2_hl5 = -120-30;

47

48

19 3555%5555%5%555%5%555%5%555%5%5%5%5%5%5%55%5%5%5%5%5%5%5%5%%

50 % Phase C %
51 L3_fund = 4.2711;

52 L3_h3 = L3_fund*13.837/100;
53 L3_h5 = L3_fund*6.183/100;
54 L3_h7 = L3_fundx8.574/100;
55 L3_h9 = L3_fund*6.443/100;
56 L3 hll = L3_fund4.464/100;
57 L3_hl3 = L3_fund*2.858/100;
58 L3_hl5 = L3_fund*2.556/100;

59
60
61
) )

62 % Phase shifts (deg) %
63 Theta3_fund = 120-30;

64 Theta3_h3 = 120-30;
65 Theta3_hb = 120-30;
66 Theta3_h7 = 120-30;
67 Theta3_h9 = 120-30;
68 Theta3_hll = 120-30;
69 Theta3_hl3 = 120-30;
70 Theta3_hl5 = 120-30;

71
72 % Hysteresis Band PWM Controller %
73 H_band = .2;

74 H_upper = H_band/2; $H_band/2;

75 H_lower = -H_band/2;%H_band/2;

1 %%%% Load parameters used in simulation Case 3 and 4 $%%%
2

3

4 S%%parameters

5 clear all;

6 clc;

7 5555555555555 555555%5%5%5%5%55%%
8 % Phase A %

o L1_fund = -7.91;

10 L1_h3 = L1_fund*2.489/100;
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11 L1_hb5 = L1_fund*4.141/100;
12 L1_h7 = L1_fundx2.226/100;
13 L1_h9 = L1 _fundx1.543/100;
14 L1_hll = L1_fund*0.309/100;
15 L1_h13 = L1_fundx0.873/100;
16 L1_hl5 = L1_fund+0/100;

17

18 % Phase shifts (deg) %

19 Thetal_fund = -30;

20 Thetal_h3 = —-30;

21 Thetal_hb = —-30;

22 Thetal_h7 = -30;

23 Thetal_h9 = -30;

24 Thetal_hll = -30;

25 Thetal_hl3 = -30;

26 Thetal_hl5 = -30;

27

28 $%%5%5%%5%5%5%5%5%5%5%5%5%5%5%5%5%5%5%5%5%5%5%5%5%5%5%5%5%5%5%5%5%%%%
29 $ Phase B %

30 L2_fund = -7.6760;

31 L2_h3 = L2_fund*6.490/100;
32 L2_h5 = L2_fundx7.552/100;
33 L2_h7 = L2_fund*5.123/100;
3¢ L2_h9 = L2_fundx3.773/100;
35 L2_hll = L2_fund*1.742/100;
36 L2_hl3 = L2_fund*1.025/100;
37 L2_hl5 = L2_fund*x0/100;

38

39 % Phase shifts (deg) %

40 Theta2_fund = -120-30;

41 Theta2_h3 = -120-30;

42 Theta2_hb5 = —-120-30;

43 Theta2_h7 = —-120-30;

44 Theta2_h9 = -120-30;

45 Theta2_hll = -120-30;

46 Theta2_hl3 = -120-30;

47 Theta2_hl5 = -120-30;

48

49

50 3%%5%5%%5%5%%5%5%%5%5%%5%5%5%5%5%5%5%5%5%5%5%5%5%5%5%5%5%5%5%5%%%%
51 % Phase C %

52 L3_fund = -7.1477;

53 L3_h3 = L3 _fund*4.771/100;
54 L3_h5 = L3_fund*4.855/100;
55 L3_h7 = L3_fund*3.181/100;
56 L3_h9 = L3_fundx1.908/100;
57 L3_hll = L3_fund*0.711/100;
58 L3_hl3 = L3_fund*0.300/100;
50 L3_hl5 = L3_fundx0/100;

60
61
62
63

Phase shifts

(deqg)

o

°
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Theta3_fund =

Theta3_h3
Theta3_hb5
Theta3_h7
Theta3_h9

Theta3_hll
Theta3_hl3
Theta3_hl5

120-30;
= 120-30;
= 120-30;
= 120-30;
= 120-30;
= 120-30;
= 120-30;
= 120-30;

% Hysteresis Band PWM Controller %

.25
H_band/2;%$H_band/2;
-H_band/2; $H_band/2;




Appendix

Simulation Results

Case 1
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Figure C.1: High frequency spectrum of the source current.
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Figure C.2: THD in the source current in phase B, before and after compensation.
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Figure C.3: THD in the source current in phase C, before and after compensation.
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Figure C.4: Positive sequence detector using moving average and low-pass filter.
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Fundamental (50Hz) = 2.598 , THD= 24.46 %
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Figure C.5: THD in the source current in phase B, before and after compensation.
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Figure C.6: THD in the source current in phase C', before and after compensation.
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Figure C.7: THD in the source current in phase B, before and after compensation.
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Fundamental (S0Hz) = 7.147 , THD= 7.79%
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Figure C.8: THD in the source current in phase C', before and after compensation.
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Figure C.9: Actual and reference currents from the shunt APF for Case 3.



	Abstract
	Preface
	Contents
	List of Figures
	List of Tables
	Abbreviations
	Introduction
	Background
	Electricity Usage in Smart Village Skarpnes

	Objectives
	Scope of Work
	Limitations
	Thesis Outline

	Theoretical Background
	Power Quality Issues
	Harmonics
	Causes and Effects

	Symmetrical Components
	Positive, Negative and Zero Sequence Harmonics
	Triplen Harmonics

	Clarke and Park Transformation
	Harmonic Mitigation Techniques
	Passive Filters
	Active Power Filters
	Line Reactors


	Power Theory Definitions
	Definitions Under Sinusoidal Balanced Conditions
	Single-Phase Power Theory
	Three-Phase Power Theory

	Definitions Under Non-Sinusoidal Conditions
	Power Definitions by Budeanu
	Power Definitions by Fryze

	The Instantaneous Power Theory
	Using the p-q Theory for Shunt Compensation


	Shunt Active Power Filter
	Instantaneous Power Theory
	Positive Sequence Detector
	Phase Locked Loop

	Hysteresis Current Controller

	Simulation Model
	Supply Modeling
	Load Modeling
	Shunt Active Power Filter
	DC Voltage Controller
	Hysteresis Controller
	Reference Current Calculation


	Results and Discussion
	Case 1 - Sinusoidal Utility Voltage
	Discussion based on Case 1

	Case 2 - Distorted and Unbalanced Utility Voltage
	Discussion based on Case 2

	Case 3 - Exporting Power
	Discussion based on Case 3

	Case 4 - Exporting Power and Distorted and Unbalanced Utility Voltage
	Discussion based on Case 4

	Case 5 - Increasing System Impedance
	Discussion based on Case 5


	Conclusion
	Future Work

	Bibliography
	Appendices
	Data Acquisition
	Load Parameters
	Simulation Results

