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Abstract

The increasing utilization of power electronic loads in today’s homes is a growing concern for
utility companies due to the increased harmonic distortions. The harmonic problem is further
complicated by the harmonic resonance introduced by other system components, such as the power
factor correction (PFC) capacitors. At the same time, power industry is experiencing a paradigm
shift as more renewable energy based distributed generation (DG) systems are being connected to
the power distribution network. These DG systems are connected to the grid through DG-grid
interfacing inverters which can be used to address the harmonic issue utilizing the available
apparent power rating from the interfacing inverters.

To ensure proper utilization of the available DG rating, this thesis discusses interfacing
converter control method that actively mitigates the harmonics in residential distribution systems.
The first objective is to determine the harmonic compensation priorities for DG converters in a
given distribution system, considering harmonics load locations, PFC capacitors etc. To realize
this objective, this thesis conducts an in-depth investigation of different control methods of VSI
for power quality improvement. Then a modal analysis based approach is proposed to determine
compensation priorities for different harmonics and at different distribution system nodes to
improve harmonic compensation performance. The second objective of this thesis is to develop
harmonic compensation functions on DC converters that can consider harmonics compensation
priority, aggregated available DG ratings, loads, etc. To do so, a priority driven G-S droop based
selective harmonic compensation scheme is proposed in this thesis that assigns compensation

priorities on DGs with different ratings and operating at different distribution system nodes.
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Chapter 1

Introduction

1.1 Renewable Energy Based Distributed Generation

Distributed generation is the term used when electricity is generated from renewable energy
based small-scale (typically 1 kW — 50 MW) sources, near the point of use instead of centralized
generation sources like traditional power plants. The concept of many small scale energy source
based DGs dispersed over the grid gained a considerable interest in the recent time. International
Energy Agency (IEA) lists five major factors [1] those contributed to this evolution. They are,
developments in distributed generation technologies, constraints on the construction of new
transmission lines, increased customer demand for reliable electricity, liberalization of the
electricity market and concerns regarding the climate change. Vast majority of these DG units
operate as grid connected microgeneration units and the number is significantly increasing with
the increasing number of residential DG installations. Sitting between microgeneration and utility-
scaled centralized generation are microgrids. A microgrid typically consist of multiple DG units
those are situated in the midst of a dense load center and supplies electricity to those loads. The
DGs those operate as microgeneration units are typically grid connected while DGs in the
microgrid can be connected to the main grid and can also operate in the islanded mode.

Although there has been a significant growth of DGs in the recent time, the proliferation of
generation sources that are small in scale but potentially significant in the aggregate, and whose
operation may not be directly under utility or grid operator control, adds challenges to grid
operation. For example, at higher penetration levels, distributed resources can affect reliability.
Additionally, DG-grid interfacing converters can cause voltage fluctuations [2], transient
disturbances [3] and other conditions that detrimentally affect power quality and impact customers
adjacent to the DG source. Also, the DG-grid interfacing converters may introduce harmonics into
the power system and cause additional power quality concerns [4]. At the same time, these DG-

grid interfacing converters are also able to improve the system efficiency and power quality if



designed and controlled properly. To realize this function of DG, besides the primary purpose of
real power generation, many ancillary services, such as power factor compensation, voltage
support [5], flicker mitigation [6], system harmonic compensation [7-9], unbalance voltage
compensation [ 10], etc. can also be provided through the DGs whenever there is sufficient apparent
power rating available. Doing so is feasible as most of the time these inverters are not running at
their maximum rated power due to the intermittent nature of renewable energy [11]. Moreover,
peak demand in residential areas does not occur at the same time as the peak renewable energy
generation. Therefore, when power quality compensation is needed, rating from the renewable
energy based DGs are usually available to provide the ancillary services [11, 12]. As a result,
utilizing these available rating effectively to ensure optimal power quality improvement
performance is an important research topic that should be addressed properly.

Taking this into account, this work aims to optimize the power quality improvement
performance of renewable energy based distributed generation units in a residential distribution
system. Since PV energy based distributed generation systems are most common in the residential
distribution system and worldwide growth of renewable power generation is mainly driven by
solar PV growth, this thesis particularly focuses on power quality improvement using PV based

DG systems.

1.2 Harmonics in Today’s Power System

Typical power system and its components are designed as AC system which operates with pure
sinusoidal voltage and current. Ideally, utility companies should provide electric power to the
consumers through 50/60 Hz sinusoidal voltage and current waveform. But the proliferation of
non linear and power electronics switched residential loads are causing harmonic distortion in the
grid voltage and current [14]. Harmonic producing residential loads like TV, compact florescent
light (CFL), personal computer, laptop, washing machine etc. are distributed across the power
distribution system and inject harmonic currents at every node. At the same time, many countries
are placing lighting and appliance standards at a very high priority. As a result, more replacement
of such appliances into energy-efficient ones is expected in the next few years. Although their
individual harmonic current contribution to the distribution system is insignificant, the wide spread
use of such energy efficient appliances contributes a significant amount of harmonic current to the

grid collectively [15-17]. As a result, the harmonic distortion in the urban area is significantly



increasing as the residential load is increasing [18-21]. This is an alarming situation as the
harmonic polluted grid voltage and current may cause a number unwanted effects such as increased
loss and vibration of electrical machines [22], transformer overheating [23], premature aging of
the distribution transformers [24]. The distorted voltage and current waveform on the distribution
grid may cause voltage and current stress on power cables which may lead to dielectric failure
[25]. The distribution grid usually contains power factor correction capacitors (PFCs). This PFCs
can introduce series and parallel resonances in the distribution grid which can even amplify the
harmonic levels and make the distortion even worse [26]. At the same time, increased harmonic
current flow may cause dielectric loss and thermal stress when they flow through PFCs as PFCs
have low shunt impedance at high-order harmonics. They may cause excessive stress on the PFCs
and eventually lead to failure of PFCs [27]. This high level of harmonic distortion also causing
telephone interference in the residential distribution system [28].

The modern power electronic based residential loads are introducing harmonic related power
quality concerns and at the same time, the use of such appliances will only see growth in the
coming days. As a result, the harmonic problem in the distribution system will only increase with
time which has raised a widespread concern. Since the use of modern power electronic residential
loads can not be avoided, a number of previous works tried to address this harmonic related power

quality issue.

1.3 Harmonic Compensation in the Power Distribution System

Harmonic mitigation approaches in the power distribution system can be classified into two
main categories: harmonic mitigation at the source and harmonic mitigation at harmonic
transmission path [29]. To mitigate the harmonics at the source, design of electronic devices can
be improved so that they produce less harmonics. However, this approach can not be used for the
existing devices in distribution systems. So the installation of harmonic compensation devices at
the distribution system is more suitable to address the harmonic problem. There are two major
types of harmonic compensation techniques based on the harmonic mitigation mechanisms, i.e.,

the traditional passive harmonic mitigation techniques and active harmonic mitigation techniques.

1.3.1 Passive Harmonic Mitigation Techniques



There are a few passive harmonic mitigation techniques available to reduce the level of
harmonic pollution in an electrical network, such as connection of series line reactors, passive
harmonic filters etc. In these methods, the undesirable harmonic current is prevented from flowing
into the grid by either by implementing a high series impedance to block the flow of the harmonic
current or diverting the flow of harmonic currents by creating a parallel path with low-impedance.
The use of series AC line reactors, which essentially is an inductor, is a common and economical
means of reducing harmonics. For example, line reactor at the input rectifier of a motor drive
system reduces harmonics. Passive harmonic filter (PHF) involves series or parallel connection of
a tuned LC and high-pass filter circuit and forms a low-impedance path for a specific harmonic
frequency. The filter is connected in parallel or series with the electrical distribution line to divert
the tuned frequency harmonic current away from flowing back to the grid which eliminates a single
harmonic frequency. Such L-C passive filters based PHF are widely used to achieve the harmonic
suppression and to improve power factor. There are mainly two categories of passive power filters,
i.e., tuned filters and high-pass filters depending on their structure. Although PHFs have many
advantages such as design simplicity, high efficiency, no control link requirement, ease of
maintenance, etc., there are still many drawbacks in practical design and applications [30-33]. For
example, the increased cost involved to install PHFs is a significant barrier. A single tuned PHF
can mitigate only a single specific harmonic frequency. So additional PHFs are needed to address
different harmonics. The harmonic elimination performance of a PHF largely 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 PHF to suppress harmonics will be reduced
as the PHFs are tuned to specific frequencies. When parallel-connected PHF is connected further
upstream in the power network, higher cost accumulates due to the losses in the conductors as they
carry harmonic currents. When PHF is series connected with the load, the losses in the filter itself

due to the higher series impedance increases.

1.3.2 Active Harmonic Mitigation Techniques

Active harmonic reduction techniques uses active power filters (APF) and improves the power
quality by injecting equal and opposite current or voltage distortion into the network which cancels
the original distortion. APFs uses power electronic switches, e.g., insulated gate bipolar transistors
(IGBT), to produce output current of the required shape such that when injected into the AC lines,

it cancels the grid harmonics.



Contrary to passive harmonic mitigation techniques, active harmonic mitigation techniques are
more flexible in a number of ways, e.g., the impact of the variation of system harmonics and
impedances. The active harmonic mitigation techniques present no risks of introducing additional
resonance in the system and dynamic compensation can be realized (compensating different
harmonic frequencies). Due to all these advantages, active harmonic mitigation techniques have
become one of the most effective means to suppress harmonics and eliminate distortion in voltage
and current waveforms in the electrical power system.

The APF control strategies play a very important role on the improvement of the performance
and stability of the filter. Contrary to their passive counterparts, APFs contain energy storage
elements at the DC link side of the inverters. These elements are usually DC inductor or DC
capacitor. Based on the energy storage element present in APFs, it can be of two types, current
source inverter based APF and voltage source inverter based APF. The controller of the APFs
generates its reference current in two different ways. The first method uses different methods, e.g.,
fast Fourier transforms (FFT), sliding discrete Fourier transform (SDFT) etc., to calculate the
amplitude and phase angle of each harmonic present in the load current. The APF is then controlled
to produce current of equal amplitude but opposite phase angle of specific harmonic order(s). The
second method of control is referred to as full spectrum cancellation. Here the controller removes
the fundamental frequency component from the load current and operates the APF to inject the
inverse of the remaining waveform which cancels the distortion.

APFs could be classified as parallel or series APF according to the circuit configuration which
is shown in Figure 1.1. In case of the series APF, the controller detects the instantaneous supply
current (/5) and extracts the harmonic current (/). the active filter applies the compensating
voltage Vapr (= —K Isn) via the interfacing transformer. This results in a significant reduction in
the supply harmonic current (/;;), when the feedback gain K is set to be high enough. In case of
the parallel APF, the controller detects the instantaneous load current (/1), extracts the harmonic

current (/zx) and draws the compensating current 7, (= —/h).
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Figure 1.1. (a) Series and (b) shunt active power filter (APF).

Although the active harmonic mitigation techniques can overcome the shortcomings of passive
techniques, this method is expensive due to the dedicated high performance control and power
electronic devices used solely to compensate harmonics. Moreover, the effectiveness of this
method is limited to the capacity of the APF and cost rises notably with the increasing capacity.
On the other hand, renewable energy based DGs are connected to the grid via interfacing inverters.
These interfacing inverters can be controlled properly to provide different ancillary services
including harmonic compensation. When DG interfacing inverters are used to compensate
harmonics, it eliminates the need of separate APF hardware installation and ensures the maximum
utilization of the available rating of the DG. As a result, the control of DG-grid interfacing inverters

to compensate harmonics have received a lot of research interest recently.

1.4 DG-Grid Interfacing Converter

Typically, the DG units are connected to the electrical network via interfacing inverters. e.g.
PV and fuel cell system produce DC voltages at the output and they require DC/AC inverters to
AC grid integration. Micro-turbines and wind turbine systems produce variable frequency AC
output and they will need AC/AC (typically with front end AC/DC rectifier and grid side DC/AC
inverter) for AC grid connection. Various topologies of inverters can be classified broadly into
two main types, namely voltage source inverter (VSI) and current source inverter (CSI).

When the input current of an inverter is maintained constant, it is called current source inverter
(CSI). In a current source inverter, the DC current is kept constant with a small ripple using a large
inductor, thus forming a current source on the DC side. CSI based DC-AC interfacing converters
are not very popular in DG grid integration. But there have been used in PV, fuel cell and battery
storage where the boost capability of CSI converter enable single stage DC/AC conversion instead
of the two stage DC/DC+DC/AC conversion.

When the input DC voltage of an inverter is maintained constant, it is called voltage source
inverter (VSI). In a voltage source inverter, the input DC voltage is kept constant with small ripple
using a large capacitor, thus forming a constant voltage source on the DC side. VSI based interface

has been dominantly used in DG grid integrations.



When the DG is interfaced to the grid, fast dynamic response is desired. Hence, VSIs are
mostly used to interface DG with the grid which can be controlled properly to provide additional
ancillary services. Control mechanisms of the VSIs are mainly of two types, namely current control
method (CCM) and voltage control method (VCM).

The control can be realized in synchronous frame, stationary frame or natural frame. In
synchronous reference frame control, a frame transformation is used to transform the input current
and voltage signals into a reference frame that rotates synchronously with the grid voltage. As a
result, sinusoidal voltage and current quantities become DC quantities. This type of control is also
referred as dg frame control. As the input voltage and current signals are converted into DC
quantities, it offers the benefit of easier filtering and controlling. Also, the phase of the voltage and
current remain unaffected after being filtered since they are DC quantities. In stationary reference
frame control scheme, a frame transformation is used to transform the input current and voltage
signals into a reference frame that is stationary using an abc-of3 frame transformation module.
Since the reference frame is stationary, the transformed voltage and current signals are also
sinusoidal. As the input qualities are sinusoidal in this case, a PI controller fails to remove steady
state error when controlling such sinusoidal signal. To control such waveform, proportional
resonant (PR) controllers are used. In case of PR controllers, the gain at the resonant frequencies
is very high and consequently they remove any steady state error between the reference and
feedback signals. In case of natural frame control scheme, three separate controllers are employed
for each phase. For natural frame controllers, usually nonlinear controllers such as hysteresis and
dead beat controllers are used. The performance of such controllers improves with increase of
switching frequency. With the advancement of power electronics technology, this control scheme

1s becoming more attractive to implement with DSP and FPGA.

1.4.1.1 Voltage Control Method (VCM) of VSI

For autonomous islanded microgrid applications where DG-grid interfacing VSI has to provide
direct voltage support, voltage control method of VSI are used [34-36]. To enable load sharing in
an islanding microgrid with multiple DG units, VCM of VSI usually employs V-f droop control.
To implement V-f droop control, real power-frequency droop (P-f) and reactive power-voltage
magnitude droop (Q-E) is usually adopted. Here, the DG interfacing converter is controlled to

behave like synchronous generators. An advantage of this method that the DG units that are



controlled to emulate synchronous generator, can also collaborate with real distributed

synchronous generators. A VCM based VSI control scheme is shown in Figure 1.2. Here the VSI

is connected to the PCC with an LCL filter. The capacitor voltage of the LCL filter is controlled

to integrate the DG system to grid.
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Figure 1.2. Voltage control method (VCM) based VSI control scheme

Although VCM based VSI has the unique application in islanding microgrid operation, this

method does not have any direct control of inverter line current which is essential to provide

ancillary services with DG. In [37], a novel method to compensate harmonics using the VCM

based VSI is proposed based on the virtual impedance concept.

1.4.1.2 Current Control Method (CCM) of VSI

Figure 1.3 illustrates the configuration of a CCM based DG-grid interfacing VSI. The CCM

based VSIs are adopted for most grid connected DG systems.
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As illustrated, the fundamental reference current (If") is obtained from the power control loop.
The real power reference can be produced using the maximum power point tracking like in a wind
or a photovoltaic system, the maximum system efficiency control like in a fuel cell system, or the
command value from a microgrid energy management center. The reactive power command can
be produced from voltage support requirements. If unity-power-factor injection from a DG is

desired, this reactive power command can be simply set to zero.

1.5 Distribution System Harmonic Compensation Using DG

As mentioned earlier, due to the limitations of passive harmonic mitigation techniques and
APFs and with the significant advances in power electronics technology, distribution system
harmonic compensation using DG has been gaining a lot of attentions recently. Due to the
dispersed nature of DG installations across the distribution system, DG-grid interfacing converter

can be used to compensate harmonics in two scenarios.

1.5.1 Compensation of Harmonic Current from Local Load

Figure 1.4 shows an interfacing converter with a local nonlinear load connected to the output
terminal of the LCL filter. When the interfacing converter just injects real power to the grid without
any harmonic compensation, the inverter output current is sinusoidal. As a result, the harmonic
current from the local load flows to the grid side. In the presence of line impedance, this distorted
line current distorts line voltage along the distribution feeder. On the other hand, this local load
harmonic current can be absorbed by the interfacing converter which will make the line voltage

and current distortion free.
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Figure 1.4. Local non linear load harmonic compensation

To realize this task, an accurate detection of the local load harmonic current and a rapid
tracking of the harmonic current reference in the interfacing converter are important. Figure 1.5
shows a diagram of the local load harmonic compensation scheme in an interfacing converter.
First, the local load current is measured and a digital filter is used to extract the harmonic
component. Various types of digital filters have been proposed in literature, e.g., Fourier
transformation based detection method [38], instantaneous real and reactive power based detection
theory [39], a second-order generalized integrator (SOGI) [40], detection method based on delayed
signal cancellation [41] etc. In the inner current tracking loop, the local load harmonic current
component is used as a reference (I;;) while wide bandwidth controllers such as proportional and

multiple resonant (PR) controllers, a deadbeat controller, etc., can ensure rapid current tracking.
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Figure 1.5. Control scheme of local load harmonics compensation

1.5.2 Compensation of Distribution System Voltage Harmonics

As shown in Figure 1.6, when the DG is connected to a distribution grid where non linear loads
are dispersed across the system, it is difficult to measure the non linear load current. In such
scenario, DG-grid interfacing converters are utilized to actively improve the voltage quality of a
power distribution system via harmonic voltage detection at the point of common coupling (PCC).
To do so, the harmonic voltage at the PCC (Vpcc) is extracted and used as a reference to control
the DG unit as a small damping resistor at those selected harmonic frequencies [42]. The emulated
small resistors provide paths for the flow of load harmonic current and indirectly improve the

quality of the PCC voltage. These emulated resistors are called virtual resistances.
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The control diagram of PCC harmonic voltage compensation is shown in Figure 1. 7. The main
difference between the control diagram shown in Figure 1.5 and 1.7 is the harmonic current
reference generation block. When a DG unit is deployed to compensate PCC voltage distortion,
the harmonic current reference is generated from the PCC harmonic voltage (Vpcc 1). Accordingly,

the interfacing converter behaves as a damping resistor at those selected harmonic frequencies.
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Figure 1.7. Control diagram of PCC voltage harmonics compensation using DG

Traditionally, emphasis is put on the even sharing of harmonic compensation workload among
different DGs when multiple DG units are connected in the distribution system. But depending on
the location of the distribution system components, power factor correction capacitors (PFCs), non
linear load etc., compensating harmonics at some specific location of the distribution system may
provide better result. So far, this issue has not been addressed properly in the literature and there

is a promising scope to greatly improve the compensation performance.
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1.6 Research Objectives

Main objective of this thesis work is to improved distribution system harmonics compensation
performance using the DG-grid interfacing converters. As discussed earlier, the wide spread use
of power electronics based energy-efficient appliance is contributing a significant amount of
harmonic current to the grid collectively and as a result, harmonic distortion in the electrical grid
of the residential area is rapidly increasing. At the same time, renewable energy based on PV
sources saw record additions in the recent years [13]. A significant portion of this PV growth was
due to the rising popularity and declining cost of residential rooftop solar PV which be utilized to
mitigate the power quality concerns introduced by these residential loads. Therefore, in this work
the residential distribution system is considered and the PV inverters are adopted for the study. For
distributed harmonics compensation using DG-interfacing converters, there are two main
challenges which are needed to be addressed properly:

1) How to determine the compensation priority of different DG converters, particularly
considering the distribution system harmonics resonance and DG converter available rating
for harmonics compensation.

2) How to implement the harmonic compensation control in the DG converter that can
adaptively adjust the converter’s compensation priority without communicating with other
DC converters.

To address these two issues, the following objectives are considered in this work:

e Review and compare different VCM and CCM based interfacing converter control schemes
in terms of system harmonics compensation performance. This study and comparison is
necessary to determine which control strategy can generate better performance from
ancillary services (harmonics compensation) point of view.

e Determine harmonics compensation priority for DG converters in a given distribution
system, considering locations of harmonic loads and PFCs. This compensation priority will
be determined for different harmonics and at different nodes on a radial residential
distribution system to facilitate selected harmonic compensation.

e Develop harmonics compensation scheme using DG-grid interfacing converters that can

consider harmonic compensation priority, aggregated available DG rating for harmonics
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compensation, loads, etc. while ensuring that the scheme can be easily implemented

without the need of constant communication among DG converters.

1.7 Research Contributions and Thesis Layout

The research in this thesis aims to develop a coordinated control of the DGs operating at
different locations of the distribution system that can compensate system harmonics and ensure
the effective use of available DG rating. To do so, two priority driven selective harmonic
compensation schemes based on modal analysis is developed, discussed and verified in this work.
A summary of the research contributions in each chapter is listed here.

Different control methods of VSI for power quality improvement are investigated in Chapter
2. Two alternative DG control methods, namely current controlled DG and voltage controlled DG
are considered. Then harmonic compensation strategies using both these methods are investigated.
A comparative study of those harmonic compensation strategies is presented to identify the
strength and weakness of each method. The study identifies that while the current control method
can only operate in the compensation mode, voltage control method can operate in three different
modes namely compensation, rejection and uncontrolled mode. Since most grid connected DG
systems use current controlled VSI and this thesis focuses on residential power quality
improvement, the analysis on different current control methods is then extended. When current
control methods are used, the VSI acts as a current source within the current loop bandwidth of
the current controller. The stability and dynamic performance variation of different closed-loop
control schemes are then discussed. To do so, a criteria is proposed in this chapter that facilitates
fair comparison of different closed-loop current control method for a VSI with output LCL filters.
Effect of system parameter variation on their stability is also investigated and verified. Simulation
and experimental results are provided to support the findings of this chapter.

Chapters 3 and 4 address the harmonics compensation priority determination. Particularly, two
popular harmonics compensation strategies are evaluated and compared in Chapter 3 — end of line
and distributed. To address the harmonic problem in the distribution system, different variations
of end-of-line and distributed harmonic compensation schemes are proposed in literature. While
these methods are very different from each other, both methods were claimed to be the better
compensation scheme in different literatures. Chapter 3 mainly focuses on identifying the effects

of the DG locations on harmonic compensation performance by investigating different
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compensation schemes and identifying the reason behind the conflicting claims about
compensation performance. An analysis was carried out using state space model of an N node
distribution system which is then extended to include the resonance effects introduced by power
factor correction (PFC) capacitors. This analysis then identifies the compensation method that
should be used under different grid condition by proposing the idea of a crossover frequency that
separates effective compensation methods to different frequency zones. The effects of capacitor
size, line impedance, and length on the introduced crossover frequency were also analyzed in this
chapter. All these observations were verified using time domain simulation of an 11 node
distribution system.

Distributed harmonics compensation is identified as superior strategy in Chapter 3, particularly
when harmonic resonance occurs due to PFC in the distribution system. While Chapter 3 presents
a guideline to assign harmonic compensation priorities on DGs, the considered possibilities are
end-of-line or distributed compensation where distributed compensation scheme is implemented
utilizing same virtual resistance for all DGs and at all frequencies. This is a simplified case of
distributed compensation which assumes that DG is available at each distribution system nodes
and each DG have the same rating. Chapter 4 further improve the work through the study of the
compensation priority of DG converters. A selective harmonic compensation scheme based on
modal analysis is proposed to assign compensation priorities on DGs operating at different
distribution system nodes for improved compensation performance. The method proposed here
improves the system level performance as the priority values are identified considering the location
of each DGs in the distribution system. A modeled residential distribution system containing
distribution components such as distribution line, PFC capacitors, transformers and household
appliances along with DG units is used to verify the improvement of compensation performance.

In order to implement the harmonics compensation strategies to the DG converters, a droop
based harmonics compensation implementation scheme is proposed in Chapter 5. To implement
the selective harmonic compensation scheme proposed in Chapter 4, the virtual resistances of DGs
at different locations are controlled for improved compensation performance. But controlling DG
harmonic current may cause overrating and the direct virtual harmonic tuning in Chapter 4 is not
a very straightforward way for DG harmonic compensation level control. To address these issues,
a novel priority driven G-S droop based selective harmonic compensation scheme is developed in

this chapter to assign compensation priorities on DGs with different ratings and operating at
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different distribution system nodes. This method uses a droop relationship between the harmonic
conductance and VA consumption of each individual inverter, to ensure over current is avoided
automatically. The droop characteristic of different DG inverter is designed according to the
compensation priority level as developed in Chapter 4.

Finally, the conclusions of the research and future work recommendations are presented in

Chapter 6.

15



Chapter 2

Opportunities for Power Quality
Improvement using DG-Grid Interfacing VSI

2.1 Introduction

With the increasing concerns on conventional energy costs, energy security and greenhouse
gas emissions, the energy industry is experiencing fundamental changes as more and more
distributed energy resource based distributed generation (DG) units are being connected to the
gird. These DG systems are seen as a means for facilitating climate friendly renewable energy
sources (RES) and to enable efficient use of electricity. This increased penetration of DG
introduced a number of challenges, such as harmonics, protection interference, voltage regulation
problems, etc [43]. As a result, the power quality as well as power regulation requirements are
becoming more stringent as have already been reflected in a few grid codes. IEEE 1547 [44] and
its recent series of application guidelines require that the total demand distortion (TDD) of
harmonic current injection by the DG into the grid should be less than 5% (individual harmonic
lower than 11th should be less than 4% and the even order harmonics should be even lower than
half of this number). A DG unit of more than 250kVA rating must have the provision for
monitoring its output power and voltage at the point of connection. A DG unit should be
disconnected from the grid within 0.16s in a grid voltage quality event (e.g. under grid frequency

or voltage variations). Besides the IEEE standard for interconnecting the DER with power system,

Publication out of this chapter:
J. He, Y. Li and S. Munir, "A Flexible Harmonic Control Approach through Voltage Controlled DG-Grid
Interfacing Converters," IEEE Transactions on Industrial Electronics, vol.59, no.1, pp.444-455, Jan. 2012.
S. Munir, J. He and Y. Li, "Comparative Analysis of Closed-Loop Current Control of Grid Connected Converter
with LCL Filter", in Conf. Rec. IEEE International Electric Machines and Drives Conference (IEMDC'11),
Niagara Falls, pp 1678-1683, 2011.
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there are also many country-wide DG interconnection standards, which specifies similar
requirement regarding the DG current harmonics and the ability to disconnect itself from the grid
in case of a disturbance. As a result, although maintaining good power quality is the responsibility
of the utility, it has become a difficult task with the increasing use of unbalanced loads, nonlinear
loads and sensitive loads in today’s distribution system. For example, IEEE 519 [45] requires that
the utility should make sure the voltage total harmonic distortion (THD) at the point of common
coupling (PCC) with each customer be less than 5%, with individual harmonic voltage less than
3% which is a difficult task with all the non linear loads present in today’s distribution system.

On the other hand, while the DG interfacing converters may introduce harmonics into the
power system and cause power quality concerns, they are also able to improve the system
efficiency and power quality if designed and controlled properly. To realize this function of DG,
besides the primary purpose of real power generation, many ancillary services, such as power
factor compensation, voltage support [46], flicker mitigation [47], system harmonic compensation
[48-50], unbalance voltage compensation [51], etc. can also be provided through the DGs
whenever there is sufficient apparent power rating available. Furthermore, with the recent
development of smart grid and microgrid concepts, and the associated advancement of
communication, instrumentation and control techniques for power electronics interfaced DG
systems, systematically controlling the DGs to improve the distribution system power quality is
becoming be a very promising topic. Most of these power electronics interfaced DG systems use
voltage source inverters (VSI) as the interfacing inverter. The control mechanism of the VSI is
mainly of two types, namely current control method (CCM) and voltage control method (VCM).
In this chapter, both control methods are considered first and the associated power quality
improvement strategies by compensating harmonics are discussed. The observations obtained
from the study of these two methods for harmonic compensation is validated using simulation and
experimental results.

Since most grid connected DG systems use current controlled VSI, the analysis on different
current control method is then extended in this chapter. The current control schemes of VSI can
be classified into two groups: (a) Direct error tracking control with PWM, and (b) Closed-loop
feedback control. The first group of control methods is based on direct current error control and
includes predictive control [52], hysteresis control [53], parabolic PWM [54] etc. The drawbacks

of these methods, such as system parameter sensitivity or variable switching frequencies, have
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limited the use of these methods to some extent. The second group of control methods includes
single-loop [55, 56] and multiple-loop feedback control [57, 58]. The closed-loop current control
can also be classified as single current sensor feedback and two sensors feedback. Generally, the
closed-loop feedback method eliminates many drawback of the direct error tracking control, but
its stability and dynamic performance is limited due to the low bandwidth of the current control
loop especially for single-loop control. This low control loop bandwidth is mainly due to the output
LCL filter resonance. To overcome this problem, split capacitor method referred as LCCL method
is presented in [56]. But this control method requires capacitor with specific calculated values
which is difficult to obtain practically and requires physical change of capacitors in case of line
parameter variation. To overcome this problem, weighted average control referred as WAC is
proposed in [57] which eliminates LCL resonance and increases controller bandwidth. The WAC
is essentially a single-loop control with combination of inverter and grid side current feedback. On
the other hand, with two current feedbacks, a double-loop feedback control is introduced in [58].
To have a clear understanding of the performance differences from different control schemes and
the reasons behind it, this chapter conducts a comparative analysis of closed-loop current control
methods of grid connected VSI with LCL filter. To facilitate a fair comparison among different
control methods, a comparison criteria is proposed first. The analysis of different controllers are
then carried out according to the proposed criteria and the effects of LCL filter parameter variation
on system stability due to the presence of LCL resonance is then investigated. Comparative
analysis results are explained using the recently proposed generalized closed-loop control (GCC)
platform [59]. Simulation and experimental results of different VSI control systems are also

presented to support the findings of comparative analysis.

2.2 Current Controlled DG

Many grid-connected DG systems (such as PV systems) adopt the current control method
(CCM) for the interfacing inverter, where the DG output current is synchronized with the grid
voltage, and the current magnitude is generated through the output power control.

The idea of PCC voltage quality improvement using the current controlled grid-connected
inverter has been reported in [49, 50]. This method functions by controlling the DG as a shunt
active power filter (APF) where the DG absorbs the harmonic current from the nonlinear loads,

leaving an improved source current and PCC voltage with low THD. One way to achieve this is to
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control each DG as an R-APF [18], where the grid side voltage is measured and the harmonic
components are extracted to produce the reference harmonic current for a DG (I, = V; »/Ry) ,
and therefore the DG acts as a small resistance (R;) only at the harmonic frequencies.

The block diagram of the power quality improvement method with current controlled
interfacing inverter is shown in Figure 2.1. As illustrated, the fundamental reference current

magnitude (If) is obtained from the power control loop, where the real power reference can be

produced from the maximum power point tracking (MPPT) like in a wind or PV system, the
maximum system efficiency control like in a fuel cell system or from the command value of the
energy management center. The reactive power command can be produced from the voltage
support or load power factor compensation algorithms. If unity power factor injection from a DG
is desired, this reactive power demand can be simply set to zero. To improve the transient
performance, a current magnitude feedforward loop can be added, where the feedforward current
is calculated from the reference power and grid side voltage magnitude. With the grid voltage
angle information from a phase-locked-loop (PLL), the reference inverter output current
synchronized to the fundamental grid voltage can be obtained. In order to properly compensate the
grid side voltage harmonics, and at the same time to avoid any conflicts with the primary function
of real power injection of a DG system, the reference harmonic current generation and the current

control loop need to be carefully designed.
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Figure 2.1. Interfacing inverter control scheme for current controlled DG.
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Traditionally, the harmonic components and fundamental component are separated by using
low pass or high pass filters in either the stationary or synchronous frames [61]. However, this
filtering usually introduces magnitude and phase errors in the extracted signals, which
subsequently leads to inaccurate compensation performance. On the other hand, it is also important
to avoid high order harmonic tracking due to limited current control bandwidth (usually, tracking
of harmonics higher than 13" is difficult with an inverter operated at around 2 kHz switching
frequency). The inaccurate control may introduce amplification of these harmonics, or even lead
to instability of the system. With the above considerations, selected compensation of the most

significant low order harmonics in a system (such as 5, 7% 11™) would be more appropriate.

\Y%

G;»

>

Figure 2.2. SDFT for fundamental and harmonic component extraction.

To selectively extract the harmonics, resonant filters are used in [50]. However, the resonant
filter has sudden change of phase angle at the resonant frequencies, which means that slight
variation of the resonant frequency may introduce substantial phase error in the extracted signals.
To accurately extract the harmonics, the sliding discrete Fourier transform (SDFT) was used in
this work [20]. The SDFT features a sliding window and can be easily implemented in a DSP for
real time calculation. The z-domain transfer function for the #” harmonic can be descried as,

1—2z7N
Gsprr = N (2-1)
1—-e N Z71
where N is the number of samples in one fundamental period, and % is the harmonic order. The
implementation diagram of the SDFT is illustrated in Figure 2.2. Note that with SDFT, the grid
voltage fundamental component (h = 1) can also be extracted and it is used for the grid
synchronization of the current control scheme.

Once the harmonic voltage is obtained, the harmonic current reference can be produced by

using the desired virtual resistance R;. Here, the value of R, will affect the compensation

performance. Generally, a smaller R, gives better compensation, but tends to reduce the system

stability. Additionally, the value of R, should also be determined according to the available rating
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of'a DG, to avoid any conflict of the primary function of real power generation. This control of the
Ry, according to the DG’s available rating can be realized through an adaptive control algorithm

[49] or simply by an integral controller.
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Figure 2.3. Closed-loop current control diagram.

Finally, the DG reference current can be obtained by adding the fundamental reference from
power control loop and the harmonic current reference. The DG output current closed-loop control

scheme is shown in Figure 2.3 where I3 and Ipg_qg are the a-f frame DG reference and feedback

currents respectively. For good fundamental current tracking and harmonic current control, a
current controller based on parallel P" resonant controllers (at fundamental frequency and the

harmonic frequencies of interest) and used [63, 64]:

ZKithhS
Ge=Ke+ ) i

¢« P S2 + 2weps + w? (2-2)
h=15,7..

where wy, 1s system fundamental and harmonic frequency, we, is the cut-off bandwidth at each
frequency, K 1s the integral gain at each frequency, and K), is the proportional control gain at all
frequencies. To further improve the damping and stability of the control loop, an inner filter
inductor current feedback loop with proportional controller is also added as shown in Figure 2.3.
It should be noted that if the distributed line impedance is very small, and DG is connected to the
grid with an LCL filter (or with a coupling transformer), the grid side voltage measured for
harmonic compensation is very close to PCC voltage, and therefore remote measurement is not

necessary for this compensation scheme.

2.3 Voltage Controlled DG

While the current controlled DG is mostly employed for grid connected inverters, the voltage
controlled DG can also be used [65, 66]. The voltage control method (VCM) produces seamless
transient if a DG is to be operated in intentional islanding mode, as VCM is necessary in the

islanding operation to provide voltage and frequency support for the microgrid.
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Figure 2.4. Interfacing inverter control scheme for voltage controlled DG.
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Figure 2.5. Equivalent circuit of DG-grid system with voltage control.

The block diagram of the power quality improvement method with current controlled
interfacing inverter is shown in Figure 2.4 while the equivalent circuit of a DG-grid system with
VCM is shown in Figure 2.5, where the DG is described as a controlled voltage source Vpg and a
DG impedance Zpg, and the grid is represented as a voltage Vv and a grid impedance Zgria. The
PCC nonlinear load is shown in the middle as a harmonic current source and passive loads. If the

DG harmonic voltage is controlled as,

Vpg(s) = =GVs(s) (2-3)
the equivalent harmonic impedance can be accordingly expressed as,
ZpGeq = Zpc/(1+ G) (2-4)

where Vg(s) is measured voltage after the DG impedance Zpg(s). Similarly, considering the
low line impedance, it is valid to assume that V(s) is the PCC voltage.
From the above analysis, it is obvious that by properly controlling the DG output voltage with

a feedback gain of G, the harmonic impedance at DG side can be scaled down by a factor of (1+G)
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and therefore it can be substantially lower than that at the grid side. As a result most of the
nonlinear load current can be absorbed by the DG, leaving an improved grid current and the PCC
voltage. Obviously, a higher G value will further reduce the PCC voltage harmonics. With G=0,
the DG will be a standard voltage controlled DG unit without any compensation. This is in contrast
to the current controlled method, where the whole DG system is controlled as a resistor R, at the
harmonic frequencies.

Furthermore, if desired, this method can also control the DG output current with low harmonics
and better THD. This can be done by using a negative feedback gain (-/<G<0), and therefore the
DG output impedance will be increased at the harmonic frequencies. As a result, the PCC harmonic
voltage will be amplified comparing with conventional voltage controlled mode. Actually, if DG
harmonic current can be properly attenuated with a negative G, the performance will be the same
as current controlled DG unit. Therefore, with different system compensation requirements or DG
operation objectives, the value of G can be controlled adaptively (with a theoretical range from -1
to ). Since a high value of G tends to make the system unstable, a practical top limit of G is
around 10-20. Finally, it is important to note that G should not be less than -/, as this will introduce
capacitive equivalent impedance, which may induce some system resonance. In this work, G>0 is
named harmonic compensation mode and G<0 is named as harmonic rejection mode.

This control strategy is implemented as shown in Figure 2.4. Similar to the CCM control
method, a SDFT block first separates the fundamental and the harmonic components of the PCC
voltage. The fundamental voltage is used for grid voltage synchronization and DG output real and
reactive power calculation, while the harmonic components are used for the inverter reference
harmonic voltage generation. In the control scheme, the real and reactive power control block
produces the fundamental reference of DG voltage while the active harmonic control block
generates the reference harmonic voltages. The power control can be realized by using the droop
control [65-67], where the reactive power control should be updated by using a PI controller to

remove any control errors [66, 67].
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Figure 2.6. Active harmonic control algorithm.

The active harmonic control is illustrated in Figure 2.6. As discussed before, this control block
can operate at compensation, rejection or uncontrolled mode. To avoid over-rating operation and
possible conflict with the primary function of power control, a control algorithm named “available
DG rating detection and compensation gain adjustment” is added. By using either the adaptive
controller [49] or a simple integral controller [50], this algorithm adjusts the value of K, which
subsequently changes the effective gain used for each harmonic. To achieve optimal
compensation, the feedback gain G for each harmonic components is not necessarily to be the
same. Generally, G is lower for high order harmonics. Note that for harmonic rejection mode, Gx

= -] for all the harmonics.
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Figure 2.7. Muli-loop voltage control diagram.

The final multi-loop DG voltage control block is shown in Figure 2.7, where the parallel P*
Resonant controller for fundamental and different harmonic components are used as the outer loop
voltage controller, and the inner current loop uses the filter inductor current feedback and a

proportional controller (K).
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2.4 Comparison between CCM and VCM

While both VSI control methods can effectively control the DG output real and reactive power

and compensate the PCC harmonic voltage, a further comparison of both methods gives the

following conclusions:

Without harmonic compensation, CCM pushes all the harmonic currents to the grid side.
Leading to polluted PCC voltage due to harmonic voltage drops on source impedance. To
the contrary, even without harmonic compensation, the voltage controlled DG shares the
nonlinear load current with the source according to their respective impedance. This leads
to better PCC voltage compared to CCM.

With PCC harmonic compensation, the CCM works as a shunt low resistance (R-APF) to
absorb the harmonic currents. In case of multiple DG systems, this method ensures that the
harmonic current flowing to each DG is of the same phase angle even different Rh is used
for different DG units, meaning that no circulating current exist among DG units. However,
harmonic components extraction without phase shift is very important here, as any phase
error (such as those can be introduced by the resonant filters) will lead to inductive or
capacitive impedance in series with R, causing the circulating current among DG systems.
When VCM is used for multiple DG systems, since each DG will act as an impedance of
Zpc/(1+G), the harmonic current flowing into each DG is related to Zpg and G for each
DG unit. Seemingly causing circulating current among DGs, a further look into this issue
reveals that the harmonic impedance Zpg is mainly inductive (even for directly coupled
DG without grid side inductance, the line impedance will be inductive at harmonic
frequencies). As a result, the harmonic current circulation among DG unit is not a real issue
with VCM, as long as the harmonic reference can be generated without phase error.
Considering that a DG system may operate in grid connected mode and intentional
islanding mode (to form a self contained microgrid), the VCM has the advantages of
seamless control transition, since the same control scheme can be used for both operation
modes. In contrast, the CCM has difficulties in islanding operation, as it is not directly

controlling the load voltage and frequency.
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e The VCM is more flexible with compensation, rejection and uncontrolled modes, where
the harmonic reject operation essentially gives similar performance as the current control

method.

2.4.1 Simulation and Experimental Results

Both these harmonic compensation strategies were compared using Matlab/Simulink
simulation and experimentally on a 5 kVA grid connected DG system. The system parameters
used in the simulation and experiments are almost identical and are listed in Table 3.1. In the
simulation and experiment, the nonlinear load at PCC is a diode rectifier with parallel connected
capacitor (/000 uF) and resistor (25 Q) at the dc side. Table 3.1 lists the parameters used for
simulations and experiment.

Table 2.1. System Parameters in Simulation and Experiment.

Parameters Simulations Experiments
Grid voltage 104V, 60Hz (3 phase) 104V, 60Hz (3 phase)
DC link voltage 260V 260V
DC link capacitance Ideal DC source 1900uF
LC filter L =25mH, C=40uF L =25mH, C=40uF
DG Impedance R=1Q L =25mH R=1Q, L =5mH
Grid impedance R=1Q,L=25mH R=1Q,L=5mH
Switching frequency 12kHz 12kHz
Power reference P*=300W, Q*=125 Var P*=120W, Q*=75 Var

2.4.1.1 Current Control Method

The current controlled interfacing inverter is first tested in the simulation with the 5™ and 7%
harmonic compensated. Figure 2.8 and 3.9 show the performance of current controlled DG without
implementation of the PCC voltage harmonic compensation. As can be seen from Figure 2.8, the
DG output current has no harmonics (as it is only controlled to produce real and reactive power),
and the nonlinear load current is supplied through the grid. As a result, the PCC voltage is distorted
due to the harmonic voltage drop on the grid impedance. As illustrated in Figure 2.9, the PCC
voltage has a THD of 10.22%.
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The situation with PCC voltage harmonic compensation is shown in Figure 2.10 and 2.11. As
expected, by acting as a low resistance R; at the harmonic frequencies, the DG unit absorbed most
of the nonlinear load currents, leading to an improved grid current and PCC voltage as shown in
Figure 2.10 (a) and (b). As shown in Figure 2.11, the low order harmonics of PCC voltage are
significantly reduced, which results in a THD of 2.5%.

Figure 2.8. Current controlled method without harmonic compensation: (a) PCC phase

voltage, (b) grid current, (¢c) DG current.
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Figure 2.9. Harmonic analysis of PCC voltage under current controlled DG without harmonic

compensation (THD =10.22%)
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Figure 2.10. Current control method with harmonic compensation: (a) PCC phase voltage,

(b) grid current, (c) DG current.
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Figure 2.11. Harmonic analysis of PCC voltage under current controlled DG with harmonic

compensation (THD =2.50%)

2.4.1.2 Voltage Control Method

The voltage controlled DG and different compensation modes are also tested in the simulation,
and the results are shown in Figure 2.12 to 2.15. Figure 2.12 and 2.13 show the results without any
harmonic compensation, i.e. the DG unit is controlled with pure sinusoidal output voltage (Figure
2.12(b)). In this case, the DG and grid equally share the nonlinear load current as seen from Figure
2.12 (c¢) and (d). As a result, the PCC voltage is distorted due to the nonlinear current flow on the
grid impedance. Figure 2.13 shows that the PCC voltage has almost 6% 5th harmonic and the THD
1s 6.72%.

To improve the PCC voltage, the harmonic compensation is implemented (with Gs=12,
G7=12, G1;1=5). As the DG output impedance at harmonics frequencies is reduced by a factor of

(1+Gp), the DG unit absorbs most of the load nonlinear current as can be seen in Figure 2.14(d).
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As a result, the grid current and PCC voltage are improved. As shown in Figure 2.15, the 5th
harmonic voltage at PCC is reduced to about 1.5% and the THD is reduced to 2.42%.

Finally, the harmonic rejection mode is tested and the results are shown in Figure 2.16 and
2.17. As expected, with G=-1, the DG output current is controlled to be sinusoidal (Figure 2.16(d))
due to the very high DG impedance at harmonic frequencies. In this case, the grid will provide all
the nonlinear load current, and therefore the grid current and voltage are further distorted. The
PCC voltage has 8% Sth harmonic, and the THD is 10.08% as shown in Figure 2.17. As expected,
this performance is similar to the current control mode without PCC harmonic compensation.
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Figure 2.12. Voltage control method without compensation: (a) PCC phase voltage, (b) DG
phase voltage, (c) grid current, (d) DG current.
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Figure 2.13. Harmonic analysis of PCC phase voltage under voltage controlled DG without

harmonic compensation (THD =6.72%)
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Figure 2.14. Voltage control method with harmonic compensation: (a) PCC phase voltage,

(b) DG phase voltage, (¢) grid current, (d) DG current.
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Figure 2.15. Harmonic analysis of PCC voltage under voltage controlled DG with harmonic

compensation (THD =2.42%)
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Figure 2.16. Voltage control method with harmonic rejection: (a) PCC phase voltage, (b) DG
phase voltage, (¢) grid current, (d) DG current.
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Figure 2.17. Harmonic analysis of PCC voltage under voltage controlled DG with harmonic

rejection (THD =10.08 %)

2.4.1.3 Experimental Verifications

Experiments are also conducted on a 5kVA grid connected DG system to verify the
observations. In the experiment, a three-phase programmable power supply is used to represent
the grid, and the three-phase DG system is controlled with a DSP-FPGA system. In the experiment,
the 5th and 7th harmonics are compensated. The experimental parameters are listed in Table 2.1,
and the results are shown in Figure 2.18 to 2.20.

The performance of uncontrolled mode (without harmonic compensation) is shown in Figure
2.18, where it can be seen that the DG and grid share the nonlinear load current. Since the DG real
and reactive power references is smaller in the experiment (Table 2.1), the grid current contains
higher fundamental current. Without harmonic compensation, the THD of PCC voltage and grid
current is 10.5% and 16.9% respectively.

When PCC harmonic compensation is implemented, the DG absorbs the nonlinear load current
and as a result, both the source current and PCC voltage are improved as shown in Figure 2.19. In
this case, the THD of PCC voltage and grid current is improved to 5.2% and 7% respectively.

Finally, for the harmonic rejection mode, the DG output current is controlled to contain very
few harmonics as the DG output impedance is increased significantly at harmonic frequencies. As
a result, most of the nonlinear load current is supplied through the source and the PCC voltage is
further deteriorated. With harmonic rejection, the THD of PCC voltage and grid current is 15.3%
and 26.3% respectively. Note that the increase of harmonics compared to simulations is introduced

by using higher DG and grid impedance in the experiment. This is shown in Figure 2.20.
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Figure 2.18. Voltage control method without harmonic compensation: (a) DG line voltage

(200V/div), (b) PCC line voltage (250V/div), (c) grid current (5A/div), (d) DG current (5A/div).
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Figure 2.19. Voltage control méthod with harmonic compensation: : (a) DG line voltage

(200V/div), (b) PCC line voltage (250V/div), (c) grid current (5A/div), (d) DG current (5A/div).

Figure 2.20. Voltage control method with harmonic rejection: : (a) DG line voltage

(200V/div), (b) PCC line voltage (250V/div), (c) grid current (5A/div), (d) DG current (5A/div).
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2.5 Feedback Methods of Current Controlled VSI
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Figure 2.21. DG-Grid interfacing inverter with LCL filter

Figure 2.21 shows DG-grid interfacing inverter with an LCL filter. Here, V; is the inverter
output voltage and V7 is the grid voltage. The DG is connected to the grid with an LCL filter or
with an LC filter with output coupling transformer. The LCL filter is mainly used for decreasing

switching ripple originated from the inverter. The impedance components of the LCL filter are,

Zl - R1 + L1$ (2'5)
Z; = Ry + (1/Cys) (2-6)
Zg - R3 + L3S (2'7)

According to the equivalent filter system, transfer function of DG output voltage (V;) and

currents (/;, I> and /3) would be,

G /V) = (Zy+ Z3) (212, + Zy 25 + Z374) (2-8)
GUx/Vy) = Z3/(Z1Z, + Z,Z5 + Z3Z4) (2-9)
GU3/Vy) = Zy/(Z1Z, + Z,Z5 + Z3Z4) (2-10)

In literature, these current feedbacks are used in different configuration for inverter control.
Single current sensor feedback control system includes conventional single-loop and split
capacitor inverter control system. Two current sensors feedback system includes WAC, multiple-
loop with inductor current (/) feedback and multiple-loop with capacitor current (Ic) feedback

inverter control system.
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2.5.1 Inverter Control with Single Current Sensor

2.5.1.1 Conventional single-loop inverter control:

Conventionally, LCL filter output current is used for single-loop inverter control as shown in
Figure 2.22. In such cases, the resonance of the output LCL filter affects the control loop gain.

Due to the resonance, the controller bandwidth decreases and gain becomes limited.

Zl I1 I3 Z3 { !

7,

Figure 2.22. Equivalent circuit of single-loop inverter control
Here the open-loop transfer functions of the VSI system is,
Gori, = Gpr "M - G(I3/V1) (2-11)

where, M is modulation and Gpz is proportional resonant (PR) controller shown in (2-12).

G, = K, + Z 2Kin®ens (2-12)
pro P s2 4+ 2weps + w?
h=1,3,5,7....

where wy, 1s system fundamental and harmonic frequency, w.; is the cut-off bandwidth at each
harmonic frequency, K;; is the integral gain at each harmonic frequency, and Kp is the proportional

control gain at all frequencies.

The controller gain range of (2-10) is limited due to the resonance introduced by the LCL filter.
The Bode plot of the open-loop transfer function (2-10) without the current controller is shown in
Figure 2.23. As shown in Figure 2.23, the resonance amplitude peak limits the control loop gain.

Due to this limited gain, usually the controller cannot track reference correctly.
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s \
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Figure 2.23. Open-loop Bode plot of the single-loop controlled system.
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2.5.1.2 Inverter control with LCCL feedback:

To overcome the bandwidth limitation of single-loop inverter controller, split capacitor current
feedback is presented in [56] and referred as LCCL method. In this method, capacitor of LCL filter
is split into two parts and current flowing between them is used as feedback of the controller. With
properly designed capacitor values, this method eliminates the resonance problem and increases
the controller bandwidth. Figure 2.24 shows the LCCL feedback method.

I 1 I3 Z3 PCC Z4

4

Energy —1+ I+/ I
source / T Z1oad

Figure 2.24. Split capacitor current feedback system.

With properly selected values of Zc; and Zc», transfer function of inverter output voltage (V)
to feedback current (/;2) becomes G(1;2/V;)=1/Ls. Here L is the total inductance in Z; and Z;. Then

the open-loop transfer function becomes,
GOL,LCCL = Gpr M- G(I,/V;) = Gpr M - (1/Ls) (2-13)

Now it can be seen from (2-13) that the resonance problem is eliminated by transforming the
inverter control system into a first order system. But this method requires capacitor with specific
calculated values which is difficult to obtain practically. Moreover in case of line parameter

variation, this method requires physical change of capacitors.

2.5.2 Inverter Control with Two Current Sensors

2.5.2.1 Inverter control with WAC feedback:

In [57], a new control method with weighted feedback is presented as shown in Figure 2.25.
This method removes LCL resonance problem and at the same time eliminates specific valued

capacitor and physical change of capacitor requirement of LCCL method.
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Figure 2.25. WAC feedback system.

In this method a weighted average of the inverter and LCL filter output current is used as

feedback. From Figure 2.25, the feedback current /r can be written as,
Gl wac/Vi) = (1= B) - GU1/V)) + B - GU5/Vy) (2-14)
If, L = L;+Ls and y = L /L then (2-14) becomes,

(1-p){(1 —y)LCs? + R,Cs + 1} + B(R,Cs + 1)
y(1 —y)LCs3® + R,LCs? + Ls

G(If,WAC/VL') = (2-15)

If, p=1-y then feedback to inverter output voltage transfer function becomes G(If,WAC /

Vi) =1/Ls.AsG (If'W ac/ Vi) is converted into first order equation eliminating resonance problem

and open-loop transfer function becomes (2-16).

GOL,IWA(; =M- Gpr ) G(If,WAC/Vi) =M- Gpr - (1/Ls) (2-16)

2.5.2.2 Multiple-loop inverter control with I1 and Is feedback:

The first multiple-loop inverter control configuration uses inverter output (/;) and filter output
current (/3) feedback as shown in Figure 2.26 [58]. This feedback method is referred as inductor

current (/) feedback system.

- . -
PR
Energy —3 +
source | 1] \_/* Z, YTIZLoad

Figure 2.26. Multiple-loop inverter control with /; and /3 feedbacks.
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In this inverter control method, LCL filter output current (/3) is used as feedback in the outer
loop of the current controller while the inverter output current (/;) is used as feedback in the inner
loop of the current controller. Furthermore, a proportional controller (K.) is also used in the inner

loop. Now from Figure 2.26, the feedback current /rcan be written as,
If,11 = Il/GpT+I3 (2-17)
Then the open-loop transfer function of inverter controller becomes,

Govy, =M+ Gy - K. - {GU1/V)) /Gy + GU3/V))} (2-18)

2.5.2.3 Multiple-loop inverter control with I and I3 feedback:

This multiple-loop inverter control configuration uses filter capacitor current (/2) and the filter
output current (/3) feedback as shown in Figure. 2.27. This feedback method is referred as capacitor

current (Ic) feedback system.

In this inverter control method, LCL filter output current (/3) is used as feedback in the outer
loop of the current controller while the capacitor current (/) is used as feedback in the inner loop

of the current controller. Furthermore, a proportional controller (K.) is also used in the inner loop.

Il IS Z3 Vg
’—P- >——- _—
Zl S n Z4
Energy —37 +
source | 1] \_/* Z, \_/TIZLoad
VDC —‘ 12

’ v
e (Olat (e

Figure 2.27. Multiple-loop inverter control with /> and /5 feedbacks.
Now from Figure 2.27, feedback current /rcan be written as,
Iy, = 1/Gpr + I3 (2-19)
Then open-loop transfer function of the controller becomes,

Govy, = M- Gy - K. {GU,/V)) /Gy + GU3/V))} (2-20)
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2.6 Comparison Between two Current Sensors Feedback Methods

In this section, a comparison between different inverter control schemes with two current
sensors is carried out. The conventional single-loop inverter control is not compared for their

limited control loop gain and LCCL method for their practical applicability constraint.

To facilitate a fair comparison between different inverter controllers with two sensors, their
open-loop transfer functions shown in (2-16), (2-18) and (2-20) are compared to identify similarity.
Comparing (2-16), (2-18) and (2-20), a design criteria (2-21) is identified in this work which would
make control bandwidth and gains at controller resonance frequency of both multiple-loop

controller configuration and WAC same.
Gpr,WAC = Gpr,multi,11 K, = Gpr,multi,lz K, (2-21)

Here G, represents PR controller parameter for corresponding inverter controller and K¢ is the

inner loop proportional controller of both multiple-loop inverter controllers.

2.6.1 Comparison I: Stability analysis
At first, stability analysis of all three controllers with two sensors is carried out with the help
of root locus analysis. The system transfer functions of all three controllers are derived from their

open-loop transfer function.

To derive the closed-loop transfer function of the WAC controller, the open-loop transfer
function of the controller (2-16) is used and the obtained denominator of the closed-loop transfer

function is (2-22).
[Cas{Zy + Gpr(1 = B)} + 1]Z5 + Gprf + Z; + Gpr(1 — ) (2-22)

Similarly, to derive the closed-loop transfer function of the multiple-loop controllers with
inductor and capacitor current feedback, the open-loop transfer function of the controllers (2-18)
and (2-20) is used and the obtained denominator of the closed-loop transfer function for inductor

current feedback is (2-23) and capacitor current feedback is (2-24).
{Cos (Z; + KcM) + 1}Z5 + KcM(PR + 1) + Z4 (2-23)

(Cys (Zy + KcM) + 1325 + PRK:M + Z, (2-24)
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From (2-22), (2-23) and (2-24); root locus plot of the three different inverter control method is
shown in Figure 2.28 under line parameter variation. At first the controllers are designed for
inverter side inductance = 2.5mH and grid side inductance = 7mH. To demonstrate the effect of
line parameter variation on stability, root locus plot is shown in Figure 2.28 where inverter side

inductance is varied from /.5mH to 4.5mH and grid side inductance is varied from 2mH to 7mH.

From the root locus plots of Figure 2.28 it can be concluded that multiple-loop inverter
controller with both feedback configuration is stable against line parameter variation. But the
WAC controller is sensitive to line parameter variation and becomes unstable if line inductance is
changed, e.g. changing inverter side inductance from 2.5mH to 4.5mH or grid side inductance
from 7.0mH to 2.0mH, makes the system unstable. Here equivalent series resistances of the
inductors are considered to be 0.2Q. To compare the inductor and capacitor feedback system, their
closed-loop Bode plot is shown in Figure 2.29. From Figure 2.29 it is seen that the inverter control
system with capacitor current feedback has higher gain at low frequency than inductor current
feedback system. As a result, the transient performance of the capacitor current feedback system
is better than inductor current feedback system. Figure 2.29 also shows that multiple-loop inverter
control with both feedback configuration have similar gain at fundamental frequency (50Hz) and
both controller has similar bandwidth. But the lower low frequency gain of the inductor current
feedback means that the controller will have better DC rejection capability. This will also be shown
with the experimental results. The feedback configuration of multiple-loop VSI control also
suggest that it has less steady state error than single-loop VSI control with single sensor or two
sensors. For example, LCCL method uses current through the capacitor as feedback where />; and
12> appear as a steady state error at the VSI output. Again, WAC uses combination of /> and /5 as
feedback and /> introduces a steady state error at the VSI output. But only /3 feedback is used for

multiple-loop VSI control that minimizes steady state error.
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Figure 2.28. Root locus of different systems under inverter side (left column) and grid side

(right column) parameter variation. (a) and (b): WAC control. (¢) and (d): multiple-loop control

system with /c as inner loop feedback. (e) and (f): multiple-loop control system with /; as inner

loop feedback.
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Figure 2.29. Closed-loop Bode plot for double-loop control with /¢ or 7, as inner loop

feedback.
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2.6.2 Comparison II: Explanation of the Performance Difference
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Figure 2.30. Position of damping impedance with different controllers

Lef(s) T» Ke - Gpr Modified filter plant G(S) j—»lj(s)

Figure 2.31. DG-Grid interfacing inverter with LCL filter

The performance differences of the aforementioned controllers can also be investigated using
recently proposed Generalized Closed Loop Control (GCC) scheme [50]. In the GCC scheme, the
double-loop and WAC controllers are unified as a single closed-loop control and an additional
internal damping impedance term, where the effect of the internal damping impedance is to place
a virtual impedance Z;;, with the original LCL filter plant. As shown in Figure 2.30, for double-
loop control using inductor current inner loop feedback, the damping impedance is placed in series
with filter inductor ;. On the other hand, the double-loop control with capacitor current inner loop
is equivalent to placing a damping impedance in parallel with filter capacitor. Finally, the WAC
controller can also be incorporated into the GCC scheme, where the equivalent damping
impedance is a nonlinear impedance associated with the filter capacitor branch. The expressions
of the damping impedance with different controllers are obtained here as:

K¢
Zyy(s) = L1/(Cr - Kc) (2-25)
L1/{Cf *(1—p) Gpg (S)}

where the top one in (2-25) is for double-loop with inductor current inner loop, the expression

in the middle is for double-loop with capacitor current inner loop. The bottom one is for WAC

control. The detailed analysis of this virtual impedance can be found in [59].

With the modified LCL filter plant, Figure 2.31 demonstrates the closed-loop diagram of the
grid-connected system. As shown, the system is composed of a single-loop equivalent PR

controller and a modified filter plant. The gain of the PR controller is maintained to be the same

41



for different controllers, and the only difference here is the modified filter plants. Therefore, the
performance differences of double-loop and WAC controllers can be analyzed through open-loop

transfer function of the modified filter plant as:
G(s) = I3(s)/Vi(s) (2-26)
where V;(s) is the PWM voltage at the modified filter plant.

The Bode plots of the modified filter plants are shown in Figure 2.32 to 2.34. Figure 2.32
shows the dampened filter plant with double-loop capacitor current inner loop, where the originally
resonant peak in LCL filters is properly mitigated in different grid side conditions (both 7mH and
2mH). The Bode plots with double-loop inductor current inner loop are also presented in Figure
2.33. In this case, although the resonance introduced by PWM voltage can be dampened, the
magnitude around low frequency region is significantly lower than its capacitor current
counterpart. That means the dynamic response is also slower in this situation. Finally, the Bode
plots with WAC control are shown in Figure 2.34. Comparing to the double-loop controllers, the
WAC control achieves inherent damping through single-loop control. In addition, the filter plant
has a relatively wider constant phase angle region around fundamental frequency. Therefore, it
may benefit the PR controller design. However, the weighting factor of WAC control here is
designed based on weak grid situations with 7mH grid side inductance. When grid side impedance
reduces to 2mH, the system becomes more sensitive to harmonic voltage disturbances, as the
resonance peak is higher than with double controllers. Therefore, it can be concluded that the filter

parameter mismatch shall be avoided in WAC control.
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Figure 2.32. G(s) with double-loop controller using capacitor current inner loop.
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Figure 2.33. G(s) with double-loop controller using inductor current inner loop.
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Figure 2.34. G(s) with WAC controller.

2.6.3 Simulation and Experimental Results

Performance of the three two sensor feedback VSI control methods are compared with
simulation using Matlab/Simulink and experimentally on a SkVA grid connected DG system. The
control methods are tested in presence of line parameter variation. The system parameters used in

simulation and experiment are identical and listed in Table 2.2.

Table 2.2.2. System Parameters

Simulation and
Parameters

Experiment
Grid voltage 81V
DC link voltage 260V
L1, R; 2.5mH, .1Q
C2, R 40puF
L3, R3 2mH, .1Q
Switching frequency 9kHz
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To see the performance of inverter control methods under line parameter variation, the inverter
side inductance is changed from 2.5mH to 4.5mH and grid side inductance is changed from 7mH
to 2.5mH during simulation. The simulation results are shown in Figure 2.35. The simulation

results suggest that unlike WAC, multiple-loop controllers are not sensitive to system parameter

variation.
5
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Figure 2.35. Simulation results under inverter side (left column) and grid side (right column)
parameter variation. (a) and (b): double-loop with /. as inner loop feedback, (c) and (d): double-
loop with /; as inner loop feedback, (e) and (f): WAC feedback.

Previously it was mentioned that [, feedback has better DC rejection capability than /¢
feedback system but its transient performance is worse. To verify the DC rejection performance,
10% DC value was added intentionally with the grid side current feedback to emulate an
exaggerated measurement DC offset. Then, frequency analysis of output current shows that I,
feedback has better DC rejection capability than /¢ feedback. This is shown in Figure 2.36. To
verify the transient performance, reference was intentionally changed from 5A to 20A during
simulation. Then, the output current shows that the transient performance of /¢ feedback is better

than /; feedback. This is shown in Figure 2.37.
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Figure 2.36. DC rejection capability of double-loop control with /¢ or /; feedback.
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Figure 2.37. Transient performance of double-loop control with /¢ or /; feedback

To see the performance of line inverter control methods under line parameter variation, the

grid side inductance is changed from 7mH to 2.5mH during experiment. The experimental results

are shown in Figure 2.38.

Figure 2.38. Experimental result under grid side parameter variation of WAC system and

multiple-loop control with /. feedback.

From the experimental result, it is evident that the multiple-loop inverter control system with
both feedback configurations is more stable under grid parameter variation than WAC. The
stability of both multiple-loop inverter control system with capacitor and inductor current feedback
under line parameter variation is similar. From Figure 2.39, it can be seen that the transient
performance of the multiple-loop inverter control system with capacitor feedback is better than

inductor current feedback. In Figure 2.39, the reference is changed from 1A to 5A during the
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experiment and transient performance of both multiple-loop feedback systems is recorded. The
experiment result shows that the capacitor current feedback system becomes stable within 1 cycle
of operation following a change whereas inductor current feedback takes 3 cycles to reach steady

state.
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Figure 2.39. Transient performance of double-loop control with /c or /1 as inner loop

feedback.
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2.7 Conclusions

In this chapter, the opportunities of distribution system power quality improvement using the
DG interfacing inverters are investigated. Both the current controlled method and the voltage
controlled method are considered and their associated power quality compensation schemes are
investigated. The current controlled DG is suitable to be used in the grid connected system while
voltage controlled DG can be used in the islanded microgrid as it can provide the required voltage
support. The voltage controlled DG can be operated with compensation, rejection and uncontrolled
mode, where the harmonic compensation and rejection modes produce similar performance as with
the current controlled DG. The analysis of the control strategies and the observations of the
comparison of these two methods have been verified in both time domain simulations and
experiments. Since most grid connected DG systems use current controlled VSI, the analysis on
different current control method is then extended and a comparative analysis of VSI control
systems with single and two current sensors are presented. A design criteria for single and multiple-
loop feedback method is proposed here to facilitate fair comparison among different control
methods. The analysis shows that multiple-loop feedback system has low line parameter sensitivity
which makes the controller suitable to be used in a system with line parameter variation. Finally,
Table 2.3 summarizes the comparison results obtained from analysis, simulation and experiment.
According to the study and comparison in this Chapter, when CCM based VSI is used as DG
interface, the two current sensor scheme with inductor current feedback is recommended
considering it superior performance and ability to provide quick protection due to the direct

measurement of inverter output current.
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Table 2.3. Comparison Summary

Single current sensor Two current sensors
Comparison criteria . T.CCL I T WAC
1e-I00P  foedback feedback feedback feedback
Steady state error Poor Fair Good! Good! Fair!
Transient response Poor Good? Good Best Good?
Parameter sensitivity Fair Poor Good Good Poor
Implementation complexity Good Poor® Fair Fair Fair

' WAC uses combination of /> and I; as feedback and I, appears as a steady state error at the output. Whereas only /3
feedback is used for multiple-loop control that minimizes steady state error.

2 Properly designed LCCL or WAC system has high controller bandwidth. But line parameter variation during
operation reduces controller bandwidth and compromises transient performance.

3 LCCL method needs exact valued capacitor.
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Chapter 3

Residential Harmonic Mitigation:
Distributed and End-of-Line Compensation

3.1 Introduction

In recent years, the use of power electronics driven home appliances have increased
significantly due to the consideration of energy efficiency. For example, lighting and heating
systems were mostly resistive in the past which are replaced by CFLs (compact fluorescent light)
LEDs, and HVAC (Heat, Ventilation and Air Conditioning) [68]. Although these appliances
consume considerably less power than their older counterparts, they are a significant source of
harmonics in today’s power grid [68-71]. This increasing utilization of power electronic loads in
today’s homes is a growing concern for utility companies due to the increased harmonic
distortions. The harmonic problem could be further complicated by the harmonic resonance
introduced by other system components, such as the power factor correction (PFC) capacitors. It
is predicted that the residential system voltage harmonics will increase rapidly and could reach 5%
total harmonic distortion (THD) soon if no remedial actions are taken [72]. Besides the degrading
power quality, the harmonic current flow is also a concern for the telecommunication industry as
this harmonic current flow may interfere with the adjacent telephone lines [72, 73]. Compensating
the harmonics in a residential system is difficult because of the dispersed nature of the residential
loads. Therefore, lump compensation at a few locations is not every effective [74]. As a result,
finding an effective way to compensate the dispersed load harmonics and improve the residential

distribution system power quality is an important topic.

Publication out of this chapter:

S. Munir and Y. W. Li, "Residential Distribution System Harmonic Compensation Using PV Interfacing
Inverter," in IEEE Transactions on Smart Grid, vol. 4, no. 2, pp. 816-827, June 2013.
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At the same time, the power industry is experiencing a paradigm shift as more renewable
energy based distributed generation (DG) systems are being connected to the power distribution
network [75, 76]. A typical example is the increasing installation of rooftop photovoltaic (PV)
systems in residential areas. As shown in Figure 4.1, these PV systems are connected to the grid
through DG-grid interfacing inverters, which are used mainly to convert the voltage from the
energy source to the voltage that can be readily connected to the grid, and to transfer the real power
to the grid. As stated in the previous two chapters, these DG-grid interfacing converters are able
to provide a number of ancillary functions in addition to the primary function of real power
injection if controlled properly. This potential for ancillary services can be realized by properly
utilizing the available apparent power rating from the interfacing inverters. Doing so is feasible as
most of the time these inverters are not running at their maximum power due to the intermittent
nature of renewable energy (such as PV) [77]. Moreover, peak demand in residential areas does
not occur at the same time as the PV peak power hours. Therefore, when power quality
compensation is needed, rating from the PV inverters will be available to provide the ancillary

services [77, 78].

Generator
Transmission Distribution Am’
transformer transformer
— Interfacing
p— .
inverter
Transmission Distribution
line / line

&I }ﬁl}ﬁl}ﬁl}

Residential loads

Figure 3.1. Residential system with PV installations

The concept of system harmonic compensation in a residential distribution system using grid
interfacing PV inverter has been reported in the literature [ 79-81]. However, the system considered
in the previous work is usually too simple (e.g., the system is often comprised of only a few lines
and loads) to provide realistic results. Also, the effects of harmonic resonance with other power
system components, such as capacitors, are not sufficiently considered in the previous work.
Additionally, for a system with distributed loads and DG systems, assigning the harmonic
compensation priority to different DG units to achieve the best compensation result is an important

topic that has not been addressed in the literature.

50



The above mentioned issues are addressed in this chapter. A residential distribution system
with line impedances, distribution transformers and typical house loads is modeled first. The house
load model is created from the aggregated load characteristics of typical residential appliances [82,
83]. This house load model is used to investigate the effect of non-linear residential loads on the
power quality of the modeled distribution system. Then the PV grid-interfacing inverters are
connected to the distribution system model and are controlled to improve the power quality by
acting as harmonics-damping virtual impedance. The effects of the PV locations on harmonic
compensation such as end-of-line [74] and distributed compensation [84, 85] are investigated. An
in-depth analysis and explanation of the performance differences are also carried out to provide a
guide for properly assigning the harmonics compensation priorities to PV inverters at different
locations of the distribution system considering DG is available at every location of the distributed
system. These analysis results are verified by simulations of a sample residential distribution

system.

3.2 Control Scheme of PV Inverter with Virtual Harmonic
Resistance

In this work, the PV inverters are controlled as virtual harmonic impedance at the harmonic
frequencies to compensate the residential system harmonics. Therefore, before the residential
system model and harmonic compensation performances are discussed, the virtual impedance

control concept is introduced in this section.

3.2.1 Virtual Harmonic Impedances

Virtual impedance emulates the effect of physical impedance, without the need to connect any
physical component to the system. In the DG inverter control, the virtual impedance is
implemented by modifying the voltage or current reference or the PWM signal, through digital
control of the inverters. Virtual impedance can be either at the fundamental frequency or at the
harmonic frequencies. The fundamental frequency virtual impedance is used mainly to facilitate
DG power flow control [86, 87] and grid disturbance ride through [88]. The harmonic virtual
impedance is mainly used for active damping [89, 90] and distribution system harmonic
compensation [91].

A harmonic compensation method by a voltage-controlled DG unit is proposed in [91], where

the DG unit is represented as a controlled voltage source (Vpg) with output series impedance (Zpe-
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). The harmonic components of the controlled voltage source, Vpg-s, is controlled according to
the harmonic voltage of the point of common coupling (PCC), Vpcc.n, with a positive feedback
gain G so that Vpg.n = -GxVpcc.n. As a result, the equivalent harmonic impedance of the DG
becomes Zpc.i/(1+G). Here, G can be in the range of -1 to . A virtual inductive equivalent
impedance is introduced in this method to compensate the system harmonics, since the impedance
is mainly inductive at harmonic frequencies. This method is quite attractive for use in a microgrid,
where the voltage-controlled DG is important for providing the microgrid voltage and frequency
control.

In [92] and [93], distribution system harmonics improvement using a current-controlled grid-
interfacing inverter is discussed where DG operates like a shunt active powers filter (APF) and
absorbs the harmonic current generated by the non-linear load. As a result, the source current
becomes harmonic-free and the PCC voltage THD decreases. A popular way to achieve this
function is to operate the DG as resistive-APF (R-APF) [94]. Here, the harmonic components of
the grid side voltage, VGrian, are extracted and the reference harmonic current of the DG is
produced by using I"pG = Verian/Ri. As a result, the DG acts as a virtual resistance, Ry, only at the
harmonic frequencies. As most residential rooftop PV inverters are current-controlled, the virtual

harmonic resistance method is adopted in this work.

3.2.2 Control Scheme of PV Inverter with Virtual Harmonic Resistance

With the virtual harmonic resistance control, the PV inverters work as R-APF. A block diagram
of the system harmonic damping control is shown in Figure 3.2. The PV system in this example is
a two-stage conversion system, which includes a DC-DC converter that steps up the PV output to
the DC link voltage level with maximum power point tracking (MPPT) control, and an inverter
that connects the system to the grid. The PV system output current reference (I'pg) has two
components: (i) the fundamental component (), which is produced from the DC link voltage
control and power factor control loops (which are not shown in Figure 3.2 as the focus here is
harmonics compensation), and (ii) the harmonic components (I'4), which are used for harmonic
compensation.

For virtual resistance realization, the reference harmonic current of the PV system is produced
by using I's = Vi #/Rn. Then the reference current of DG is obtained by combining the fundamental
reference (I'7) and the harmonic current reference (I's). Finally, the PV system output current is

controlled with double control loops; containing an outer output current (/pc) control loop and an
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inner (LC) filter inductor current (/) control loop [90], which has better performance than many

other two sensor feedback control schemes as shown in Chapter 2.
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Hot wire 1
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Figure 3.2. Harmonic damping with R-APF based DG.

For fundamental current tracking and harmonic current control, proportional resonant controllers

are used (3-1) [95, 96].

ZKihwchS
Ge=Ke+ ) i

¢ F S+ 2wepS + w} G-I
h=15,7..

where wy, is the system fundamental and harmonic frequency, wc; is the cut-off bandwidth at each
frequency, Ki; is the integral gain at each frequency, and K, is the proportional control gain at all
frequencies. To improve the dynamic response and stability of the control loop, a proportional
controller is usually adopted for the inner filter inductor current feedback loop [90].

The modeling of the distribution system is presented in the following section, and the
aforementioned PV inverter system is then connected to the developed distribution system model
to investigate the harmonic compensation performance. To avoid the effects of different current
control techniques on the PV inverter, controlled current sources at the desired harmonic
frequencies are used in the rest of this chapter to model the PV inverter with virtual impedance

control.
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3.3 System Modeling

In this section, the system model including the residential house load, distribution systems with
PFC capacitors, and PV inverters (with virtual harmonic impedance control) is first developed.
The developed models are then used for the analysis of harmonic distortions and compensation

performances by using different approaches.

3.3.1 Residential Load Modeling
To model a home, different home appliances are modeled as a harmonic current source in

parallel with the fundamental impedance as shown in Figure 3.3.

icn GD Z

Figure 3.3. House load model with harmonic current source and fundamental impedance.

ipp = Z In (3-1)
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Figure 3.4. Connection configuration of home model 1

To obtain such a home model, individual home appliance models, including personal computer
(PC), compact fluorescent light (CFL), adjustable speed drive (ASD) fridge, TV, refrigerator,
washer, and dryer are generated first. As an example, the harmonic load current data for the CFL
and PC are shown in Table 3.1. Note that these data are taken from [82, 97] where the appliance
harmonic load current data are measured practically. To construct the home model, these
appliances are then connected to hot wire 1, hot wire 2 and neutral (N) as shown in Figure 3.4.
Finally, the constructed home models are connected to a distribution system model as shown in

Figure 3.5 [83].
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Table 3.1. Harmonic Load Current Data for Home Appliances

Harmonic Load Current Data

Appliance model Data type
of Ist 3rd 5th  7th  9th 11th 13th
c Mag 15 13 .09 .07 .07 .06 .039
FL
Ang 21.2 539 1055 1694 -1348 -84.2 -21.8
c Mag .83 .65 41 16 10 A2 A2
P
Ang .50 1.6 3.6 8.6 58.1 168.7 178.0

Diswibution foeder 2 7
12.47KV

Zenl - 1 Z.ZC‘)I Z'ZC8i Z?UI ZdEchi Zd»ZCSi Z“‘Zc4l Zd~ZC3i Zdv‘zczi Zd.,ZCli

-B 12.47KV L-L

7.2KV L-N
Hotwire2. .\~ ~~7°7 Toeememneees
A i [ 5
| ! 1
OO @ ||
................... N...] l
| | DG
) 1
] |
1 |
) 1
] |

Xfiis.1 Hot wire 1 Lecoeeo-
Home 1 Home 2 Home 12

Figure 3.5. Distribution system model.

All the appliance models except the dryer are connected between hot wire 1 and the neutral for
home model 1, whereas the appliance models are connected between the neutral and hot wire 2 for
home model 2. The dryer model is connected between hot wire 1 and hot wire 2 for both home
model 1 and home model 2. The parameters used in this work to model the distribution system are

listed in Table 3.2 [83].
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Table 3.2: System Parameters

Parameter Value
Distribution feeder voltage 7200V (line-neutral)
Distribution transformer 7200V/120V, 0.015+0.03j p.u.
Distribution line impedance 43Q/km, 150uH/km
Number of distribution node 11
House load in each node 12
PFC capacitor 4uF to 12uF

The distribution system has a 34.4kV transmission line connected to the /2.47kV distribution
feeders through transmission transformer (Xf;-). The 3-phase distribution feeder has 11 nodes. On
each node, a group of 12 houses is connected to the distribution feeder through distribution
transformer (Xfuis) in a way that the load current is balanced (6 home model 1 and 6 home model

2).

3.3.2 Distribution System Modeling without Capacitor Bank

Figure 3.6 shows the simplified distribution feeder of the distribution system shown in Figure
3.5 with DG connected at the secondary side of the distribution transformer. Here,n=1, 2,3...... N
represents the n” node. Zy, (Rx» + jwoLx,) represents the distribution line impedance of the n™ node,
Zya (Ryn + jooLys) represents the distribution transformer impedance at the n'™ node, Zi, (Rz» +
jwLrs) represents the fundamental load impedance at the n' node, DG, represents the DG current

at the n'" node, and I, represents the harmonic current of the non-linear load at the n” node.

Node Node Node
Zyi ] Zy>

ZXn
- 2 4
Zy] Zyz ZYn
Grid
DGT 1 DG, 1z DG, I
1| 1] 2, o[ 5] 4, | 7z,

Figure 3.6. Typical distribution feeder with DG.

Referring the system to the primary side of the transformer, the equivalent circuit of such a
system is shown in Figure 3.7 (note that the same symbols as in Figure 3.6 are used in Figure 3.7

to represent the system. Also, as the analysis here focuses on harmonic frequencies, the source is
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shorted in Figure 3.7). Additionally, V, is the voltage at the n” node. x;, xs... x3x.2 are the currents
through Z;; Z1>... Zia. x2, x5... x3n-1 are the currents through Zy,. x3, xs... x3n are the currents through

ZXn.

Figure 3.7. Equivalent circuit of an N node distribution feeder.

Here, x;, x2... x3n are taken to be the state variables, 7, is the input, and ¥, is the output of the
state space model of the system. Then for a N-node system, there are 3N equations based on KCL-
KVL methods. The 1-N, N+1 to 2N, and 2N+1 to 3N equations are shown in (3-3)-(3-5),
respectively:

X3n—2Rpn + X3n_2Lpn
Iny = X3p_3 + X3p_1 + R (3-3)
n

N
z (X3nRxn + X3nLyxn) — X3n—1Ry.n — X3n—1Lyn

n=1

(3-4)
= X3n—2Ry.n + X3n_2L1n

X3n—1 1 X3n4+3 = X3p (3-5)
Solving (3-3) to (3-5) yields the Ay and By matrices of the state space model while the equation
of the system output (3-6) yields the Cy and Dy matrices of the state space model.

Up = Vp—1 + X3nRxn + X3pLxn (3-6)

Hence, the state space model of the system can be obtained as shown in (3-7) and (3-8). From

the state space model, the transfer function of the system can be easily found by using (3-9).
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X2
x = Ay +BN| : (3-7)
X3N Inn
| V1] % I
[ V2 | X2 Inz
[.jchl . |+DN| | (3-8)
- Leowd Ly
Un ()
= Cy®By + D 3-8
sy = (OB + D (3-8)

where, @ = (sI —Ay) 4, n=1,2...N, and [ is a 3NX3N identity matrix.

3.3.3 Distribution System Modeling with PFC Capacitors

The installation of the power factor correction (PFC) capacitor in the distribution system makes
the harmonic issues complex, and some harmonics can be amplified [98]. Although installing an
active power filter may mitigate the harmonics at the point of installation in such a situation, the
harmonics may be amplified on the other busses due to the whack and mole effects [74, 99]. To
investigate the effectiveness of different harmonic compensation schemes in such a situation, a
distribution bus with capacitors connected has to be modeled. Figure 3.8 shows the equivalent
distribution feeder of the distribution system with PFC capacitors. It also includes DG systems
connected at the secondary side of the distribution transformer. Referring the system to the primary

side of the transformer, the equivalent circuit of such a system is shown in Figure 3.9.

ZYI ZYJ

Grid
DG, I 711 DG i Zi

Figure 3.8. Typical distribution feeder with DG and PFC capacitors.
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Figure 3.9. Equivalent circuit of an N node distribution feeder with PFC capacitors.

The symbols shown in the distribution system of Figure 3.8 and 3.9 are similar to those of
Figure 3.6 and 3.7. Additionally, Zc;, Zc:... Zca are the impedances of the PFC capacitors (Ccy,
Ccs... Ccn), respectively, at the n node, and x4, xs.. x4y is the voltage across Zc,. Here, x1, x2.. x4n
are taken to be the state variables, /i, is the input, and V, is the output of the state space model of
the system. For a N-node system, there are 4N equations based on KCL and KVL. The 1-N, N+1
to 2N, 2N+1 to 3N, and 3N+1 to 4N equations are shown in (3-10)-(3-13), respectively:

X3n—2Rpm + X3n_2L;.
Inon = Xgnog  Xgnog + = S (3-10)
n

N
Z (X3:nRyn + X3nLxy) — X3n—1Ry.n — X3p—1Lym

= (3-11)
= X3n—2Ryn + X3n—2L1n
X3n-1 1 X3n43 = X3n (3-12)
N
Z(x4-n—1Rx-n + x4-n—1LX-n) = Xan (3-13)
n=1

Solving (3-10) to (3-13) yields the Ax and By matrices of the state space model while the
equation of the system output (3-14) yields the Cy and Dy matrices of the state space model.
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Up = Up_1 + Xa4nRyn + Xan—1Lxn (3-14)

Hence, the state space model of the system can be obtained as shown in (3-15) and (3-16).

From the state space model, the transfer function of the system can be found by using (3-17).

X1 Iny
X2 I,
x=AN| : |+BN| 3 (3-15)
Leowd Loyl
| V1] | *1 | | I
[ V2 | | X2 | [ Inz |
| : |=CN| - |+ Dyl L] (3-16)
lUNJ LC3NJ [IhNJ
v (S)
= B D -1
I () Cy®By + Dy (3-17)

Again, ¢ = (sI — Ay)"t,n=1,2...N, and I is a 3Nx3N identity matrix.
With the obtained residential distribution system models, the performance of harmonic

compensation using PV inverters will be investigated in the following sections.

3.4 Distribution System Harmonic Compensation Using DG

This section discusses the harmonic compensation effects using PV inverters. A simple two-
node system is used for the initial investigation. The results are then extended for an 11-node
distribution system and then a system with capacitors is considered.

Residential PV system locations are usually not controllable as they depends on which
residence has the system installed. However, coordinated control of the PV inverters in a system
is possible, and an optimal compensation strategy should be identified to obtain the best harmonic
compensation result. The two strategies for harmonic compensation using the DG interfacing
inverters are the end-of-distribution-feeder (or end-of-line) compensation [74], and distributed
compensation [84, 85]. In a distribution system with multiple PV systems, the end-of-line
compensation strategy can be implemented by assigning harmonic compensation priority to the

PV inverters connected at the end of the feeder. On the other hand, the distributed compensation
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approach can be implemented by operating all PV inverters in the harmonic compensation mode
with equal priority.

To study the effects of different compensation approaches, a two-node system is used as an
example in this section. This system gives N = 2 in Figure 3.9. To simplify the analysis, it is
assumed that both node 1 and 2 have identical loads (Z.; = Z1,2, i = In1 = Ix2), the same line

parameters (z, =z, =z, ), and the same transformers ( z

A7l

=Zy,=27, ). Then the equivalent
circuit for analysis can be obtained as with N = 2. In this case, we can take x;, x2, x3, x4 and x5 as
the state variables, i to be the input, and ¥; and V> to be the output of the state space model of the
system. Using the distribution system modeling technique shown in Section 3.3, V;/i and V./i are

derived in (3-18) and (3-19), respectively:

4 _ Zy(Zy+Z,)+2,(2Z, + Zy) (3-18)
i Z2(Zy+ Zy +3Zy + Zy) + Zy(Z1Z5 + 22,2y + ZyZy + Z2) )

V. Zy{3Z1Z, + Zy(Z, + 2Z,) + ZyZ,}

_'2 Y{ 142 X( 1 2 Y&2 (3_19)

i Zy (Zi+2Z) + 22+ 722 + Zy(Zy + 22,) + 32y Zy + 247,

where Z; = Zygi||Z1, and Z> = Zyr:||Z;. Figure 3.10(a) and 3.10(b) show the Bode plot of (3-
18) and (3-19), respectively. Figure 3.10(a) reveals that harmonic compensation at a single node
(node 1 or node 2) will better damp the harmonic voltage at node 1 compared to distributed
compensation for harmonics, # < 25. However, when 4 > 25, distributed compensation provides
better damping at node 1. A similar observation is true for node 2 voltage as shown in Figure
3.10(b), which reveals that the distributed compensation method provides better harmonic
damping in the high-frequency region. Therefore the decision about the optimal compensation
strategy can be different depending on the dominant harmonics of the load. This finding provides
an explanation for the literature’s conflicting claims about the optimal compensation strategy [ 74,

84, 85], as different system and load characteristics are considered in different works.
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Bode Diagram
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Figure 3.10. (a) Bode plot of V';/i for compensation at different nodes and (b) Bode plot of

V>/i for compensation at different nodes.

This frequency-related performance of different compensation methods can be intuitively

explained by the equivalent circuit shown in Figure 3.11.
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Figure 3.11. Equivalent circuit of (a) DG at node 1, (b) DG at node 2 and (c) DG at nodes 1

and 2
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At high frequencies, the impedances Z; Zx and Zy are much higher than the inverter virtual
harmonic impedance Zyr; and Zyr2. As aresult, if Zyr; and Zyr> are connected, most of the adjacent
harmonic load current will flow through Zyz; and Zyg.. For example, in the case of DG at node 1
(Figure 3.11(a)), most of 7;; will be absorbed by Zyz,, but 1> will flow through nodes 1 and 2. This
process will result in a higher V7up at nodes 1 and 2. The situation will be similar when a single
DG is at node 2 (Figure 3.11(b)). However, in the case of DG at both nodes 1 and 2 (Figure
3.11(c)), most of the harmonic content of /;; and 1> will be locally absorbed by Zyz; and Zyg,
respectively. As a result, the voltages at nodes 1 and 2 will be less polluted. When the harmonic
frequency increases, Zx and Zy also increase but the virtual resistance Zyz; and Zyr. remains the
same, providing the same level of damping to the load harmonics. This result also explains the
constant damping at the high frequency range in the case of DG at nodes 1 and 2.

Another observation from Figure 3.10(a) and 3.10(b) is that, at high frequencies the gain of V;
is almost identical for DG at node 1 or node 2, but V> has a lower gain in the case of DG at node 2
compared to the gain at node 1. The reason is that, regardless of the DG location (node 1 or 2), the
harmonic current flowing to node 1 is almost identical in both cases (especially since the feeder
impedance is lower than the transformer impedance with Zy << Zx). However, in the case of DG
at node 2, the harmonic current flowing through V> is much lower. In this case, most of /5> is
absorbed by Zyr2, and most of 7; flows through grid side impedance Zy.

For the compensation at a low-frequency range, the virtual damping resistances of DGs are
comparable to Zx. Therefore, more harmonic current will flow to the source through the feeders,
causing relatively high harmonic voltages in the system.

The performance difference of distributed compensation and single DG compensation at low
harmonic frequencies is also related to the system impedance. As discussed earlier, with Zy << Zy,
we can assume Zx =~ Zy + Zx. Therefore, in the case of distributed compensation, the impedances
at In; and In2 will be almost identical if the virtual impedances of all DGs are the same. However,
in the case of a single DG at node 1 or node 2, the impedances at I; and 7,2 will be different.
Therefore, for distributed compensation, the current flowing to the source will be |Iz| + |1z,
while it will be |Iz; + Iz:| for single DG compensation. For single DG compensation at a high
frequency, Iz (or Iz:2) is very small when compensation at node 1 (or node 2) is used due to the
small damping resistance from the DG. As a result, |IGrid| = |[zc1| + [[z2] even if Iz and Iz have

different phases. However, at a low frequency, the damping resistance of the DG is comparable to
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Zx, and therefore, single DG compensation at node 1 or 2 will lead to |Igrid| < |Izc1| + |Iz:2| due to
the current phase angle difference. Therefore, even though the current Iz or Iz will be higher
compared to the distributed compensation, the total current flowing to the source can be lower,
leading to better performances with single DG compensation in the low-frequency region. This
phenomenon can be seen in Table 3.3, where the magnitude and phase of the harmonic current
flowing through Z; and Z.> (Iz; and Iz, respectively) are almost identical for both the 7% and
57" harmonics for distributed compensation. In contrast in the case of single DG at node 1 or 2,
Iz and Iz are not same for the 7™ and 57" harmonics. For the 7" harmonics, the total current
flowing to the source is lower compared to the distributed compensation. Moreover, it is obvious
that for single DG compensation, end-of-line compensation is the best option as it resulted in the
lowest feeder harmonic voltage drops. Note that the virtual impedance for different compensation
strategies is tuned to ensure an equal total RMS current requirement from the DG units involved.
Also, the 57" harmonic current, which is a bit too high in practice, is used here only for explaining

the situation at high frequency.

Table 3.3: Harmonic Current Flow for Different Compensation Strategies

Harmonic DG at node

IGria Iz Iz
order
[magzang] [magzang] [magzang]
[n]
7 1 13.42-26.2 5.12-57.3 9.52-10.0
7 2 13.42-26.1 9.52-9.9 5.04-57.7
7 1,2 14.92-37.6 7.54-37.4 7.424-37.8
57 1 5.9-23.1 .79£-88.5 5.6-15.8
57 2 5.9£-22.9 5.6£-15.7 .182-88.5
57 1,2 3.42-72.8 1.74-72.8 1.74-72.9

The above analysis results were obtained from a simple 2-node distribution system. The

analysis is extended to a more practical 11-node system in the following sections.
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3.5 Harmonic Compensation in an 11-Node Distribution System

In this section, the performance with different harmonic compensation approaches under an
11-node residential distribution system is investigated. To provide a fair comparison of different
harmonic compensation methods, the criterion that the total harmonic RMS current from all the
DGs in the system is kept the same irrespective of the compensation scheme and distribution
system configuration is adopted for this study. With this criterion, the virtual resistance Zyr =
1/.58Q is initially selected in the case of distributed compensation in an 11-node system. This
resistance leads to a total 76.4A RMS DG harmonic current and about 2% of the total load RMS
current. The equal equivalent rating for different compensation strategies and different systems is
then calculated from this base DG RMS current. The Bode plot of V/i (obtained by using the
system model developed in Section 3.3) with different compensation methods but the equal

equivalent rating, is shown in Figure 3.12.

Bode Diagram
HERER L T

70 .

OO0 o 11T
o S0 node system .. ...
8 s
3 40
2
gﬂ 30 T e N
< .
= op e T PR Crossover

""" © °  Endofline and distributed frequency
10E = e <—V /i) for 2 compensation crossover S boundary
|’” S | ‘node system © frequency for 11 node system ~ © I i |

0 1 111 1 1 1 1 | I | 1 1 1 L1

9 T T T Tt N T T
56
Q
2
L
g
=
~3

-------- Distributed compensation |t
Compensation at theend [ = @ ::

10° 10 10"
Frequency (Hz)

Figure 3.12. Bode plot of V,/i; at end node under different compensation strategies and distribution

system configurations with equal equivalent DG rating.

As expected, Figure 3.12 reveals that the end-of-line and distributed compensation has a
crossover frequency for a N-node distribution feeder. End-of-line compensation is better in the

low-frequency region before the crossover frequency, and distributed compensation is better in the
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high-frequency region after the crossover frequency. As the feeder node (length) increases, this
crossover frequency moves to the lower-frequency region.

Time domain simulations of an 1l-node system were #s also conducted by using
Matlab/Simulink to verify the above analysis using the developed models. In the time domain
simulations, the home model has harmonics up to the 13" so the situation will involve the
relatively low frequency range. The harmonic current and voltage content throughout the
distribution line for different compensation strategies are shown in Figure 3.13(a) to (c), which
show that the low-order harmonics are lower throughout the entire distribution line for end-of-line
compensation. This finding is consistent with the previous analysis. As a result, V7up throughout
the distribution feeder is also lower in the case of end-of-line compensation as shown in Figure
3.13(d). The time domain waveforms with end-of-line compensation in an 11-node distribution

system are shown in Figure 3.14.
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Figure 3.13. Voltage magnitude of (a) 3™ order harmonic content, (b) 5" order harmonic
content, (c) 13™ order harmonic content and (d) Vzup throughout the distribution feeder for

different compensation strategies.
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Figure 3.14. (a) Current through distribution line, (b) Current flowing from node 11 to
primary side of distribution transformer 11, (c¢) Distribution voltage at node 1, (d) Voltage at
node 11, (e) Hot wire 1 to neutral voltage of distribution transformer 11, (f) Hot wire 1 to hot

wire 2 voltage of distribution transformer 11, (g) Current flowing through hot wire 1 of

distribution transformer 11 and (h) DG harmonic current at 11% node.

The distribution system considered so far in this section does not have a PFC capacitor

connected to it. The impact of harmonic resonance introduced by the PFC capacitor will be
discussed in the next section.
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3.6 Harmonic Compensation with the Presence of PFC Capacitors

Capacitors are often installed in distribution systems for voltage regulation and reactive power
compensation. These capacitors may cause harmonic resonances and affect the harmonic
compensation performance. This section extends the analysis in the previous sections to include
the effects of PFC capacitors.

The voltage profile along the distribution line with a capacitor is influenced by the capacitor
location and the capacitor’s reactance value. Generally, a capacitor connected at the end of a
distribution networks provides the best performance for improving the voltage profile along the
distribution line by improving the power transfer capability, voltage regulation, and power factor
[100]. However, the most efficient capacitor placement also depends on the load, load power
factor, line parameters of the distribution network, and reactance value [101].

To investigate the effects of capacitors on harmonic compensation, different capacitor
positions are first analyzed by using the system model developed in Section 3.3. The corresponding
Bode plot of V/i (using the system model developed in Section 3.3) is shown in Figure 3.15. The
Bode plot of V3/i in Figure 3.15 shows that the end-of-line compensation performs better before
the crossover frequency and the distributed compensation performs better after the crossover
frequency. However, as Figure 3.15 shows, the crossover frequency moves towards the low-
frequency region as the capacitor is moved towards the end of the distribution line. When the
capacitor is connected at node 11, the crossover frequency moves close to the 7" harmonics.

Therefore, the optimum harmonic compensation scheme has to be carefully chosen in situation.
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Figure 3.15. Analysis results with different compensation schemes under line capacitance at

different nodes (Bode plot of Vi/ix).

In addition, time domain simulations were also conducted and the results are summarized in

Table 3.4. This table shows that the capacitor connected at the end node is more effective in
reducing the percentage voltage drop but increases the Vzup across the distribution line [93]. For
example, when no DG is connected, V7up at node 11 increases from 4.54% to 6.86% when the
PFC capacitor is moved from node 3 to 11, while the percentage voltage drop at node 11 decreases
from 4.07% to 2.90% in this case. Table 3.4 also shows that V'7up along the distribution line is

lower when end-of-line compensation (DG at node 11) is used, confirming the previous Bode plot

analysis using the developed mathematical models.

Table 3.4. THD, Along Distribution Feeder 2 Using Different Compensation Schemes and

Line Capacitance Positions

THoDv at Toc DG on . Virtual 8uF C %YV drop

[%] A] noge impedance on nt:])de at node 11
Node I Noded Node8 Node 11 [l 1] " 1%l
1.61 2.75 3.71 3.98 - 0 - 4.95
2.03 3.66 5.57 6.86 No 0 11 2.90
1.80 3.19 4.73 5.71 76.35 11 1/10.3 11 2.90
1.81 3.22 4.84 5.90 75.67 All 1/0.48 11 2.90
2.11 3.81 5.80 5.94 0 No 0 7 3.46
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1.93 3.44 4.80 4.78 76.19 11 1/11.5 7 3.46
1.90 3.40 4.81 4.95 76.92 All 1/.48 7 3.46
2.09 3.50 4.30 4.54 0 No 0 3 4.07
1.88 3.09 3.66 3.70 76.21 11 1/13.2 3 4.06
1.88 3.12 3.87 4.08 75.52 All 1/0.48 3 4.06

The effects of capacitor size on the harmonic compensation were also investigated. Different
capacitors were connected at the 7% node of the distribution system. The Bode plot of Vi/ix was
then obtained by using the model developed in Section 3.3 and is shown in Figure 3.16, which
reveals that as the capacitor size is increased, the crossover frequency for the DG distributed

compensation and end-of-line compensation moves towards the lower-frequency region.

Bode Diagram

DGat 11, 12pF C .Crossover.
"""" DGatall, 12uF C | frequency region

DG at all, 4uF C

@ DGat11,8uF C [ "

o N

> | DG at all, 8uF C : :
3 50 DGat 11, 4uF G| - ieoenos i
= N N
j=2}

©

=

Frequency (Hz)
Figure 3.16. Analysis results with different compensation schemes under different line

capacitances at node 7 (Bode plot of V/ip).

The time domain simulation results for this case are listed in Table 3.5. As expected, the use
of a bigger capacitor bank results in a reduced percentage voltage drop on the line, but Vrup is
further increased. For example, when no DG is connected, Vrup at node 7 increases from 4.77%
to 5.29% when the 7™ node PFC capacitor value is increased from 4uF to 12pF, while the
percentage voltage drop at the 11" node decreases from 4.20% to 2.77%. Table V also shows that
the THD values along the distribution line are lower when end-of-line compensation (DG at node
11) is used with 4uF and 8uF PFC capacitors. However, since the crossover frequency moves to

the low-frequency region when a 12uF PFC capacitor is used, the distributed compensation
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performs similarly to the end-of-line compensation. If the PFC capacitor value is further increased,

distributed compensation will perform better.
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Table 3.5. THD, Along Distribution Feeder 2 Using Different Compensation Schemes and

Line Capacitances at Node 7

THDyv at

[%] Inc DG on . Virtual Line C at %YV drop

A] noge impedance 7™ node atnode 11
[n] Q] [WF] [%]

Node1l Node4 Node8 Node 1l

1.61 2.75 3.71 3.98 0 -- 0 - 4.95
2.28 4.20 6.07 6.16 0 No 0 12puF 2.77
2.07 3.77 5.36 5.29 76.01 11 1/10.7 12pF 2.77
2.02 3.67 5.25 5.35 76.24 All 0/0.48 12pF 2.77
2.15 3.89 5.54 5.69 0 No 0 8uF 3.46
1.93 3.44 4.80 4.78 76.19 11 1/11.5 8uF 3.46
1.90 3.40 4.81 4.95 76.92 All 1/.48 8uF 3.46
1.87 3.28 4.56 4.77 0 No 0 4uF 4.20
1.66 2.87 3.87 3.90 76.35 11 1/13 4pF 4.20
1.69 2.93 4.04 4.26 75.9 All 1/.48 4uF 4.20
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Figure 3.17. Bode plot of Vi/ix at end node under different compensation strategies and
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distribution system configuration with capacitor bank connected.

To study the effects of the number of nodes (feeder lengths) on the harmonic compensation

performance, different DG compensation strategies were implemented in a distribution system
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with capacitor banks connected to it (with an equal equivalent rating). The Bode plot of V/is
(obtained from the developed models) in this scenario is shown in Figure 3.17, which reveals that
the crossover frequency moves to the lower-frequency region as the node number in the
distribution system is increased. Note that the crossover frequency can be as low as the 7%
harmonic in the case of an 11-node system. Therefore, attention must be given to this situation
during the harmonic compensation operation, and the appropriate compensation strategy must be
chosen according to the load harmonic characteristics.

Time domain simulations with a PFC capacitor connected to node 11 were also conducted.
Figure 3.18 shows the time domain simulation waveforms while Figure 3.19 shows the harmonics
voltage magnitude and Vrup across the distribution line under different compensation strategies.
In Figure 3.19(a) to 3.19(c), the harmonic content throughout the distribution line for different
compensation strategies reveals that the low-order harmonics are lower throughout the entire
distribution line for end-of-line compensation. In contrast, at high frequency, the harmonics are
amplified with end-of-line compensation. This conclusion is similar to that derived from Figure
3.17. Although Vrmp throughout the distribution feeder is lower in the case of end-of-line
compensation as shown in Figure 3.19(d), a load model with higher high-frequency components
could change the compensation result.

To investigate what happens if the load model changes and the high-frequency components of
the load are increased, all the harmonic components of the home load model were removed except
for the exaggerated 9™ harmonic and fundamental components. The simulation was run again with
different compensation strategies, and the results are listed in Table 3.6, which shows that the Vrup
along the distribution line is increased by the end-of-line compensation but decreased by
distributed compensation compared to the no-compensation condition. For example, when is no
DG compensation is present, Vrup at node 8 is 5.27%. This percentage increases to 5.44% with
end-of-line compensation, and decreases to 4.78% with distributed compensation. As the load in
this case contains only a high-frequency component, distributed compensation performs far better
than end-of-line compensation. This result is in line with the observation obtained from Figure

3.17.
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Figure 3.18. (a) Current through distribution line, (b) Current flowing from node 11 to

primary side of distribution transformer 11, (¢) Current flowing through hot wire 1 of
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Figure 3.19. Voltage magnitude of (a) 5 order harmonic content, (b) 9" order harmonic

content, (c) 13™ order harmonic content and (d) Vzup throughout the distribution feeder for
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different compensation strategies.

Table 3.6. THD, along distribution feeder 2 Using 9" Harmonic and Fundamental Load Only

T. HOD" at I DG on Virtual
[%] [Z(i node impedance
Node 1 Node4 Node8 Nodelll [n®] Q]
1.16 2.52 5.27 8.13 0 No )
1.38 2.82 5.44 8.07 55.2 11 1/5.70
1.14 2.38 4.78 7.31 55.7 All 1/0.85
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To demonstrate the effect of line parameter variation on a distribution system with a PFC
capacitor, the Bode plot of V/iy in the no compensation condition with different line parameter
combinations is shown in Figure 3.20, which shows that the effect of a line inductance change has
a much greater effect on harmonic propagation along the distribution line, while a line resistance
change has little or no effect. With an increase in the line inductance, the resonance frequency and
compensation crossover frequency will be reduced. This result is consistent with the analysis of

the number of nodes (the line-length effects).

Bode Diagram
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Figure 3.20. Analysis result with different line resistance and inductance combination with

PFC capacitors.

Finally, the relationships between the compensation strategy crossover frequency and the
different system parameters are summarized in Table 4.7.

Table 3.7. Analysis Summary

Condition Observation

At frequency lower than the crossover
frequency
At frequency higher than the
crossover frequency

End-of-line compensation is better

Distributed compensation is better

Increase of PFC capacitor Crossover frequency lowers
Increase of line impedance (Zjix) Crossover frequency lowers
Increase of nodes (line length) Crossover frequency lowers
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3.7 Conclusion

In this chapter, we explored the idea of using residential system DG-grid interfacing inverters
as virtual harmonic resistances to damp the system harmonics and improve the power quality. An
in-depth analysis and comparison of different harmonic compensation schemes were conducted to
investigate the effects of the PV locations on harmonic compensation performance. This analysis
then identifies the compensation method that should be used under different grid conditions which
lays the groundwork for a priority based improved compensation scheme.

Specifically, the analysis and simulation results showed that the end-of-line compensation
provided better damping for low-order harmonics, whereas distributed compensation provided
better damping for high-order harmonics if the equal equivalent rating of the DG was maintained.
In the system without PFC capacitors, this crossover frequency was quite high, and end-of-line
compensation performed better. However, the presence of capacitor in the system could
significantly reduce this crossover frequency to around the 7" order harmonic, so the decision
about which compensation strategy to use must be made according to the system load
characteristics. Moreover, the effects of capacitor sizes, line impedance, and length on the
crossover frequency were also analyzed in this work. With the information about a distribution
system, the crossover frequency between the two compensation strategies can be determined by
using the model developed in this work, and proper priority can be assigned to the PV inverters at

different locations.
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Chapter 4

Selective Harmonic Compensation for
Improved Compensation Performance

4.1 Introduction

In the previous chapter, performance of different harmonic compensation methods namely,
end-of-line [74] and distributed compensation [84, 85] are compared. It shows that, every system
has a crossover frequency depending on the system configuration and parameters. End-of-line
compensation is better at frequencies lower than the crossover frequency and distributed
compensation is better at frequencies higher than the crossover frequencies. Although a guideline
to assign harmonic compensation priorities on DGs operating at different locations of the
distribution system has been identified in the previous chapter, the considered possibilities are only
two, end-of-line or distributed compensation. Moreover, the distributed compensation scheme is
implemented utilizing same virtual resistance for all DGs and at all frequencies. This is a simplified
case of distributed compensation which assumes DG availability at each distribution system nodes
and each DG having the same rating [84, 85]. In a practical system, DG(s) can be connected
anywhere in the distribution system. With compensation priority defined (off line or online), DGs
at different locations can be assigned with associate priorities for harmonic compensation. To
achieve improved harmonic compensation result in such a practical scenario, finding an effective

way to determine harmonic compensation priorities of each DG and at each harmonic is an

Publication out of this chapter:

M.S. Munir, Y.W. Li, H. Tian, "Improved residential distribution system harmonic compensation scheme using

power electronics interfaced DGs", IEEE Trans. Smart Grid, vol. 7, no. 3, pp. 1191-1203, Mar. 2016.
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important topic that has not been addressed sufficiently in the literature. Such improved
compensation priority determination process becomes more complex in the presence of resonance
introduced by PFC capacitors. In this chapter, a selective harmonic compensation scheme is
developed to assign compensation priorities on DGs operating at different distribution system
nodes and at different harmonic frequencies for improved compensation performance. This is
implemented using system wide different virtual resistance for DGs operating at different nodes
and at different harmonic frequencies which is not been reported in literature so far to the author’s
knowledge.

Currently the most widely used method to determine resonance in power network is the
frequency scan method [102]. But the frequency scan method fails to address a number of
concerns. For example, the frequency scan method cannot identify the bus or component which
excites a particular resonance easily. This method also cannot determine whether the resonance
observed at different buses are originated from the same bus or not. To overcome this problem, a
method based on modal analysis was proposed in [103]. Using the method presented in [103], bus
and component sensitivity to resonance excitation can be determined. Later on in [104], the
proposed modal analysis was used to solve harmonic resonance problem of an offshore wind
power plant using additional filters.

In this chapter, resonance analysis is first carried out in the distribution system model using
modal analysis. Then the harmonic compensation priorities of DGs at different nodes are
identified. A selective compensation scheme is used for assigning the calculated harmonic
compensation priorities on DG(s) at different position and at different harmonics for improved
compensation performance. One way to implement such distributed compensation scheme is to
use different virtual harmonic resistances for DGs at different position and at different harmonic
frequencies [105]. In this work, this type of distributed compensation scheme will be further

improved and implemented.

4.2 Resonance Mode Analysis in a Residential Distribution System

Traditionally, frequency scan analysis is used in an electrical network to identify resonance
phenomena and resonance frequency. To carry out frequency scan analysis, an electrical network
of n node is represented by an n x n admittance matrix [Y] at first. Then voltage vector of the

system is calculated from the following equation:

78



V1s = [Zn]flI]f 4-1)

AT T
% I R O
or, | : : R : (4-2)
I
_VN_f _YNl Ynz : -y ._IN_f

Here, [V], [Z~] and [I] are nodal voltage vector, nodal impedance and nodal current vector
respectively while subscript f denotes the frequency. For every frequency, the voltage vector can
be calculated for 1 p.u. current injection. The voltage vector that has very high value at some
frequency is associated with resonance. Thus resonance and resonance frequency can be identified
using this method. But it cannot identify the component and bus that excites the resonance.

Using modal analysis, this problem can be solved. If we observe closely, input current vector is
always set to 1 p.u. during the frequency scan analysis. So the high voltage vector values are
associated with the singularity of the admittance matrix [Y]. This singularity of [ Y] matrix can be
found when one of its eigenvalue is close to zero. Now the admittance matrix can be decomposed

as,

[Zn]f = [L]f[ZM]f[T]f (4-3)

where [Zu] 1s the diagonal eigenvalue matrix. [Ly] is the left eigenvalue matrix and while [T}
is the right eigenvalue matrix. This Eigen analysis or modal transformation is basically a matrix
decoupling method that transforms the nodal impedance matrix [Zy] into modal impedance matrix

[Zy] as [103],

Zy Z, -
7 _ Zy  Zy : —_
[24], = P (4-4)
_ZNl Zn2 Zn3 Znn Jf
Zm,ll 0 —|
Z O Zm,22
while, (Zul, = T ! (4-5)

0 0 0 sz
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It can be seen that the modal analysis actually decouples the coupled nodal impedance matrix
[Zny] into decoupled modal impedance matrix [Zuy] in the modal domain. So, while nodal
impedance matrix [Zy] actually shows how the nodes of an electrical system are coupled to each
other in nodal coordinate; modal impedance matrix [Z] shows the grid configuration in the modal
domain. There is no change of the dimension between nodal [Zy] and modal [Zy] impedance
matrix, hence the number of mode is same as the number of nodes in an electrical system. Modal

impedance matrix is diagonally symmetrical:
(2], =2.4], (4-6)
And left and right eigenvalue matrices are related as:
2] =[] (4-7)

As modal impedance matrix [Zy] is a diagonal eigenvalue matrix, left and right eigenvalue

matrices are also effectively diagonal matrix:

(2] =[] =[r] (48)

Substituting (4-8) into (4-1) we get:
[V]f = [L]f [ZM ];1 [T]f [I]f (4'9)
(7], 7], =[2.], [7], 1], (4-10)

If modal voltage (vas) and modal current (in) vectors are defined as:
], =[7], 7], (4-11)
and,
[\ ]_ = [T] ; [1]_ , 4-12)

Equation (4-10) then reduces to (4-13). Modal analysis in this work will be carried out using

equation (4-13)

v ], =12 ], [i], (4-13)
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4.3 Distribution System with DG

In this chapter, virtual harmonic impedance based control scheme of DG presented in Section
4.2 will be used to compensate system harmonics. This is implemented by modifying harmonic
currents at every frequencies using /', = V¢ »/Rn and the reference harmonic current of the PV
system is produced by combining all the individual harmonic references as,

In=I3+IT5+ ... +1 5 (4-14)

ZLine ZLine

Distribution line

Hot wire 1

Distribution
transformer

Residentiall
load N
Hot wire 2

\AAA

Ve
| PWM mo dulatorl Harmonic
¥ detection

Multi-loop ||
current control [~ /;

1/R, 15[

DG atn™ node

Figure 4.1. Harmonic damping with resistive active filter (R-APF) based DG

Block diagram of the control system of DG unit is shown in Figure 4.1. This DG control system
is similar to the one shown in Figure 4.2 except here, every individual harmonic components of
DG output current will be controlled to get improved harmonic compensation result. Virtual
resistance will be used for controlling overall DG RMS current while compensation priorities will

be used to regulate DG currents at different position and harmonic frequencies.
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Figure 4.2. Distribution system model

The distribution system used in this work is shown in Figure 4.2. It has a 34.4KV transmission
line which is connected to the /2.47KV distribution feeders through transmission transformer (Xfz-)
[25]. The 3 phase distribution feeder has 11 nodes. On each node, a group of 12 houses are
connected to the distribution feeder through distribution transformer (Xfus) in a way that the load
current is balanced (6 home model 1 and 6 home model 2) [34, 35].

To investigate the effectiveness of different harmonic compensation schemes, distribution bus
with PFC capacitors is also modeled [2, 21, 22]. To simplify the investigation of the impact of
nonlinear loads on distribution system power quality, analysis and simulation will be carried out
on a single distribution feeder as shown in Figure 4.3. Here DGs are connected at the secondary
side of the distribution transformer. In this model, n =1, 2, 3...... N represents the n node. Zx,
represents the distribution line impedance, Zy, represents the distribution transformer impedance.
The house load model is comprised of Z1, which represents the fundamental load impedance and
Inn which represents the harmonic current of the non-linear load at n” node. Zcs, Zcs... Zca are the

h

impedances of the PFC capacitors respectively at the n” node. Here the DG at n™ node is

represented by virtual impedance R,. V,, is the voltage at the n” node.
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Figure 4.3. Typical distribution feeder with DG

Now the parallel branch connected at each distribution system node can be simplified into a

parallel impedance and current source using Norton theorem as shown in Figure 4.4.
Vy

£, =

ZeqN

quN
Figure 4.4. Equivalent parallel branch

So, the N node distribution system shown in Figure 4.3 can be simplified into the system shown
in Figure 4.5.

Figure 4.5. Equivalent distribution system model of an N node distribution feeder

From the equivalent distribution system model shown in Figure 4.5, admittance matrix is formed

as shown in (4-15). Then modal analysis can be carried out using (5-15) to identify harmonic
compensation priorities.
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_Vl -4
YX1+YX2+qul+YCl _sz 0

" I

; -Y.. Yo.+Yo.+Y .41, - 0 ;

o= v 1., v L1

(4-15)

_V:.va L v v quNJrICNJf{]NJ/

4.4 Improved Harmonic Compensation with modal analysis

A comparison of different harmonic compensation methods was carried out in the previous
chapter. It was done by keeping the total harmonic RMS current from all the DGs in the system
same irrespective of the compensation scheme and distribution system configuration. With this
criterion, the analysis of V/ip with different compensation methods but with equal equivalent
rating was carried out using an 11 node distribution system. The analysis result shows that:

1. The end-of-line and distributed compensation has a crossover frequency for an N-node
distribution feeder. End-of-line compensation is better in the low-frequency region before the
crossover frequency, and distributed compensation is better in the high-frequency region after
the crossover frequency. As feeder node (length) increases, this crossover frequency moves to
the lower-frequency region.

2. PFC capacitors are often installed in distribution systems and they may cause harmonic
resonances and affect the harmonic compensation performance. For a distribution system with
PFC capacitor, the crossover frequency moves towards the low-frequency region as the
capacitor is moved towards the end of the distribution line. When the capacitor is connected at
node 11, the crossover frequency moves close to the 7™ harmonic frequency. Therefore,

harmonic compensation scheme has to be chosen carefully in that situation.

Although the method presented in the previous chapter can identify the better compensation
method between end-of-line and distributed compensation, the compensation priorities at each
node and at each harmonic frequency cannot be identified. For example, if there are two DGs
connected at node 7 and node 11, this method cannot identify which should have the higher
compensation priority. To overcome this problem, compensation priorities at each node and at

each frequency should be identified. Modal analysis is used in this work to identify the required
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compensation priorities at each node. Then a selective compensation scheme will be developed to
improve the harmonic compensation performance using those priority values.

In this work, modal analysis was carried out at first using the same 11 node distribution model
for 1% to 40™ harmonic frequencies using (4-13) without PFC capacitor. Figure 4.6 shows the

modal impedance for each mode.
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S
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Harmonic order (h)

Figure 4.6. Modal impedance for different modes

It can be seen from the modal analysis equation shown in (4-16) that the lowest Eigen value will
result in highest modal impedance. And high modal impedance at a particular frequency will result
in high modal harmonic voltage for the same input modal harmonic current. In other words, modal

impedance can be used to identify the mode that is more prone to harmonic distortion.

) . .
Vi Z,n 0 Lt
-1 : .
Vm,Z _ 0 Zm,22 . Zm,2
: : : : : (4-16)
1 .
Vm AT - 0 0 0 Z«_ ATAT i | lm AT
—_—— g —
Modal Voltage Modal impedance Modal Current

Here, modal current matrix is the multiplication of Eigen vector matrix and physical input
current matrix (4-17). Similarly, modal voltage matrix is the multiplication of Eigen vector matrix
and physical output voltage matrix (4-18). From (4-17), it can be seen that depending on the Eigen
vector values, same physical input current at different nodes will result in different modal input
current. And depending on modal impedance value, same modal input current can result in

different modal voltage.
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. (4-17)
iovl .|
%/_/ %/_/
Modal Current Eigen Vector Input Current
Vi Ly L, : | | 4
Vin.2 Ly Ly i | | v
: : s : (4-18)
Vo wr | : N N
S — S —
Modal Voltage Eigen Vector Output Voltage

The critical modal impedance (highest modal impedance) is much higher than other modal

impedances. As a result, if z- is the critical modal impedance in (4-16), then we can assume,

Z, 0 Zgw 008
' _ ’ |
0 7, oo |
SR SR (4-19)
0 0 0 Zzl. 0 0 0 0
Modal impedance Modal impedance
Combining (4-16) to (4-19) we get,
4 LT, L,T, : : _I I_ .
v, _ 7l LT, LyI, : : D -
: U : : : : 4-20
J | . . . I | | ( )
7l : P L],

Particapation Factor

The Participation Factor (PF) matrix of (4-20) denotes the impact of each bus on the critical
mode. Whereas Z,:,}]Lf denotes the impact level at different harmonic frequencies. Combining the

modal impedance and PF index, we can determine participation of each bus to output harmonic
voltage distortion. In this work, this approach will be used to quantify the harmonic compensation
priorities at different harmonic frequencies and at different nodes of the distribution system. Then
the compensation priority values will be used to implement the selective compensation scheme

which will improve the harmonic compensation performance.
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From the modal impedance shown in Figure 4.6, harmonic compensation priorities at each
frequency of interest in an 11 node distribution system can be calculated from the mode 9
impedance. To do so, modal impedance at frequencies of interests and associated Eigen vector
matrix are calculated. In this work, modal impedances at 3/, 51, 7t 9t 11t 13t and 15 harmonic
frequencies and participation factors of different input harmonic currents at different nodes are
calculated.

Although these compensation priority values will ensure improved compensation performance
of DGs with selective harmonic compensation, one practical aspect has to be incorporated here.
Modal impedance has different percentage values at different harmonics. But in practical
residential distribution system, magnitudes of low order harmonics, e.g., 3", 5th 7t ete. are usually
much higher. So, the compensation priority values should be modified according to the load

harmonic current data for improved compensation result.

Connection
point of DG 1
. Harmonic Ve
i reference current
of DG 1
Compensation
/R, p A \L_detection
Z;3 Hjs PF;
I — T — V61, 5rd
' I Z] n H Ln PF, In V '
Protity from /. DG 1 Prority | Prioriy
critical from load from
modal harmonic participation
impedance data factor

Figure 4.7. Selective compensation scheme with virtual harmonic resistances

To implement the selective harmonic compensation scheme, the distributed compensation
structure with different virtual resistance is modified as shown in Figure 4.7. In Figure 4.7, priority
from participation factor at each node (PF, 1) can be assigned according to the participation factor
from Eigen analysis. Then priority from modal impedance (Z, 1) and harmonic load data (1) can
be assigned separately. And virtual resistance (Ry) can be used to control total DG(s) rating. The
compensation priority (CP) at different distribution system node and harmonics can be expressed

as,
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— PF;'l,h ’ Hn,h : Zn,h
CP, = b T Zwh (4-21)

n=1,2..N,h=3,5..15
max U H,, -Zn,h)

n,h

here, n = 1, 2.....Nrepresents n” node and & = 3, 5 .... 15 represents 4" harmonics.

4.5 Harmonic Compensation Performance

Using the previously described model based method, the DG compensation priority values are
calculated from the modal analysis participation factor, modal impedance and load harmonic
current data. The participation factor modifies compensation priorities according to the DG
position at each harmonic frequency. Priority from modal impedance modifies compensation
priority according to the impact of each input harmonic current on output voltage distortion. In
this section, modal analysis will be used at first to compare the observations found from the

previous chapter and then the effectiveness of the developed criterion will be investigated.

4.5.1 Observations with Modal Analysis

To compare the observations obtained using modal analysis with the ones obtained in the
previous chapter, modal impedances are calculated at first using the same distribution system
model and PFC capacitor value but with different capacitor placements. This is shown in Figure
4.8. As shown, the resonance frequency is lower as the PFC capacitor is moved towards the end

of the distribution line. This conclusion is similar to the one obtained in the previous chapter.
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Figure 4.8. Modal impedance with 8uF capacitor at (a) node 3 and (b) node 11
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Modal analysis is used to identify the harmonic compensation priorities at each node for
different capacitor position. As an example, normalized values of 7" harmonic participation factor
for different capacitor positions are shown in Table 4.1. As seen from Table I, participation factor
at node 11 is same for capacitor at node 3 or 11. But the participation factor is higher at node 10
when the capacitor is connected at node 3 than when connected at node 11. So the 7" harmonic
compensation priority increases at the end nodes as the PFC capacitor is moved towards the end
of the distribution line. In other words, end of line compensation performs better as the PFC
capacitor is moved towards the end of the distribution line, which is consistent with the conclusion
obtained in the previous chapter.

Similarly, using modal analysis it can be shown that the resonance frequency is lowered when
the PFC capacitor value is increased and end of line compensation performs better as the PFC
capacitor value is decreased while distributed compensation performs better as the PFC capacitor

value is increased, which is consistent with the conclusions obtained in the previous chapter.

Table 4.1: Calculated compensation priority at 7th harmonics with an 8uF capacitor

connected at different nodes

Harmonic order 7th 7th 7th
Value [uF] 8 8 8
Capacitor
Position [node] 3 7 11
1 16.25 14.03 9.42
2 32.24 27.95 18.82
3 47.71 41.63 28.18
4 58.43 54.97 37.5
Participation 5 68.23 67.86 46.75
factor at node 6 76.94 80.18 55.92
7 84.42 91.85 64.99
8 90.55 95.08 73.95
9 95.24 97.53 82.78
10 98.4 99.17 91.47
11 100.00 100.00 100.00

4.5.2 Selective Harmonic Compensation with Single Resonance
In this section, a distribution system with single resonance is used to investigate the harmonic

compensation performance of the developed selective harmonic compensation scheme. To identify
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the improved compensation scheme in the developed distribution system model, modal
impedances for different modes with an 8uF capacitor connected at node 5 are calculated and
shown in Figure 4.9. From Figure 4.9, we can see that the capacitor at node 5 introduces a

resonance at mode 9.
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Figure 4.9. Modal impedance for different modes with an 8uF capacitor at node 5 (single

resonance)

Now from the Eigen vectors, participation factor of each input harmonic current at each node
can be obtained and are shown in Table 4.2, where the modal impedances and input harmonic

current for different harmonics are also shown.

Table 4.2. Participation factor, load harmonics and modal impedance data for calculating

compensation priority with an 8uF capacitor at node 5

Harmonic order

3rd Sth 7th 9th 1 1 th 13th 1 Sth

Modal Impedance o5 36 16001 25504 43371 784.00 506.15 256.60
Input Current 6.19 0.55 1.67 0.84 0.33 0.32 0.27

1| 210  3.83 6.11 1023 2074 1620  9.83

2| 417 759 1215 2039 4150  32.61  19.95

3| 616 1125 1804 3042 6228 4940  30.64

4| 805 1472 2372 4022 8321 6679 4221

Participation | 5 | 979 1797  29.10 4975  104.00  85.00  55.00
Factoratnmode | 6 | 1121 2017 3170  52.06  103.51 7974 4827
7 | 1244 2206 3392 5402 10312 7545  42.94

8 | 1344 2361 3573 5560 102.80 72.10  38.85

9 | 1422 2480 3711 5679  102.58  69.62  35.89

10| 1474 2560 3803  57.60 10242 6797  33.96
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‘ 11 | 15.00  26.00 38.50 58.00 102.35 67.16 33.01

Now the harmonic compensation priority can be assigned on a DG connected to different

distribution system node according to Table 4.2. According to the parameters listed in Table 4.2,

several observations can be made:

1.

For low order harmonics, e.g., 3™ order harmonics, compensation at the end will provide
better result.

For high order harmonics, e.g., 15" order harmonics, compensation at the resonance point
will provide better performance.

For the 11" order harmonic, compensation at node 5, 6, 7, 8, 9, 10 and 11 will provide better
result (since participation factor values are very close for all those 7 nodes).

For the same input harmonic current, output voltage distortion will be highest at the 11
harmonic frequency and lowest at 3™ order harmonics. As a result, highest compensation
priority should be assigned on 11% order harmonics (from modal impedance values).

Load harmonic current has highest magnitude at 3™ harmonic frequency and lowest at 15%

harmonics. For improved compensation, the compensation priorities should be modified

according to the harmonic load current profile.

To verify these observations, simulation was carried out at first with exaggerated 7™ harmonic

load and the resultant 7" harmonic voltage throughout the distribution line was recorded.

According to Table 4.2, 7" harmonic compensation at node 11 will provide better result than

compensation at node 5. To verify this, simulation was run separately with DG connected at node

5 and node 11 with the same RMS DG current. The resultant 7" harmonic voltages throughout the

distribution line are shown in Table 4.3. It can be seen that compensation results are better even

with the same RMS DG current when DG is connected at node 11. This result verifies the

observation about low order harmonics of Table 4.2.

Similarly, simulations with exaggerated 13™ harmonic are conducted and the results in Table

4.3 show that 13" harmonic compensation at node 5 will provide better result than compensation

at node 11. This result verifies the observation about high order harmonics of Table 4.2.
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Table 4.3. 7th and 13th harmonic voltage with different compensation strategies

DG At node 5 11
Irms (A) 15 15
Harmonic order 7th 13t 7th 13t 7th 13t

1 249.27 231.62 238.58 220.61 237.64 220.83

2 320.50 309.17 306.59 294.85 305.36 295.15

3 388.27 395.26 371.15 377.61 369.61 378.01

4 452.83 490.44 432.50 469.43 430.63 469.93

Harmonic 5 514.42 595.32 490.87 570.87 488.65 571.5

voltage at 6 530.27 538.96 506.93 514.97 503.03 518.62

node 7 543.39 492.6 520.24 468.98 514.64 475.68

8 553.83 45592 530.83 432.59 523.53 442 .41

9 561.63 428.66 538.75 405.54 529.72 418.55

10 566.82 410.61 544.01 387.63 533.26 403.93

11 569.40 401.62 546.64 378.71 534.15 398.4

Finally, simulation was carried out with the same distribution system model with the real

residential load. At first, DG was connected at node 11 with same priority at each harmonic

frequency (end of line compensation). Then DG was connected to every node of the distribution

system with same priority at each harmonic frequency (distributed compensation). Another

simulation was carried out where the total DG RMS current is same as end-of-line or distributed

compensation. In this case, selective compensation scheme was used. The compensation priorities

were assigned according to participation factor, load harmonic data and modal impedance values.

Simulation with compensation priority values listed in Table 4.2 results in V7up values shown in

Figure 4.10. It can be seen from Figure 4.10 that for the same DG RMS current, V7up values are

lower when selective harmonic compensation is used.
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Figure 4.10. Compensation result with different compensation strategies, same DG ratings

and an 8uF capacitor at node 5

4.5.3 Selective Harmonic Compensation with Multiple Resonances

To test the effectiveness of the proposed criterion in a system with multiple resonances, modal
analysis was carried out with 16uF capacitors connected at node 3 and node 7 (multiple resonance
situation). Modal impedances for different modes from that analysis are shown in Figure 4.11. It

can be seen that the capacitors at node 3 and node 7 introduce resonances at mode 9 and mode 10.

5001 REPPRREE FUT e FERRRE RRRRRRE RETRRTRE PRI :

2 o
400 ....... PO 44444444 ........ ........ ........ ........ ........

W
=
(=]

3]
(=3
(=]

Modal Impedance

I AN 4444444 4444444 4444444 44444444 44444444 44444444

5 10 15 20 25 30 35 40

Harmonic order (h)

Figure 4.11. Modal impedances for different modes with 16uF capacitors at node 3 and node

7

Now from the Eigen theory, participation factor and modal impedance at different node at
different harmonic frequencies can be calculated which is shown in Table 4.4 along with load

harmonic data.
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Table 4.4. Participation factor, load harmonics and modal impedance data for calculating

compensation priority with 16uF capacitors at node 3 and node 7

Harmonic order

3rd Sth 7th 9th 1 1 th 1 3th 1 5th

Modal Impedance 116 354 257 121 73 143 229
Input Current 6.19 0.55 1.67 084 033 032 027

1| 04l 1.42 121 067 044 524 879

2 | 161 5.65 4.93 2.79 1.92 2009 36.44

3| 355 1266 1138 674 496 4210 86.93

4| 58 1959 1614 855 552 2010 33.50

L 5| 849 2792 2231 1143 719 527  6.05
Fl;ac‘;‘;f';’ta;‘;’;‘e 6 | 1140 3756 3031 1592 1057 0.02  0.62
7 | 1438 4841 4062 2284 1688 523 1640

8 | 1611 4939 3614 1707 1032 802 1281

9 | 1750 5014 3301 1347 677 10.69 10.53

10 | 1846 5065  31.04 1138 494 1277 9.18

11 ] 1896 5090 3008 1043 417 1391  8.56

Priority values for selection harmonic compensation scheme can then be obtained from Table
4.4 according to (4-21). To investigate the harmonic compensation performance with selective
compensation, simulations were carried out with the same distribution system model with
residential load. At first, DG was connected at node 11 with same priority at each harmonic
frequency (end of line compensation). Then DG was connected to every node of the distribution
system with same priority at each harmonic frequency (distributed compensation). Then selective
harmonic compensation was carried out where the total DG RMS current is same as the distributed
compensation. All resultant V'zyp values are shown in Figure 4.12. From Figure 4.12, it can be seen
that for the same DG RMS current, V7up values are lower when selective harmonic compensation

is used. These results verify the effectiveness of the proposed selective harmonic compensation

strategy.
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Figure 4.12. Selective harmonic compensation with multiple resonances

4.6 Discussion

The work presented in this thesis is a model based approach and the performance of the method
presented here is dependent on system configuration and parameters. The performance of the
presented method is most sensitive to the capacity or placement and value in the system as
changing capacitor placement or value significantly change the resonance in the system. In real
life situation, various distribution network components such as distribution transformer,
distribution line impedance, PFC capacitor, transmission transformer etc. are usually fixed. If a
new component is installed or existing configuration is changed, that can easily be accounted for
in the model. On the other hand, loads are variable in a practical distribution network. To account
for this, constant load monitoring system can be installed, assumed load data can be used or historic
load data can be used. Just to show the performance of the proposed method with assumed load
data, simulation was run again with same load but compensation priority values were calculated
assuming 3™, 5% | 7" and 9™ harmonic load currents to be 5 times higher than of 11%, 13" and 15%
harmonic currents. Figure 4.16 shows the selective compensation result in such case. As seen from
the Figure 4.13, the compensation performance deteriorated compared to the result with actual
load data but still the results are better than distributed compensation. If historic load data was
used here, the compensation performance would have even closer to the results with actual load
data.

It should also be noted that a single phase radial distribution system model is used in this work

for sake of simplicity, but the presented method can be applied to any distribution system model.
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For example, modal analysis as carried out in a three phase system in [31] and in interconnected
system model in [32, 33]. Moreover, to coordinate different DG units under changing available
DG rating, multi layered control can be used. In [38], hierarchical decentralized control technique
is discussed. An important next step on this could be the multi-layered control where a supervisory

layer control can be utilized to adjust selective compensation priorities on-line.
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Figure 4.13. Selective harmonic compensation with inaccurate load data

Virtual impedance based DG controllers are used in this work which use connection point
voltage THD to generate compensating current and reduces voltage distortion. Although
compensating non-linear load current locally would have resulted distortion free voltage, it is not
practically feasible in a residential distribution system to compensate all local non-linear load
current and make grid current sinusoidal. This is because, the controller of the DG unit needs the
load current information to compensate the harmonic current locally. But DG units are usually
installed in a house surrounded by a group of house in a residential area, all producing non-liner
load currents. In such practical scenario, it is very difficult for the DG controller to know the total
non-linear load current information. Figure 4.14 shows a typical residential distribution system
scenario where DG is connected to house 1 of house group 1. The controller of that DG have no

load current information of house 2 — house 7 of house group 1 and any house of house group 2.

1 Distribution node

Distribution feeder 2.
[ S I"'I"'|
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" 1 1 [ 1 i !
' " 1" | | ] ]
,"DE}"”:Housel::House2::House3| :Housen::: :
L_Z-J_ 1 ] 1" 1 | (! |
ho____ ] Vo | 1 " |
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House group 1 House group 2

Figure 4.14. Typical residential distribution system configuration with DG
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Different available capacity of DGs at different nodes will affect the actual harmonics
compensation participation from each DG. However, the DG compensation priorities identified in
the proposed method (which does not depend on available DG rating) is still important for the
operation of DGs. According to the proposed method, a DG with higher priority should participate
more in harmonic compensation compared to a DG with low priority. This is because, DG with
higher compensation priority will be able to reduce V7up more compared to a DG with less priority
using the same DG capacity. So, it is very important to ensure that the DG with higher priority
utilizes more capacity of that particular DG for harmonic compensation. A further consideration
of the work is to simultaneously include the compensation priority determined in this chapter and
the available DG rating for harmonic compensation to achieve further improved and coordinated

compensation.
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4.7 Conclusion

In this chapter, a selective harmonic compensation scheme using DG-grid interfacing inverters
is developed that improves the harmonic compensation performance on a residential distribution
system. Here, compensation priorities for different DG position and harmonic frequency are
identified for improved compensation performance compared to traditional distributed
compensation. Assigning such compensation priorities on different DG interfacing inverters in the
distribution system improves compensation performance. An in-depth analysis, comparison and
simulation of the developed selective compensation scheme with different existing harmonic
compensation schemes were conducted to identify the performance improvement. To achieve the
main objective of this work of improving the harmonic compensation performance in a residential
distribution system, a model based approach is adopted where selective harmonic compensation
priorities are generated according to the system parameters and load current data. This calculated
priority values are used to achieve better compensation. The next chapter will focus on a droop
based wireless control system of the DGs that consider both the compensation priority and
available aggregated DG rating for harmonic compensation without the need of communication

among DG units.
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Chapter 5

Priority Driven Droop Controller for
Distributed Harmonic Compensation

5.1 Introduction

It was mentioned in the previous chapters, power electronics interfaced DGs provide an
excellent solution to the harmonic problem in the residential distribution grid. For implementation
of distributed compensation and considering the available aggregated converter rating for
harmonic compensation, conductance-power (G-S) based droop controllers have been used to
control several active power filters that are installed in different locations [25]. This system is
called distributed active-filter system (DAFS) where individual APFs compensates harmonics
without any communication among themselves. This communication-less control scheme is
implemented by a droop relationship between the harmonic conductance and VA consumption of
each individual APF. The droop slope of different AFP is designed according to the VA rating of
individual APFs which ensures even sharing of harmonic compensation workload. But this
traditional G-S based droop controller has some drawbacks. Due to the approximation and
simplification used in the DAFS controller design, significant power sharing error may be
introduced among different converters. Moreover, additional power sharing error may be
introduced depending on the connection point voltage distortion (due to feeder impedance).
Finally, although the droop controller controls the virtual harmonic impedance of the individual

converter, the same harmonic impedance is used for all harmonics. But depending on the network

Publication out of this chapter:

M.S. Munir, Y.W. Li, "Residential Distribution System Harmonic Compensation using Priority Driven Droop

Controller", Submitted, IEEE Trans. Smart Grid, Dec 2017.
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configuration, prioritizing the compensation of some specific harmonics at certain location will
provide better compensation result. To overcome all these drawbacks associated with traditional
G-S droop based controller, a novel priority driven droop controller to implemented the selective
harmonic compensation strategy for DG interfacing inverters is proposed in this chapter.

The proposed control method can eliminate power sharing error introduced by the traditional
G-S droop method. Also the power sharing error introduced by the feeder impedance are
eliminated in the proposed controller. With the harmonic compensation priorities determined by
modal analysis, the compensation priority and available aggregated DG rating for harmonic
compensation can be combined together in the proposed harmonics droop control. As a result, a
system level control and implementation strategy can be developed, where all DGs of a distribution

system is controlled without communication among them.

5.2 Traditional Conductance- Power (G-S) Based Droop Controller

The traditional conductance-power (G-S) based droop algorithm is shown in Figure 5.1 [106-
108]. Here, harmonic conductance command is obtained from the output apparent power of DG
(Sn), rated capacity (Sno), droop offset (Gno) and G-S droop equation shown in (5-1) and Figure
5.2. The harmonic voltage content at the DG connection point (V¢ 1) is modified according to the

harmonic conductance command (Gn) to generate the harmonic reference current for DG.

* Non linear load * Non linear load Non linear load *
Line impedance Line impedance
. I . l—
$-o E {lrj—<— PWM | -
Filter Harmonic
Inverter reference current
Harmonic for DG Current
Voltage at DG detection regulator
connecting point
A t G
arent power i
> p(f)alculatri)on —> <S_ Ratec?f C]ggamty
DG output S, "
current S = Sao
Power-conductance
droop controller
Figure 5.1. Block diagram of G-S droop control
Gn =G110+bn(Sn_Sn0) (5_1)
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Sn - Sn(),] Sn - S110,2

Figure 5.2. Conductance vs power relationship using G-S droop control

Since the main component of the RMS voltage at the point of connection is the fundamental

voltage, the output apparent power of DG () can be expressed as,

Sn = (5_2)
Combining (5-1) and (5-2) we get,
S, =1V, [{Goo +8,(S, = S,)}|V,]
Vn f (GnO bnSnO)
Or, S, = b7, (5-3)

In a number of previous works [25, 29, 30], (5-3) is s1mp1iﬁed assuming (bann,f”Vn,hl) > 1 as,
Sb =bS,-G, (5-4)

n"~n0

If there are an » number of DGs and their droop characteristics are assigned as,

by =G =08y =Gy =...=0,5,, -G, (5-5)
Then combining (5-4) and (5-5) we get,

Sb=8b,=...=8 b, (5-6)
So, the output apparent power of the DGs are inversely proportional to the slope of the droop
controller according to (5-6). While the slope of the droop controller is also inversely proportional
to the apparent power rating of the respective DGs according to (5-5). Combining (5-5) and (5-6),
it can be seen that such droop slope allocation will allow proportional sharing of the harmonic

filtering workload among different DG units according to the respective DG rating as shown in (5-

7).

(5-7)
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5.3 Proposed Conductance- Power (G-S) Based Droop Controller

In case of the traditional droop controller, (5-6) is derived assuming (bn|Vn, f||Vn,h|) > 1. But
depending on the value of the droop slope (b,,), this assumption may not hold valid. Because of
power sharing accuracy and stability concerns, droop slope (b,) can be very small resulting
(bn|Vn‘f||Vn,h|) ~ 1 which will introduce considerable error in output power sharing among
different DG units.

To demonstrate this, Figure 5.3 shows the output power ratio (S:/S>) of 2 DGs with S;9 = 1000VA
and S29 = 500V A respectively. Here the range of b2 is double of b; since S19 = 2520. Now, if b; =
.005 then according to the traditional droop controller, b> =.01. It can be seen from Figure 5.3 that
the power sharing accuracy with the traditional droop controller is very poor especially when the

droop slope is lower.
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Figure 5.3. Power sharing of DGs with traditional and proposed power-conductance droop

controller with Guo = 0.

To overcome this power sharing problem, the DG output power S, needs to be proportional to the
DG rating Sno. Such power sharing problem can be eliminated considering two situations: i) when

conductance offset is zero and, i1) when conductance offset is non zero.

5.3.1 With conductance offset 0 (Gn0=0)

If conductance offset is considered 0 (G.o = 0) in (5-3), then (5-3) can be rewritten as,

_bnSnO I/nj

1-b,\V,,

I

‘I/n,h‘
Vi

n

(5-8)
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If the connection point fundamental and harmonic voltages are constant and droop slope of all

DGs are same for all DGs (b, = const.) then,

S, =constS,, (5-9)

According to (5-9), DG output power will be proportional to DG rating. To demonstrate this,
Figure 5.3 shows the output power ratio (S:/S2) of 2 DGs with S;0p = 1000VA and S>p = 500VA
respectively. According to the proposed droop controller, when droop slope for different DGs are
kept same then the DG outputs should be proportional to the respective DG ratings. It can be seen

from Figure 5.3 that the power sharing is always accurate and independent of the value of b,,.

5.3.2 With nonzero conductance offset (Gn0#0)

According to the traditional droop controller, the conductance offset should be constant across 7
number of DGs to make the droop characteristics relationship shown in (5-5) valid when (G #
0). But when the droop offset is constant across » number of DGs, the output power of all DGs
will be same irrespective of their rating and this will introduce power sharing error. If conductance
offset is nonzero (G0 # 0) while the connection point fundamental and harmonic voltages are
constant and droop slopes of all DGs are same for all DGs (b, = const.) in (5-3), then (5-3) can be

rewritten as,

(GnO -b,S )

n~n0

1- bn ‘I/n,f Vn,h

I/n,h

s

(5-10)

n =

To make the DG output power S, proportional to the DG rating Sq0, G0 has to be proportional to
DG rating S, as,

G,=K,S, (5-11)
where K¢ is the conductance offset constant and has the same value for all DGs. Then (5-11)
becomes,

Sn = SnO'(KG _bn)

S, %S0 (5-12)
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Figure 5.4. Power sharing error with traditional droop controller when Gno#0 (red plots) and

elimination of power sharing error with proposed power-conductance based droop controller

with Gno # 0 (black plots).

Again, according to (5-12), DG output power will be proportional to DG rating when (K¢+b,)
is a constant. To demonstrate this, Figure 5.4 shows the output power (S,) of 2 DGs with S;p =
1000V A and S20 = 500V A respectively. It can be seen from Figure 5.4 that when droop slope is
zero then both DGs will have the same output power irrespective of DG ratings when traditional
droop controller is used. This will introduce significant power sharing error. According to the
proposed droop controller, when droop slope and conductance offset constant for different DGs
are kept same then the DG output should be proportional to the DG rating. It can be seen from
Figure 5.4 that §; = 787.5VA and S> = 393.8VA when droop slopes, b;=b,=.01 and the power

sharing is accurate.

5.3.3 Verification of the power sharing accuracy of the proposed droop controller

To show how the proposed droop controller will ensure proper power sharing, two DGs are
considered to be operating at the same connection point where, S;, = nS,,. So, DG power outputs
should be §; = nS, and the conductance relationship should be G; = nG,. According to modified
droop controller, droop slope should be same for both DGs, b. in this case. So the modified droop
equation becomes (5-13) where b, stands for common droop slope for all DGs and the ratings of

different DGs are related as,

G, =b, (Sl _SIO):bc (n52 _nszo):nGz (5-13)
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It can be seen from (5-13) that the desired conductance relationship can be achieved with the

modified droop controller. In case of the traditional droop controller, both DGs should have

different slopes and slope relationship should have been nb; = b,. Then droop equation would be,
G =b (S1 _S10) = (b2 /n)(nS2 —nSzO) =G,

This conductance relationship will introduce power sharing error in the system. To verify this,

simulation was run using the circuit configuration shown in Figure 5.5 and parameters listed in

Table 5.1. Here a single residential house load model was used as each load.

Z line; Z line,

G 1:’C+Loadl ﬁ * Load, * DG, I DG,

Figure 5.5. Test circuit for comparison of power sharing accuracy of the traditional and

modified droop controller when DGs are connected to the same node.

Table 5.1: Circuit parameters

Circuit Parameters Value
Generator 345KV
Distribution transformer 7200V/120V, 0.015+0.03j p.u
Distribution line impedance 43Q/km, 150pH/km

In the simulation, S;o =100 and S,, =400. If we assign b; = 0.08V"2then b, =
0.02V 2 (case 1). Simulation was first run with these droop parameters (case 1). Then simulation
was run again where b; = 0.008V "2 and b, = 0.002V 2 (case 2) then b; = 0.0008V 2 then
b, = 0.0002V 2 (case 3) while S;, and S, remains same as before. Finally, simulation was run
again with fixed droop slope for both DGs where b; = 0.008V 2 and b, = 0.008V 2 (case 4)
b, = 0.002V~2and b, = 0.002V~2 (case 5) while S;, and S,, remains same as before. The
results are listed in Table 5.2. As shown in Table 5.2, the power sharing is accurate. As the droop
slope is lowered, sharing error becomes greater. On the other hand, power sharing remains very

accurate with the modified droop controller even with very low droop slope (case 5).
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Table 5.2: Comparison of power sharing accuracy among different DGs with traditional and

proposed conductance-power based droop controller

Scenariol S10

520 320/510 bl bZ Sl SZ 52/51
(case 1)| 100 400  4.00 0.08 0.02 98.1 380.0 3.87
(case2)| 100 400 4.00 0.008  0.002 892 269.0 3.01
(case3)| 100 400  4.00 0.0008  0.0002 456 69.5 151
(case4)| 100 400  4.00 0.008  0.008 892 3565 4.00
(case 5)| 100 400  4.00 0002 .0002 173  69.5  4.00

5.4 Mitigation of Power Sharing Error Introduced by Feeder

Impedance

It should be noted here that the proposed droop controller is implemented using (5-14) where

the apparent power at different nodes (S,) are calculated using (5-3). Now, the fundamental

component of line voltage is almost same at different DG connection point throughout the

distribution system. But the node harmonic voltage at different nodes (V,,1) can vary due to the

feeder impedance of the distribution system. As a result, sharing error may be introduced even

when the proposed droop controller is used. This sharing error wasn’t apparent in Table 5.2

because both DGs were connected at the same node and both experienced same V. ». To see how

node harmonic voltage affects the power sharing accuracy, simulation was run again with DGs

connected at different nodes as shown in Figure 5.6 while the results are listed in Figure 5.7.

Z_linel

Z_linez

S @ S 9

Figure 5.6. Test circuit for verification of power sharing accuracy of modified droop

controller when DGs are connected at different nodes.
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Figure 5.7. Power sharing error introduced by feeder impedance and mitigation of that error

using proposed improved droop controller.

It can be seen from Figure 5.7 that the sharing error increases as the droop slope value is increased.
This can be explained using (5-3). It can be seen from (5-3) that higher droop slope will try to
increase DG output power S,. Increasing DG output power S, will result in lower harmonic voltage
(V1) at connecting node with larger percentage of harmonics variations at different nodes. As a
result, power sharing error increase as droop slope value is increased. Moreover, the DG systems
are usually connected in the secondary side of the distribution transformer. Since the transformer
impedance is much higher compared to distribution line impedance, the voltage distortion
difference can be significant at the connection point of different DGs which makes sharing error
worse. In this power sharing error can be removed by implementing an additional control block
that will automatically adjust the droop slope in a small range according to the node harmonic

voltage (V) variation using (5-14).

=

ax h 174

n0,h,rms

(5-14)

et
h=3,5... Y n,h,rms
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Power-conductance droop controller

Figure 5.8. Block diagram of the modified droop controller with constant b,*V,,; controller.

Here, buo is the base droop slope at different harmonics and Vi s ms is the 2” harmonic voltage at
n node. By doing this, by, *Vy ., of (5-3) will become a constant and remove any effect of varying
Vi on sharing error which is shown in Figure 5.7. It should be noted that the sharing error results
shown in Figure 5.7 will be even greater if they had significantly different connection point
harmonics. This power sharing error can be improved using the controller shown in Figure 5.8.
Figure 5.7 shows the improved sharing error condition when the controller shown in Figure 5.8
was implemented to improve sharing error. It can be seen from Figure 5.7 that the controller shown

in Figure 5.8 can greatly improve the sharing error.

5.5 Implementation of the Modified Conductance- Power Based
Priority Driven Droop Controller

While the proposed droop controller can eliminate power sharing error among different DGs
operating at different nodes of the distribution system, the controller can be further improved to
obtain better harmonics compensation results. To obtain better harmonic compensation result,
harmonic compensation priorities at different nodes and at different harmonic frequencies of the

distribution system can be identified first. Then the proposed droop controller can be realized using
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those identified priority values. The droop equation shown in (5-1) has three degree of freedom
which can be modified using the results obtained from modal analysis to obtain improved
harmonic compensation results. They are, droop slope (b,), conductance offset (Gno) and DG rated
capacity (Su0). In this section, the harmonic compensation priorities will be identified first and then
the droop variables will be analyzed to see which one is most suitable. Then the proposed droop
controller will be implemented using the selected modified variable for better compensation

results.

5.5.1 Resonance Mode Analysis and Priority Calculation

Traditionally, frequency scan analysis is used in an electrical network to identify resonance
phenomena and resonance frequency. To carry out frequency scan analysis, an electrical network
of n node is represented by an n x n admittance matrix [Y] at first. Then voltage vector of the

system is calculated from the following equation:

[V]f = [ZN ]f [l]f (5'15)
AR AR
S DI U I &
Or, | : : R : (5-16)
[
_VN_f _YNI Y, : -, ._IN_f

Here, [V], [Zn] and [I] are nodal voltage vector, nodal impedance and nodal current vector
respectively while subscript f denotes the frequency. For every frequency, the voltage vector can
be calculated for 1 p.u. current injection. The voltage vector that has very high value at some
frequency is associated with resonance. Thus resonance and resonance frequency can be identified
using this method. But it cannot identify the component and bus that excites the resonance. Using
modal analysis, this problem can be solved. Here the high voltage vector values are associated
with the singularity of the admittance matrix [ Y]. This singularity of [ Y] matrix can be found when

one of its eigenvalue is close to zero. Now the admittance matrix can be decomposed as,
[Z, ]_ = [L]_ , [Z, ]f [T]_ , (517

Here, [Z/] 1s the diagonal eigenvalue matrix. [Ly] is the left eigenvalue matrix and while [T/] is the

right eigenvalue matrix. This Eigen analysis or modal transformation is basically a matrix
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decoupling method that transforms the nodal impedance matrix [Zy] into modal impedance matrix

[Zm] as,

Z, Z, .
EA '
Zy 7, Z, 7,

and,
Z, O |
A

0 0 0 Zm,sz/-
It can be seen that the modal analysis actually decouples the coupled nodal impedance matrix [Zy]
into decoupled modal impedance matrix [Zy] in the modal domain. So, while nodal impedance
matrix [Zy] actually shows how the nodes of an electrical system are coupled to each other in nodal
coordinate; modal impedance matrix [Zy] shows the grid configuration in the modal domain.

Modal impedance matrix is diagonally symmetrical (5-18) and eigenvalue matrices are related as

(5-19).

2,], =[2.],

(2] =[7], (5-19)

As modal impedance matrix [Zy] is a diagonal eigenvalue matrix, left and right eigenectors

(5-18)

matrices are also effectively diagonal matrix:
-1 T
(2] =[7] =[T] (5-20)
Substituting (5-20) into (5-15) we get:

or, [7], [V, = (2., 171, 1], (521

If modal voltage (vis) and modal current (iy/) vectors are defined as:
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: (5-22)
]
Lo ) 1.
NS — —
Modal Current Eigen Vector Input Current
Vinl L, L, : | | 4
Va2 | L, L, : | | £
and, | : S : (5-23)
Vi nr ‘ : - VL
| — —
Modal Voltage Eigen Vector Qutput Voltage

Equation (5-21) then reduces to (5-24). Modal analysis in this work will be carried out using
equation (5-24)
“1r.
[vi] ;= [Z, ]‘ , [iy, ]‘ , (5-24)
Expanding (5-24), it can be seen that the lowest Eigen value will result in highest modal
impedance. And high modal impedance at a particular frequency will result in high modal

harmonic voltage for the same input modal harmonic current. In other words, modal impedance

can be used to identify the mode that is more prone to harmonic distortion.

I/m,l Zy;,lll 0 im,l
Vm,Z _ 0 Z;Tzz im,2

: P : (5-25)
,l .
Vm AT | O 0 O Z._A ATAT | ‘ lm AT
H—J f_/
Modal Voltage Modal impedance Modal Current

The critical modal impedance (highest modal impedance) is much higher than other modal

impedances. As a result, we can assume,

Z 0 } T
0z, o o0 |
: oo A (5-26)
0 0 0 Zl'. 0 0 0 ol
Modal impedance Modal impedance

Combining (5-25)-( 5-26) we get,

111



4 LT, L,T, : : C-
v, _g L, T, L,T, : : _

o P IR T R A P

Particapation Factor

(5-27)

The Participation Factor (PF) matrix of (5-27) denotes the impact of each bus on the critical mode.
Whereas Z,;}”, s denotes the impact level at different harmonic frequencies. Combining the modal

impedance and PF index, we can determine participation of each bus to output harmonic voltage
distortion. In this work, this approach will be used to quantify the harmonic compensation

priorities at different harmonic frequencies and at different nodes of the distribution system.

5.5.2 Analysis of the Variables of the Droop Controller

As mentioned before, the droop equation has three degree of freedoms which can be modified
using the compensation priority values to obtain improved harmonic compensation results. In this
section, these variables are analyzed to identify the most suitable one for proposed priority driven

droop controller implementation.
5.5.2.1 Modification of droop slope (bn)

10005+ - - SR S SR SR E
TR R S
600k ......... .......... RS S R §

a0k /- e S e R R g

DG output power (Sn)

o e, S e AUUU ST ;

0 i i i i i i
0 0.005 0.01 0.015 0.02 0.025 0.03
Droop slope (b))

Figure 5.9: Variation of DG output power (S1) with different droop slopes (bn), zero
conductance offset (Gn0 = 0) and same DG rating (S10 = const.).
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Figure 5.9 shows the DG output power variation with different droop slope (b,) for the same DG
rating (Sn0) and zero conductance offset (Gno=0). To control the DG output using droop slope,
droop slope should be kept within the linear range (0 to .0025 in this case) and changed according
to the identified priority values from modal analysis. But it can be seen from Figure 5.9 that when
droop slope is in the linear range (0 to .0025), the DG output power is very low and most of the
DG rating will remain unused. When droop slope value is high, the output DG power remains
almost constant even if the droop slope is changed. So, modifying the droop slope according to the

compensation priority value is not ideal.

5.5.2.2 Modification of conductance offset (Gno)

10 ................ S I R R :

& o) 0

DG output power (S,)

N

0 0.005 0.01 0.015 0.02
Droop slope (b,)

Figure 5.10. DG output power variation with varying droop slope offset (Gn0) and same DG
rating (S10 = const.).

Figure 5.10 shows the DG output power variation with different conductance offset (Gno) and same
DG rating (Sno) while Table IV lists the output power ratio. It can be seen from this Figure 5.10
that the conductance offset (G.p) can be used to modify the DG output power. However, when
conductance offset is used, DG output power is not zero even when droop slope is zero. So, using
nonzero values for conductance offset can cause DG overloading. Additionally, Table 5.3 shows
that the increased G introduces output power sharing error. Hence, modifying conductance offset

(Gno) according to identified compensation priority values is not ideal either.
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Table 5.3: Comparison of power sharing accuracy among different DGs with varying

conductance offset (Gn0)

Scenario | Sqp So0 S20/S10 b1 b, G G S1 S, S,/81
(case 1) | 5000 2500 2.0 0.005 0.005 0.0 0.0 3480 1850 1.88
(case 2) | 5000 2500 2.0 0.005 0.005 4.0 20 3730 2040 1.86
(case 3) | 5000 2500 2.0 0.005 0.005 8.0 40 3920 2210 1.77
(case 4) | 5000 2500 2.0 0.005 0.005 12.0 6.0 4000 2350 1.70

5.5.2.3 Modification of DG rating (Sno)

1000 .......... SEREEEEEE , ......... R : ‘
BOOF -+ rrenn S .
. ~ z z z r
\: . : S]WithSm:]Ooo_ :
dé) 600 ......... Wi ......... ......... .........
© . . . . . .
2 : : : : :
2 400k /- SR R TESSEE ISR
3 : : : : : :
Q . : : Sywith Sp) = 500
@) 200 /- M e T, e [P
c S$=300 : : : :

0 i i i i i |
0 0.005 0.01 0.015 0.02 0.025 0.03
Droop slope (b))

Figure 5.11. DG output power variation with varying DG rating (Sn0)

Figure 5.11 shows the DG output power variation with zero conductance offset (Gn.o=0), same
droop slope (b,) different DG ratings (Sx0). It can be seen from Figure 5.11 that the DG output can
be effectively controlled using different DG rating values in the droop equation. For example,
when S>9 1s reduced by 50% of Si9, the DG output S is also reduced by 50% of S;p when same
droop slope is used. The power sharing is accurate in this case and this hold valid for entire range
of droop slope. Hence, modifying DG rating at different nodes and at different harmonics
according to the identified priority values will be effective for achieving improved compensation

result.

5.5.3 Implementation
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Finally, the modified droop controller is implemented with droop parameters obtained using
modal analysis. Applying the modal analysis on an 11 node system with a PFC capacitor at node

7 gives the compensation priority values (CPV) listed in Table 5.4.
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Table 5.4: DG compensation priority values (PV)

Harmonic order

34 s qm gt qqh g3k g5

1| 008 017 037 038 019 011 007

21 010 021 046 047 024 014  0.09

3 o2 025 055 057 030 018 012

1 014 020 o064 067 035 02 015

Priorities at | ois 032 om0z o042 026 019
node 6 017 036 081 08 049 032 023
T o018 039 08 100 057 038 029

8 019 040 090 098 054 035 025

%[ 019 041 091 097 051 032 022

101 920 041 091 096 050 030 020

Wl 020 042 091 095 049 029  0.19

Now these priority values can be used to implement the proposed droop controller with

modified rating at each harmonics and at each node. If the available DG ratings of different DGs

are S,o then the reference DG ratings (S,) can be identified using (5-3). Here, the DG with the

highest priority will use most of its rating for harmonic compensation. While DG with less priority

will not use all of its rating for harmonic compensation. Thus effective utilization of DG rating

will be ensured and even the DG with highest priority will not be overloaded. Once the reference

DG ratings (S;,) is identified, the rating is distributed at different harmonics according to the

compensation priority values at the same node and different harmonics. This is shown in (5-28)

and (5-29).

(5-28)

(5-29)
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here, priority values at different node and different harmonics (Z,,) are obtained from the
priority from critical modal impedance (H,, ), priority from load harmonic data and priority from
participation factor (PF,»).

G-S droop
controller

A A A
Zih Hyj, PFy,

Figure 5.12. Block diagram of the proposed droop controller.

The compensation results with different methods are shown in Figure 5.13. For a fair comparison,
harmonic compensation were carried out using traditional and proposed droop controller keeping
the total capacity same. It can be seen from Table V that the compensation result using the

proposed droop controller is better compared to using traditional droop controller.

Proposed

: ) droop
I SERERETRER ” 4 ............ Tpaditjonal; ............ ERE i
droop :

Vthd

Node
Figure 5.13. Vtup values at different distribution system nodes using different compensation

schemes.

5.6 Modelling and Stability Analysis

In this section, the dynamic behavior of an N node distribution system will be investigated to

determine the minimum virtual harmonic impedance required for stable inverter operation. To do
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so, a typical distribution system with DG is modelled first and then, stability analysis was carried
out using the developed model. This is implemented by modifying harmonic currents at every
frequencies using Iy = VG »/Rn and the reference harmonic current of the PV system is produced
by combining all the individual harmonic references as,

In=1%+15+....+Is

Il I3 Z3 VPCC Ig
-

Grid

Energy [Tx
source |L-

A

Harmonic

Detection ‘ |
YV
*
. v
¢ 3| R, k€ R, R;, From G-S
4 | droop

If* ) A4 control ler
I h

Figure 5.14. Harmonic damping with resistive active filter (R-APF) based DG.

Block diagram of the control system of DG unit is shown in Figure 5.14.

Node 1, phase C model

— Node 1, phase B model

G Distribution
; transformer
Ze Hot wire 1|  |N | Hot wire 2

Transmission Home 1 House load model 1
transformer D! el

Home 2 House load model 2

Zlinc

House load model 2

Node 1 Home 12
Zline '

Node 1, phase A model
Node_ 1 model

Node lli—i Node 11 model

Figure 5.15: Distribution system model.

The distribution system used in this work is shown in Figure 5.15. It has a 34.4KV transmission
line which is connected to the /2.47KV distribution feeders through transmission transformer

(Xfir). The 3 phase distribution feeder has 11 nodes. To simplify the investigation of the impact of
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nonlinear loads on distribution system power quality, analysis and simulation will be carried out
on a single distribution feeder as shown in Figure 5.16. Here DGs are connected at the secondary
side of the distribution transformer. In this model, n =1, 2, 3...... N represents the n” node. Zy,
represents the distribution line impedance, Zy, represents the distribution transformer impedance.
The house load model is comprised of Z;, which represents the fundamental load impedance and
Inn which represents the harmonic current of the non-linear load at n™ node. Zci, Zcs... Zcn are the
impedances of the PFC capacitors respectively at the n” node. Here the DG at n™ node is
represented by virtual impedance R,. V; is the voltage at the n” node. From the impedance matrix

of the system shown in Figure 5.16 and (5-33), compensation priority can be identified.

Node Node Node
Zxi i Zx 5 Zxs p
Zci Zc2 Ve

Zy. 7
( Z}; House )é House Yg House
Grid load load

load oa oa

298 model 23 model &l model

Figure 5.16. Simplified single distribution feeder.

Figure 5.17 shows the equivalent block diagram of the current controller used in this work.

L

&+ &+ & >
_ . Vi
Z 3
Ve
[Vece L Ve

Digital controller Physical system

Figure 5.17. Equivalent block diagram of the inverter controller with virtual harmonic

resistance and power-conductance droop controller.

This inverter controller can be expressed as Norton equivalent circuit model shown in Figure 5.18

according to equation (5-30).

—>>
It
Gegl I Vice
Y, eq,h

Figure 5.18. Norton equivalent circuit of the inverter controller
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where,

and,

13 = V;’CCqu,h +I;Geq

(5-30)
Yy = (1+SC/‘Rd)(G2hGPWMGPR,h +Gpyy _1)_L1CfS2 5-31
o (GPWMGPR,}, + LlS _LZS)(I + SCfRd ) _LILZCfS3 ( - )
GPWM GPR,h (1 + SCfRd )
_ (5-32)

G
“ (G Grn + Lis = Lys)(1+5C,R, )~ LL,C,s°

This virtual harmonic impedance can be used in the equivalent model of an N node distribution

system as shown in Figure 5.19 that is obtained from Figure 5.16.

Figure 5.19. Equivalent model of an N node distribution feeder with virtual harmonic

impedance.

As the analysis here focuses on harmonic frequencies, the source is shorted in Figure 5.20).

Additionally, V,, is the voltage at the n™ node. x;, x4.. x3n-2 are the currents through Z.;, Z12.. Zin.

X2, Xs... x3n-1 are the currents through Zy,. x3, xs.. x3n are the currents through Zy,. Here, x;, x2... x3n5

are taken to be the state variables, /;, is the input, and ¥, is the output of the state space model of

the system. Then for a N-node system, there are 3N state equations. The 1-N, N+1 to 2N, and

2N+1 to 3N equations are shown in (5-33)-(5-35), respectively:

Xy, o Ry, +1
R

n

Ly, =Xy, 5 +X,  + EE— (5-33)
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N
D Ren - L (53

n=1
x3n—l + x3n+3 = x3n (5-35)

Solving (5-33) to (5-35) yields the 4y and By matrices of the state space model while the equation

of the system output yields the Cy and Dy matrices of the state space model.

vn = vn—l + ‘x3nRXn + ;.4 ,,,,,, (5-3 6)
Hence, the state space model of the system can be obtained as shown in (5-37).
o (S) = CN¢BN +D,
L, (s) (5-37)

where, ;4 _ (s1—4,)">n=1,2..N, and I'is a 3Nx3N identity matrix and,

X I, Y X I,
X, I, V) X, 1,
+B,| . and | . [=C,| . [+D,
| 3w | _IhN_ L Vv | B _IhN_

For a typical dynamic behavior analysis, a 2 node system is considered in this work. To simplify

the analysis, Zy; = Z2=Zy, Zyi = Zy» = Zy=, Z11 = Z12 = Z;, = and In; = I2 = I 1s assumed. Then,

v, Z,2,2,+2Z, 2,2, + 72, Z,+Z, 7,7, -

I, Z}+3Z,Z,+Z3+(2Z, +Z,)Z,+(Zy+Z,) 2, + 2, Z, (5-38)
and,

v, 2,2,7,+(Zy +22,2,)2,+32,2,Z, (5:39)

I, Z}+3Z,Z,+Z3+(2Z,+2,)Z,+(Z+Z,)Z,+Z Z, i
where,

~ (R, +5L,)Z,,15,,(5)
12) —
R, +5L, +Z,,,,(9) (5-40)

Using equations (5-38) and (5-39), stability analysis can be carried out. Figure 5.15 shows the root
locus analysis for 3™ harmonic with DG at node 1. It can be seen from Figure 5.20 that the system

is stable when R 3> 0.0043Q.
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Figure 5.20. Root locus analysis for 3rd harmonic with DG at node 1.

Similarly, the minimum Ry for each dominant harmonic frequency and for each compensation
strategy can be obtained (DG no at node 1, DG at node 2 and finally DG at both 1 and 2 node)

from stability analysis and are shown in Figure 5.22.

3
x 10

Minimum Ry (Q)
1

06 ..... ..... R

04 3l‘d Slth 7lth 9lth 1 llth 1l3th llsth
Harmonics (h)
Figure 5.21. Minimum RV for each dominant harmonics when different compensation

strategies are used.

It can be seen from Figure 5.21 that different position of DG in the distribution system effects the
stability of the system. When the DG is installed at node 2, the minimum virtual harmonic
resistance is lower than when DG is connected at node 1. And the required minimum virtual
harmonic resistance when DG is connected at both node 1 and 2 is highest among all these the
compensation method. So, it can be concluded that the stability margin is largest when end of line

compensation is used and smallest when distributed compensation is used. It can be seen from
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Figure 5.22 that the minimum Ry ranges between 0.0004€2 to 0.0016€2 depending on the order of
the harmonics. This corresponds to maximum droop slope (bn) of -2.5V-2 to 0.625V-2 when rating
is 1000VA. In the simulation, the base droop slope was used to be -5 x 10-3V2 which is well

within the maximum droop slope range obtained from stability analysis to avoid instability

problem.
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5.7 Conclusion

In this chapter, a conductance-power droop based selective harmonic compensation scheme
using DG-grid interfacing inverters is developed that improves the harmonic compensation
performance on a residential distribution system. Here, harmonic compensation priorities for
different DG position and harmonic frequency are identified for improved compensation
performance compared to traditional distributed compensation. These priority values were used to
implement the proposed droop controller with modified rating at each harmonics and at each node.
Here, the available aggregated DG ratings of different DGs are divided among different DGs
according to their compensation priorities. As a result, the DG with the highest priority will use
most of its rating for harmonic compensation. While DG with less priority will not use all of its
rating for harmonic compensation. Thus effective utilization of DG rating will be ensured and even
the DG with highest priority will not be overloaded.

In this work, a modification of the G-S droop control method is proposed to eliminate power
sharing error introduced by the feeder impedance. Then the proposed G-S droop based selective
compensation is implemented by modifying the individual harmonic ratings of the DG-grid
interfacing inverters. It should be noted that the work presented in Chapter 4 identifies the
harmonic compensation priorities but the implementation scheme determines the virtual harmonic
impedance directly with compensation priorities and therefore compensation rating control is not
straightforward. On the contrary, the G-S droop method presented in in this chapter utilize the
rating (S) directly and can easily control DG compensation level. Here ratings are divided among
different DGs according to the compensation priority values and each DGs operate based on the
local droop controllers.

An in-depth analysis, comparison and simulation of the developed compensation scheme with
different existing harmonic compensation schemes were conducted to identify the performance

improvement.
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Chapter 6

Conclusion and Future Work

6.1 Thesis Contribution and Conclusion

In this thesis, topics related to the modeling, measurement, and mitigation of residential

distribution system harmonics using DG-grid interfacing inverters are addressed. An extensive

investigation of different control methods of VSI for power quality improvement was conducted.

The attenuation/amplification effects for some of the power electronic-based home appliances

were analyzed, and a modeling technique that takes the effects into consideration was proposed.

The mitigation schemes for harmonics were investigated. The problem of inter harmonics in

distribution systems was also studied.

The main conclusions and contributions of this thesis are summarized as follows:

Opportunities of distribution system power quality improvement using the DG-grid
interfacing inverters are investigated. The idea of using residential DG-grid interfacing
inverters as virtual harmonic resistances to damp the system harmonics and improve the
power quality was explored. In order to implement harmonic compensation schemes using
the DG-grid interfacing inverters, current control method (CCM) and voltage control
method (VCM) based VSIs are used. Both the current controlled method and the voltage
controlled method are considered and associated power quality compensation schemes are
investigated in this work. A comparative analysis of VSI control systems with single and
two current sensors are presented. A design criteria for single and multiple-loop feedback
method is proposed here to facilitate fair comparison among different control methods. It
is shown that multiple-loop feedback system has low line parameter sensitivity which
makes the controller suitable to be used in a system with line parameter variation. It was
concluded that when CCM based VSI is used as DG interface, the two current sensor

scheme with inductor current feedback is recommended considering the superior
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performance and ability to provide quick protection due to the direct measurement of
inverter output current.

In literature, two different harmonic compensation schemes namely end-of-line and
distributed compensation schemes are popular for residential power quality improvement.
In this work, the effects of the PV locations on harmonic compensation performance of
these schemes are investigated. This analysis then identifies the compensation method that
should be used under different grid conditions which lays the groundwork for a priority
based improved compensation scheme. It was found that the end-of-line compensation
provided better damping for low-order harmonics, whereas distributed compensation
provided better damping for high-order harmonics if the equal equivalent rating of the DG
was maintained. In the system without PFC capacitors, this crossover frequency was quite
high, and end-of-line compensation performed better. However, the presence of capacitor
in the system could significantly reduce this crossover frequency and the decision about
which compensation strategy to use must be made according to the system load
characteristics. Moreover, the effects of capacitor sizes, line impedance, and length on the
crossover frequency were also analyzed in this work. With the information about a
distribution system, the crossover frequency between the two compensation strategies can
be determined by using the model developed in this work, and proper priority can be
assigned to the PV inverters at different locations when each DG in the distribution network
is assigned the same weight.

In order to further optimize harmonics compensation with different compensation priority
at different nodes and different harmonics, a selective harmonic compensation scheme
based on modal analysis is developed that improves the harmonic compensation
performance on a residential distribution system. Here, compensation priorities for
different DG positions and harmonic frequencies are identified for improved compensation
performance compared to traditional distributed compensation. Assigning such
compensation priorities on different DG interfacing inverters in the distribution system
improves compensation performance. An in-depth analysis, comparison and simulation of
the developed selective compensation scheme with different existing harmonic
compensation schemes were conducted to identify the performance improvement. To

achieve the main objective of this work of improving the harmonic compensation
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performance in a residential distribution system, a model based approach is adopted where
selective harmonic compensation priorities are generated according to the system
parameters and load current data which are used to achieve better compensation results.
Although the compensation performance of this proposed selective harmonic control
scheme deteriorates when actual load data is not available, the compensation results with
inaccurate load data are still better than traditional distributed compensation.

e To facilitate the implementation of priority based selective harmonics compensation, a
conductance-power droop based selective harmonic compensation scheme using DG-grid
interfacing inverters is developed that improves the harmonic compensation performance
on a residential distribution system. Here, harmonic compensation priorities for different
DG position and harmonic frequency are identified for improved compensation
performance compared to traditional distributed compensation. These priority values were
used to implement the proposed droop controller with modified rating at each harmonics
and at each node. The available aggregated DG ratings of different DGs are divided among
different DGs according to their compensation priorities. As a result, the DG with the
highest priority uses most of its rating for harmonic compensation. While DG with less
priority does not use all of its rating for harmonic compensation. Thus effective utilization
of DG rating is ensured and even the DG with highest priority is not overloaded. Here, a
modification of the G-S droop control method is proposed to eliminate power sharing error
introduced by the feeder impedance. This proposed G-S droop based selective harmonic
compensation scheme also eliminates the power sharing error introduced by the traditional
droop control scheme. Moreover, this proposed control scheme can be easily realized as it
is a rating based control where each DG calculates the required virtual resistance locally

using the droop controller.

6.2 Suggestions for Future Work

As with any study, the work presented in this thesis can be extended. Several extensions and
modifications of this thesis can be explored as follows:

e So far, mathematical analysis of selective harmonic compensation and priority driven

droop control schemes are presented in this thesis which are then verified using simulation
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results. In future, these can be implemented using an experimental setup with multi-node
system and multiple DGs to analyze the performance.

In this thesis, compensation priorities are calculated using an offline supervisory control
system. An important next step of this work could be to integrate both the supervisory
control (done in this thesis thorough offline modeling/analysis) and primary converter
control in a multi-layered control scheme.

Additional case studies for the selective harmonic compensation strategy that include load
monitoring data, DG rating variation, historic load data can be conducted to show the
benefits of the proposed method.

Implementation of the proposed priority driven droop controller was shown using a
distribution feeder with 11 nodes and one PFC. It will be interesting to see how the
proposed controller performs when applied to a more complex real world distribution
system model. And eventually, field test on a real distribution system to observe the
compensation performance improvement can be considered.

While this thesis focuses on the harmonic compensation of distribution systems, it is
possible to extend the idea of coordinated harmonic compensation presented in this thesis
to many other power quality enhancement services, e.g., reactive power support and

unbalanced voltage compensation etc.
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Appendix

Table Al: Distribution system model parameters

Circuit Parameters

Value

Generator

34.5KV

Distribution transformer

7200V/120V, 0.015+0.03j p.u

Distribution line impedance

43Q/km, 150pH/km

Number of nodes

11

Number of House loads at each node

12

Table A2: DG compensation priority calculated from Table 4.2.

Harmonic order

3 5t 7 9t 1™ 13* 15%

1 0.04 0.01 0.10 0.14 0.20 0.10 0.03

2 0.09 0.02 0.19 0.28 0.40 0.20 0.05

3 0.13 0.04 0.29 0.41 0.60 0.30 0.08

4 0.17 0.05 0.38 0.54 0.80 0.40 0.11

5 0.21 0.06 0.46 0.67 1.00 0.51 0.14

Priorities at

node 6 0.24 0.07 0.50 0.70 1.00 0.48 0.12
7 0.26 0.07 0.54 0.73 0.99 0.45 0.11

8 0.29 0.08 0.57 0.75 0.99 0.43 0.10

9 0.30 0.08 0.59 0.77 0.99 0.42 0.09

10 0.31 0.08 0.60 0.78 0.98 0.41 0.09

11 0.32 0.09 0.61 0.79 0.98 0.40 0.08
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Table A3: DG compensation priority calculated from Table 4.4.

Harmonic order

3rd Sth 7th 9lh llth 13th lsth
1 0.02 0.02 0.03 0.00 0.00 0.01 0.03
2 0.07 0.06 0.12 0.02 0.00 0.05 0.13
3 0.15 0.14 0.28 0.04 0.01 0.11 0.31
4 0.24 0.22 0.40 0.05 0.01 0.05 0.12
5 0.35 0.31 0.55 0.07 0.01 0.01 0.02
Priorities at
node 6 0.47 0.42 0.75 0.09 0.01 0.01 0.01
7 0.59 0.54 1.00 0.13 0.02 0.01 0.06
8 0.66 0.55 0.89 0.10 0.01 0.02 0.05
9 0.72 0.56 0.81 0.08 0.01 0.03 0.04
10 0.76 0.57 0.76 0.07 0.01 0.03 0.03
11 0.78 0.57 0.74 0.06 0.01 0.04 0.03
Table A4: Vrup values in Figure 4.10.
Compensation Vrup at node
strategy 1 2 3 4 5 6 7 8 9 10 11
No DG 1.99 2.58 3.14 3.67 4.18 4.36 4.51 4.64 4.73 4.80 4.83
End of line |1.87 2.42 2.94 3.43 3.89 4.06 4.20 4.32 4.40 4.45 4.47
Distributed |1.78 2.31 2.80 3.27 3.71 3.88 4.04 4.16 4.26 4.32 4.36
Selective |1.74 2.25 2.73 3.18 3.61 3.78 3.94 4.06 4.15 4.22 4.25
Table AS: Vrup values in Figure 4.12.
Compensation Vrap at node
strategy 1 2 3 4 5 6 7 8 9 10 11
No DG 2.03 2.62 3.20 3.60 3.97 4.33 4.66 4.75 4.83 4.88 4.90
End of line |1.96 2.53 3.09 3.46 3.82 4.15 4.46 4.54 4.59 4.62 4.62
Distributed |1.92 2.48 3.03 3.40 3.76 4.09 4.41 4.49 4.56 4.61 4.63
Selective  ]1.90 2.46 3.00 3.37 3.72 4.05 4.36 4.44 4.50 4.55 4.57
Table AS: Vrup values in Figure 4.13.
Compensation Vrap at node
strategy 1 2 3 4 5 6 7 8 9 10 11
No DG 1.99 258 3.14 3.67 418 436 451 464 473 480 483
End of line 1.87 242 294 343 389 4.06 420 432 440 445 447
Distributed 1.78 231 2.80 327 371 388 404 416 426 432 436
Selective |, ., )55 273 308 361 378 394 406 415 422 425
(actual)
Selective | 176 228 276 321 364 382 398 411 421 427 430

(assumed)
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