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Abstract

The proliferation of power-electronic-based modern residential loads can produce
excessive voltage and current waveform distortions in residential power
distribution systems. With their unique advantages such as flexible control and
dynamic compensation over traditional passive power filters (PPFs), active power
filters (APFs) have become one of the most effective means to suppress
harmonics and eliminate distortion in modern distribution systems. The existing
application of distributed APFs has been limited to the installations in the primary

feeder and all the design issues were not considered.

In this thesis, a Micro-APF scheme is proposed to address the harmonic
mitigation for residential systems. Unlike the traditional MV APFs, this novel LV
distributed APF can be installed at the secondary side of service transformers or
even at one of the customers’ houses. This thesis mainly discusses some design

issues for the proposed Micro-APF.
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Chapter 1

Introduction

The development of new techniques in the area of electronics has provided
numerous benefits to humanity. The use of electrical and electronic equipment in
residential, commercial and industrial electrical installations has been growing
dramatically in recent years. The proliferation of this type of equipment has
caused great concern, since they absorb non sinusoidal currents from the mains,
causing harmonic distortion. For this reason the problem of power quality from
harmonic distortion has been the subject of much interest and discussion in recent

years [1].

Harmonic mitigation is the major methodology to improve the power quality
problem in power system and ensure the safety and reliability of electrical
equipment. To achieve the purpose of harmonic mitigation, two approaches can
be involved, i.e., harmonic mitigation aimed at the harmonic source and harmonic
mitigation at the transmission path. As for the former, high power factor rectifiers
based on multi-phase rectifier technique and pulse width modulation rectifier
technique can be used since the rectifiers account for a large proportion of the
power electronic devices, and this can reduce the harmonic generation from the
source side. For the latter, specific harmonic filtering approaches can be carried
out to realize the local compensation for harmonics generated by the numerous

nonlinear electronic equipment.

This introductory chapter presents an overview of the harmonics in the modern

distribution systems. Then, the traditional harmonic mitigation methods are



reviewed. Next, a Micro-APF mitigation scheme for residential systems is

proposed. Finally, this chapter presents the scope and outline of this thesis.

1.1 Harmonic Situation in Today’s Distribution

Systems

The proliferation of power-electronic-based modern residential loads has resulted
in significant harmonic distortions in the voltages and currents of residential
power distribution systems. These new harmonic sources have comparable sizes
and are distributed all over the networks. Especially for the home appliances such
as compact fluorescent lights (CFLs), LCD TVs and personal computers (PCs),
which are normally nonlinear, they can generate a large amount of harmonic
currents and the harmonics can be injected into supply systems. Although home
appliances produce insignificant amount of harmonic currents individually, the
massive growth in the usage of such energy-efficient consumer electronic devices
and the collective effect of a large number of such loads can be so substantial [2]-
[4] that the excessive waveform distortions in urban distribution systems are

becoming increasingly dominated by the harmonics of residential loads [5]-[8].

The serious harmonic distortion problem in modern distribution systems can
result in so many troublesome and unwanted effects. The harmonics injected into
the distribution systems may cause voltage and current stress on power cables and
lead to dielectric failure [9]. The high level of harmonic distortion in power
systems can increase the dielectric loss and thermal stress when they flow through
capacitor banks due to the fact that power factor correction capacitors provide low
shunt impedance at high-order harmonics, and the capacitors may be damaged if
they are overloaded especially when the stress is excessive [10]. With the
capacitors added to the power system, the series and parallel resonances can occur
and amplify the harmonic levels, and then the amplified harmonic currents will
flow into the resonant circuit [11]. In addition, the severe harmonic distortion in

distribution systems can also lead to problems such as transformer overheating



[12], premature ageing [13], losses and pulsating torque on electrical machines
[14], metering errors [15], etc. As for the residential systems, one of the most
common problems resulting from high levels of harmonic distortion is telephone
interference, and this has been recently experienced by the utility companies in

Alberta, Canada [16].

As the usage of nonlinear electronic devices is inevitable in modern life, and the
trend is even increasingly rising, the harmonic problem in distribution power
systems is surely much worse in the near future. With so many severe potential
unwelcome effects, harmonic distortion has raised widespread concerns. Also, so

many harmonic mitigation methods have been tried to address this issue.

1.2 Harmonic Distortion Mitigation Approaches

Harmonic mitigation approaches can be mainly sorted into two categories: one is
aimed at the harmonic source and the other is the mitigation at harmonic
transmission path [17]. As for the former, improvement should be made for the
design of electronic devices in order to attain the goal of making them produce
fewer harmonics. As the harmonics generated by these power electronic devices
account for a considerable proportion, multi-phase rectifier technique and pulse
width modulation rectifier technique have been widely used for modern power
electronic equipment. However, this approach is restricted for the existing devices
in distribution systems and helpless to other types of harmonic source. So the
installation of harmonic compensation devices at transmission path seems to be
necessary to address this restriction. Overall, there are two major types of
harmonic compensation devices based on the harmonic mitigation mechanisms,

i.e., the traditional passive power filters (PPFs) and active power filters (APFs).
1.2.1 Harmonic Mitigation by Passive Power Filters

Based on the L-C resonance characteristics, the shunt branch of passive power

filters can exhibit low impedance around resonant frequency, for example, when



2r7hf, L =1/27hf,C( f, is resonant frequency), the impedance of LC branch is 0.

Thereby, the passive power filters tuned at a certain frequency can absorb the
corresponding harmonics nearby the resonant frequency by behaving as small
impedance. L-C passive filters are widely used to achieve the harmonic
suppression and improvement of loads’ power factor. According to the structure,
there are mainly two categories of passive power filters, i.e., tuned filters and

high-pass filters.

Although PPFs have many advantages such as simplicity in terms of design, low
cost and high efficiency, no requirements for control links, and easy maintenance,

etc., there are still many drawbacks in practical design and applications [18]-[22]:

e PPFs can only mitigate the specific harmonics as they are usually tuned at
certain frequencies. So additional devices are needed to address different
harmonics.

e The harmonic suppression performance strongly depends on parameters
of the passive components and grid impedances. Also, if there is a
frequency variation in the system harmonics, the effectiveness of existing
devices on harmonic suppression will be reduced.

e Series or parallel resonance may occur due to the existence of PPFs and
grid impedances. This will result in worse impacts on distribution systems.

e PPFs may be overloaded or even damaged when there is a significant

increase in harmonic currents.

In addition to the above shortcomings, PPFs tend to be in large dimension and
high weight, and this will certainly restrict their widespread application in modern
distribution systems. Compared with PPFs, APFs are more flexible as far as the
impact of system harmonics and impedances are concerned. Also the unique
advantages over traditional PPFs such as no risks of resonance and realization of
dynamic compensation have made APFs become one of the most effective means

to suppress harmonics and eliminate distortion in voltage and current waveforms.



1.2.2 Harmonic Mitigation by Active Power Filters

Unlike their passive counterparts, APFs contain energy storage elements at the
DC link of inverters, and the elements are usually DC inductor or DC capacitor,
accordingly, the filters can be sorted into current source inverter based APFs
(Figure 1.1 (a)) or voltage source inverter based APFs (Figure 1.1 (b)). In terms of
the applied environment, there are single-phase APFs and three-phase APFs.
Based on the voltage level, APFs can be typically classified into MV filters and
LV filters as well. According to the topology, APFs can be also divided into two

major categories, 1.e., series active power filters and shunt active power filters

[23].
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Figure 1.1 (a) Current source based APF. (b) Voltage source based APF.

As shown in Figure 1.2 (a), the series APF is connected in series with the grid

through a matching transformer. A compensation voltage V,,. can be generated

across the primary side of the transformer based on the extracted harmonic current

I, from the detected grid current /. The compensation voltage V. is equal to
—-Gl,, where G is the feedback gain of grid current. Figure 1.2 (b) shows the
typical topology of a shunt APF. The harmonic component /, is extracted from
the detected load current /;, and then the shunt APF can be controlled to generate
a current component [/, which is equal to —/,, in order to achieve the purpose of

harmonic compensation. Compared with series APFs, shunts APFs have been



more widely used in different situations. Owing to the advantage in flexible
control realization, APFs can be applied to compensate harmonics only, reactive

power, three-phase unbalanced currents or all of the above cases.

e

g Flag"

(a) (b)

Figure 1.2 (a) Series active power filter. (b) Shunt active power filter.

As is discussed in previous section, harmonic mitigation by APFs can overcome
the shortcomings of PPFs, however, due to the voltage/current ratings of power
electronic switches, very high capacity is hard to achieve. Accordingly, the cost
will rise notably with the capacity. So together with traditional PPFs, pure APFs
can be extended to hybrid active power filters, which can inherit the advantages of
both PPFs and APFs, and at the same time the drawbacks will be avoided as
possible as they can [24]. In addition to hybrid filters, another new trend for the
study on APFs focuses on the novel topologies of inverters [25].

1.3 Proposed Micro-APF Scheme for Residential

Systems

Single-phase commercial and residential loads are the main sources of harmonic
distortion in low-voltage distribution systems. In spite of their small sizes,
domestic appliances such as TV sets, computers and fluorescent lamps can still
generate significant harmonic currents. The cumulative effect of the harmonics
produced by a larger number of households is not negligible. Figure 1.3 shows a
general residential distribution feeder in North America. The harmonics generated

by home appliances can flow into the grid via service transformers, and the
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massive harmonics in transmission lines can result in unwanted effects as is
discussed in Section 1.1, so harmonic mitigation for residential systems turns out

to be necessary.

== Three-phase powerlines
— Single-phase powerlines
Primary Feeder — Secondary conductors

— —
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A seconds ll'\ a E
system " ...

Figure 1.3 A general residential distribution feeder in North America

1.3.1 Topology and Specifications of Micro-APF

The existing application of distributed APFs has been limited to the installations
in the primary feeder [26]-[31]. PPFs have been also tried to realize the mitigation
of some dominant harmonics (3", 5™ and 7 for low voltage customers, but the
results were unsatisfactory, and all the design issues were not considered [32]. In
this thesis, a Micro-APF scheme is proposed for residential systems. Unlike
traditional MV APFs, the distributed APFs in this proposed mitigation scheme
can be installed at the secondary side of service transformers or even at one of the
houses. In [33], sensitivity study has been carried out to demonstrate the truth that
distributed APFs installed at service transformers and one of the nearest houses
can result in better performance than in other locations. Figure 1.4 illustrates
different harmonic approaches for a general North American residential
distribution feeder. As the distributed APFs are installed at low voltage
circumstance, and if designed properly, they can be mounted on the surface of
electric meters due to their unique feature of low capacity, the distributed filters in
this application are called “Micro-APFs” in this thesis. Supposed to be connected
between the two hot wires of secondary side of service transformers, this novel

single-phase APF can absorb the massive harmonics generated by single phase



residential nonlinear loads and prevent them flowing into the grid via service

transformers.

As a matter of fact, LV distributed filters can also be realized by passive
approaches. The reason why APFs are chosen is based on their unique advantages
over PPFs, as is discussed in Section 1.2. Also, it is noticeable that the system
impedance at secondary side of service transformers is very low, so in order to
achieve desired compensation results, the filters need to exhibit small impedance
at harmonic frequencies. However, this seems to be unrealistic for PPFs, as the
series resistance of their capacitor and inductor already exists and is fixed. But for
APFs, this can be more flexibly achieved by a power electronics circuit and its
control system. As for the economic concerns, the cost for Micro-APF will be
significantly cut down and comparable with their passive counterparts due to the

fact that they are used in low voltage circumstance.
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= Single-phase powerlines
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Figure 1.4 Different harmonic approaches for a general North American

residential distribution feeder

Figure 1.5 shows the topology of a Micro-APF. The output LCL-filter is used
to suppress the impact of high frequency ripples. Field measurement is carried
out to study the spectrum of harmonic currents at service transformers in [34],

and the results show that the majority of the harmonics produced by
th

9
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residential loads are certain low-order dominant harmonics such 3", 5%, 7



etc. Therefore, this Micro-APF can be designed to compensate harmonics up

to 15" order. Table 1.1 shows the designed parameters and basic performance

specifications.

B

Figure 1.5 Topology of Micro-APF

Table 1.1 Designed parameters and performance specifications

Basic Designed Parameters
=L, =1mH
LCL Filter L=L
C =15uF
Damping Resistor R, =0.75Q
DC Link Capacitor C, =10mF
DC Link Voltage V,=450V
Switching Frequency f. =10kHz
Basic Specifications
Compensation Outcome Up to 15" order harmonic
Maximum Compensation Current 50A RMS
Power Ratings 12kVA

1.3.2 Comparison of Control Approaches

Based on the detected signals, there are two typical control approaches for APFs
used to compensate harmonics only, i.e., current-detection and voltage-detection.
Accordingly, APFs can also be classified into two types, i.e., current-detection

based APFs and voltage-detection (virtual impedance) based APFs. As is shown



in Figure 1.6 (a), current-detection based APFs connected to the grid can appear
as a controlled current source to inject a compensation harmonic current into the
grid to cancel the harmonics flowing from the downstream side. Unlike their
counterparts, voltage-detection (virtual impedance) based APFs can sink a current
proportional to the extracted harmonic component from PCC voltage instead of
injecting compensation current as they can be controlled as a small resistor at
harmonic frequencies, as is discussed before. So the harmonics from both

upstream and downstream sides of the grid can be absorbed by APFs (Figure 1.6
(b)).

L_Jp_slream in ﬂDownEIEeam Upstream i, Downstream
Vie=-ki ! T~ T ;
i ¥ k{h | R _kl"vk | V=Vfund+Vh
| k=1 i x ST

(a) (b)

Figure 1.6 (a) Current-detection based APF. (b) Voltage-detection (virtual
impedance) based APF.

The current-detection based approach can also be divided into load current

feedback control and source current feedback control [35-38]. As is shown in

Figure 1.7 (a), a harmonic component /,, is extracted from the detected load
current /, to generate the compensation current reference 7, = —1,,. Similarly, a
harmonic component /g, is extracted from the detected source current /; in

Figure 1.7 (b), and after being multiplied by a coefficientk, the compensation

current reference is formed, i.e., I, =—kl,, . The detected compensation current
I,.in Figure 1.7 (a) and (b) is controlled to track the reference 7, and produce

PWM driving signals for switches.

10
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Figure 1.7 (a) Load current is detected. (b) Source current is detected.

As for voltage detection based approach, the PCC voltage V. (shown in Figure 1.8)
is detected instead of the currents [39]-[41]. Also, the harmonic reference current
generation block is a bit different from the one in current-detection based control,
as the goal is to make the Micro-APF exhibit a small resistor under harmonics and

ideally infinite resistor under fundamental frequency, i.e.:

Vil ()5 f # S na

1.1
Ooaf:ffund (11

RV(f):{

11



So the compensation current reference /,.in voltage-detection based control can

be expressed as:
I, =GJVy=Vy, /R, (1.2)

where G, and R, are control gain and virtual impedance, respectively. V,, is the

extracted harmonic component from PCC voltage V. .

As the APFs can be controlled to be a small resistor at harmonic frequencies, the
voltage-detection based control is also regarded as ‘“virtual impedance based

control” in this thesis.

S (ol
Vd;{ 4@:

A
Jut
I
Current | M Harmonic VF
4 Reference Current [—
Control VH<L X
Generation Vv
dc
.. Voltage |«
Digital controller g e
Control [ V*

&

Figure 1.8 Voltage-detection (virtual impedance) based control

Based on the above discussion, it is obvious that voltage-detection (virtual
impedance) based control approach has its unique advantages over the current-
detection counterpart for residential distribution systems. Unlike the current-
detection based APFs, voltage-detection (virtual impedance) based APFs can be
installed at one of the houses to absorb the harmonics produced by other
customers’ houses supplied by the same service transformer. Also, no extra
current sensor is needed for voltage-detection (virtual impedance) based APFs

compared with their counterparts, as either the load current or source current

12



needs to be detected. So voltage-detection (virtual impedance) based control is
more suitable for distributed APFs.

With above concerns, the proposed Micro-APF scheme in this thesis adopts
voltage-detection (virtual impedance) based control approach, and the design of
virtual impedance turns out to be the key point for Micro-APF. The virtual
impedance should be smaller than the system impedance to achieve good
performance of harmonic mitigation. However, virtual impedance cannot attain as
small as possible as it is restricted by stability problem. Therefore, the design of
virtual impedance inevitably becomes one of the major tasks that need further

discussion in this thesis.

1.4 Thesis Scope and Outline

Most of the existing research in the field of harmonic mitigation focused
only on the Ilumped, large and known industrial loads. However, the
harmonic distortions in the modern distribution systems are dominated by
the large number of randomly dispersed sources associated with residential
loads[42]. Therefore, harmonic mitigation for residential distribution system is
necessary with this background. The scope of this thesis is to develop a novel
Micro-APF scheme for residential systems. As is discussed above, this new type
of distributed APFs are installed at LV circumstance, i.e., secondary side of
service transformers. With its unique advantage, voltage-detection (virtual

impedance) based control is adopted for the proposed Micro-APF.

In the rest of the thesis, Chapter 2 introduces the control realization of Micro-
APFs. The two control schemes (voltage-detection based control), i.e., universal
harmonic compensation (UHC) and selective harmonic compensation (SHC), are
presented. Stability analysis and case study are carried out to obtain the attainable

range of virtual impedances for these two schemes, respectively.

Harmonic impedance of Micro-APF and its impact on system performance are

discussed in Chapter 3. For the practical scenario where interharmonics are

13



regarded as useful carrier signals and cannot be filtered out together with the
dominant harmonics, SHC scheme is selected to implement the harmonic
mitigation for residential distribution systems. Sensitivity studies are carried out
to study the factors that can influence harmonic impedance. The schemes under

stationary frame and multiple d-q frames are compared in this chapter as well.

In Chapter 4, the situation of multiple Micro-APF is studied. To investigate the
stability of multiple Micro-APF system, simplified equivalent circuitry analysis is
involved for a typical distribution feeder. The estimation on the attainable range
of virtual impedance is conducted for multiple Micro-APF system. In addition,
the interference on harmonic compensation is discussed as well. The time-domain
simulation and theoretical analysis are carried out to illustrate the influence of
service transformers in this interference between Micro-APFs installed at

different sites.

The main conclusions from this thesis and suggestions for future studies

and improvements are presented in Chapter 5.
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Chapter 2
Control Realization of Micro-APF

In Chapter 1, two major compensation approaches for APFs are discussed, i.e.,
the current-detection and voltage-detection based compensation. With the unique
advantages, voltage-detection (virtual impedance) compensation is assumed to be
a better option than its counterpart for distributed filters. So this chapter presents
the control realization of Micro-APF based on the voltage-detection (virtual
impedance) compensation approach. For voltage-detection strategies, the
selection of virtual impedances is a crucial factor for the control realization of
Micro-APF. Apparently, smaller virtual impedance can achieve better steady state
performance. However, if the value is small enough, the stability cannot be
maintained. Therefore, it is necessary to figure out the attainable range of virtual
impedances. In this chapter, stability analysis is carried out to obtain the minimum

value of virtual impedances.
2.1 Control Schemes

This section discusses the voltage-detection based control strategy of Micro-APF
for residential systems. The Micro-APF can be controlled to behave as a small
resistor under harmonics and ideally open-circuit (infinite resistor) under
fundamental frequency. According to the structure of harmonic reference current
generation block, there are two approaches to achieve harmonic compensation,
i.e., universal harmonic compensation (UHC) and selective harmonic
compensation (SHC). The principles of these two strategies are presented in

Section 2.1.2 and Section 2.1.3, respectively.
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2.1.1 Voltage-detection (Virtual impedance) based control

Figure 2.1 shows the Micro-APF connected to the grid. The PCC voltage V. is

detected and used to form the feedback path via harmonic extraction block to

generate harmonic reference current. The current control loops are shown in
Figure 2.2.V,,, and I, are disturbance signals. The feedforward path of V. is
added to the output of PR controllers to enhance the dynamics. G, represents the

transfer function of harmonic extraction block. According to Figure 2.2, it is

obvious that equation (2.1) holds, and equation (2.2) can be derived from (2.1).

I, Z, rpcc I, | L | L I,
Sy & T NI |
+ | '
- Le N
Vi Lry|Vr L R VSC Col
I d |
S N
L] Micro-APF_—— J

Load

Figure 2.1 Micro-APF connected to the grid

i | t |
G e )w G e 141G oo etk o Z,

Figure 2.2 Current control loops
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I, +L{[(1} VG, =1, )G + Vs |Gy =V =1,

Ls
|2 sr, =7
“\sc, ) C (2.1)
1
V,-V)—=1
(F C)LZS F

ng-d —(IL +IF)Zg = VF
I =Y, (), +G(s)V,,, + Y, ()], (2.2)

where

(1+5C,R,)G Gy
(1+5C,R)K(s)—s* LC,(L,s+Z,)

Yi(s)=

_ (1+5C, R NG prGpyps G + Gy —1) — S2L1Cf

G(s) 3
(1+5C,R)K(s)~s> LC,(L,s +Z,)

Z,(1+5C,R)(1~ G pgGrys G, = Gy ) +5° Z, L C,

Yy(s)= >
(I+sC,R)HK(s)—s" LIC (L,s+Z,)

K(S) = GPRGPWM + Zg GPRGPWMGi + Zg GPWM _LIS —L2S - Zg

Figure 2.3 illustrates the DC voltage control loop. A low-pass filter is added to the
feedback path of DC-Link voltage to resist the high frequency noise. PI controller

is used to control the DC-Link voltage to stabilize around the given reference

value. The fundamental component of the reference compensation current 7, is

generated by the product of PI controller outcome and a unit sinusoidal signal

which is in phase with V.. The dynamics of voltage loop are much slower than the

current loops, so it is not considered in the following analysis.

As far as the harmonic reference current extraction is concerned, the two major
approaches, i.e., universal extraction and selective extraction, are shown in Figure
2.4. Accordingly, the compensation schemes are named as universal harmonic

compensation (UHC) and selective harmonic compensation (SHC). For the UHC
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scheme, only a control gain G is involved, so the Micro-APF is controlled to

behave as the same virtual resistor R, throughout the harmonic frequency

spectrum. In this case, a high-pass filter is enough to achieve the harmonic
extraction. As for the SHC scheme, multiple control gains G,(i =3,5,7,....,15) are
involved, and the harmonics can be controlled to exhibit as unequal virtual
resistors R (i=3,5,7,...,15) . So in order to achieve the goal of harmonic

extraction, a series of band-pass filters tuned at the dominant harmonic

frequencies are needed.

* s

v, % o :I I

VdcT sin(wt + 0)

Figure 2.3 DC-Link voltage control

—* BPF3 /Rv

2

—»  BPF5 1/Rv5

Vi HPF L " »  BPF7 1/Rv7

“—» BPFn 1/Rvn

(a) (b)

Figure 2.4 Harmonic reference current extraction. (a) UHC scheme. (b) SHC

scheme.

Apparently, UHC scheme and SHC scheme have their unique advantages and
disadvantages respectively. In UHC scheme, only a high-pass filter is involved
and the harmonics throughout the spectrum can be extracted altogether. However,
the harsh requirement for control bandwidth is difficult to be satisfied in UHC

scheme. Also, in some other special cases, where the specific dominant harmonics
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or interharmonics (this issue is discussed in Chapter 3) are extremely concerned
about, the advantage of SHC scheme stands out. It should be noted that in
practical residential systems, the situation of high order harmonics is not so
serious, so only limited low order dominant harmonics need to be chosen as

compensation objectives.

Unlike UHC scheme, the dominant harmonics are treated as compensation
objectives in SHC scheme, which means that the harmonics in widespread
spectrum are approximated by limited harmonic components. As a matter of fact,
the selected dominant harmonics account for the majority proportions of the total
harmonic content in residential load current. Accordingly the specific dominant
harmonics or interharmonics can be well suppressed or unaffected. However,
trade-off still exists in terms of THD since only the selected harmonics can be
compensated. The following sections will discuss these two approaches in detail

respectively.
2.1.2 Universal Harmonic Compensation (UHC)
It is obvious that equation (2.3) holds according to Figure 2.4.
G =Gy /R, 2.3)

where G, is the transfer function of high-pass filter.
So

I, =X ($)I, +G (), + Y, ()], (2.4)
where

R, (1+ SCfRd )Gor Gy

Y (s)= ; )
(1+5C,R)K (s)~5> R,L,C,(L,s +Z,)

(1+5C, R NG pp Gy Gryp + R, Gy —R,)—5°R,LC,

G(s)= ; 3
(1+5C,R)K (5)~s* R, L,C,(Ls+Z,)
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Z,(1+5C R )Ry = GppGryy Grp = Ry Gy ) + s? Z,R,LC,
(1+5C,R)K (s)=s* R,LiC,(L,s+Z,)

Y, (s)=

K (8)= Ry (GppGypyy + Z, Gy —Lis=L,s =Z2,)+ Z, GGy G

The inverter link transfers function G,,,, =1/(7;S +1), where 7, =0.57 =1/2f,,
and the current controller G,, represents PR controllers for selected dominant

harmonics here, with identical parameters k,=1, k, =240, ®, =0.5rad/s .

In voltage-detection compensation schemes, one crucial task is to determine the
selected control gains (virtual impedances). It is obvious that the virtual
impedance should be chosen as small as possible in order to achieve better steady
state performance. However, the virtual impedances cannot be chosen too small
as well. On the one hand, it takes the system longer time to achieve steady state
under smaller virtual impedances. On the other hand, too small virtual
impedances (larger control gains) may usually lead to stability-related problems.
So with the above consideration, stability analysis is needed to determine the

attainable range of virtual impedances.

According to equation (2.4), the root locus of transfer function can decide the

minimum R, . Figure 2.5 shows the pole positions of ¥, (s) when R, is seen as
variable (the arrows in Figure 2.5 represent the rising trend of R, ), and it is
obvious that the selection of R, should meet the following requirement for UHC

scheme:

R, >0.00046€2

Although the value of virtual impedance can be as small as 0.00046Q, to ensure
better dynamics, the recommendation range is 0.01~0.02 Q. Figure 2.6 illustrates

the steady state performance (harmonic content and THD of grid current) under

several typical R, values by time-domain simulation.
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Figure 2.6 Steady-state performance (harmonic content and THD of grid current)
by UHC scheme under different R, values

It is clear that the contents of selected dominant harmonics and THD can be

reduced with the decrease of R, . For R, =0.1Q2 and R, =0.05Q , the THD is
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deceased from 11.6% to 5.2% and 4.1% respectively by UHC scheme, i.e., when
R, £0.1Q, THD can be dropped by more than 50% after compensation.

2.1.3 Selective Harmonic Compensation (SHC)

As is shown in Figure 2.4(b), the harmonic extraction block in SHC scheme
consists of several band-pass filters tuned at the desired harmonic frequencies.
This approach is more flexible since the band-pass filter (BPF) arrays can extract
the selected harmonic components separately and the harmonic reference current
can be controlled by either identical or unequal gains to force the Micro-APF to
behave as identical or unequal virtual impedances at the various selected

harmonic frequencies. This flexibility is a unique advantage over UHC scheme.

Similar to the UHC scheme, stability analysis is also needed in order to determine
the attainable range of virtual impedance R (i =3,5,7...15) for each harmonic.

However, it is more complicated than the UHC case where only one virtual

resistance value R, needs working out. This problem can be solved by control

variate method.

If virtual impedance for the /™ harmonic is R, , then equation (2.5) holds.

G, =Gy | R+ Y Gypy | R, =Gy | R, + G (2.5)

oy
Therefore, similar to equations (2.2) and (2.4), equation (2.6) can be derived.

I, =Y ) +G (W, +, ()], (2.6)
where

_ R,(14+5C,R))G py Gy
(1+sC,R)K (s)—s’ R, LC,(L,s+Z,)

Y (s)
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_ (145C, R GGy Gpry + GpuGpmu R Gy + R Gy ~R)=5"R LC,

G :
) (1+sC,R)K (5)=5' R L,C,(L,s+ Z,)

Z,(1+5C R )R, = GpyGpyy Gypry = R, Gpp Gy Gy = R Gy ) + s? Z,RLC,

Y, (s) = -
2 (5) 1+sC,R)K (s)—s*R.LC,(L,s+Z,)
i JIT VT2 g

K'(s)= R GGy +Zy GppGrypn Gy + 2y Gy =Lis =Lys = Z,) + 2, GGy Gppy

th

GBPFi is used to represent the notch filters tuned at dominant harmonics (3rd, 57,

7% ). So according to equation (2.6), stability analysis can be carried out to

determine the attainable range of R (i =3,5,7...15) and this is discussed in the

next section.
2.2 Case Study for Attainable Virtual Impedances

This section illustrates the decision on the attainable range of virtual impedances
in the SHC scheme. The designed parameters of Micro-APF are assumed to be
maintained as constants, so the only factor that may influence the attainable range
of virtual impedances is the grid impedance. A series of sensitivity study based on

stability analysis and time-domain simulation is carried out to study this impact.

2.2.1 Base Case Study

The system impedance Z, =Z (R=0.04Q, L=0.126mH) is regarded as the

g_base
base case. As far as the stability analysis is concerned, the brought-in notch filter
arrays enhance the complexity in the SHC scheme. However, control variate
method can be used to study the impact of each notch filter on stability firstly.
Assume that the harmonic extraction block is simplified as a single notch filter
tuned at one of the dominant frequencies divided by the corresponding virtual

impedance, i.e., G, = Gypr /R(i=3,5,7,...,15). So based on equation (2.6), Figure

2.7 shows the pole positions of Y (s) for G, =Gy, /R, when R, is seen as
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variable (the arrows in Figure 2.7 represent the rising trend of R, ). It is clear that

R, should meet the following requirement in the SHC scheme:

R, >0.00033Q2

Also, this method can be used to determine the attainable range of the virtual

impedances for other dominant harmonics. Table 2.1 shows the minimum R, for

each single dominant harmonic based on stability analysis. It is obvious that a

larger virtual impedance value is needed for higher order harmonics to maintain

the stability.
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Table 2.1 Minimum values of R for each single dominant harmonic (mQ)

3rd 5th 7th 9th 11th | 13th | 15th

R 033 | 035 | 037 | 040 | 045 | 0.53 | 0.68

1

Control variate method is implemented to determine the minimum R, for each
single harmonic to maintain stability, and within the attainable range, R should be

as small as possible. However, this is just an ideal case since the dynamics cannot
be ignored in practical occasions. So trade-off has to be made if both steady state
performance and dynamic response are taken into consideration. Similar to the
UHC scheme, the recommendation range of virtual impedances is 0.01~0.02Q.
But due to the existence of notch filter arrays, more work is needed to check

whether stability can be ensured or not under this recommendation range.

Assume that R, for each of the dominant harmonics is seen as variable while the

rest are maintained at the same constant, control variate method can be used for
multiple-harmonic cases to determine more rigorous range of the attainable virtual

impedances.

Figure 2.8 shows the pole positions when R,is seen as variable while the rest of
virtual impedances, i.e., R (i=5,7,...,15)are maintained at several typical values
(0.019Q, 0.02€, 0.05Q and 0.1Q). It is clear that R,can be as small as 0.46mQ

(when R,

=715 = 0.01€2 ). Also, the similar analysis can be done to determine

minimum R, (i=5,7,...,15) respectively when the virtual impedances R,(j #1)

are maintained at these typical values. Figure 2.9 presents the minimum virtual
impedances for each harmonic when the rest are identical, at several typical
values. It is obvious that the stability margin is reduced as the harmonic frequency
goes up. A smaller stability margin is seen for each dominant harmonic when

smaller virtual impedances are chosen for the rest of dominant harmonics. For
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example, the minimum virtual impedance can be as small as 0.89mQ when

R =0.01Q (for the 15™ harmonic).

[}
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Figure 2.8 Pole positions of ¥;'(s) when R, is seen as variable while

R (i=5,7,...,15) are maintained at several typical values

R, /mQ

;
3rd 5th 9th 11th 13th 15th
Harmonics

Figure 2.9 Minimum virtual impedances for each harmonic when the rest are

identical, at several typical values

According to Figure 2.9, it is obvious that the range of 0.01~0.02Q is attainable
for the virtual impedances corresponding to different dominant harmonics. Time-
domain simulation is carried out when identical virtual impedances are selected
for the dominant harmonics. Figure 2.10 shows the compensation performance

when 0.01Q is chosen for all of the selected dominant harmonics.
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Figure 2.10 Compensation performance when R. =0.01€2(i =3,5,...,15) .

Figure 2.11 compares the steady state performances (harmonic content and THD
of grid current) by SHC scheme and the virtual impedances for all of the

dominant harmonics are chosen as several identical values, i.e., 0.01Q, 0.02Q,
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0.05Q and 0.1Q, respectively. Compared with the UHC scheme (Figure 2.6),
SHC scheme can achieve almost the same harmonic decrease. Although the
existence of notch filter arrays in SHC scheme enhances the complexity of
decision on the attainable range of virtual impedances, the unique control

flexibility on the selected frequencies makes it stand out.

Harmonic content and THD at different cases

B R =0.10Q

E= R, =0.05Q
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Il vithout Micro-APF
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8%/
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Harmonic content and THD

2040 N

Figure 2.11 Steady state performance (harmonic content and THD of grid current)

under several typical values of identical virtual impedances
2.2.2 Impact of grid impedance

Grid impedance may influence the attainable range of virtual impedances, and the

analysis for base case, ie., Z, =Z (R=0.04Q2, L=0.126mH) is presented in

g _base
Section 2.2.1. Similar to the base case study, sensitivity study can be carried out

to study how grid impedance makes a difference as far as stability is concerned.

Firstly, the harmonic extraction block is simplified as a single notch filter tuned at
one of the dominant frequencies divided by the corresponding virtual impedance,

Le., G, =Gy / R(i=3,5,7,...,15) . Stability analysis can be implemented to study
the impact of grid impedance on the virtual impedances R (i=3,5,7,...,15) under

single-harmonic cases respectively. Figure 2.12 shows the pole positions of Y'(s)
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for G, = Gy, / Rywhen R;is seen as variable. It is clear that the minimum value

of R;that can ensure stability goes up as the grid impedance is increased, which

means that the stability margin is reduced with the increase in the grid impedance

when the 3™ harmonic is considered only. For example, when Z . increased from

Z

g _base

to 107

g_base >

the corresponding minimum R, to maintain stability is

increased from 0.33mQ to 0.46mQ.
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Figure 2.12 Pole positions of ¥, (s) for G, = Gy, / R,when R is seen as variable

Accordingly, similar analysis can be done for other dominant harmonics, and
Figure 2.13 shows the minimum virtual impedances for each single dominant
harmonic under different settings of grid impedance. The overall trend is
consistent with previous results. The stability margin for higher order harmonics
is smaller compared with the lower ones. Also, the increases in grid impedance

and minimum virtual impedances show a significant positive-correlation trend.
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Figure 2.13 Minimum virtual impedances for each single dominant harmonic

under different settings of grid impedance

Further, control variate method is used for multiple-harmonic cases to study the
impact of grid impedance. Assume that R, for each of the dominant harmonics is
seen as variable while the rest are maintained at the same constant, stability

analysis is carried out to determine more rigorous range of the attainable virtual

impedances.

Figure 2.14 shows the pole positions when R;is seen as variable while the rest of

virtual impedances are all maintained at 0.01Q. It is clear that R,can be as small

as 0.84mQ (whenR,,_,, 5, =0.01Q ).

Also, the similar sensitivity study can be done to determine minimum

R (i=5,7,..,15) under different grid impedance settings when the virtual
impedances R,(j # i) are maintained at identical values. Figure 2.15 presents the

minimum virtual impedances for each harmonic while the rest are at 0.01Q,
0.02Q, 0.05Q and 0.1Q, respectively. The results show that for minimum virtual

impedance can be as small as 2.22mQ when R, =0.01Q and Z, =10Z (for the

g _base

15™ harmonic).

Time-domain simulation is carried out under different grid impedances when

identical virtual impedances are selected for the dominant harmonics. Figure 2.16
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(a) ~ (d) shows the steady state performance (the ratio of harmonic content and
THD of grid current after/ before compensation) under different grid impedances

when identical virtual impedances are at 0.01Q, 0.02Q, 0.05Q and 0.1Q,

respectively.
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Figure 2.14 Pole positions when R, is seen as variable while the rest of virtual

impedances are all maintained at 0.01Q for different grid impedances
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Figure 2.16 Steady state performances (ratio of harmonic content and THD of
grid current) under different grid impedances when identical virtual impedances

are at (a) 0.01Q. (b) 0.02Q. (¢) 0.05Q. (d) 0.1Q.
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It is clear that harmonic mitigation performance by Micro-APF with SHC scheme
is more significant for higher order harmonics. Better steady state performance
can be obtained under larger grid impedance. Also, the impact of virtual
impedances (control gains) becomes less significant as the grid impedance is
increased, and the impact of grid impedance on lower order harmonics is more

obvious.

Overall, the recommendation range of virtual impedances (0.01~0.02Q) is

attainable when Z_ is increased up to ten times of base case value. Also, both

dynamics and steady state performance can be guaranteed within this range.
2.3 Summary

This chapter discusses the control realization of Micro-APF based on voltage-
detection compensation (virtual impedance) approach. Both universal harmonic
compensation (UHC) scheme and selective harmonic compensation (SHC)
scheme are presented. If both dynamics and steady state performance are taken
into consideration, a recommendation range of virtual impedances is necessary.
So stability analysis is carried out to determine the attainable range of virtual
impedances for UHC and SHC schemes, respectively. Sensitivity study is
implemented to study the impact of grid impedance on the minimum values of
virtual impedances in SHC scheme. Time-domain simulation is carried out to
verify the compensation performances by these two schemes. The stability
analysis and time-domain simulation results illustrate that the recommendation

range of virtual impedances (0.01~0.02Q) is attainable.

33



Chapter 3
Harmonic Impedance and Impact on

System Performance

In Chapter 2, the control realization of Micro-APF based on UHC scheme and
SHC scheme are discussed. In spite of the fact that UHC scheme is simpler than
SHC scheme, i.e., only a high-pass filter is involved in the harmonic extraction
block, and the harmonics throughout the spectrum can be extracted altogether,
more challenging issue in UHC scheme exists considering the requirement for
control bandwidth. Another concern is that UHC scheme is proved to be helpless
in some cases, especially where specific dominant harmonics or even

interharmonics are mainly concerned about.

This chapter mainly focuses on the harmonic impedance of Micro-APF and its
impact on system performance. Based on its unique advantage in selective
compensation, SHC scheme is adopted throughout the discussion. In Section 3.1,
a practical scenario is introduced, where interharmonics are seen as the ‘useful’
harmonics and should not be filtered out together with the dominant harmonics.
Some sensitivity studies are also done to study the impact of control realization on
interharmonics based on SHC scheme. Control under rotational d-q frame is also

involved in this chapter to compare with compensation under stationary frame.
3.1 Problem Definition

3.1.1 A Practical Scenario

In real powerline transmission, some specific interharmonics are often not
regarded as unwanted noise but useful signals. For example, powerline carrier
based AMR (Automatic meter reading) system uses 555Hz and 585Hz for

command signals from substation to meters. Figure 3.1 shows the powerline
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carrier meter reading system operates at 555Hz and 585Hz, two interharmonics

highlighted in red.

Considering about this case, if UHC scheme is adopted, these interharmonics will
also be filtered out since high-pass filter cannot selectively compensate specific
harmonic while 555Hz and 585Hz are close to 9™ harmonic (540Hz). SHC
scheme can select to compensate the desired dominant harmonics, at the same
time mitigate the impact on other frequencies. However, this does not mean that
SHC scheme has no influence in interharmonics between two dominant
harmonics in spectrum. Therefore, the frequency domain response of Micro-APF

needs to be studied.

volts

03/25

03/27

03/29 time

600

Figure 3.1 Powerline carrier meter reading system operates at 555Hz and 585Hz

(two interharmonics highlighted in red)
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3.1.2 Qualitative Description for Equivalent Impedance of Micro-

APF

The diagram in Figure 3.2 illustrates the current control loops of voltage-detection

compensation approach. Equation (3.1) and (3.2) hold for SHC scheme.

Gain/Virtual admittance Filter

Harmonic reference current generation

i 1 f 1
e Gn O i *@*c” Ls 2

Figure 3.2 Current control loops of voltage-detection compensation approach

I +L{[(1} V26~ 1,) G +Vy |G Ve =1

Ls
1
I.|—+R, =V,
sC,

1 (3.1)
Ve V) =1r
Veia —U,+1)Z, =V,
G= Y GupylR,
Vi=Zp ()1 =Z(s)-I; (3.2)

where

S3L1L2Cf +(1+5C,R)(Lis + Lys = GppGryyy)
s’LC, +(1+5C,R)(1-Gpyy —GGryGrypyy)

Zp(s)=

(14+5C,R,)G Gy
S’L,C, +(1+5C,R)1~Gppy — GGGy

Z(s)=
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The transfer function from /, to V. can be used to qualitatively describe the
equivalent impedance of Micro-APF. According to equation (3.2), it is obvious
that the grid impedance Z, is not included in the expression of Z,.(s) . So if other
designed parameters of Micro-APF are decided, the control gains (virtual
impedances) and notch filter are the two major factors that may contribute to the

variation of harmonic impedance. Figure 3.3 shows the Bode diagram of Z,.(s)
when R, ., 5, =0.01Q. It is clear that at fundamental frequency, the magnitude

of Z,.(s) is much higher than other frequencies which means that under
fundamental frequency the equivalent impedance of Micro-APF behaves as a
large value compared with the selected dominant harmonics in SHC scheme. At

the selected dominant harmonics, the magnitude is around -40dB, i.e., the

equivalent impedance under these frequencies is around 0.01€Q, which is expected

since R, =0.01Q1is selected for all the selected dominant harmonics. Also, the

phase diagram shows that the phase at these frequencies is close to 0, which

means that the impedance is resistive.

Bode Diagram
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Figure 3.3 Bode diagram of Z,(s) when R, 5 =0.01Q
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Figure 3.4 shows the zoomed-in Bode diagram of Z, (s)from 525Hz to 675Hz

under different control gains (virtual impedances). Overall, at the dominant
frequencies, the magnitudes are almost as large as the set virtual impedances. Due
to the existence of notch filters tuned at 540Hz (9™ harmonic) and 660Hz (11"
harmonic), before reaching its maximum value the magnitude curve goes up and
then goes down until arrives at next dominant frequency. The control gains
(virtual impedances) can significantly influence the impedance curves, i.e., larger
gains are corresponding to larger virtual impedances, so the curves are higher in

the magnitude diagram.

Bode Diagram

Magnitude (dB)

Phase (deg)

Figure 3.4 Bode diagram of Z,.(s) at different gains (525Hz~675Hz)

As AMR carrier signals are mainly interharmonics of 555Hz and 585Hz, so in the
following sensitivity studies, harmonic voltage source of 555Hz and 585Hz is
added to the grid side based on the previous time-domain simulation model.
Therefore, the current source of dominant harmonics at load side together with the

voltage source of interharmonics at source side will contribute to the distortion of

V. and I altogether.
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3.2 Theoretical Analysis

The qualitative description for equivalent impedance of Micro-APF is discussed

in the previous section, and it is obvious that the harmonic impedance is variable

under frequency-domain. This section focuses on the impact of harmonic

impedance on system performance based on theoretical analysis.

Figure 3.5 shows the equivalent circuit under AMR harmonic signals (555Hz and
585Hz). Equation (3.5) can be obtained from (3.3) and (3.4), and (3.8) can be

derived from (3.6) and (3.7).

Zg Is Iload
e Bl —
| E—
v, ¥
Zv g Zluad

Figure 3.5 Equivalent circuit under AMR harmonic signals

IwithAPF _ Vs‘ . Zv _ I/s
load - - 7
ZZloadZV + Zg Z/!)ad i ZV Zload + Zg (1 + toad )
load + Zv ZV
] without APF — V;
load Zload + Zg
IIZZZAPF Zload +Zg ZloadZv +Zng _ 1
without APF Z = B 1
Iload Zload + Zg (1 + M) ZloadZv + Zng + Zloang 1+ ﬁ
Zy Z(—+-)
Z load Z g
VwithAPF — Vs . ZvZ load  _ Z\)Zluad . V _ Zv . V
load - s §
Zleoad + Z Z\,- + Zload Zleoad + Zg (Zv + Zload) Zv + Z (1 + v )
Zv +Zlaad & ¢ Zlaad
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J without APF _ % v (3.7)

load K
Zload + Zg
VA
v ~ . Vy
i Z+Z,(1+—")
I/l?a;hAPF _ g o _ ZZ, .+ ZVZg _ 1 (3.8)
Vl;Z;h()MAPF %-V; szload +Zngoad +Zng 1+%
Zload + Zg Zv (7 + 7)
Zload Zg

If the variation of harmonic content (voltage/current) is used to evaluate the
impact of Micro-APF on the existing AMR signals, then two terms can be defined
as equation (3.9) and (3.10).

with APF

H — load
Attenuation, = —=2—m (3.9)
load
with APF
H — _ " load
Attenuation, = —2— (3.10)

load

It is obvious that the expressions of Affenuation, and Attenuation, in equation
(3.5) and (3.8) share the same forms and are both affected by the harmonic

impedance Z, of Micro-APF, grid impedance Z, and the load impedance Z,

oad *

As is shown in previous study, the grid impedance Z, is not included in the

expression of equivalent impedance (equation (3.2)), which means harmonic
impedance of Micro-APF is not affected by the variation of grid impedance.
However, the grid impedance does influence the system performance, which can

be concluded according to equation (3.5) and (3.8). A larger value of Z, can
directly bring down Attenuation, . Also, the control gains (virtual impedances)
and designed parameters of notch filters will affect harmonic impedance Z,,, so
the factors that can increase Z, will also raise the value of Attenuation,,, . In

addition, the impact of load impedance cannot be ignored as far as
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Attenuation, , is concerned. It is obvious that greater load impedance will reduce

1)

Attenuation However, both the load impedance and grid impedance can be

1"
seen as constant for a specific system, so only the harmonic impedance Z, will

contribute to the system performance, i.e. the designed parameters of notch filters
and control gains (virtual impedances) are the two major factors that impact on

system performance. In practical situations, Z,,, >  usually holds, so equation

(3.11) can be obtained. According to equation (3.11), all factors that may
influence system performance can be attributed to the comparison between system

impedance and harmonic impedance. For AMR signals, Attenuation,,, ~1 if
Z,> , which means the impact of Micro-APF on AMR signals can be ignored,

and the larger the difference between Z,and Z, is, the more approximately to 1

Attenuation,,,, will be.
Attenuation,,,, = ZlZ = IZ ~ lZ (3.11)
o hmgz I+ 7
v&load + v&g ZV (1 + g ) v

load

The above analysis is for AMR signals (interharmonics), however, the dominant
harmonics (540Hz) are not the case. Figure 3.6 shows the equivalent circuit under
dominant harmonic frequencies (540Hz). Equation (3.14) can be obtained from

(3.12) and (3.13).

] load

Figure 3.6 Equivalent circuit under dominant harmonic signals (540Hz)
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[ d Z§ZV Zload

[P - loa — 1w (3.12)
L—i—i 71 ZVZload +Zngoad +ZgZV
Zg ZV Zload
Zé’
I;vithoutAPF — Zload ]load (3 . 1 3)
Zg + Zload
Z;ZVzload ]
with load
B 52t L2 Z2(2,+2) _ Z0Z+7,,) (3.14)
[;:vztlmutAPF %[ Z, (Zload + Zg) + ZngMd 7 47 +@
7 +7 load load g
g load 4

with APF without APF
[Py g

It is obvious that the value of should be minimized as possible

as it can be in terms of the dominant harmonics (540Hz) when it comes to the
mitigation performance. According to equation (3.14), Z, should be also
minimized as possible. However, according to the previous analysis for AMR

signals’ equivalent circuit, Z, should be maximized as possible for interharmonics
(555Hz and 585Hz). Overall, the trends of Z, for the dominant harmonics and

interharmonics are the same when we try to optimize the parameters of Micro-
APF. So trade-offs have to be made when considering about these two cases at the

same time.

3.3 Factors that Influence Harmonic Impedance

Section 3.2 has discussed how harmonic impedance can influence the system
performance from the theoretical aspect, and it is pointed out that the difference
between grid impedance and harmonic impedance of Micro-APF is the ultimate
factor that can contribute to system performance. So in this section, sensitivity
studies are carried out to study how these factors, i.e., grid impedance, control

gains (virtual impedances) and notch filters, can influence the harmonic

42



impedance of Micro-APF and how harmonic impedance of Micro-APF can

impact the system performance in return.
3.3.1 Impact of Grid Impedance

Similar to the case study in Section 2.2, time-domain simulation is carried out

under different settings of Z, to study the impact of grid impedance. Based on the

simulation results of V. and /,, Figure 3.7~3.9 show the calculated harmonic

impedance at 540Hz, 555Hz and 585Hz under different grid impedance and

control gains (virtual impedances).

From Figure 3.7~3.9, it is obvious that grid impedance almost has no impact on
harmonic impedance, which agrees with the expression of V,.//,.in equation (3.2).
However, control gains (virtual impedances) will significantly contribute to the
harmonic impedance, i.e., larger control gains (smaller virtual impedances) can
conduct smaller harmonic impedance and vice versa. Due to the existence of
notch filter tuned at 540Hz, the AMR signal at 555Hz will be more significantly
influenced compared with the counterpart of 585Hz. Therefore, Attenuation,, at
555Hz can be used to judge the impact of Micro-APF on AMR signals. So in the

following discussion, 555Hz is considered for Attenuation,,, .

01 Harmonic Resistance at 540tz ) 5% 107 Harmonic Reactance at 540Hz
0.09 - Zg = Zg,base 1 - Zg = Zgibase
0.08f = Z,=27Z, .. 1 4 —27,=2Z,,,.
0.07F = 1
g B Z,=57, . c | Z,=5Z, .
5006l 1z =102 % e 105
g(],l}i g g_base | é :‘ Zg = IOZgiba,se
& 004 o2
0.03
0.02- 1
0.01F — !
o o . = B E
R, =01Q R,=005Q R, =0.02Q R,=001Q R, =0.1Q R, =005Q R,=002Q R,=001Q
(a) (b)

Figure 3.7 Harmonic impedance under 540Hz. (a) Harmonic resistance. (b)

Harmonic reactance.
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Figure 3.8 Harmonic impedance under 555Hz. (a) Harmonic resistance. (b)

Harmonic reactance
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Figure 3.9 Harmonic impedance under 585Hz. (a) Harmonic resistance. (b)

Harmonic reactance

Figure 3.10 shows the performance of Micro-APF under different grid
impedances and control gains (virtual impedances). It is obvious that control gains
(virtual impedances) can significantly influence the impact of Micro-APF on the
carrier signals (Attenuationyy) at 555Hz). Larger gains (smaller virtual impedances)
lead to greater reduction of AMR interharmonic signals contained in the load
current or voltage. By comparing Figure 3.10 (a) and (b), it is obvious that the

impact of gains (virtual impedances) or grid impedance on load current and
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voltage are almost the same, which is consistent with the definition of

Attenuation, and Attenuation, expressed in equation (3.5) and (3.8). As for the
grid impedance Z, , more significant impact can be seen when it goes up.

Moreover, for the dominant harmonic (540Hz), larger grid impedance will lead to
better mitigation performance for a certain control gain (virtual impedance) value
while the impact of grid impedance will become less significant as the virtual

impedances are decreased.
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Figure 3.10 Impact of grid impedance on system performance under different
control gains (virtual impedances). (a) Attenuation; (555Hz) at different virtual
impedances and Z,. (b) Attenuationy (555Hz) at different virtual impedances and
Z,. (¢) Impact on 540Hz (comparison of with/without Micro-APF)
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3.3.2 Impact of Notch Filter

In Section 3.3.1, sensitive study is carried out in terms of grid impedance at
different control gains (virtual impedances). Apart from the control gains (virtual
impedances), notch filters are another factor that can contribute to the influence in

system performance.

Figure 3.11 shows the SHC scheme under stationary frame. Overall, the notch
filter tuned at 540Hz is the key factor in terms of the AMR carrier signals (555Hz
and 585Hz) since these two interharmonics are so close to the central frequency.
The transfer function of the /™ notch filter is shown as equation (3.15).

2K s

G, = 3.15
S 1 2m0s + (im,)’ (3.15)

4>‘ Gpops }—»l/l%}T ll*
1
O

H\ G Hl /R,

—m LCL-filter

\J

4" GBPFIS }—>‘1/R15

Figure 3.11 filtering under stationary frame

For a notch filter tuned at a specific dominant frequency, the bandwidth @.and
integral K. are the only two parameters that may affect the performance of notch
filters. Apparently, the integer K .should be maintained as 1 in order to realize no

attenuation for non-dominant harmonics. Figure 3.12 shows the frequency-

domain response of the 9™ order notch filter under different values of w. (K, =1).
It is clear that @,.can significantly influence the magnitude of bands around the

central frequency. When K. =1, the magnitude of Gy, is almost equal to 1 and
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narrower bandwidth, i.e., smaller @, will lead to more significant impact on the

magnitude of G

wpm under interharmonics. Also, when @, =0.5rad/s and K. =1,

it is obvious that the magnitude of G,,,, at 585Hz is almost 1/3 of that at 555Hz,

which means that the impact of notch filter is more significant at 555Hz,

compared with 585Hz.

The ideal case for the 9™ order notch filter should satisfy two conditions: (1) it can
allow the 9" harmonic (540Hz) to pass without being damped; (2) other
frequencies should be stopped altogether. The case study and theoretical analysis

demonstrate that trade-offs have to be made as for the selection of @, values.

Bode Diagram

Magnitude (dB)

- 1 1 I
500 520 540 560 580 600
Frequency (Hz)

Figure 3.12 Frequency-domain response of the 9™ order notch filter under

different o (K. =1)

Figure 3.13~3.15 show the calculation results of harmonic impedance at 540Hz,

555Hz and 585Hz under different @, and virtual impedances based on time-

domain simulation.

According to the calculation results, it is obvious that smaller bandwidth leads to
larger harmonic impedance. As the interharmonic 555Hz is closer to the dominant

frequency 540Hz, the impact of Micro-APF is much more significant on it
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compared with the 585Hz. Overall, harmonic impedance of Micro-APF at 585Hz
is much greater than that of 555Hz. The impedance at the dominant frequency
540Hz is much smaller than the interharmonics due to the existence of the 9™

notch filter. However, only in the case of @, =0.5rad/s, the harmonic impedance

at 540Hz can be almost equal to the desired virtual impedance value, for example,

the resistance is 0.095Q, 0.046Q, 0.019Q and 0.0085Q when R, =0.1Q2 ,
R, =0.05Q2, R, =0.02Qand R, =0.01Q, respectively. Also, the reactance X is
almost zero when @, =0.5rad/s, which means that the harmonic impedance of
Micro-APF at 540Hz is resistive as desired. In addition, the selection of e, will

almost have no impact on harmonic impedance when the virtual impedance is

chosen as 0.01~0.02Q.
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= - &
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=
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Figure 3.13 Harmonic impedance under 540Hz. (a) Harmonic resistance. (b)

Harmonic reactance.
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Figure 3.14 Harmonic impedance under 555Hz. (a) Harmonic resistance. (b)

Harmonic reactance
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Figure 3.15 Harmonic impedance under 585Hz. (a) Harmonic resistance. (b)

Harmonic reactance.

Figure 3.16 shows the impact of @, on system performance under different
control gains (virtual impedances). As far as the control gains (virtual impedances)
are concerned, the results in Figure 3.16 are similar to those in Figure 3.10, i.e.,
control gains (virtual impedances) can significantly influence the impact of
Micro-APF on the carrier signals (Attenuation;y) at 555Hz) and larger gains

(smaller virtual impedances) tend to result in more significant reduction of AMR
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interharmonic signals contained in the load current or voltage. Also, the impact of

control gains (virtual impedances) or @, on the load current and voltage

(Attenuation; and Attenuationy) are almost the same. Overall, smaller bandwidth
conducts less reduction of AMR signals contained in load current or voltage, in
other words, smaller bandwidth can lessen the impact of Micro-APF on

interhamonics.

It is obvious that considering interharmonics, bandwidth of notch filters should be
as small as possible. However, this is not the case for the dominant harmonics
apparently. According to the results shown in Figure 3.16(c), if the bandwidth is
narrowed, the impedance of the dominant harmonic (540Hz) is also increased,
which leads to less significant mitigation performance in terms of the harmonic
current content (540Hz) at the grid side. However, wc= 0.1~0.5rad/s is acceptable
for 540Hz when Ry <0.05Q. As for 555Hz, wc =0.05~0.5rad/s is acceptable when
Ry=0.01~0.02Q (Attenuation;y) > 0.8). Typically, Attenuation;y) > 0.89 when
Ry=0.02Q2 and wc= 0.05~0.5rad/s. So the recommendation settings are wc=

0.1~0.5rad/s and Ry=0.01~0.02Q.

1 Current at load sifle | . Voltage at load Si;de
| R —S—— | S S——
T R S O T B
09 A N ¢ 0.95 e R T
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; ! ° a1 1 o
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Current at grid side (540Hz)
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Figure 3.16 Impact of @, on system performance under different control gains
(virtual impedances). (a) Attenuation; (555Hz) at different gains and @,.. (b)

Attenuationy (555Hz) at different gains and .. (c) Impact on 540Hz (comparison

of with/without Micro-APF).

Figure 3.17 shows the frequency-domain response of Z,.(s) under different @,
values (540~560Hz). It is obvious that the harmonic impedance of Micro-APF has
negative-correlation with ., which is consistent with the previous results, i.e., in
order to increase the harmonic impedance, the bandwidth should be decreased

accordingly, however, the increase or reduction of harmonic impedance at

interharmonics and dominant harmonics are at the same trend. So trade-off exists

in terms of ..

Base on the discussion in this section, it can be concluded that trade-off exists in

the selection of @, values when the impact of notch filter on the equivalent

impedances of Micro-APF at both dominant harmonics and interharmonics are

concerned about. Due to the fact that when wc¢ =0.5rad/s ( K. =1), the notch

filters tuned at the dominant frequencies can ensure the harmonic impedances at

the selected frequencies to exhibit as desired, the case “wc=0.5rad/s and K. =1"

is strongly recommended as for the configurations of notch filters. So “wc¢

=0.5rad/s and K. =1" is used as the base case throughout this thesis. As for
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control gains (virtual impedances), the impact of @, will be less significant when

they are chosen within 0.01~0.02Q.

Bode Diagram
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Figure 3.17 Frequency-domain response of Z,.(s) under different @, values

(540~560Hz)

Table 3.1 illustrates the simulation results of Attenuation; (555Hz) and
Attenuationy (555Hz) in the base case. It is obvious that the values of Attenuation;
(555Hz) and Attenuationy (555Hz) under the same settings are almost equal.
Results of harmonic impedances at 540Hz and 555Hz based on the transfer

function of Z,. can be calculated as well. The calculated harmonic impedances are

then substituted into equation (3.5) (or equation (3.8)) and equation (3.11),

respectively.

Figure 3.18(a) compares the simulation and calculation results of Attenuation;
(555Hz) by equation (3.5) and (3.11) respectively. Also, the comparison of
simulation and calculation results of harmonic content with/without Micro-APF at
540Hz is shown in Figure 3.18(b). According to Figure 3.18, it is clear that the

overall trends of calculation and simulation results can match well.
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Table 3.1 Simulation results of Attenuation; (555Hz) and Attenuationy (555Hz) in

the base case

Ry=0.1Q | Ry=0.05Q | Ry=0.02Q2 | Ryv=0.01Q2
Attenuation; | 0.9780 0.9560 0.8938 0.8095
Attenuationy | 0.9789 0.9544 0.8947 0.8105
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Figure 3.18 Comparison between calculation and simulation results. (a)
Attenuation; (555Hz) under different control gains (virtual impedances). (b)
Harmonic content with/without Micro-APF (540Hz)

3.4 Scheme under Multiple D-Q Frames

As is discussed in Section 3.2 and 3.3, restriction exists in the scheme under
stationary frame by notch filters, especially for the AMR scenario. So an intuitive
solution is that harmonic extraction block should be improved to overcome the
trade-offs as far as the harmonic impedances at both AMR signals and unwanted
dominant harmonics are concerned. So this section will discuss the scheme under

multiple d-q frames.

53



Figure 3.19 shows the SHC scheme under rotational d-q frames. Assume that the
distorted grid voltage can be expressed by equation (3.16), and after the transform

expressed by equation (3.17), d-axis and g-axis components can be obtained:

> Vv,
aff > dq dq — aff—»|
™\ delay /2 +

Inverter—w LCL-filter

af —dgq dq - aoff
™ delaym /2 LPF

oD . S
y

G oy
aff > dg dg —> af—»
> delayz /2 + T

O
Figure 3.19 Scheme under multiple d-q frames
Viw = Z V. cos(imwt+6,)
i=1,3,5...
. (3.16)
Vig = V.cos(iwt+6 ——)= Z V. sin(iw,t +6,)
i=1,3,5... 2 i=1,3,5...
4 cos(wt) sin(wt) || Ve,
Fd — . ( 7 ) ( r ) F (3'17)
Vi —sin(w,t) cos(w,t) || Viy
Vig = V. cos(iw,t +6,)cos(w,t) + Z V. sin(iw,t + 6,) sin(w,t)
i=1,3,5... i=1,3,5...
4 . : Vi ,
= 3’ [cos(iw,t + 6, + w,t) +cos(im,t + 0, — w,t)] - Z —[cos(iwt+6, +w,t)
i=1,3,5... i=1,3,5...
—cos(iot+6 —wt)]= Z V.cos(iot+ 6, —w,t) = Z V. cos[(imw, —m,)t+ 0]

i=1,3,5... i=1,3,5...
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V., =— V. cos(iw,t +6,)sin(w,t) + V. sin(iw,t + 6,) cos(w,t)
i=1,3,5... i=1,3,5...

NS

. . V. .
[sin(iw,t + 6. + @,t) +sin(io,t + 0, — w,t)]+ Z E’[sm(ia)et +6 +wt)

i=1,3,5... i=1,3,

5.
6, -wn)]= Y. Vsiniof+6,-ot)= V. sin[(io, — @, )t +6.]

i=1,3,5... i=1,3,5...

+

+sin(im,t

Now consider the fact that fundamental current/voltage can be converted into DC

quantities under the d-q frame which is rotating at the synchronous speed of
®. = ,, if the d-q frame is rotating at the speed of®, =ka,, the k™ harmonic

will become DC quantities under this frame. So the DC component corresponding
to the &A™ harmonic under the ™ d-q frame can be extracted with a simple first
order low-pass filter. Therefore the harmonics can be easily extracted one by one

under different d-q frames.

Compared with the notch filters tuned at different selected frequencies in the
stationary frame scheme, a first order low-pass filter is enough in this scheme.

Also, the factor that may influence the harmonic impedance of Micro-APF and

system performance is the cut-off frequency

. » while the bandwidth @, can

make contribution to the performance in the scheme under stationary frame.

Under the k™ d-q frame, the frequency range [ kf,, (k+1)f,] under stationary
frame will be converted into [0, f,]. Therefore, under the d-q frame with the

synchronous speed of @, =9®, , the frequency range [540Hz, 600Hz] under

stationary frame corresponds to [0, 60Hz], i.e., 555Hz and 585Hz will be mapped
to 15Hz and 45Hz respectively. So the low-pass filters under different d-q frames

can have identical cut-off frequency.

Case study 1is also carried out by time-domain simulation to verify the system
performance under multiple d-q frames. Figure 3.20 compares the steady state
performance under different grid impedances and control gains (virtual
impedances) by stationary frame scheme and multiple d-q frames scheme. As for

the multiple d-q frames scheme, 1* order low-pass filter with cut-off frequency
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0.27 rad/s (0.1Hz) is involved while @ =0.5rad/s and K. =1 for stationary frame

scheme. It is obvious that under multiple d-q frames scheme, the performance at
AMR signals is better than that by stationary frame scheme. However, as for the
unwanted dominant harmonics (540Hz), the results by stationary frame scheme is
slightly better. Overall, the same trends can be obtained by multiple d-q frames
scheme compared with stationary-frame in terms of grid impedances and control

gains (virtual impedances).
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Figure 3.20 Comparison of results by stationary frame scheme and multiple d-q

frames scheme. (a) Attenuation; (555Hz) under two schemes. (b) Attenuationy
(555Hz) under two schemes. (c¢) Impact on 540Hz (comparison of with/without

Micro-APF)

56



According to the frequency-domain response of first-order low-pass filter under
different cut-off frequencies, it is easy to conclude that lower cut-off frequency
can enable fewer interharmonics to pass through the low-pass filter, and the
impact of Micro-APF on AMR signals is accordingly less significant. In this

sense, the cut-off frequency should be as low as possible.

Time-domain simulation is also done to study the influence of cut-off frequency
under multiple d-q frames scheme. Figure 3.21 shows the impact of cut-off

frequency @, on system performance under different control gains (virtual
impedances). In this sensitivity study, only cut-off frequency @, in the 9" d-q

frame is changed while those in the rest are maintained at 0.27 rad/s (0.1Hz).

It is obvious that the cut-off frequency ), has positive-correlation with its impact

on interharmonics, which is consistent with the analysis. According to Figure 3.21

(a) and (b), the impact of @, on the interharmonics is even much more significant
when @, >0.02n rad/s (fc > 0.01Hz). Unlike the interharmonics, cut-off frequency
@, almost has no impact on the dominant harmonic (540Hz) since the low-pass

filters enable the selected frequencies pass through with no attenuation. So in
Figure 3.21 (c), the curves will fluctuate around 0.26, 0.14, 0.06 and 0.03 for
R, =0.1Q,R, =0.05Q2, R, = 0.02Qand R, =0.01€2, respectively. Also, the value

can be approximately calculated by equation (3.16).
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Current at grid side (540Hz)
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Figure 3.21 Impact of cut-off frequency «, under different control gains (virtual

impedances) on system performance (base case). (a) Attenuation; (555Hz) under

different virtual impedances and @, . (b) Attenuationy (555Hz) under different

virtual impedances and @, . (¢) Impact on 540Hz (comparison of with/without

Micro-APF).

According to the results in Figure 3.16 and Figure 3.21, Attenuation;y) (555Hz)

values for wc =0.5rad/s and @, =0.3n rad/s are equal when R, =0.01Q and
R, =0.02Q), respectively. So low-pass filters with cut-off frequency @, can

conduct less attenuation for interharmonics compared with notch filters tuned at

wc=w, . Also, the advantage of low-pass filters is even more significant for

dominant harmonics (540Hz).

Additional case study is carried out when the 1% order low-pass filters are
replaced with 2™ order low-pass filters. Figure 3.22 compares the steady state
performance under different control gains (virtual impedances) and grid
impedances of these two cases. The cut-off frequencies of 2™ order low-pass
filters are the same with those of 1* order low-pass filters, i.e., 0.2m rad/s (0.1Hz).

It is clear that the results by using 2™ order low-pass filters is better than 1% order
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low-pass filters in terms of the steady state performance at both interharmonics

and dominant harmonics.
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Figure 3.22 Comparison of steady state performance under different control gains
(virtual impedances) and grid impedances by 1% order low-pass filters and 2™
order low-pass filters. (a) Attenuation; (555Hz). (b) Attenuationy (555Hz). (c)

Impact on 540Hz (comparison of with/without Micro-APF).

The above results can be easily illustrated by the frequency-domain responses of
1° order low-pass filter (@, =0.2m rad/s) and 2™ order low-pass filter (@, =02n
rad/s). In reality, although the steady state performance by 2™ order low-pass
filters is better than that by 1% order low-pass filters when they are tuned at the
same cut-off frequency, the fact that the higher order low-pass filters will lead to

slower dynamic response should not be neglected.
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Overall, no matter what scheme is adopted, the filters (notch filters in stationary
frame scheme and low-pass filters in multiple d-q frames scheme) will impact the
harmonics (dominant harmonics and interharmonics) together with control gains
(virtual impedances). According to the curves of Attenuation; y, in Figure 3.21,
the impact of control gains (virtual impedances) on interharmonics becomes more

prominent when @, rises to a certain level. Moreover, larger control gains (virtual

/
impedances) conduct smaller harmonic impedances at both dominant harmonics

and interharmonics. From the aspect of interharmonics, cut-off frequency @,
should be as low as possible; however, smaller , values will slow down the

dynamic response as well. So similar to the stationary frame scheme, trade-off
still exists when both steady state performance and dynamic response are taken
into consideration. So based on the above analysis, the recommended parameters

are as follows: @, =0.02n rad/s for 9" d-q frame, and o, =0.27 rad/s for other d-

q frames; virtual impedances R, =0.1Qand R, ,, =0.01Q.

Table 3.3 compares the advantages and disadvantages of the control schemes that

have been discussed in this thesis.

Table 3.2 Comparison of schemes discussed in this thesis

Compensation

Scheme Advantages Disadvantages

Control bandwidth cannot
meet the requirement and
selective compensation
cannot be achieved.

Only one high-pass filter is
UHC scheme used and the control is
relatively simple.

SHC scheme Seleptive compensatiop can be More notch filters are
(Stationary achieved and the requirement 1nV01'Ved‘and trade-off
Frame) for control be}ndw1dth is lower exists in terms of
compared with UHC scheme. | bandwidth of notch filter.
Compared with stationary Trade-off still exists in
SHC scheme frame, a simple first-order low- | {€rms of cut-off frequency
(Multiple d-q | pass filter is enough for each d- of low-pass filters and
Frames) q frame, and o, has less more computation 18

involved for multiple d-q

impact on dominant harmonics CONVersion.
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Overall, when steady state performance and dynamic response are both taken into
consideration, similar trade-offs exist in stationary frame control and multiple d-q
frames control, however, multiple d-q frames scheme is still recommended if the
time spent on computation is not substantial since results of dominant harmonics

will not be affected.

3.5 Summary

This chapter discusses the harmonic impedance of Micro-APF and its impact on
system performance. Firstly, a practical scenario is proposed to emphasize the
unique advantage of SHC scheme. From the mathematical and circuitry point of
view, qualitative analysis on harmonic impedance of Micro-APF and theoretical
explanation of the impact on system performance are carried out based on SHC
scheme. Sensitivity studies are implemented to study the factors that can influence
harmonic impedance. The schemes under stationary frame and multiple d-q
frames are compared in this chapter as well, and the theoretical analysis and time-
domain simulation results show that similar trade-offs exist in these two schemes
as far as the steady state performance and dynamic response are concerned. Based

on the case study in this chapter, @, =0.5rad/s (K. =1) is recommended for gth

notch filter, and the virtual impedances are chosen as 0.01~0.02Q2 for SHC

scheme under stationary frame; @, =0.02n rad/s is selected for the 1*" order low-
pass filter under 9" d-q frame while @, =0.2x rad/s for 1*" order low-pass filters

under other d-q frames in the control under multiple d-q frames, as for the virtual

impedances, the settings of R, = 0.1Qand R; .., = 0.01€Q2 are recommended.
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Chapter 4
Modeling and Analysis of Multiple Micro-
APF System

Micro-APF scheme for residential systems can effectively mitigate the harmonics
generated by customers’ houses and prevent them from flowing into the grid
through service transformers. Chapter 2 and Chapter 3 have discussed the control
strategies and harmonic impedance of Micro-APF respectively, and the results of
case study have shown that the existence of Micro-APF can lead to notable
decrease in terms of THD of grid current. The above case studies are carried out
for single Micro-APF case. In real distribution systems, each service transformer
can be equipped with a Micro-APF to mitigate the harmonics from all customers.
However, trade-off has to be made when costs and mitigation results are both
taken into consideration. Therefore, on the practical occasion, not all of the

service transformers are necessarily equipped with this mitigation device.

The major differences of multiple Micro-APF case from the single Micro-APF
case lie in the possible coupling and interference due to the devices at different
nodes. The coupling mainly reflects on the stability range of control gains
(virtual-impedance). Also, the harmonic distribution in the feeders may be
influenced due to the interference between the filters. In this chapter, stability
analysis and interference related studies for multiple Micro-APF case are
presented. To simplify the analysis, the feeders are assumed to be balanced and
decoupled, so only one-phase distribution line and the service transformers along

the line are involved when it comes to circuitry analysis or simulation.
4.1 System Modeling

This section describes the modeling for distribution feeders. As is shown in

Figure 4.1, a real distribution system usually consists of several feeders, and there
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are usually 10 or even more nodes along the distribution lines in a feeder. At each
node, the service transformers connected to the grid will convert three-phase
power to single-phase and achieve the voltage step-down for residential loads.
The Micro-APFs are installed at the secondary side of service transformers.
Norton equivalent model can simplify the circuitry analysis for a multiple Micro-
APF system. In Section 4.1.1, Norton equivalent model is built up based on single
Micro-APF case. Together with housing models in Section 4.1.2, more details on

multiple Micro-APF system modeling are discussed in Section 4.1.3.

3(D Distribution feeder 1
Dlstrlbutlon feeder 2
2] 3 .
| |
| | | | | |

EE

House 1 House 2 House n

Micro-APF

Figure 4.1 The typical topology of residential system
4.1.1 Norton Equivalent Model of Micro-APF

For a Micro-APF equipped at the secondary side of a service transformer, the
simplified equivalent circuit is shown as Figure 4.2, where the subscript ‘7’
represents the unique label of each filter. The filter is connected between two
phases of the service transformer, and the load in parallel represents residential

loads.
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Vg;‘id,,-li,i VF,i 1 C,liﬁ Rd,i VSC

Cdc,i

E——

Figure 4.2 Simplified equivalent circuit of the Micro-APF at secondary side of a

service transformer

As 1s mentioned in the previous chapter, equation (4.1) holds for the closed-loop

control diagram shown in Figure 4.3, and equation (4.2) can be obtained from
(4.1).

. BPF15
15

I,
1 1
G FS '( % ) 'E+R ] Zg

1I/R

‘ T

I~
%

Figure 4.3 Close-loop control diagram

IF,[ + L {[(1;1 + VF,iGZ,i - ]F,i ) GPR,i + VF,[ :| GPWM - VC,[} = ]C,[

L s
L iRr |=¥
C,i SC/-J- d,i C,i (41)
1
V., =V.)—=1I,.
( F.i C,Z)Lz’is F,i

Vgrid,i - (IL,,‘ + IF,i) Zg,i = VF )

l
H
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I.,=Y, V.. +G I (4.2)

eq,i eq,i” f,i

where

_ (1 + SCf,iRd,i)(GZ,iGPWM GPR,i + GPWM - 1) - Ll,in,iS2
Gy Gogy — Ly — Ly )1+ sC, R, ) - L L, C, 5°

2,i " f,i

G = GPR,iGPWM (I+ SCf',iRd,i)
o (Gpyas oy — Ly ys — Ly js)(1+ SCf,iRd,i) - Ll,iLZ,in,iS3

GZ,i = A Z GBPF/’,i /Rj,i

According to equation (4.2), the Norton equivalent circuit model can be expressed
as in Figure.4.4. Performance of (Y, ,,G,, ;) and the parameters of Micro-APF are
directly related. The control gains (virtual impedance) can influence the

performance of equivalent impedance, i.e., the admittance Y, ; in equation (4.2),

eq,i

as has been discussed in Chapter 3 while G

eq,i

is only affected by design

parameters of Micro-APF.

IF,t
O +
l @ |j }qu,i VF,[
i O —

G, 1

eq.i

Figure 4.4 Norton equivalent circuit
4.1.2 Housing Model

In North America, three-wire single-phase distribution transformers are most
commonly used to supply the residential and commercial customers. As shown in

Figure 4.5, the commercial loads or home appliances are supplied with a neutral
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and two hot phases and both of the two hot phases are 120V with respect to the

neutral, so it is 240V with respect to themselves.

PRIMARY(MV) SECONDARY/(LV)

Distribution
Substation

—

Distribution
Transformer
c N 7~ ">\ hot
N " o»
{ ENLeutral‘zOVi 1240V
\ /l S Load
' E A0V oy
l‘"/ hot

Figure 4.5 Power distribution system for three-wire single-phase feeding systems

Practically speaking, the home appliances in residential systems are randomly
connected in the circuits. Most appliances such as PC, microwave, fridge etc. are
connected between one hot wire and neutral, and the rest such as dryer are
connected between two hot wires. The constructed housing models are shown in
Figure 4.6, to simplify the analysis, all the home appliances except dryer are
assumed to be connected between hot wire 1 and neutral for housing model 1,
whereas the home appliances are connected between hot wire 2 and neutral for
housing model 2, and the two-phase appliances are connected between two hot
wires for both housing model 1 and housing model 2. A service transformer
supplies up to 10 houses in actual case, so the loads connected in secondary side

can be represented with lumped impedances in equivalent circuit.

Hot wire 1

J A
vl | @
A 3% s ¢ ; ®

Hot wire 2

House 1 House 2

Figure 4.6 Housing models in residential systems
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Based on the theoretical analysis in [34], the home appliances of an entire house
can be studied by single-phase circuit, as shown in Figure 4.7. All of the linear
home appliance impedances are paralleled as Ziy, and the nonlinear loads current
sources add up as a new harmonic source Inp. Actually, both Z, and Inp are
time-varying. But in this thesis, they can be assumed to be constant since only the
impact of Micro-APF and steady state performance are considered. Similarly, the
multiple-house model, as shown in Figure 4.8, is easily obtained based on the

above discussion.

total

— 1

7 Ck\ Non-linear
total ’
System @ ot | current source

Figure 4.7 quivalent circuit of single house

~) O O

System T
INLZ

)= ©)

System|

NLI1

House 1 House N |

House 2

Figure 4.8 Multi-house load model
4.1.3 System Analysis

Since the housing equivalent model has been established, together with the
Norton equivalent circuit for Micro-APF, they can simplify the circuit analysis for
the distribution systems. Figure 4.9 shows the simplified N-node distribution

feeder of the distribution system in Figure 4.1.
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Z X1 Node 1 Z X2 Node 2 Z)ﬁ\’ Node N

Cmp bR &

Figure 4.9 N-node feeder model

Apparently, each of the service transformers along the N-node feeder is not
necessarily equipped with such Micro-APF. So assume that Micro-APFs are
installed at nodes 1, 3...j...n. When referring the system in Figure 4.9 to the

primary side of service transformers, the equivalent circuit of such feeder model

can be shown as Figure 4.10, where Z,,,Z,,,...,Z,, are the line impedances,

Zy,Zy,,...,2,, are the equivalent impedances of service transformers referred to

AAAAA

,,,,,

APFs are (]F,i )i=1,...,N .

ZXl Node 1 ZX2 Node 2 ZXN Node N
1 1
—] —]

Vgr[d 1 Vgrid 2

&, Inmmwiw

Figure 4.10 Equivalent circuit of N-node feeder model
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If the service transformer at the /™ node is equipped with Micro-APF, then

{Vgrid,i - (]L,[ + IF,i) Zn = VF,[

- (4.3)
]F,i = qu,iVF,i + Geq,i]f,i
Otherwise,
Vgrid,i _[L,i Zy = VF,i
I =0 (4.4)
Fi—
For the i™ (i<N) node,
1 1 1 1 1 1
_—t—t— _  -——V  ——V ——TV_ =0 4.5
(ZXi ZXHI ZYZ) grid i ZXi grid i—1 ZXHI grid ji+1 ZYi F.i ( )
According to equation (4.3) and (4.4),
V.. vV . . —V..
I, +—t 0, =2 T (4.6)
Z, Z,

Assume there are k service transformers in total equipped with Micro-APFs, and
they are located at node number [1], [2]... [k]. Therefore, the compensation
currents of Micro-APFs can be calculated from the detected grid voltages and

generated harmonic currents by residential loads, as shown in equation (4.7).

IF,I Yg,l
I Y

S T R 2 B VA 4.7)
IF,k Y:g,k

where,

_ T
[Vgrid] = [I/grid,[l]fl > I/grid,[Z] ERLREE! Vgrid,[k] > Vgrid,[k]H ]

T
[]hL] = [IhL,U]»]hL,[z]»---a IhL,[k]]

69



Yg,i :[y17y2,---,yk+2]

1 Zy[i] .. 1
D ] =1—

Zyiy  ZrnLx

Zy; Zy; 1 1 1

i Y1i] + B . =i
Vi=vZrmlan Lrnxiwm Lo L L
1 Zy, :
- M =i+l

ZX[[]+1 Zf,[i]ZX[i]Jrl
0, otherwise

4.2 Stability Analysis

System modeling has been presented in Section 4.1, and this section will discuss
how to decide the minimum attainable virtual impedances for multiple Micro-

APF system. The N-node equivalent circuit model is firstly presented in 4.2.1.
4.2.1 N-node equivalent model
In the N-node/N-transformer system, as shown in Figure 4.11, assume

Z,, it Z,, isinfinite,1.e.,no filter
n(1<n<N) —

Z,, | Z, 1f Z,, isfinite,i.e.,with filter

VRn > VRn

X1 v, Zx v, Zn v

Zm3 2 CD[hl ZVR% Zis CDIM ZVRNg n CDIW

Figure 4.11 N-node system equivalent model under harmonics

So, there are N node-voltage equations.
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( V2, +V,
Zy Zn K VW,
A Zy, Zy, "
(Vz_Vl _V3_V2)ZY2+V2
Zx Zys +V2_V1_V3_V2:]
h2
Z, Zy, Zys
(Vz_Vi—l —VHl_Vi)ZYi-FV;
ZXz ZXi+1 4 i “ Vi K+1 _Vi =Ihi
Zz‘ ZX: Xi+1
VN _VN—I
ZXN +VN_VN1:IhN
Zy Zyy
They can be re-written as (4.9)
Jv=1I,
where
J:[jlajz’“-’jzv]r
T
j — (ZY1+ZI)(ZX2+ZX1)+ZX12X2 _ZY1+ZI O O
1 b 2 2
ZZy,Z, Zy,Z, N-2
j [0....0 Zyt+Z, Zy+Z)Zyn+Z)+ 2Ly ZytZ,
i(1<i<N) 9eees Vs H s s
i-2 ZXzZz ZXiZXi+lZi ZXi+IZi
i =10,...0 _ZYN+ZN ZW+ZXN+ZN]T
N 9 b b
N=2 Z)(NZN ZXNZN
Therefore,

v:J’llh
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0,...,0]"
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Also,

V.(s) -1

22— J7(s) (4.11)
]Im (S)

4.2.2 Typical Case Analysis

Typically, for a 2-node/2-transformer system, shown as Figure 4.12, equation

(4.12) holds according to equation (4.9).

Dlhz

Figure 4.12 Equivalent model of 2-node/2-transformer system under harmonics

(ZYI +Zl)(ZX2 +ZX1)+ZXIZX2 _ZYI +Zl
ZXIZXZZI ZXZZI |:I/l:|:|:1hl:| (412)
_ZY2+Z2 ZY2+ZX2+Z2 I/2 h2
ZXZZZ ZXZZZ

So
ﬁ _ 2Zy(Z,+ 2y, +Zy,)
Ihl ZIZZ +ZIZX1 +ZIZX2 +Z2ZX1 +leY2 +Z2ZY1 +ZXIZX2 +ZXIZY1 +ZXIZY2 +ZXZZYI +ZYIZY2
ﬂ _ 2,22, +2,)
Ih2 ZIZZ + ZIZXI + ZIZXZ + ZZZXI + ZIZYZ + ZZZYI + ZXIZXZ +ZXIZY1 +ZXIZY2 + ZXZZYI + ZYIZYZ
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ﬂ _ 2Zy(Z,+2y,)
Ly 22+ 22+ 2L+ 2L+ 22y + 2Ly + L Ly + L Ly + L Ly ¥ Lyn Ly + 2y Ly,
Y L\ Z 2+ L2y 4 L2y + 2y Ly + 21y 2y))

To simplify the analysis, some assumptions can be made here,Z,, =7, =27,

Z,=2,=2,,2,,=2Z,,=Z,and I, =1,, =1,, then

Z,+27 ,+27, Zy+Z, "
Z,Zy Z7Z, I, _ 1 @.13)
Zy+Z, Zy+Z,+Z, ||V, 1
2,72, 2,72, I,

Accordingly, if the designed parameters of filters are assumed to be identical and

the settings are the same as the previous chapters, at the same time Z, =R, +sL,

andZ, =R, +sL,, then

Vi(s) _ ZXZYZZ(S)+2ZXZI(S)ZZ(S)+Z)2(ZI(S)+ZXZYZI(S) (4.14)
L(s)  Z7+3Z, 2y + 23+ QL+ Z,)Z2\(8)+ (Zy + Z,)Zy () + Z,()Z,y(s)
V,(s) _ ZXZYZI(S)+(Z)2( +272,2,)2,(s)+3Z,Z,(s)Z,(s) (4.15)
1,(s) ZI% +32,Z, +Z)2( +(2Z +Z))Z\(5)+(Zy + Z,)Z,(5) + Z,(5)Z,(5) .
where
R, +sL,, without filter
Zy5(8) = (R, +SL,) 2y 5)(5)  with filter (4.16)
R, +sL, +ZVR1(2)(S)
(Gpyas Grr —LIS—LzS)(1+SCfRd)—LleC'fS3 @.17)

Z s)=
) (5) (1+5C R )G Gy G + Gy —1)—L1CfS2
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Apparently, as for the installation of Micro-APFs, two cases should be considered

here, i.e., transformer at node 1 (node 2) is equipped with filter (Z,(s) # Z,(s))

and transformers at node 1&2 are equipped with filters ( Z,(s) = Z,(s) = Z(s)).

When the service transformers at node 1 and node 2 are both equipped with

Micro-APFs, then

Z,+2Z,+2Z2  Z,+Z n
77 Z7 1 1
¥ X "= (4.18)
Zy+Z Zy+Zy+Z ||V, 1
ZZ, ZZ, I,
1(s) Z,+3Z,Z,+Zy+(B3Z,+2Z,)Z(s)+Z(s)’ '

1,(s) Z243Z,Z,+7Z>+(3Z, +2Z,)Z(s)+ Z(s)*
where

(R, +5L,)Z,,(s)

Z(s)=
R, +sL, +Z,(s)

So the stability analysis can be worked out for these two cases based on these
settings: R;=0.7757Q, L;=0.82283mH, Ryx=0.043Q, Lx=0.015mH, Ry=32.9221€Q,
Ly=0.0011H.

Figure 4.13 shows the minimum Ry for each dominant harmonic separately under
different compensation strategies. The minimum Ry for each dominant harmonic
can be calculated as well when Ry for the rest are assumed to be equal at several

typical values, and the results are shown in Figure 4.14.
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Figure 4.13 Minimum Ry for each dominant harmonic separately under different
compensation strategies
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Figure 4.14 Minimum Ry for each dominant harmonic under different
compensation strategies when Ry for the rest are assumed to be the same at
several typical values. (a) Micro-APF at node 1. (b) Micro-APF at node 2. (¢)
Micro-APF at node 1&2.
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By comparing the above results, it is apparent that the selection of installation site
does make a difference for this 2-node/2-transformer system. Overall, Micro-APF
installed at node 2 can achieve lower minimum R; than node 1, i.e., the Micro-
APF at node 2 has larger stability margin. For this 2-node/2-transformer system,
when the transformers are both equipped with filters, the minimum permissible
values for each harmonic is increased, i.e., compared with single Micro-APF case,

the stability margin is reduced.

A subjective guess holds that the number of filters can make a difference indeed
as far as the stability margin is concerned based on the above results. More

specific results will be presented in next section.
4.2.3 General Case Analysis

In an N-node/N-transformer system, assume each of the service transformers
along the line is equipped with a filter, which is for conservative concerns in
terms of minimum Ry. Also, the analysis in this section can provide an estimation

of permissible range of virtual impedance.
Equation (4.10) can be re-written as

1
—v=J"1,=KI, (4.21)

where

v=[Vl,V2,...,VN]T
J:[jlajz’-“’jzv]r

|24, +20)+2Z, Z,+Z
‘ zZ.Z zZ.Z

3
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. Z,+72 2Z,+72)+7Z Z,+7Z
.]i(l<i<N):[0"">0,_ ZY 7 s ( YZZ) X’_ é 7 509"'7 ]T
-2 X X X N—i-1
jN:[0’“"0’_ZY+Z’ZY+ZX+Z r
N-2 ZyZ ZyZ
IfK:{kl.j} , then
V N
2 =3k, (n=12,..,N) (4.22)
I, 3

According to equation (4.22), the transfer functions from /, to ¥ can be expressed

by the sum of elements in the n'™ row in matrix K. When n=3, the transfer

functions are as follows:

B 77 (627, +4Z (Z+Z,)+3Z° +Z; +3Z;]
 Z(5Z2+12Z,Z, +3Z2)+6Z, 22 +522 7, + 2+ 23 + 22+ Z*(6Z, +3Z,)
B ZZ ,N0ZZ, +5Z (Z+Z,)+5Z° +Z; +5Z;]
 Z(5Z2 +12Z,Z, +3Z)+ 62, L2 +522 7, + 2P + 72 + Z2 + ZH(6Z,, +3Z,)
B ZZ 12722, +5Z,(Z+Z,)+6Z° +Z; +6Z;]
C Z(5Z2 4127, Z, +3Z2)+6Z, L2 +522 7, + 2> + 7 + Z2 + Z*(6Z, +3Z,)

The transfer functions of V, /I, (n=3,...,N) in a N-node/N-transformer system can

be obtained by equation (4.21) and (4.22) as well, then the minimum Ry values
can be worked out. The curves in Figure 4.15 shows the minimum Ry for each
single harmonic varying with the number of nodes, and Figure 4.16 shows the
minimum Rv of each selected harmonic under different numbers of nodes in the
multiple-harmonic case, where control gains for the rest of harmonics are all kept
at Ri=0.05Q. From Figure 4.15 and Figure 4.16, it is obvious that the minimum Ry
for each harmonic goes up as the number of nodes increases, which means that
the stability margin is cut down. The minimum Ry for 3™ harmonic and 15"
harmonic are increased from 0.58mQ and 1.75mQ (N=1) to 0.89mQ and 2.02mQ

(N=10) respectively in the single-harmonic case, whereas the curves in multiple-
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harmonic case show a more significant upward trend, for example, the values of
3" and 15™ harmonics at N=10 are almost triple and double the values at N=1
respectively. For a 10-node/10-transformer system, if each transformer is
equipped with a filter, the attainable Ry value can be approximately as large as
4.2mQ and it should be pointed out that this is based on the condition “R=0.05Q
for the rest of harmonics”, which means that there is still enough stability margin

if virtual impedances for the dominant harmonics are all set 0.05Q.

34 =©~ 3rd harmonic
=H- 5th harmonic
-e- 7th harmonic
2 51| =\/= 9th harmonic
=£= | 1th harmonic
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-$— 15th harmonic ==
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I
\
0
i
1
|

—_

0.5

N=1 N=2 N=3 N=4 N=5 N=6 N=7 N=8 N=9 N=10
Number of nodes

Figure 4.15 Minimum Ry varying with number of nodes for each single harmonic
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Figure 4.16 Minimum Ry varying with number of nodes for each harmonic when

R;=0.05Q for the rest of harmonics
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Similarly, Figure 4.17 shows the results of minimum Ry for each harmonic when
R;=0.01CQ for the rest of harmonics. The attainable Ry value can be approximately
as large as 5.1mQ in the extreme case “N=10". So the stability concern is not an

issue if the virtual impedances are selected as 0.01~0.02Q2.

I I I
=©--3rd harmonic
=EF- 5th harmonic
5 =€-+7th harmonic

. ’/’
=¥ 9th harmonic /ﬁ
=£x-11th harmon?c *" P ’:/
47— =%+ 13th harmonic P *,» il
-XF- 15th harmonic /‘?' e -

minimumR, / mQ

N=1 N=2 N=3 N=4 N=5 N=6 N=7 N=8 N=9 N=10
Number of nodes
Figure 4.17 Minimum Ry varying with number of nodes for each harmonic when

R;=0.01Q for the rest of harmonics
4.3 Interference on Harmonic Compensation

Section 4.2 has discussed the attainable range of virtual impedances for multiple
Micro-APF case. Another concern is interference on harmonic compensation

between the filters installed at different sites.

For a 2-node/2-transformer system, equivalent circuits of the three cases, i.c.,
filter at node 1, filter at node 2 and filters at node 1& 2 are shown in Figure 4.18
[43].

It is clear that the impedances of Z, and Z, are much higher than the impedance of

filter at harmonic frequencies, so if the transformers are equipped with a filter,
most of the harmonic current generated by residential loads will flow through the
filter branches, i.e., Zyr; and Zygry. For example, in the case “filter at node 17,

most of /y; will be absorbed by Zyr;, and I, will flow through nodes 1 and 2. The
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case “filter at node 2” will see the similar results. But for the case “filter at nodes
1&2”, most of I, and Iy, will be absorbed by Zygr; and Zyg, respectively, and the
harmonic current flowing through nodes 1 and 2 can be significantly reduced. As
a result, the harmonic content in V; and V; are also greatly brought down.
Apparently, Z, increases as harmonic frequency goes up, at the same time the
virtual impedance is unchanged, so the difference between virtual impedance and

Z, increases. This leads to significant absorption of harmonic by the filter

Y

branches. Therefore, the grid voltage/current will be less polluted as well.

D1

D]hZ

(c)

Figure 4.18 Equivalent circuits of (a) filter at node 1, (b) filter at node 2 and (c)
filter at nodes 1 and 2

Time domain simulation is done by Matlab/Simulink for this 2-node/2-tranformer
system. The line parameters and settings of transformers are the same as previous
section. As for the housing models, the equivalent branch of impedance in parallel

with current source is involved. Table 4.1 shows the initial line current data at
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secondary side of transformers. The three different cases, i.e., filter at node 1,

filter at node 2 and filters at node 1& 2, are studied by time-domain simulation.

Table 4.1 Initial line current data at secondary side of transformers

fund 3rd 5th 7th 9th 11th 13th 15th

Mag. | 143.044 | 4.258 | 6.545 | 3.634 | 0.686 | 2.165 | 0.629 | 0.289

Ang. | -21.8 135.8 | 106.7 | -173.2 | -22.8 176.8 87.6 0.5

The ratio of harmonic content between “transformer with filter” and “transformer
without filter” for /gi¢, /1 and I, can directly demonstrate the above analysis.
Figure 4.19 shows the ratios of /g4, /1 and I with/without filter for the case “filter
at node 1”. It is obvious that with the existence of filter at node 1, the harmonic
content in /; is significantly reduced, whereas the harmonic content in /, remains
unchanged. Overall, harmonic content for each harmonic in /; shows a downward
trend as the virtual impedance value Ry goes down. Accordingly, the harmonic
content in grid current /g is also continuously decreased until Ry is small enough,
for example, when Ry=0.01€Q, the harmonic content in /; almost achieves 0 while
the harmonic content in grid current /yq 1s reduced by 50% of the value before
filter is equipped at node 1, and in this case, the harmonic current mainly
originates from /,. Exactly the same results (as shown in Figure 4.19) can be
obtained for the case “filter at node 2”. As for the case “filter at node 1&2”, the
percentages of harmonic reduction in /; and /; are almost the same as the single
filter case, but the reduction in grid current /4¢ is doubled due to the reduction in

both /; and 1.

According to the curves representing /, in Figure 4.19, it is not difficult to
conclude that filters at different sites mainly absorb the harmonics generated by
the adjacent residential loads. They hardly compensate the harmonics flowing
through other nodes, i.e., a filter installed at one site will be responsible for the
harmonics generated by all of the houses that the service transformer supplies.

The existence of service transformers can decouple the interference on harmonic
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compensation due to the extreme contrast between the impedances of

transformers and distribution lines.
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Figure 4.19 Ratios of /g4, /1 and /> after/before compensation for the case “filter

atnode 17

Based on the above analysis and simulation results, it is clear that distributed
compensation, i.e., the case “filters at node 1&2” for a 2-node/2-transformer
system, is a good option in order to achieve ideal mitigation result in terms of the
grid current. However, the case for line voltage is more complicated. Figure 4.20
compares the line voltage at node 1 and node 2 under different compensation

strategies for Ry =0.05Q.

It is obvious that terminal compensation, i.e., Micro-APF at node 2, can achieve
better mitigation results in terms of line voltage compared with distributed
compensation strategy. The contrast between these two strategies is even more

significant for line voltage at the terminal (node 2).

82



Line volatge at node 1

B Micro-APF at node 1&2
0.7H|EMicro-APF at node 1
i Micro-APF at node 2

Line volatge at node 2

B Micro-APF at node 1&2
| E=Micro-APF at node 1
B Micro-APF at node 2

=
%o

e
]

=
o
=
(=]

<
[
=
n

o
)
o
W

=
&)

=
[*]
Comparison of relative content
=)
.

Comparison of relative content
[=]
.

=]
—
=
—_

: : : LE
Ith 13th 15th THD 3rd

O3/ 5th 7th Sth 1

(a) (b)

Figure 4.20 Ratios of harmonic content and THD of V; and V, after/before
compensation under different strategies. (a) Line voltage at node 1. (b) Line

voltage at node 2.

Figure 4.21 shows the THD ratio of /4iq with/without filter varying with number
of nodes that are equipped with filters in the 10-node/10-transformer system. The
curves under different Ry values are obtained by time-domain simulation with the
same settings as the 2-node/2-transformer system. Unlike the previous study, a
virtual impedance branch is used to replace the converter link for each filter in
this 10-node/10-transformer system. Actually, the harmonic content of /giq is the
highest compared with the currents flowing through other nodes. It is obvious that
when Rv<0.05Q, as long as 50% of the transformers (5 out of 10 for this 10-
node/10-transformer system) are equipped with filters, THD of the grid current

Iyriq can be reduced by 50% after installation.

In order to achieve a fair comparison, when the total harmonic compensation
current (rating of Micro-APF) is maintained equal for different compensation
strategies, Figure 4.22 compares the two compensation strategies for the 10-
node/10-transformer system, i.e., distributed compensation and end of feeder
compensation (Micro-APF at the terminal/node 10 only). It is obvious that end of
feeder compensation is better in terms of voltage damping throughout the feeder

compared with the distributed compensation in terms of THDvy along the line.
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For an N-node/N-transformer system (N>=3), assume m (m is a certain value and
m<N) nodes/transformers are equipped with filters, the selection of installation
sites will not influence the harmonic content of /¢ (MV transformer side) under
a certain virtual impedance value, but it will affect the harmonic damping for
voltage along the feeder line. For low order harmonics, end of feeder
compensation is recommended in order to achieve more significant voltage

damping results [43].
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Figure 4.21 THD ratio of /¢ with/without filter varying with number of nodes
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Figure 4.22 THDv throughout the feeder under different compensation strategies
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4.4 Summary

In this chapter, the situation of multiple Micro-APF is studied. First of all, the
stability of a multiple Micro-APF system is investigated. For simplified purposes,
Norton equivalent circuit and housing models are involved for distribution feeder
systems. The stability analysis based on an N-node equivalent circuit model is
carried out. It is usually not the case that all of service transformers in a feeder are
equipped with Micro-APFs with economic consideration. However, an
assumption is made in this chapter that 100% of transformers are equipped with
filters due to a conservative estimation for the permissible range of virtual
impedances. The results show that for a 10-node/10-transformer feeder, the
stability can be ensured if virtual impedances are selected as 0.01~0.02Q2, and

there is still enough stability margin for this value.

In addition, the interference on harmonic compensation is discussed. The time-
domain simulation results show that the service transformers can decouple the
interference due to the significant contrast between the impedances of transformer
and distribution line. So each Micro-APF will do local compensation, however to
improve the damping of harmonic voltage along the distribution line, Micro-APF
toward the end of feeder is recommended. Actually, the existence of capacitors in
real distribution feeders may lead to possible resonance. This resonance will

further affect the distribution of harmonic voltages along the feeder.
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Chapter 5

Conclusion and Future Work

5.1 Conclusion

This thesis proposes a Micro-APF-based harmonic mitigation scheme for
residential systems. Unlike the traditional MV active power filters, the proposed
Micro-APF is specifically designed for the distribution system in North America.
It can be connected between the two hot wires of the secondary side of service
transformers. As the two hot phases are 120V with respect to the neutral, this
Micro-APF is a type of LV active power filter (240V). The virtual-impedance
based Micro-APF can exhibit low impedances under harmonic frequencies to sink
harmonics from other branches while behaving as open circuit under fundamental
frequency. As far as the control scheme is concerned, the Micro-APF in this thesis
is voltage-detection based. According to the harmonic voltage extraction
approaches, two compensation schemes, i.e., universal compensation and
selective compensation are both discussed in Chapter 2. Stability analysis is

involved for the decision on permissible range of virtual impedances.

Aimed at the specific industrial concern that the AMR signals (interharmonics)
should be not filtered out together with the unwanted harmonics if this Micro-
APF is involved, impedance features of Micro-APF branch is discussed in
Chapter 3. Case study for factors that may influence the impedance features, i.e.,
system impedance and notch filters, are carried out under stationary frame.
Theoretical analysis shows that trade-off exists in the harmonic impedance of
Micro-APF branch as far as mitigation performance is concerned. In addition to
stationary frame control scheme, case study under multiple d-q frames control is
implemented as well. Similar trade-off can be concluded for multiple d-q frames
scheme, i.e., the cut-off frequency of LPFs should be as small as possible for

interharmonics, but this is at the expense of dynamic response.
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Chapter 4 focuses more about system level study and the equivalent circuit model
for feeders is employed to simplify the circuitry analysis. The equivalent circuit
model consists of Norton equivalent circuit model for Micro-APF branches and
housing model for residential loads. Based on stability analysis, the permissible
range of virtual impedances can be conservatively estimated by the assumption
that all of the transformers in a specific feeder are equipped with Micro-APFs.
The interference on harmonic compensation is analyzed as well. Time-domain
simulation is carried out to verify the analysis. The results show that the service
transformers can decouple this interference as long as the difference between the
impedances of transformer and distribution line is large enough. Although
distributed compensation can achieve good performance for the grid current,
Micro-APF toward the end of feeder is recommended considering the damping of
harmonic voltages along the distribution line. Time-domain simulation results
show that the voltage harmonics along the feeder vary with the positons of Micro-

APFs.

5.2 Future Work

Based on the research in this thesis, the following future work is suggested:

Firstly, this work assumes that “three-phase feeders are balanced” is involved as
the prerequisite in this thesis. So under this condition, the analysis in Chapter 4 is
based on single-phase. In realistic distribution systems, the numbers of
transformers connected to each phase of distribution lines are usually different,
and the VA rating for transformers are not equal in most cases, which depends on
the loads they supply. Therefore, the analysis and simulation based on identical
parameters can only provide a rough estimation and qualitative study, and a case-

by-case model is needed in order to get accurate results for a specific feeder.

Secondly, the inference discussed in Section 4.3 focuses on the impact of Micro-
APFs on grid current flowing through the MV transformer side. Although it has

been proved that the service transformers can decouple this interference, the
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harmonic distribution along the line is not discussed in this work. Also, the
resonance may be involved for the voltage along the distribution lines when
Micro-APFs are installed at some certain nodes. So extended work can be done

for the harmonic distribution of voltages and currents along the distribution lines.

Thirdly, the designed parameters of Micro-APF and case study in the whole thesis
are based on theoretical analysis and simulation. So more work should be done in

future as for hardware implementation and field tests.
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