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Abstract

This thesis focuses on grid-connected PV systems and their impact on protection scheme
performance during system fault conditions. The main objective of this work is to design a
simulation model that can simulate the response of the system during different fault
applications. The ATP program is used to model the grid-connected PV system along with the
VSC control schemes based on the decoupled double synchronous reference frame method.
The ATP model can be used as a teaching tool in courses and for research purposes. Different
types of faults are applied to the power distribution system, with a distance protection element
(21) proposed to protect the distribution system. An inverse-time overcurrent element (51) is
used to protect the collector system on the ac-side of the VSC. Due to the characteristics of
the VSC, it is controlled to limit the fault current contribution to less than 1.2 pu of the
maximum current value. This causes the protection elements to either not trip or not trip
correctly. In addition, due to the limited fault current and the weak source of the grid-
connected PV system compared to the grid system source, the mho distance element
mislocates the fault location. It calculates that the apparent fault location is much closer to the
PCC than it actually is. This study indicates that the performance of the supervised distance
element and the inverse-time overcurrent element are impacted by the grid-connected PV
system. Therefore, in the fault analysis study and the protection schemes settings, this type of

system should not be modeled as a conventional power generator.
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Chapter 1: Introduction and Objective

1.1. Introduction
The installation of renewable power generation has increased significantly in the last
decade and the number of new installations is still increasing in order to meet the growing
demand for the electricity. One type of renewable power generation is grid-connected PV
generation. In this thesis, a grid-connected PV system is studied and an appropriate system is
designed and modeled. The electromagnetic transient program — ATP is utilized to model the
grid-connected PV system, and extract current and voltage data, which are converted to

COMTRADE files that are replayed in relay models implemented in Mathcad.

Chapter 2 introduces PV systems in general with basic concepts of operation and main
system components. Chapter 3 discusses grid-connected PV systems, including interactions
with the electrical power grid and the related standards and codes. Chapter 4 discusses the
system design, different power converter topologies, control schemes and related
mathematical equations. Chapter 5 discusses the electrical protection challenges due to the
characteristics of the power converter that is coupled with the PV system. Chapter 6 presents
detailed models of the grid-connected PV power system and its control schemes that are based
on the decoupled double synchronous reference frame approach (DDSRF). The ATP model
of the grid-connected PV system is discussed in chapter 6, and the Mathcad relay models are
discussed in chapter 7. Chapter 7 discusses the results of the modeled simulation and
protection scheme performance when electrical faults are applied on the distribution system
of the power grid. Last but not least, Chapter 8 draws conclusions from this study and

describes possible future work building on this study.



1.2. Objective

The objective of this thesis is to study and examine the performance of both distance
and inverse-time overcurrent protection elements for a power system that is coupled with a
PV system during short-circuit faults on the distribution line of the grid. The distance
protection element is applied on the distribution system instead of the overcurrent element as
an option to improve the protection performance. Due to the characteristics of the PV power
converter, the control schemes limit the current contribution from the VSC, which causes
misoperation of the protection elements. Also, part of the thesis objective is to build a model
system in the ATP program that can simulate an appropriate response of the grid-connected
PV system during normal and abnormal conditions. The ATP model can be used as a teaching

tool in the ECE529 course and for research purposes.



Chapter 2: PV Systems

2.1. PV System Overview

A photovoltaic power system, often called a PV system, is a well-known power
generation system that is used as a renewable energy source. The system is designed to supply
electrical power by converting solar energy into direct current (DC) electricity through the
photovoltaic effect [1], a phenomenon studied in physics. The system consists of several
elements, including solar panels or arrays, power converters, controllers, distribution lines,
and other electrical connections. The system features noiseless operation, is free of
environmental emission, and contains no moving parts aside from potential cooling equipment
for the power converters. The system can be used in a small scale such as electronic
equipment, or to power houses or buildings. It could also be used in a very big scale in multi-

megawatt electrical power generation facilities such as the solar generation farms [1].

As a renewable energy source, PV systems have big advantages over conventional
energy sources. PV systems would reduce the emission of greenhouse gases and other
pollutants during operation, creating employment opportunities, and improve the
environmental security of the power system. Once fabricated, it does not require fuel and
water, it requires a minimal maintenance, and has a lifetime up to 30 years, and it generates
electricity whenever there is a light. Expanding the use of renewable energy sources would
make the environment better, contribute to job creation in the technology manufacturing
industries, and when coupled with hypothetical inexpensive energy storage systems enhance
power system reliability and security by providing local energy generation [1]. Worldwide

energy demand continues to increase. Fossil fuel based energy sources are limited and will



eventually run out. PV solar energy is a capable energy source that has a high potential to help

fulfill the growing need for energy around the world [1].

PV energy generation has some drawbacks, some of which are; it cannot generate
power during the absence of light, it requires a large area for the large-scale applications, and
it has a high initial cost, as well as the environmental impact of PV cells fabrication. However,
theses drawbacks are potentially minimal in comparison with the disadvantages of the
traditional energy sources in the long run. Government policies have encouraged the adoption
of PV systems, and driven down production costs through increased manufacturing scale. In
the recent decades, there have been various projects and growing interests in the PV solar
energy from both industry and from academic and national labs researchers. They are studying
and investigating the PV solar energy and its behavior, and advancing the technology to its
limits in all PV aspects: efficiency, costs, size, reliability, and performance. One of the notable

ongoing projects is SunShot Initiative.

2.1.1. SunShot Initiative

The SunShot Initiative is a better-future promising project the U.S. Department of
Energy (DOE) launched in 2011, in collaboration with the National Renewable Energy
Laboratory (NREL), and other DOE national labs. The project has an aggressive target of
making solar electricity cost-competitive with the traditional electricity generations by 2020.
The goal of the project is to reduce the PV solar power prices by approximately 75% relative
to its cost in 2010, across three sectors, residential, commercial, and utility-scale. The study
expects this price reduction goal can increase the solar energy utilization in the U.S. electricity
need by approximately 14% in 2030 and 27% in 2050. Along with a decline in the fossil fuel

use, the development could decrease greenhouse gase emissions and other pollutants, and



create more employment opportunities in solar-related technology [2]. Due to significant
change in the solar technology, its markets, and industry over the past five years, solar
deployment in the U.S. has increased more than ten times. At the same time, the levelized cost

of solar energy has gone down by 65%, and became much more affordable [2].

Due to the PV system cost reduction, the PV solar energy has grown from 0.1% of the
total U.S. electricity generation in 2010 to 0.9% at the end of 2015. This growth has increased
the PV deployment in the U.S. at a compound annual growth rate of 54% since 2010, varying
from 25% to 54% to 74% in the commercial sector, the residential sector, and the utility-scale
sector, respectively, as shown in Figure 2.1 [2]. Figures 2.1 and 2.2 are part of a study done
by the U.S. Department of Energy from the “On the Path to SunShot” report released on May
2016. Figure 2.2 illustrates the PV system Levelized Cost of Energy, LCOE, in 2010, 2015,
and the 2020 target, which is lowering the LCOE in utility, commercial (20 kW to 1 MW),
and residential (less than 20 kW) sectors to 6, 7, and 9 cents per KWh, respectively, without
subsidies and based on an average solar resource [2]. The cost, efficiency, reliability, and

lifetime of PV modules, and the tradeoffs among them are the significant factors of LCOE.
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2.2. PV System Concept

Solar radiation can be directly converted into electricity in a semiconductor device that
is called solar cell. This direct conversion is defined as a photovoltaic energy conversion since
it is based on the photovoltaic effect, which generally means creating a potential difference at
the junction of two different materials when exposed to light [1]. As shown in Figure 2.3, a
group of solar cells is connected together in series-parallel configurations to create a solar
panel or PV module to produce a particular voltage and current for their operation. The peak
output power of PV modules may range from a few watts to more than 300 Watts depending
on the intended application. The PV modules can be connected together to form a PV array,
which can be used in large-scale applications, with a typical output power varying from 100
Watts to kilowatts [3]. Megawatt arrays are also available. The PV arrays are the heart of a
complete PV system, which usually consists of PV arrays, DC/AC inverters, power
controllers, batteries for energy storage, and other miscellaneous electrical setups depending

on the application.

Array

Figure 2.3: A PV array structure.



2.3. Types of PV System
The PV system can almost be utilized in any electrical system. It features both
modularity and expandability, thus it can fit any system from a few watts to megawatts. This
feature has led to many utilizations and varieties of PV systems. PV systems can be classified

as stand-alone systems, hybrid systems, or grid-connected systems.

2.3.1. Stand-Alone

A stand-alone system has the ability to operate independently from the utility grid, and
can be designed and sized to power certain DC and/or AC electrical loads. This type of system,
illustrated in Figure 2.4, is generally utilized in remote areas where the nearest connection
point utility grid is far away or not available. The system can be very simple, such as directly
coupling a PV panel or array with a fan or a water pump, and it only works during sunlight
hours. The system can be advanced when an energy storage is incorporated and used to power

a whole village in a rural area or a space satellite along with other electrical components [3].

Charger
7 — g — -
PV Array Controller DC Load

¢

Battery  —®  Inverter

AC Load

Figure 2.4: Stand-alone system



2.3.2. Hybrid

For stand-alone applications where using only PV arrays as a source of generation is
not economical or practical, alternative types of generation can be used as a supplement to the
PV output, such as wind turbines, or gasoline or diesel generators. Such a system is referred
to as a hybrid system as shown in Figure 2.5. This type of system is sufficient when the winter
peak sun is very low and instead of installing a large number of PV panels to meet the load
demand, and wasting the energy produced from the extra panels during the summer, a different
type of generation is utilized [3]. In such a system, the energy demand is met, at the same time

the PV output is fully utilized.

Charger
/ — = -
PV Array Controller DC Load

'

Rectifier [—™| Battery [—# Inverter
Engine-generator, _
wind turbine, or grid backup

—— = ACLoad

Figure 2.5: Hybrid system
2.3.3. Grid-Connected

The PV system can also be interconnected with the utility grid, with the incorporation
of suitable electrical devices to interface with the major grid. This type of system is called a
grid-connected PV system, where a basic block diagram is shown in Figure 2.6. The system

must have a DC/AC inverter, electrical protective devices, and controllers to enhance the
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interconnection and ensure the PV system will disconnect from the grid in case of grid failure
and power outages. The grid-connected systems can be from a few kilowatts to the megawatt
range. Residential systems are in the range of 1.5 to 5kW peak, commercial building units
tend to be in the 15kW range, while large transmission grid-connected systems are in the
megawatt range. This type of PV system is becoming more economically useful as the PV
system costs continue to go down [3]. In addition, it holds the highest PV deployment amount

in the U.S. with annual PV installation of 4.3GWdc in 2015 as indicated in Figure 2.1.

Electric
Utility

> Dlstrlb_utmn
Station

v

AC Loads

PV Array] —®{ DC/AC

Figure 2.6: Grid-connected system

The remainder of this thesis will focus on this type of grid-connected PV system, and
will discuss the system designs, necessary components needed for the interconnection, as well
as the system contributions to the power grid, and the associated protective elements and their
protection challenges. Later, a mathematical modeling is designed in the ATP program, to
study the system behavior during both normal and abnormal conditions and analyze its

response due to different system faults.



11

Chapter 3: Grid-Connected PV Systems

3.1. Overview
As discussed in Chapter 2, the cost of manufacturing PV modules and associated
components is going down. More power producers and some utilities are building PV power
plants in order to increase their power generation and meet state renewable energy portfolio
standards. These PV power plants are of the grid-connected PV system type. This type of PV
system can incorporate a battery bank for energy storage, however most of the large-scale
applications do not include energy storage in their design because the generated power is

directly supplied into the power grid to the customers.

Figure 3.1 illustrates the basic design of the grid-connected PV system. The generated
power from the PV arrays is usually delivered to a DC-DC boost converter to increase the
voltage level. The DC/AC inverter is then used to invert the boosted DC voltage to a three
phase AC voltage before it is connected to the utility grid through a transformer. The system
also consists of other electrical components such as power controllers, protective devices,
voltage regulators, and more, in order to enhance the interconnection and guarantee the
process of disconnection from the power utility during grid failure. Mechanical components

might also be used, such as a sun-tracking system to increase the power generation.
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Figure 3.1: Block diagram of grid-connected PV system

3.1.1. Contributions and Advantages to the Electric Power Grid

Grid-connected PV systems could play a great role in supporting the future power
grids while at the same time doing no harm to the environment. Beside the many advantages
of the PV systems mentioned earlier, they would be an ideal distributed power generation
source for remote and urban areas. Generators at the distribution level are near the load, which
then helps in reducing some of the power losses that occur in transmitting power on a very
long high-voltage transmission system like in the case of centralized power generation [4].
However, this is not necessarily an advantage for large grid-connected PV systems that are

often being installed in rural areas.

In some cases, when connecting a PV system with a power grid, it reduces both energy
and reactive power losses [5]. It also reduces transformers operating temperature both before
and during the system peak, which then increases the transformers capacity and defers their
maintenance and replacement [5]. Also in some cases, when a high capacity PV generation is
implemented, it helps to relieve overloads on the transmission and distribution facilities,
which may reduce the need for costly expansion of the transmission and distribution facilities

[6]. Thus, power grid efficiency is improved and cost saving can be achieved in some cases.

In addition, grid-connected PV systems have an advantage that their energy peak

production coincides with the utilities energy demand at its maximum. During the summer
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season, utilities have a high peak energy demand primarily due to air conditioning load in
mid-to late afternoon, which partially correlates with the peak energy production of the PV.
Also, integrating PV system contributes to network reliability by alleviating summer peaking

issues [4], [5], [6], and [7].

Another benefit of PV integration that some utilities have liked is the expandability
feature. PV can be deployed on an incremental basis without having to consider standard
footprint or capacity size requirements. It can be sized in a range of hundreds of kilowatts to
hundreds of megawatts, and possibly be installed on roofs of buildings or parking structures.
It also benefits in its construction schedule time that is significantly different than
conventional natural gas and coal plants. A PV plant can be built and brought to operation
within a six months, whereas natural gas facilities can range anywhere from three to five years

to permit and construct [4].

3.2. Codes and Standards

The PV system is an energy source that can generate a high voltage, which can affect
the power grid and cause hazard. Hence, sets of codes and standards have been made to
standardize and uniform technical and practical requirements for the PV interconnection with
the electric grid to ensure safety of people and property, grid reliability, efficiency, and
performance. In general, the three main standards and codes that are related to the PV system
interconnections are; the National Electric Code, NEC Article 690, and from the Institute of
Electrical and Electronics Engineers, Standard IEEE 929-2000 and Standard IEEE 1547 [3].
These standards and codes are important not only to protect the end user, but also to ensure

the safety of the maintenance technician.

1- NEC Article 690:
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The NEC Article 690 is a set of codes for PV design engineers since it clearly states
the acceptable practices for the PV system design, and talks about every topic where electrical
safety and efficient utilization is a consideration. As it deals entirely with the PV systems it
also refers to other articles that deal with system protective devices, grounding, and other

components for the system installations [3].

2- |EEE 929-2000:

IEEE 929-2000 provides recommended practice for all concerns related to the
interconnection of the PV system with the utility grid, and to standardize and set limits for
related technical issues. It states all the concerns of power quality, voltage ratings, frequency,
islanding protection, power factor, harmonic distortion, grounding, testing inverters,
limitation of dc injection to the ac system, and disconnecting and reconnecting in the event of
power grid failure and restoration. The IEEE 929-2000 also includes the general requirements

of other standards such as UL 1741, IEEE 519-1992, and ANSI C84.1-1995 [3] and [8].

3- IEEE 1547:

IEEE 1547 is a standard that was developed to provide a guidance for interconnecting
distributed generation and storage with electric power systems. It has been developed to
establish criteria and requirements for distributed resources and provides a uniform
standardization of the interconnection and its requirements for operation, performance,
testing, safety, and maintenance [9]. The standard provides recommended best practices for
implementation and uniform requirements for power quality, abnormal condition response,
islanding protection, and testing procedures. Below are some additional related standards to

the IEEE 1547:
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1547.1: IEEE Standard Conformance Test Procedures for Equipment
Interconnecting Distributed Resources with Electric Power Systems [10].
1547.2: IEEE Application Guide for IEEE Standard 1547, IEEE Standard for
Interconnecting Distributed Resources with Electric Power Systems [11].
1547.3: IEEE Guide for Monitoring, Information Exchange, and Control of

Distributed Resources Interconnected with Electric Power Systems [12].
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Chapter 4: Grid-Connected PV System Design

4.1. Power Electronic Converter
For many years, power electronics have been widely utilized in many electrical
applications in household, industrial, and information technology. In the past two decades,
power semiconductor devices and microelectronics have become highly developed and gained
more attention. As a result, power electronic devices are increasingly deployed in the electrical
power system, for power compensation, correction, and filtering applications. One of the

notable power electronic devices is the power-electronic converter [13].

The exchange of energy in the power system is not a straightforward job. Subsystems
of different voltage or current waveforms, frequency, phase angle and number of phases
cannot be directly interfaced with each other. The main function of the power converter is to
assist the energy exchange between two or more subsystems in a precise manner at desired
amounts. Based on the type of the subsystems that need to be interconnected and the
requirements, each side of a power converter is categorized as AC or DC based on the
subsystem it interfaces with. The power converters can be one of the following; a DC-to-DC
converter to link two DC subsystems, a DC-to-AC converter to link a DC subsystem to an AC

subsystem, or an AC-to-AC converter that links two AC subsystems [13] and [14].

For many years, the power-electronic converters had a limited use in the power system,
largely in high-voltage DC (HVDC) transmission systems, and a lesser use in conventional
static VAR compensators and synchronous machine exciters. However, for the past two
decades, power-electronic converter utilizations have been continuously increasing in the

electric power system; in distribution, transmission, generation, and energy exchange. One of
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the many reasons behind the extensive power converter deployment is the fast and continuing
advancement in technology of the power electronics and wide selections of the semiconductor
switches for high-power applications. In addition, the environmental pollution problems and
energy crisis associated with the traditional forms of energy resources (coal, natural gas, oil,
and fossil fuel), have led toward further utilization of green energy. These renewable energy
resources are regularly interconnected with the electric power system through the power-
electronic converters. Due to the energy demand growth, more power electronic devices are

used to improve the power stability in the electric power grid [13].

In addition, power electronic devices are expected to have a more impact on electric
power systems, and will significantly grow, as there are more new strategies and ideas that
are on the increase, such as the microgrids, active networks, and smart grids. The power
electronics will have a great role in the efficiency and reliability improvement on the existing
power system equipment and infrastructure. They facilitate large-scale renewable energy
resources and storage system integration in the electric power grids. They also smooth the
progress of integrating the small-scale distributed energy resources of both generations and

storage units, especially at the sub-transmission and distribution voltage levels [13].

4.2. Voltage Sourced Converter (VSC)

Although there are many types of power electronic converters, the voltage-sourced
converter (VSC) is the prominent type that is commonly utilized in electric power systems for
all but the highest power rated applications. The VSC is a DC/AC type of converter that has
the ability to convert a DC electric power to an AC electric power, and vice versa. Figure 4.1
shows a simplified power circuit diagram of a half-bridge converter that converts a DC current

to a single phase AC current. The converter has two fully controllable and unidirectional



18

switches. The switches can be insulated-gate bipolar transistors (IGBT) or integrated gate-
commutated thyristors (IGCT). This type of converter can be used as the building block for
the construction of the three-phase VSC, which can have different configuration topologies.
The two most commonly applied configurations of the three-phase VSC are a two-level VSC

and a three-level neutral-point clamped (NPC).

Figure 4.1: A simplified power circuit diagram of a half-bridge converter.

4.2.1. Two-Level Three Phase VSC

The two-level, three-phase VSC is the dominant converter utilized in a wide range of
equipment in medium-to-high-power applications. The converter is a composition of three
identical half-bridge converters as illustrated in Figure 4.2, which consists of six fully
controllable and unidirectional switches. The AC-side terminal of each half-bridge converter
is connected to one phase of the three-phase AC system, a, b, and ¢, whereas each DC-side of
the three half-bridge converter shares a common ungrounded or center point grounded DC-
side voltage source in a parallel connection. The converter has the ability to provide a

bidirectional power-flow path between the three-phase AC system and the DC-side voltage
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source [13]. Note that the two-level three-phase VSC shown in Figure 4.2 is a nonideal

switching model of two-level VSC, which is not the scope of this thesis. The thesis will only

focus on the ideal averaged model of the two-level VSC, which will be discussed later in this

chapter, and whose three phase AC-side terminal voltages can be calculated by the following

equations:
__Vpc
Vea(t) = == mq(0),
_Vpc
Ven (8) = =~ my (2),

Vie(t) = 2Em, (D),
Vpc: The ideal DC voltage source as a function of time
V,:(t): Phase A dependent AC voltage source as a function of time
Vi (t): Phase B dependent AC voltage source as a function of time
V.:(t): Phase C dependent AC voltage source as a function of time
Where;

mq(t) = m(t) cos[e(t)],

my (£) = m(t) cos[e(t) — =,
me(t) = m(¢) cos[e(t) - 7],

m, (t): The modulating signal of phase A as a function of time

my, (t): The modulating signal of phase B as a function of time

(4.1)

(4.2)

(4.3)

(4.4)

(4.5)

(4.6)
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m.(t): The modulating signal of phase C as a function of time
€(t): The output of the phase-locked loop as a function of time

The modulating signals, m,(t), m;(t), and m.(t), are usually delivered by a closed-

loop control scheme. Thus, the converter AC-side terminal voltages are found from the

previous equations, and they can be controlled by the modulating signal, m (t), in %m(t).
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Figure 4.2: A schematic diagram of a nonideal two-level VSC.
4.2.2. Three-Level Three Phase (NPC) VSC

Another configuration of the three-phase VSC is the three-level, three-phase Neutral
Point Clamped (NPC) VSC. As demonstrated in Figure 4.3, a combination of two two-level
half-bridge converters is used to build a three-level half-bridge NPC, where one two-level
half-bridge converter supplies a controlled positive AC voltage, and the other one supplies a
controlled negative AC voltage. Then the three-level half-bridge NPC is used as the building
block for the construction of the three-level three-phase NPC as shown in Figure 4.4, which

is composed of three identical three-level half-bridge NPCs. The AC-side terminal of each
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half-bridge NPC converter is connected to one phase of the three-phase AC system, a, b, and
¢, whereas the DC-sides of the half-bridge NPC converter are in a parallel connection and
share the same split voltage source [13]. Thus this design makes it a multilevel converter

whose switch cells can withstand the high-power/high-voltage applications.

Equations (4.1) - (4.6) are still applicable to the three-level NPC to calculate its three
phase AC-side terminal voltages, V,.(t), Vi, (t), and V,.(t), and the modulating signal, m, (t),

my, (t), and m,(t), with some minor modification.

P
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Figure 4.3: A circuit diagram of the three-level half-bridge NPC.
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Figure 4.4: A schematic diagram of a three-level NPC VSC.

Compared to other high-power/high-voltage two-level converter topologies that have
a number of lower voltage switches connected in series, the three-level NPC design offers an
alternative approach that reduces the number of series-connected switches needed. It also
avoids the need for the simultaneous gating and snubber circuits for the switches that
guarantee equal voltage sharing among the switches and accurate timings, which are
undesirable [13]. In the event of employing the two-level VSC in a high-power/high-voltage
application, the switch cells must be rated for such applications and capable of withstanding
the high DC voltage level. If the particular highly rated switches were selected, they would
typically be expensive and may not fulfill the voltage requirements of most utility
applications. In a comparison to a two-level VSC of the same rating, the three-level NPC
provides three-phase AC voltage with a lower harmonic distortion, lower switching losses,

and reduced switch stress levels [13].

4.2.3. Averaged Model of Two-level VSC
The switching model of the two-level VSC can describe the steady-state and dynamic

behavior of the converter in an accurate way. Designing such an accurate converter with a
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switching model would require more complicated models for the switching functions, which
then provides high frequency components as well as the slow the transient and dynamic
response due to the switching process. In the switching model, the relationships between the
current-voltage variables and the modulating signals are not easily understood. Furthermore,
when it comes the dynamic analysis and control design needs, the knowledge about the high
frequency is not necessary. The reason is that the compensators and filters in the closed-loop
control system usually include low-pass characteristics that do not respond to the components
of the high frequency. Therefore for these reasons, using an averaged mode is more beneficial
and practical, as we only care about the dynamics of the average values of variables, not the
dynamics of the instantaneous values. The averaged model can also describe the converter
dynamics as a function of the modulating signals [13]. Also, it takes less processing time
compared to the switching model. Figure 4.5 shows the averaged equivalent circuit of the

ideal two-level VSC, which will be modeled and studied in the ATP software in the thesis.

It is worth mentioning that equation (4.7) indicates both the expression for the DC-
side current of the two-level VSC and the expression for the DC-side current of the three-level
NPC. The reason is that in both configurations the power exchange is only supplied by the
DC component of the DC-side current, and i,, in Figure 4.4 is equal to zero when the
capacitor voltages are equal and stable. As mentioned earlier in the previous section that both
two-level VSC and three-level NPC have the same equations, (4.1) - (4.6), to find their three
phase AC-side terminal voltages and the modulating signals. Therefore, the averaged models
of both the three-level NPC and the two-level VSC are the same, and this is another advantage

of using the averaged model rather than the switching model. From now on, the thesis will
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discuss the mathematical modeling, system behavior, and control design methodology for

only the averaged model of a three-phase VSC.

Voe(®)ipe(t) = Vg (D)iq(t) + Vi ()i (8) + Vi (£)ic (8), (4.7)
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Figure 4.5: Averaged equivalent circuit of the ideal two-level VSC.

4.3. Clarke and Park’s Transformations
Controlling a three-phase VSC system is not a straightforward task, as one is
invariably interested in tracking sinusoidal voltage and current commands. The Clarke and

Park’s transformations are two-dimensional reference frames that are used to make the control
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design adequately rapid and less complex. Both frames reduce the number of required control
loops from three to two. The Clarke transformation transforms the abc quantities, such as
voltages and currents, to a two axis stationary reference frame (af-frame). The inverse
transformation will be used for the modulating signals, as shown in equations (4.8)-(4.13).
Equation (4.10) calculates the zero sequence voltage. The same equations are applicable for

calculating the currents by substituting the line currents instead of line to ground voltages.

V() = 2 (Va () — 5V (8) — 2 Ve (D)), (4.8)
Vs(8) = 5 V(D) = V(0)), (4.9)
Vo(£) = 5 (Va(®) + V(&) + Ve(D)), (4.10)

V, (t): Phase A line to ground voltage as a function of time
Vy, (t): Phase B line to ground voltage as a function of time
V. (t): Phase C line to ground voltage as a function of time
, (t): The real axis projection of the phase voltages as a function of time
Vg (t): The imaginary axis projection of the phase voltages as a function of time
V, (t): The zero sequence voltage as a function of time
Also, the modulating functions can be implemented as;
mq(t) = mg(t), (4.11)

my(8) = 5 (V3mg(t) — ma (1)), (4.12)
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m(t) = 2 (V3mg () + mq(D), (4.13)
m, (t): The modulating signal of phase A as a function of time
m;, (t): The modulating signal of phase B as a function of time
m.(t): The modulating signal of phase C as a function of time
m, (t): The real axis projection of the modulating signal as a function of time
mg(t): The imaginary axis projection of the modulating signal as a function of time

Similarly, the Park’s transformation is used to convert the abc quantities and the
modulating signals to a two axis rotating reference frame (dg-frame), direct- and quadrature-
axis, respectively. The conversion from abc quantities to dgO quantities can be done directly
using equation (4.18). However for the sake of clarity, equations (4.14)-(4.17) convert the a8
quantities to dq quantities. Equation (4.10) can be used to find V/,(t). The same equations are
applicable to calculate the currents by replacing the voltage quantities by current quantities.
Figure 4.6 shows a typical dg-frame control scheme of a three-phase system, where abc

quantities are converted to dg quantities.
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Figure 4.6: A typical three-phase control system diagram in the dg-frame.
Va(®) = Va(®)sin(6(1)) + V,(H)cos(0(D)), (4.14)
V() = Vﬁ(t)cos(e(t)) — Va(t)sin(e(t)), (4.15)

V4(t): The voltage of the direct axis as a function of time

Vq(D: The voltage of the quadrature axis as a function of time
0(t): The phase locked loop (PLL) output angle as a function of time
Also;
my(t) = my(t) sin(8) + my(t) cos(6), (4.16)
mg(t) = my(t) cos(8) —m,(t) sin(6), (4.17)
mg (t): The modulating signal of the direct axis as a function of time

m,(t): The modulating signal of quadrature axis as a function of time
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Also, the direct conversion from abc quantities to dq reference frame is;

cos(f) cos(6 — 2?") cos(6 + 2?”)

v, Va
Vq = % *|—sin(f) —sin(6 — 2?”) —sin(6 + 2{) * [Vp (4.18)
Vo | 1 : ] &

2 2 2

The dq transformed voltages and currents can be used to calculate the real and reactive
power using equations (4.19) and (4.20) respectively. If the converter is synchronized such

that V, equals zero then using equations (4.19) and (4.20), the real- and reactive-power
components are proportional to the I and I respectively. This property is useful in the control

of grid-connected three-phase VSC systems.
P(£) == [Va(©)a(t) + Vo (DI (D], (4.19)

Q) = [~Va(O) (1) + Vo (DIa(®)], (4.20)
P(t): The real power of the direct axis as a function of time
Q(t): The reactive power of the quadrature axis as a function of time
I4(t): The current projected to the direct axis as a function of time
I4(t): The current projected to the quadrature axis as a function of time

As stated earlier, control in the a3-frame reduces the number of required control loops
from three to two, however, the converted signals and the feed-forward are still in sinusoidal
functions of time. This poses a difficulty to have a satisfactory performance with small steady-

state errors. A control design to track a 60Hz signal requires the compensators to be of higher
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order to deal with the operating frequency. The bandwidths of the closed-loop control system

should be large enough compared to the frequency of the reference commands.

By contrast, designing the control system in the synchronous dg-frame offers a
solution to this problem, and it is often utilized in grid applications. In the synchronous dg-
frame, the signals and variables are transformed to equivalent DC quantities in the steady-
state. Thus, the control parameters are not at the operating frequency, and a conventional
proportional-integral controller can be used in the system control scheme. This offers simpler
structures with lower dynamic order for the compensators and it is more suitable

representation for three-phase system for analysis and control design tasks [13] and [14].

In a grid-connected VSC system, the aim is usually to control the exchange of the real
and reactive power with the power grid, and this is achieved by controlling the d- and g-axis
parameters of the VSC AC-side current. In addition, large converters applied to power systems
are often controlled and analyzed in the synchronous dg-frame; therefore representing VSC
system in the dg-frame enables a unified framework for analysis and design of power system
applications. Thus, the current-controlled VSC system modeled and controlled in dg-frame is

the design that has been chosen in this thesis.

4.4. Synchronization using a Phase-Locked Loop
Designing the VSC control system in the dg-frame requires a synchronization
mechanism, which can be achieved by using a phase-locked loop (PLL). The PLL
synchronizes the output frequency and phase of the VSC to the frequency of the AC-side grid.
This is mandatory in order to ensure the quality of the power delivered from the grid-
connected VSC system to the utility grid, and guarantee its synchronization [14]. Also, the

transformation to the synchronous dq reference frame requires frequency. Figure 4.7 shows a
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schematic diagram of a possible PLL control system. The diagram shows the three-phase
voltages are transformed to the dg-frame, and the rotational speed of the dg-frame, w, is
regulated to ensure that Vg, is equal to zero in the steady-state ensuring frequency and phase
synchronization. Equations (4.21) and (4.22) respectively represent the direct- and quadrature-
axis voltages in the PLL. Equation (4.23) represents the output of the PLL, and when the

system is synchronized in the steady-state, V, is equal to V;, and Vq is equal to zero.

Vy =V, cos(wot + 6, — p(t)), (4.21)

V, = Vs sin(wot + 6, — p(t)), (4.22)
Where;

p(t) = wet + 6, (4.23)

V.: The peak value of the line-to-neutral voltage.
wq: The AC system (source) frequency.

8,: The initial source phase angle.

p(t): The output of the PLL as a function of time.

In order to have a mechanism to regulate V, to zero, a feedback loop is needed as

shown in equation (4.24), where H(P) is a linear transfer function (compensator), assuming a

small angle approximation for sin(w,t) term, and P is a differentiation operator.
w(t) = H(P) Vsq(O), (4.24)

By substituting equation (4.22) into (4.24);
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w(t) = H(P) V; sin(wot + 8, — p), (4.25)

Thus, equation (4.25) describes a nonlinear dynamic system that is referred to as a
PLL. The control output is limited by lower and upper limits of w,;,, and w4, respectively,
and they are selected to be close to w,. In Figure 4.7, the voltage-controlled oscillator (VCO)

is a resettable integrator whose output, p, is reset to zero every 2m radians.

Vsa —

abc > V.m"
Vibh ————
V.'rf' — dq V.s';l,r

Saturation Compensator
YO

p | *-Eﬁ’tu— H(s)

Figure 4.7: Schematic diagram of the PLL

4.5. Control Scheme

As mentioned earlier, in the grid-connected PV system the objective is often to control
the power exchange from the PV generation and the utility grid. The target is to extract all
generated power from the PV source. This can be achieved by using a maximum power point
tracking (MPPT) strategy. The MPPT tracks the power point where the current and voltage
from the PV array result in the possible maximum power, however this is out of the thesis
scope. In this thesis the current-controlled real- and reactive-power controller is adopted [14],
as Figure 4.8.a, and Figure 4.8.b demonstrate. Instead of using the MPPT scheme to provide
the power reference, the controller is designed to have real- and reactive power reference

sources as seen in both Figure 4.8.a and Figure 4.8.b. The controller is designed to have both
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outer and inner controls. The outer controllers generate Ig.r and Igqe¢ Which are then
compared to their measured values before they enter the inner controller. The inner controller
consists of a PI controller, voltage feed-forward compensator, and current decoupling

compensator. Based on the reference currents, Igrer and Igrer, the inner controller is used to

generate the modulating signals for both the direct- and quadrature-axis, which are m,; and
m, respectively. All the control, feed-forward, and feedback signals are DC quantities in
steady-state. The PI controller can be a simple proportional-integral compensator to enable
tracking of a DC reference command. The voltage feed-forward and current decoupling
compensators are utilized to avoid any undesirable behavior due to transient and to decouple
the VSC from the AC system dynamics. To protect the VSC, the reference currents are limited

by corresponding saturation limits that are +1 and -1.
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Chapter 5: System Protection Challenges with Grid-Connected PV

Systems

While synchronous generators are the dominant power generation in the power
system by far compared to any other power source, the use of VVoltage Sourced Converters
(VSCs) in transmission and distribution systems is growing, as it is the core component of
power conversion in the PV systems and type-3 and type 4 wind power generation, and many
energy storage systems. When determining settings for protection equipment to respond to
transmission system faults, utility protection engineers traditionally use impedance matrix
algorithms to determine the magnitudes and angles of the fault currents in order to set the
protective relays and perform coordination studies. Because VSCs limit their fault current
contributions to slightly above their rated current, protection engineers used to neglect any
power contributions from the PV and type 4 wind energy in their protection studies [15] and
[16]. However, this has changed as more large-scale renewable power systems interface with

the electric power system.

The VSC that is utilized in the interconnection of PV and type 4 wind turbine with
the power system is designed as a regulated current source that has the ability to fully control
its fault current injection to the grid as a self-protection from overcurrent. Therefore, it gives
minimal fault current contribution above normal current, typically less than 1.2 per unit of its
maximum current, and has small effect on overcurrent protection elements [16], [17], and

[18]. This poses a major challenge in the power protection studies.

Another challenge is that when a fault is detected on the system and causes an under

voltage condition, the VSC controller changes to a reactive current mode and supplies a
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leading current to support the system voltage in order to meet grid interconnection codes as
discussed in Chapter 3. In addition, the VSC controllers are manufactured to supply a balanced
positive sequence current at all times with close to a unity power factor, even during a fault
condition, thus it can fully transfer the real power generated to the grid [15] and [19]. These
features of the VSC and its controlling nature present a hardship for protection engineers to

create an accurate system model with the traditional fault programs.

5.1. Challenges

Protective devices such as relays and circuit breakers need to be connected on the
transmission or distribution system in order to quickly remove and disconnect the electrical
equipment or generation resources from the power system in case there is a fault condition or
the power system is operating abnormally. During a system fault, the line protection relays
must be reliable and perform with both dependability and security. However, due to the lack
of fault current contribution and the absence of negative and zero sequence currents from the
VSC and its controller, the operation of the protective relays could be impacted and they could

misoperate.

5.1.1. Examples

Some examples of the misoperations that can occur in line protection schemes are:

- Due to the lack of fault current, distance protection scheme is impacted because the
measured current flowing through the terminal does not exceed the current threshold
to enable the element supervising the distance element. Incorporating a weak in-feed
logic for a pilot protection scheme can help with this problem. Another option is to
use a direct transfer trip to send a trip command from the strong terminal to the weak

terminal [15], [16], and [20].
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- Aline current differential protection scheme can also be impacted. When it is used to
protect the line between the power grid and the PV source, where there might not be
enough fault current from the PV side to initiate the overcurrent relay that supervises
the protection element in cases when a small number of PV modules are on-line early
in the day or later in the day [15] and [21].

- Likewise when a directional protection element is used to supervise distance elements,
they can misoperate because the most reliable directional elements for unbalanced
faults are negative sequence directional elements. And the negative sequence
directional elements are not active since, as mentioned earlier, the VSC controller does
not provide much negative sequence current, thus the directional protection scheme
will not be initiated and make any trip decision [15], [17], and [21]. Furthermore, in
cases where the VSCs provide a leading current, to boost voltage during low voltage
conditions, that can cause positive sequence directional elements to misoperate [17].

In case a circuit breaker fails to clear a fault, a breaker failure protection scheme is
used to back it up and take action. This type of protection element combined with a minimal
current scheme can be utilized to overcome the protection challenges associated with the lack
of fault current contribution from the VSC. In addition, a direct transfer scheme can be
incorporated to protect a line with a very weak in-feed by sending a trip message from the
strong source to trip the circuit breaker at the weak source, yet it is not a secure method. Dual
redundant communication paths should be used to increase the dependability and security of

the scheme [15], [21], and [22].
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5.1.2. Additional Challenges

Utilities operators might have a hard time dealing with the variable energy production
from the PV system. The PV generation can rise and drop very rapidly due to a cloud cover,
storms, or a sudden change in weather conditions [4]. This makes it hard to predict in advance
and PV is typically not dispatchable since owners want to get maximum output power at all
times, and regulatory standards support this. Thus utilities must take all of the generated power
and modify other controllable generation to accommodate variations in output from
renewables and fix their production curve. To do so, utilities maintain spinning reserves and
quick-start natural gas generators. In some regions hydroelectric generation is used to offset
variation in renewable generation output. Hence, when some utilities review project proposals
for variable resources, they include additional cost for incorporating fast-response energy
compensators or natural gas generators to overcome the sudden drops and rises of energy [4].
Another method that helps to mitigate the sudden production change is to scatter the PV farms
over a wider geographic area. This helps to reduce the energy production variability of the
entire portfolio. Furthermore, when a utility has high penetration levels of solar generation
such as 10% or more [18], it might need to have a large number of flexible generators to

compensate the PV energy as it decreases rapidly when the sun goes down [4].
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Chapter 6: System Design and Controls Modeling

This chapter discusses the converter control and the main components of the grid-
connected PV system in detail along with the ATP model. The scope of this thesis is to study
the performance of different protection schemes during different grid fault conditions for the
grid-connected PV system coupled through a VSC. Therefore, the main objective of this
model is to design a system that can simulate an appropriate response of the system during

fault conditions.

6.1. Power System Model Description
The overall model of the grid-connected PV system is illustrated in Figure 6.1, where
the power system consists of five electrical subsystems. Figure 6.1 shows that a PV generation
source is connected to a VSC, in order to convert the DC power to AC. A step-up transformer
is used to couple the AC side of the VSC, on the collector circuit to the distribution side of
the system. The generated PV power is then delivered to the grid system through the
distribution line. The specifications of the different components are described in the following

subsections

PV Voltage-Sourced Converter Average Circuit Model

| PV Source DC Side §§ VSCAC CollectorSide | | Couplng | | 10km Distribution Line || Grid System

VPDC o (AC ysay | Transformer ! !

5 . IPDC !
$Vdc Rsmall
5 L LT

1 50% Z Line 50% Z Lr’nei RLEGrr'd

s Fault Point
E_‘dcw 1 IR T OFy
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pmt, ] =y ! e :
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Figure 6.1: Grid-connected PV system model implemented in the ATP software.
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6.1.1. PV Voltage-Sourced Converted Averaged Circuit Model

The PV source is represented by a constant 600V DC source with injected power
controlled by a current-regulated power control scheme that is discussed later in this chapter.
The PV source is connected to the averaged circuit model of the VSC whose AC-side terminal
voltages depend on the dc PV voltage source related by the modulating signals m, (t), m, (t),
and m.(t), as discussed in Chapter 4. The PV generation has a rated power of 1.5MW, and a

rated current of 2,500A, whereas the VVSC is sized to be 1.1 pu of the PV system ratings.

6.1.2. Coupling Transformer, Distribution Line, and Grid System Model

The transformer is a three phase and two windings step-up Delta-Y transformer
modeled using the general saturable transformer type in ATP. It is used to raise the collector
voltage level from 400V to 11kV, to match the distribution line voltage level. The HV-side of
the transformer can be Y-grounded or Y-ungrounded for the different protection studies that
are discussed in the Chapter 7. Similarly, the RC and RD in Figure 6.1 represent protection
relay locations for the collector level and distribution level, respectively. The distribution line
is chosen to be 10 km long, modeled with a simple RL line impedance of (0.2 +j3.762) Q and
(0.6 +j11.286) Q for positive and zero sequence, respectively. A three phase time controlled
switch is connected to the middle of the distribution line for different fault applications. The
grid system is represented by a three phase Thevenin voltage of 11kV and a Thevenin
impedance of (0.00588 + j0.260) Q and (0.0176 + j0.78) Q for positive and zero sequence,

respectively.

6.2. Control System Model Description
As discussed earlier in Chapter 4, designing a grid-connected PV VSC requires a

control system that assists the power exchange from the PV generation and the utility grid.
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The control system is modeled in the ATP. The main parts are the decoupled double
synchronous reference frame PLL (DDSRF-PLL) and the current-regulated real and reactive

power control.

6.2.1. Decoupled Double Synchronous Reference Frame PLL (DDSRF-PLL) Control

Model

As discussed previously, a proper synchronization mechanism is required when
designing a control system for the grid-connected VSC. In the ATP model, an enhanced
synchronization PLL model based on the decoupled double synchronous reference frame
(DDSREF) is built. This type of PLL is suggested and described in reference [14]. The DDSRF-
PLL is an enhanced version of the conventional synchronous reference frame PLL that was
described in Chapter 4. The DDSRF-PLL allows the VSC controller to be accurately
synchronized with the three phase grid system even under distorted and unbalanced grid
operating conditions. Modelling this type of PLL is very useful and important especially when
different types of unbalanced faults are applied to the distribution system and analyzed in the

next chapter.

6.2.1.1. Decoupled Double Synchronous Reference Frame (DDSRF)

The DDSRF is a very helpful technique specially when dealing with three phase
systems during abnormal/unbalanced operating conditions. The positive and the negative
sequence components of voltage vector, V*1 and V™1, respectively can be separated and
independently controlled during system faults. This is done based on the double synchronous
reference frame (DSRF) that is represented in equations (6.1) and (6.2) [14]. The same can be

applied to the current by replacing the voltage quantities by current quantities.
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Vg+1] 1 _, [cos(—2wt)
Vag+t = vy = [qu+1] * Vgp = v+t [0] + V1 [sin(—Za)t) (6.1)
Vg1 ! cos(Zwt)
qu—1 = 2= = [qu—l] * Vgp = -1 [0] + yti [sin(Za)t) (62)
Where,
_ T [ cos(@) sin(O)
[qu“] - [qu_l] = [—Sin(e) cos(0) (6.3)

The unbalanced voltage vector v expressed on the DSRF shown in the equations above
consists of two of the rotating dq reference frames that were explained in Chapter 4. One is
dq*?, rotating with the positive speed w and angular position 8, whereas the second one is
dq~1, rotating with the negative speed —w and angular position - 8. In the equations above,
it was assumed that & = wt. What can be seen in equations (6.1) and (6.2) is that there is an
oscillation at 2w in the AC terms, the right side of the equations. These oscillation at 2w is a
consequence of the voltage vectors rotating in the opposite directions. In order to filter out
such oscillations at 2w, a decoupling network is used and modeled in the control system

model.

6.2.1.2. Decoupling Network

A decoupling network is used to completely cancel out the effect of the double
frequency oscillations generated from the DSRF on the synchronous reference frame voltage
of the PLL. This allows an accurate grid synchronization even when the grid system is under
unbalanced faults [23]. The decoupling network that is shown in Figure 6.2 is used to filter
out the effects of the negative sequence voltage V=1 on the dg*?! frame signals. Figure 6.3

shows the same decoupling network implemented in ATP. To cancel out the oscillations in
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the dg~? frame signals, the same decoupling network can be used, but with swapping the -1
and +1 indexes in the figure. The V;+1- and V-1 in Figure 6.2 are the voltage vector expressed
on the dq*?! frame after filtering out the oscillations at 2w. Similarly, the V;-1. and Vg1
terms are from another decoupling network for cancelling the effect of V*on the dg~?! frame
signals. In addition, the signals go through a low pass filter, which will be discussed later in
this chapter. As shown in the decoupling network in Figure 6.2, the angular position 6 of the
dg reference frame is the same as the PLL angle that is controlled by a feedback loop to
regulate the g component to zero. The same decoupling network structure is used for the

current quantities.

V 1 bk V =¥

r +1 71y
R
Vo N,

V?'q—l \/‘, 1%
q

Cos Sin

PLL angle ©

Figure 6.2: Decoupling network for eliminating the effect of V=1 on the dq** frame signals
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Figure 6.3: Decoupling network model implemented in ATP for cancelling the effect of V1
on the dg** frame signals plus a low pass filter.

6.2.1.3. Structure of the DDSRF-PLL

The control scheme of the DDSRF-PLL that is shown in Figure 6.4 is an enhanced
three-phase synchronous PLL based on using two synchronous reference frames. It
completely cancels out the effects of the negative sequence components of the inputs on the
positive sequence controller and the effects of the positive sequence components of the inputs
on the negative sequence controller. Thus the real amplitude of the unbalanced input voltage
sequence components is accurately detected. This makes it a useful tool for the current-

regulated real and reactive power controller during unbalanced grid faults.
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Figure 6.4: Structure of the decoupled double synchronous reference frame PLL (DDSRF-
PLL) control scheme.

Figure 6.4 shows that the measured three-phase voltages at the collector side, V,, V,,,
and V; (VSAV in Figure 6.1), are transformed to V,,+1 and V,,-1 by using equations (6.1) and
(6.2). Then they enter the decoupling network together with the PLL angle 6 to filter out the
oscillations at 2w. As a final filtering stage, the outputs of the decoupling network go through
a low pass filter (LPF) to largely remove any remaining undesirable oscillations. Equation
(6.4) shows the low pass filter, where its cut-off frequency is wy = w/N2 rad/s [23]. The
frequency w in this case is the nominal fundamental frequency of the grid. The outputs of the
low pass filters, Vi+1e, Vg+1er, Vg-14+, and V-14+, are the corrected voltage quantities from the
DDSRF-PLL, and they are used as a feedback for the decoupling networks. The PLL that is
shown in the figure is the same as the conventional synchronous reference frame PLL that
was discussed in Chapter 4. The phase-angle error signal, V+1-, is used as a feedback to the

PLL in order to obtain a similar dynamic response for different voltage amplitudes in the grid.
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In addition, the w¢( in the PLL is the rated frequency of the grid and is used as a feed-forward

parameter to expedite the process of the PLL.

LPF(s) = —L (6.4)

s+wf

6.2.2. Current-regulated Real and Reactive Power Control Model

The current-regulated real and reactive power control that is used in this system is
almost the same as was presented in Chapter 4. However, in this system the control scheme is
based on the DDSRF method in order to make both the positive sequence and negative
sequence current reference frames independent from each other. Thus, the same structure
control of the DDSRF that is shown in Figure 6.4, excluding the PLL block diagram, has been
applied to the measured currents, I, I,, and I. (IAC in Figure 6.1), in order to generate [ j+1-«,

Ig+1e, I4-10, and I -1 Clearly, the oscillations at the 2« on the synchronous reference

frames should be filtered out in order to reach full control of the injected currents during

unbalanced conditions [14].

Figure 6.5.a and Figure 6.5.b show the positive sequence current-regulated real and
reactive power control schemes that are modeled in ATP. Likewise, Figure 6.6.a and Figure
6.6.b show the control schemes for the negative sequence current. In Figure 6.5.a, and Figure
6.5.b, the controller is built to have its real and reactive power reference values. The positive
sequence real power reference is set to the PV rated power generation of 1.5MW, and both
the positive and negative sequence reactive power references are set to zero. Then in the outer

controller, the power references are divided by the V,;+1.« to generate positive sequence gy s
and I,..r respectively. As mentioned previously, the rated current of the PV generation is

2,500A, and the VSC is rated at 110% of the PV system ratings. Therefore, in the current
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regulator a 1.1 pu limiter is used to protect the VSC and limit the current delivered to the grid
in order not to exceed the current limits of the power converter. However, in the negative
sequence control schemes that are shown in Figure 6.6.a and Figure 6.6.b, the current
references are set to zero such that the VSC produces only positive sequence current. Each of
the reference currents, lyrer, Igrers laneg repr @Nd Igneg e are then compared to their
measured values before they enter the inner controller. Based on the reference currents, the
inner controllers generate the modulating signals, my, mg, Mypeqy, and me,.4 for the dq
reference frames for the positive and negative sequences. The dg modulating signals can be
then transformed back to the three-phase modulating signals, m,, m,, and m,, discussed in
Chapter 4. The PI controller values, voltage feed-forward compensator and current decoupling
compensator terms are calculated and shown in Appendix (C). The voltage feed-forward
controller is used to stabilize the controller when there is a change in voltage. It also helps to
smooth and speed the response of the controller when the VSC is starting up. The current
decoupling controller is used to fully decouple the d-q axes controllers. In addition, the
modulating signals are limited to +1 and -1 in order to prevent over-modulation and limit

harmonics, as they regulate the current set points.
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Chapter 7: System Simulation Results and Protection Performance

This chapter discusses the results from the simulation of the Grid-connected PV
system modeled in the ATP software, and the impact of the PV on the performance of the
associated protection elements. Distance and inverse-time overcurrent protection relay models
are implemented using Mathcad software. COMTRADE files containing the measured
voltages and currents for different case studies are recorded from the ATP simulation results

are then replayed in the relay models.

7.1. Case Studies:

Case studies have been performed at both the collector system level and the
distribution level. At the distribution level, distance protection performance is studied,
whereas for the collector level, the performance of inverse time overcurrent protection
elements is studied. In the study, it’s assumed that the PV source is supplying rated power of

1.5MW at 600Vp, with a rated current of 2500A.

Figure 7.1 shows a one-line diagram of the grid-connected PV system under study.
Two types of faults are applied to the middle of the distribution line at the fault point, F1.

First, studies with SLG faults are performed, then with DLG faults applied.

PV Source b
AC

VSC

Fault Point

Coupling R
Transformer

Figure 7.1: Simplified three-phase grid-connected PV system model.
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7.2. Distribution Line Protection Study

The following protection relays are used for the distribution line protection study:

1- Instantaneous overcurrent protection scheme (ANSI/IEEE Type 50)

2- Distance protection scheme (ANSI/IEEE Type 21)

It is worth mentioning that the distance protection element is not normally used for the
11kV line. However, it is used here as an option to improve the protection performance
since the overcurrent protection elements have limitations as it will be shown later in this

chapter.

7.2.1. Instantaneous Overcurrent Element (50)

The instantaneous overcurrent element can be used to detect a fault when the measured
current at the relay exceeds a set pickup value. The element has two levels of protection. Level
1 is the primary zone of protection, where the relay trips instantaneously when there is a fault.
Level 2 is used as a backup zone for the relay. For the phase overcurrent element (50P), the
minimum pickup value is set to be 1.5 pu of the maximum load current. The ground
overcurrent element (50G) is set higher than the minimum unbalanced load current value, here
0.5 pu is chosen for the minimum pickup value. The minimum pickup values are based on the
IEEE standard recommendation. In this study, the instantaneous overcurrent element is used

as a supervisory protection element to supervise the distance protection element.

7.2.2. Distance Protection Element (21)
The distance element is used to protect the distribution line by performing a magnitude

comparison between signals derived from the voltages and currents measured at the



distribution relay, Rp, in Figure 7.1, and the relay operating characteristics

shows the calculation of effective impendence measured by Rp.

Where, V), is the voltage input signal measured at R,

Irp is the current input signal measured at Rp.

Z_RD =
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. Equation (7.1)

(7.1)

During the normal operation, the effective impedance Zy, is associated with the load

flow in the distribution line. During a fault on the distribution line at the fault point F1 in

Figure 7.1, Ip increases and Vg, decreases, thus Zpp in equation (7.1) goes below the

predetermined set value, indicating a fault. The measured voltage at V, depends on the

impedance between Vxj, and the location of the fault, which can be mapped to distance. If the

measured voltage at Vp is smaller that means the fault is closer, and vice versa if it is further.

Table 7.1 shows the voltage and current input signals used for Vj, and I, to the common

phase and ground distance elements.

Table 7.1: Voltage and current input signals to the phase and ground distance elements [20].

Distance Elements Voltage (Vzp) Current (Irp)
Phase AB V-V I, — I
Elements | BC Vs — Ve Iy —1I¢
CA Ve—Va I -1,

Ground AG A I + ko * I

Elements | BG Vs Ip + ko * Iy

CG Ve Ic + ko * I
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Where,
V4, Vg, V, are the measured phase to ground voltages at Rp,
I, I, I are the measured phase currents at Rp,
I = I, + Iz + I is the residual/neutral current,
k, is a zero sequence correction factor for the ground distance element calculations [20].

The ground distance element requires the phase currents to be compensated for the
zero sequence voltage drop by using the residual current I, multiplied the factor k,, that is

shown in equation (7.2)

1, ZOL_ZlL
ko = Z2 (7.2)

where, Z,; is the line positive sequence impedance,
Z,, is the line zero sequence impedance.

In the distance element — mho type, a complex impedance plane, or R-X plane, is used
to analyze the distance element operation. A representation of the impedance plane is shown
in Figure 7.2, along with distance element protection zones, zone 1 and zone 2, and a
representation of the line impedance. Zone-1 threshold is set to 80% of the line impedance,

whereas Zone-2 threshold is set to 120%.
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R (ohm)

Figure 7.2: Static distance element Mho characteristics impedance plane.

Figure 7.3 shows both phase current and line to ground voltage waveforms on the
distribution line during normal condition scaled by the CT and PT ratios. The ATP system
model was simulated for a period of two seconds, however in the Mathcad relay model, the
waveforms are scaled to cycles. The horizontal axis in Figure 7.3 is in the number of cycles.
The vertical axis for both Figure 7.3.a and Figure 7.3.b are current (A) and voltage (V),

respectively.
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Figure 7.3: (a) phase current and (b) line to ground voltage waveforms on the distribution
line during normal condition scaled by the CT and PT ratios.
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The distribution level CT and PT ratios are set as shown in equations (7.3) and (7.4).

654

CTR = =2 (7.3)
PTR = /2% (7.4)
69.5V

In the system shown in Figure 7.1, the normal phase current and voltage values
measured at the distribution relay Ry are 91A peak and 11kV peak respectively, whereas the

residual current I is equal to zero since the system is balanced.

7.2.3. Case A: Delta-Y transformer
A SLG, AG, fault is applied at the 60" cycle, which evolves to an ABG at the 72"
cycle, as shown in Figure 7.4. The RMS current and voltage values are shown in Table 7.2 for

the three operating states.
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Figure 7.4: (a) phase current and (b) line to ground voltage waveforms on the distribution
line during normal, SLG, and DLG conditions, respectively, for the Delta-Y transformer
case study.
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Table 7.2: Measured primary current and voltage values at R for normal, SLG, and DLG
conditions, respectively, for Delta-Y transformer case study.

Normal SLG (AG) DLG (AB)
1A 91.18A 102.83A 103.38A
IB 91A 103.53A 103.76A
IC 91.41A 102.51A 102.49A

VA 10.99kV 199V 203V

VB 10.86kV 13.71kV 222.2\

VC 11kv 13.87kV 14.246kV
IR 0A 0A 0A

By using the symmetrical component transformation in equation (7.5) to the digitally
filtered currents, the sequence current magnitudes with a phase A reference can be plotted as

shown in Figure 7.5.

AO] 1 1 1] [IA
Al|=-+[1 a a?|+|IB (7.5)
1A2 1 a2 al lic

Where, a = 12120deg.
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Figure 7.5: Sequence current magnitude waveforms of phase A during normal, SLG, and DLG
fault conditions, for the Delta-Y transformer case study.

As shown in Figure 7.5, the positive sequence current magnitude of phase A during
the three operating conditions is 1 pu, 1.128 pu, and 1.134 pu, respectively. As discussed in
Chapter 4, the challenge with the grid-connected PV system is that the VSC controllers limit
the fault current to 1.1 to 1.2 pu to protect the VSC devices from overcurrent. Figure 7.5 shows
both the negative and zero sequence currents are largely absent even for the unbalanced fault

conditions.

7.2.3.1. Instantaneous Overcurrent Element Response

Figure 7.6 shows the response of the instantaneous overcurrent relay in the Mathcad
relay model, described in detail in Appendix (A). The phase overcurrent element (50P) did
not trip because the phase currents, shown in Table 7.2 did not exceed the relay pickup value.
Also, the ground overcurrent element (50G) did not trip since the zero sequence is equal to

Zero.
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Figure 7.6: Phase and ground instantaneous overcurrent relay response of the system for the
Delta-Y transformer case.

7.2.3.2. Distance Relay Response

As shown in Figure 7.7 (b), the ground distance element has picked up the SLG fault
at the 60" cycle. Similarly, Figure 7.8 (b) shows that the phase distance element detected the
DLG fault at the 72" cycle, since Zzp, in equation (7.1) has become lower than the threshold
value. What can be observed from the mho characteristics in both Figures 7.7 (a), and 7.8 (a),
is that both types of faults were applied to the middle 50% of the distribution line. However,
the mho plots show the effective location of the faults seen by the relay is about 30% of the
distribution line, closer toward the PCC. The reason is that because the PV source is very
weak compared to the grid system source, as well as the limited current contribution from the
VSC. Thus, the measured voltage, Vzp at the distribution relay Ry in Figure 7.1, will

experience too much drop, and is almost the same as the voltage at the fault point F1.
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Figure 7.7: (a) Mho characteristic plot and (b) ground distance element response to SLG and
DLG, for the Delta-Y transformer case.
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Figure 7.8: (a) Mho characteristic plot and (b) phase distance element response to SLG and
DLG, for the Delta-Y transformer case.

Based on the trip logic diagram shown in Figure 7.9, the distance element that is
supervised by an instantaneous overcurrent element did not trip for the faults, as shown in
Figure 7.10. Even though both the phase and ground distance element picked up the fault, the

supervisory instantaneous overcurrent element did not, as shown in Figure 7.6.
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Figure 7.10: Supervised distance relay trip logic response for the Delta-Y transformer case.



63

7.2.4. Case B: Delta-Y-Grounded transformer
Figure 7.11 shows the same types of faults were applied to the system, this time the
Y-side, HV-side, of the transformer is solidly grounded. Both current and voltage values are

shown in Table 7.3 for the three operating conditions.

i

Figure 7.11: (a) Phase current and (b) line to ground voltage waveforms on the distribution
line during normal, SLG, and DLG conditions, respectively, for the Delta-Y-grounded
transformer case study.



Table 7.3: Measured primary current and voltage values for normal, SLG, and DLG
conditions, respectively, for the Delta-Y-grounded transformer case study.

Normal SLG (AG) DLG (AB)
1A 90.53A 830A 653A
IB 89.94A 864A 825A
IC 90.68A 695A 685A
VA 11kV 4.22kV 3.53kV
VB 10.84kV 10.12kV 3.84kV
VC 11kv 9.83kV 8.92kV

IR 0A 2.56KA 2.18KA

Similarly, by using the symmetrical component transformation in equation (7.5), the

sequence current magnitudes with a phase A reference can be plotted as shown in Figure 7.12.

Figure 7.12: Sequence current magnitude waveforms of phase A during normal, SLG, and

-
B3
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DLG fault conditions, for the Delta-Y-grounded transformer case study.
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As shown in Figure 7.12, the positive sequence current magnitude of phase A during
the three operating conditions is 1 pu, 1.127 pu, and 1.13 pu, respectively. Again, the VSC
controllers limit the fault current to less than 1.2 pu to protect the VSC from overcurrent. The
negative sequence is zero since the VSC injects only positive sequence current. The zero
sequence current however is quite high, 8 pu and 7 pu, for SLG and DLG, respectively. This
is because the HV-side of the transformer is grounded and is circulating zero sequence current

from the remote source.

7.2.4.1. Instantaneous Overcurrent Element Response

The Mathcad instantaneous overcurrent relay response is shown in Figure 7.13. Both
the phase overcurrent element (50P) and the ground overcurrent element (50G) have
successfully detected the faults, since the measured currents, shown in Table 7.3, exceeded

the relay minimum pickup values.

1.3 | | 1.3 | |
I I
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0.5 . 0.5 .
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Figure 7.13: Phase and ground instantaneous overcurrent relay response of the system for
the Delta-Y-grounded transformer case.

7.2.4.2. Distance Protection Relay Response

As shown in Figures 7.14 (b) and 7.15 (b), both the ground distance element and the
phase distance element have picked up the faults since Zyp, in equation (7.1) became lower
than the predetermined threshold values. The mho characteristic circle in Figure 7.14 (a)

shows that the AG fault has happened first then followed by the ABG fault. Figure 7.14 (a)
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and Figure 7.15 (a) show that the distance elements locate the faults about 30% of the
distribution line much closer to the PCC, even though the faults were applied 50% of the
distribution line. This is again due to the limited current and the weak effective source of the
PV, which leads Z,, to be much smaller than it actually is and which leads to incorrect the

faults locations in the relay.
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Figure 7.14: (a) Mho characteristic plot and (b) ground distance element response to SLG
and DLG, for the Delta-Y-grounded transformer case.
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Figure 7.15: (a) Mho characteristic plot and (b) phase distance element response to SLG and

DLG, for the Delta-Y-grounded transformer case.
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Figure 7.16: (a) Phase and ground distance elements trip logic response, and (b) supervised
distance element final trip logic response for the Delta-Y-grounded transformer case.

Based on the trip logic diagram shown in Figure 7.9, both phase and ground distance
elements picked up the faults, as shown in Figure 7.16 (a). The supervisory instantaneous
overcurrent element also responded to the fault, as shown in Figure 7.13. As a result, the final

trip logic successfully tripped the fault, as shown in Figure 7.16 (b).

In a case when only a LL fault is applied to the middle of the distribution line, the
supervised distance element will not trip for the fault. The reason is the fault current will be
limited by the VSC and will not be enough to activate the supervisory phase overcurrent
element. Also, the ground instantaneous overcurrent element will not detect the fault because

there is no zero sequence current for that fault type.

7.3. Collector Line Protection Study
7.3.1. Inverse-time Overcurrent Element (51)

An inverse-time overcurrent protection scheme (ANSI/IEEE Type 51) is applied for
the collector line protection. Unlike the instantaneous overcurrent element (50) with a fixed
time delay, the inverse-time overcurrent element (51) operating time is inversely proportional
to the fault current, meaning that as the current magnitude increases, the operating time taken

to trip the fault decreases [21]. The relay has a standard inverse-time-overcurrent
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characteristic curve for operation. In this study, the very inverse time-current characteristics
equation (U3) is used, as shown in the Mathcad relay model in Appendix (B). In the inverse-
time overcurrent element, the minimum pickup value for the phase element (51P) is set to be
1.5 pu of the maximum load current. The minimum pickup values for negative sequence
element (51Q) and ground element (51G) are set to 0.1 pu. The minimum pickup values are
based on the IEEE standard recommendation. In this part of the study, the performance of the
collector inverse-time overcurrent relay is evaluated when the same types of the faults are
applied to the middle of the distribution line at the fault point, F1, as shown in Figure 7.1. The

inverse-time overcurrent relay is used as a backup element for the distribution line protection.
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Figure 7.17: Phase current waveforms on the collector line during normal condition scaled
by the CT ratio.

Figure 7.17 shows the phase current waveforms on the collector line during normal
operation as scaled by the CT ratio, which is calculated as per equation (7.6). The ATP system

model was simulated for a period of two seconds, however in the Mathcad relay model, the
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waveform is scaled to cycles. The horizontal axis in Figure 7.17 is in the number of cycles,
whereas the vertical axis is in current (A). In the system shown in Figure 7.1, the normal phase

currents measured at the collector relay R is 2500A peak per phase.

2500
—A

)
CTR = % (7.6)

7.3.2. Case A: Delta-Y transformer
A SLG, AG, fault is applied at the 60" cycle, which then evolves to an ABG at the

72" cycle, as shown in Figure 7.18. The currents measured at the collector relay R are shown

in Table 7.4 for the three operating conditions.

=t
p—

IAL;

IB1;

ICy,

RS

Figure 7.18: Phase current waveforms on the collector line during normal, SLG, and DLG
conditions, respectively, for the Delta-Y transformer case.



Table 7.4: Measured current values for normal, SLG, and DLG operations, respectively, for

the Delta-Y transformer case.

Normal SLG (AG) DLG (AB)
1A 2,498A 2,820A 2,809A
IB 2,488A 2,850A 2,836A
IC 2,460A 2,840A 2,850A

By using equation (7.5), the sequence current magnitudes with a phase A reference

can be plotted as shown in Figure 7.18.
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Figure 7.19: Sequence current magnitude waveforms with a phase A reference during
normal, SLG, and DLG fault conditions, for the Delta-Y transformer case.

As shown in Figure 7.19, the positive sequence current magnitude of phase A during
the three operating conditions is 1 pu, 1.135 pu, and 1.142 pu, respectively. The fault current
was limited to below 1.2 pu by the VSC controllers. Both the negative and zero sequences are

equal to zero.
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7.3.2.1. Inverse-time Overcurrent Element Response

Figure 7.20 shows the trip logic diagram of the inverse-time overcurrent element in
the Mathcad relay model. Based on this trip logic, the phase overcurrent element (51P) did
not respond to the fault, as shown in Figure 7.21 (a). The reason is because the phase currents
did not exceed the relay minimum pickup value for the specific time period the system was
simulated. Figure 7.21 (a) also shows that the ground element (51G) and negative sequence
element (51Q) did not trip, since currents for each are equal to zero, as shown in Figure 7.19.
As a result, the final trip logic of the relay did not trip neither the SLG fault nor the DLG as

shown in Figure 7.21 (b).

_ ™
ES1P | TR51P
pu 51P—— /
ES1G \;—T RS 1G
pu_51G—— /

E51Q——

\ TR51Q
pu_510—— S

TRS1P—5

TR5 1(3—:: Trip
TR510——

Figure 7.20: Trip logic diagram of the inverse-time overcurrent protection scheme.
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Figure 7.21: (a) response of phase, ground, and negative sequence inverse-time overcurrent
elements and (b) final trip logic response for the Delta-Y transformer case.

7.3.3. Case B: Delta-Y-Grounded transformer
Figure 7.22 shows response when the same types of faults were applied to the system,
this time the Y-side, HV-side, of the transformer is solidly grounded. The current

measurements at the collector relay R are shown in Table 7.5 for the three operating

conditions.
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Figure 7.22: Phase current waveforms on the collector line during normal, SLG, and DLG
conditions, respectively, for the Delta-Y-grounded transformer case.
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Table 7.5: Measured current values for normal, SLG, and DLG operations, respectively, for
the Delta-Y-grounded transformer case.

Normal SLG (AG) DLG (AB)
1A 2,498A 2,800A 2,818A
IB 2,489A 2,848A 2,822A
IC 2,461A 2,840A 2,843A

By using equation (7.5), the sequence current magnitudes with a phase A reference

can be plotted as shown in Figure 7.23.
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Figure 7.23: Sequence current magnitude waveforms with phase A reference during normal,
SLG, and DLG fault conditions, for the Delta-Y-grounded transformer case.

As shown in Figure 7.23, the positive sequence current magnitude of phase A during
the three operating conditions is 1 pu, 1.138 pu, and 1.14 pu, respectively. Both the negative
and zero sequences are equal to zero. As expected, the sequence currents of phase A during
the three operating conditions for the Delta-Y-grounded transformer are almost the same as

the ones from the Delta-Y transformer case study. The reason is that these currents are only
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supplied from the ungrounded VSC, and there is no path for zero sequence current due to the

delta connection of the LV-side of the transformer.

7.3.3.1. Inverse-time Overcurrent Element Response
The protection settings for inverse-time overcurrent element are the same for both case
studies, grounded and ungrounded HV-side of the transformer. The Mathcad relay model for

Delta-Y-grounded transformer case study is shown in Appendix (B).

Since all the three phase currents, ground, and the negative sequence currents did not
exceed their minimum pickup values, their protection elements did not operate, as Figure 7.24

(@) shows. Thus, the final trip logic of the relay did not trip for the faults as shown in Figure

7.24 (b).
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Figure 7.24: (a) response of phase, ground, and negative sequence inverse-time overcurrent
elements and (b) final trip logic for the Delta-Y-grounded transformer case.
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7.4. System Results and Protection Performance without DDSRF Control
In this section, the same grid-connected PV system is studied however without the
utilization of the decoupled double synchronous reference frame (DDSRF) control that was
discussed in Chapter 6 and which was applied in the cases in Section 7.2 and 7.3. The same
case studies performed in the previous sections are applied here in order to compare the grid-
connected PV system protection performance with and without the utilization of the DDSRF

control.

7.4.1. Distribution Line Protection Study

In the distribution line protection study, distance protection relay supervised by an
instantaneous overcurrent protection element is used. Two case studies are performed for the
system for the same types of fault applications to the middle of the distribution line. One case
study is when the HV-side of the system has a delta-Y transformer configuration, whereas the
second case study is when the HV-side of the system has a delta-Y-grounded transformer

configuration.

7.4.1.1. Case A: Delta-Y transformer
By using the symmetrical component transformation equation from (7.5), the system

sequence current magnitudes with a phase A reference can be plotted as shown in Figure 7.25.
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Figure 7.25: Sequence current magnitude waveforms of phase A during normal, SLG, and
DLG fault conditions, when running the system without DDSRF control with a Delta-Y
transformer configuration.

As shown in Figure 7.25, the positive sequence current magnitude of phase A during the three
operating conditions is 1 pu, 1.065 pu, and 0.95 pu that continues to decrease to 0.75 pu for
the simulation time period of 2 seconds. What can be observed in Figure 7.23 is that negative
sequence current is present during the fault when the system is not using the DDSRF control.
The negative sequence current during the three operating conditions is 0 pu, 0.073 pu, and
0.17 pu which keeps increasing to 0.235 pu. In comparison to the previous cases where the
DDSRF control is used, the positive and negative sequence current components are not
independently controlled and separated during unbalanced conditions. The zero sequence

current is equal to zero since both the VSC and the HV-side of the transformer are ungrounded.

7.4.1.1.1 Instantaneous Overcurrent Element Response
The Mathcad instantaneous overcurrent relay response is shown in Figure 7.26.
Neither the phase overcurrent element (50P) nor the ground overcurrent element (50G), in

Figure 7.26 (a) and Figure 7.26 (b), detected the fault since the measured phase and ground
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currents did not exceed their minimum pickup values. However, the negative sequence
overcurrent element (50Q), Figure 7.26 (c), picked up for the fault because the negative

sequence current exceeded the minimum pickup that is set to be 0.1667 in the Mathcad relay

model.
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Figure 7.26: (a) phase, (b) ground, and (c) negative sequence instantaneous overcurrent relay
response of the system when running without DDSRF control with a Delta-Y transformer
configuration.

7.4.1.1.2 Distance Protection Relay Response
The response of the distance protection element for the case where the converter is not
using the DDSRF control is the same as the response of the distance protection element in the

previous system, where the DDSRF control was utilized.

Figure 7.27 illustrates two final trip responses of the supervised distance element,
Tripv and Tripalty. Tripy, in Figure 7.27, is the final trip logic response based on the trip logic
diagram illustrated in Figure 7.9, when the distance element is supervised by only phase and
ground instantaneous overcurrent elements. Whereas Tripalty, in Figure 7.27, is the final trip
logic response, based on the trip logic diagram shown in Figure 7.28, when the distance
element is supervised by the negative sequence instantaneous overcurrent element. Figure

7.27 shows that when supervising the distance element by the phase and ground instantaneous
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overcurrent elements, the supervised distance element will fail to trip the faults. On the other
hand, when the distance element is supervised by the negative sequence instantaneous
overcurrent element, it will successfully trip for the fault, since the negative sequence

supervisory element picked up for the fault, as shown in Figure 7.26 (c).
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Figure 7.27: Supervised distance element final trip logic response for the system when
running without DDSRF control, for the Delta-Y transformer case study.
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Figure 7.28: Trip logic diagram of the distance protection scheme supervised by the negative
sequence instantaneous overcurrent element.

7.4.1.2. Case B: Delta-Y-Grounded transformer

The sequence current magnitudes with a phase A reference can be plotted as shown in

Figure 7.26 for the case with a delta-Y-grounded transformer where the converter control does

not use the DDSRF.
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Figure 7.29: Sequence current magnitude waveforms of phase A during normal, SLG, and
DLG fault conditions, when running the system without DDSRF control with a Delta-Y-
grounded transformer configuration.

Figure 7.29 shows that the positive sequence current magnitude of phase A during the
three operating conditions is 1 pu, 1.056 pu, and 1.075 pu that continues to decrease to 0.75
pu. Once again negative sequence current is present during the fault since the DDSRF control
is not used in the system. As shown in Figure 7.29, the negative sequence current during the
three operating conditions is 0 pu, 0.155 pu, and 0.11 pu which subsequently increase to 0.215
pu. The zero sequence current is quite high as expected, since the HV-side of the transformer
is grounded and is circulating zero sequence current from the remote end of the line. The zero

sequence current is 8 pu and 7 pu, for SLG and DLG faults, respectively.

7.4.1.2.1 Instantaneous Overcurrent Element Response

The Mathcad instantaneous overcurrent relay response is shown in Figure 7.30. Figure
7.30 (a), (b), and (c) show that the three supervisory overcurrent elements, phase (50P), ground
(50G), the negative sequence element (50Q), all detected the fault since their measured current

values exceeded their minimum pickup values. In this case study, the negative sequence
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element (50Q), Figure 7.30 (c), detected the fault a little bit later than the phase and ground
elements. This is because the measured negative sequence current did not exceed the relay

minimum pickup value until the 91 cycle.
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Figure 7.30: (a) phase, (b) ground, and (c) negative sequence instantaneous overcurrent relay
response of the system when running without DDSRF control with a Delta-Y-grounded
transformer configuration.

7.4.1.2.2 Distance Protection Relay Response

The distance protection element response is the same both when the system is running
with and without utilization of the DDSRF control. Figure 7.31 shows the final trip logic
response of the supervised distance element for both Tripyv and Tripalty. In this case study, the
distance element supervised by the phase and ground overcurrent element, Tripy, trips the
fault faster than the distance element that is supervised by the negative sequence element,
Tripalty. This is because the phase and ground current based supervisory elements, detect the

fault faster than the negative sequence current based element, as illustrated in Figure 7.30.
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Figure 7.31: Supervised distance element final trip logic response for the system when
running both with and without DDSRF control, for the Delta-Y-grounded transformer case
study.

7.4.2. Collector Line Protection Study

The inverse-time overcurrent protection element is once again used to protect the
collector side of the system when the same types of faults, SLG and DLG, are applied to the
middle of the distribution line. Two case studies are performed for the system; the first case
study is when the HV-side of the transformer is delta-Y connected, whereas the second case

is when the HV-side of the transformer is a delta-Y-grounded connected.

7.4.2.1. Case A: Delta-Y transformer
The sequence current magnitudes with a phase A reference can be plotted as shown in

Figure 7.32.
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Figure 7.32: Sequence current magnitude waveforms of phase A during normal, SLG, and
DLG fault conditions, when running the system without DDSRF control with a Delta-Y
transformer configuration

Figure 7.32 shows the positive sequence current magnitude of phase A during the three
operating conditions is 1 pu, 1.077 pu, and 0.92 pu that subsequently continues to decrease to
0.778 pu for the simulation time period of 2 seconds. Since the DDSRF control is not utilized
in this system, the negative sequence current is present during the fault. As shown in Figure
7.32, the negative sequence current magnitude is 0 pu, 0.08 pu, and 0.188 pu which continues
to increase to 0.245 pu, for the three operating conditions. The zero sequence is equal to zero
since the VVSC is ungrounded and there is no path for the zero sequence current to circulate to

the fault on the distribution system.

7.4.2.1.1 Inverse-time Overcurrent Element Response

Figure 7.33 illustrates the response of the inverse-time overcurrent relay in the
Mathcad relay model. Figure 7.33 (a) shows that the trip logic of the phase element (51P) and
the ground element (51G) did not respond to the fault because their measured currents did not

exceed the relay minimum pickup value for the specific time period the system was running
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for. However, the trip logic for the negative sequence current element (51Q) successfully
detected the fault since the negative sequence current exceeded the relay minimum pickup
value and was large enough to trip within the simulation period, as shown in Figure 7.33 (a).
As a result, based on the trip logic diagram illustrated in Figure 7.20, the relay final trip logic

response has tripped during the DLG fault as shown in Figure 7.33 (b).

1.5 T T 1.5 T T
'IR:-’IPBz
-
— 1 1r
v -
TREIQBﬁ 0.5 T 0.5 n
LS
) ! —— 0 | ]
0 50 100 0 50 100
v v
RS RS
(a) (b)

Figure 7.33: (a) response of phase, ground, and negative sequence inverse-time overcurrent
elements and (b) final trip logic for the Delta-Y transformer case, when the system is
running without DDSRF control.

7.4.2.2. Case B: Delta-Y-Grounded transformer
The sequence current magnitudes with a phase A reference can be plotted as shown in

Figure 7.34.



86

| |
|ato,] 1 ]
s |
|ESEN
0.5 .
"
% P 100

Figure 7.34: Sequence current magnitude waveforms of phase A during normal, SLG, and
DLG fault conditions, when running the system without DDSRF control with a Delta-Y-
grounded transformer configuration

Figure 7.34 shows the positive sequence current magnitude of phase Ais 1 pu, 1.1 pu,
and 1.05 pu that continues to decrease to 0.778 pu, for the normal, SLG, and DLG faults. The
negative sequence current magnitude is 0 pu initially, 0.15 pu for the SLG fault, and 0.12 pu
for the DLG fault that continues to increase to 0.23 pu. The zero sequence is equal to zero as
expected, since there is no path for the zero sequence current to flow, as since the VSC is

ungrounded.

7.4.2.2.1 Inverse-time Overcurrent Element Response

The response of the inverse-time overcurrent element from the Mathcad relay model
is illustrated in Figure 7.35. As expected, the response of the inverse-time overcurrent element
in this Delta-Y-grounded case is similar to the response in the previous study case, where the
transformer is Delta-Y connected. The reason is the sequence currents during the three

operating conditions from both case studies are almost the same. Because these currents are
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only supplied from the ungrounded VSC, as since there is no path for zero sequence current

to flow due to the delta connection of the LV-side of the transformer.

Figure 7.35 (a) shows that the trip logic of the phase element (51P) and ground element
(51G) did not respond to the fault for the time period the system was simulated. Again the
negative sequence element (51Q) trip logic detected the fault since the negative sequence
current exceeded the relay minimum pickup value and was large enough for the 51Q element
to pick up during the DLG fault, as shown in Figure 7.35 (a). As a result, the final trip logic

of the relay has tripped the fault as shown in Figure 7.35 (b).

TRSIPg,

TR.i'.QBJ_.gj— ] 0.5

100

(@ (b)

Figure 7.35: (a) response of phase, ground, and negative sequence inverse-time overcurrent
elements and (b) final trip logic for the Delta-Y-grounded transformer case, when the system
is running without DDSRF control.
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Table 7.6: Summary of protection elements response under the study.

Delta-Y transformer Delta-Y-grounded
transformer
Protection Element SLG DLG SLG DLG Fault
Fault (A- Fault Fault (A- | (AB-G)
G) (AB-G) G)
Supervisory N N P,G P,G
Overcurrent (50)
With Utilizing Distance (21) P,G P,G P,G P,G
DDSRF Control Supervised N N P,G P,G
Distance
Inverse-time N N N N
Overcurrent (51)
Supervisory N Q P,G P,G,Q
Overcurrent (50)
Without Utilizing Distance (21) P,G P,G P,G P,G
DDSRF Control Supervised N Q P,G P,G,Q
Distance
Inverse-time N Q N Q
Overcurrent (51)

N — means the protective element did not trip the fault.

P — means the phase protective element tripped the fault.

G — means the ground protective element tripped the fault.

Q — means the negative sequence protective element tripped the fault.
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Chapter 8: Summary, Conclusions, and Future Work

8.1. Summary

The results show that when the DDSRF control is used in the control of the PV VSC, the
fault current is limited to less than 1.2 pu of the maximum load current with no negative
sequence current for unbalanced faults. In response to the limited fault current, the protection
relays have either misoperated or failed to clear some of the faults. In the collector protection
study, the inverse-time overcurrent relay did not respond to the faults on the distribution line
whether the HV-side of the coupling transformer was grounded and ungrounded. In the
distribution protection study for ungrounded transformer, the distance elements picked up for
the faults, but the final trip logic did not operate. The misoperation was because the
supervisory instantaneous overcurrent relay did not trip since the fault current did not exceed
its minimum pickup current. When the HV-side of the transformer is grounded however, the
distance elements tripped for the SLG and DLG faults, but did not for the LL fault. Due to the
limited current from the PV VSC, the mho characteristics in both case studies gave incorrect
fault locations. Even though the faults were applied to the middle of the distribution line, the

mho plots show the apparent fault locations are much closer to the PCC.

In addition, when running the system without the DDSRF control, the significant negative
sequence current was present during the faults. Due to the existence of the negative sequence,
the distance element supervised by the negative sequence instantaneous overcurrent element
has picked up the DLG fault for the ungrounded case study. Similarly in the collector system
side, the negative sequence inverse-time overcurrent elements have tripped for the DLG faults
in both case studies since the negative sequence inverse-time overcurrent element responded

to the faults.
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8.2. Conclusions

In this thesis, a control scheme was developed based on the DDSRF approach. The grid-
connected PV system is modeled in the ATP program, which can be then used in the ECE529
course for teaching purposes. The results and the performance of the protection relay schemes
confirm previous results that the grid-connected PV system should not be treated as a
conventional synchronous machine for fault analysis to determine protection scheme settings
and coordination. The supervisory instantaneous overcurrent element needs to be reconsidered
for the Delta-Y-ungrounded case. The mho distance element located the fault to be much

closer to the PCC than the actual location, which might overreach for faults out of the zone.

When designing a protection scheme for a grid-connected PV system, the designer should
know whether the inverter uses a DDSRF control or not. If an inverter that uses a DDSRF
control is chosen, then the inverse-time overcurrent protection scheme should not be applied.
The phase, negative sequence and ground elements will not see sufficient current to operate.
If an inverter that doesn’t use a DDSRF control is selected, then there will be some enough
negative sequence current that can help the inverse-time overcurrent element to make
decisions for unbalanced faults. Also, when the DDSRF control is not used, negative sequence
current supervision can be used for the distance element to improve the protection decision,

especially for the Delta-Y-ungrounded case.

8.3. Future Work
Alternate protection solutions can be studied to provide more secure performance. Other
researchers have suggested using communication aided distance schemes and line current
differential elements. Both need further study to see whether the supervisory elements for

these schemes will pick up. Other supervisory protection elements should be considered for



91

the distance protection schemes. Similarly, alternative protection elements should be
investigated for the collector system protection studies. This thesis did a very limited set of
simulation cases. More protection case studies should be performed in the system model with
different locations and different types of faults. Alternative types of renewable generators,
possibly wind turbines, can be incorporated in the model and their impact on the protection
scheme can be evaluated. A detailed model and a better representation of the PV source can
be developed for more accurate simulation results. More case studies with PV power

generation output varying by the time can be examined, with the connection of several VSCs.
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Appendix A — Distance Relay Mathcad Model

e Supervisory Overcurrent Element Settings:
These Instantaneous Overcurrent Elements are used to supervise the distance elements.
Enter settings in secondary Amps, (leave off units) for phase (P), zero sequence (ground, G)

and negative sequence (Q). Set these elements to enable the distance element, if the current
exceeds a threshold, there is a fault.

Enable the relay elements you want to use (1 means enabled, 0 means disabled)
E50P1 =1 E50P2 =1 E50Q1 =1
Es0Gl =1 E50G2 =1 E50Q2 =1
Relay Pickup Settings (default values set very small)

0.5

Level 1 50P = 1.5 Level 1 50G = 0.5 Level 1 50Q = =

e Relay Overcurrent Element Pickup Logic:

Initialize overcurrent elements: TLevell50G pu =0  Levell50P pu =0  Levell50Q pu =0
W W W

Ground (zero sequence) element: Negative sequence element:

Levell50G_pu_= |1 if 3 ‘LAOV‘ > Level 1 350G Levell50Q pu = |1 i |[A2‘__| > Level_1_50Q
1 i Levell30G pu__ 2 0.01 1 if Levell30Q pu__, = 0.01
0 otherwise 0 otherwise

Phase current element (phase A or phase B or Phase C exceed pickup)

Levell50P_pu_= |1 if |[Acpx‘__‘ > Level 1_50P

1 if |]:Bcpx‘__‘ > Level 1_50P

1 if |[Ccpx‘__‘ > Level 1_50P +

I # Levell50P_pu = 0.01

0 otherwise
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e Distance Element Settings:

Line impedance in Ohm's secondary (i.e. values seen after the CTR and PTR are factored in).

Z1:=02 + 3.769% |Z1] = 3.7752 arg(Z1) = 86.9632 deg
70 = 3-Z1

Bline = arg(Z1)

ZIMAG = |Z1] Z1ANG = arg(Z1)

ZOMAG = |Z0| Z0OANG = arg(Z0)

Distance relay kO factor equation.

_20-11
3.Z1

kO : k0 = 0.6667

Distance Elements (set as percentage reach)

ZonelP = 80% ZonedP :

120%
ZonelG = 80% ZonelG = 120%

Level 2 Time Delays ( default values)

TDEI[}P = SC-}"C].ES TD&]I}G = SC-}"C].ES

e Phase and Ground Distance Elements:

Convert line impedance into a vector for comparison purposes:
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Phase Elements:

* (Calculate Mho Circles:

tmho = Odeg,05deg. 360deg E=0,1.719

ZIMAG ZIMAG

radhihol = Zonel( = 1.5101 radhfho? = Zonel(s

Note the divide by two for radius of circle

I . . I . .
(ZIMAG) j. (ZIMAG) j.
offzethlhol = ZonelG-| }e] Hline offsethlho? = ZonelG-| }e] Hline

i i _.l'l

) L

= pffsethihol + radl".rftl-::nl-f:'llk'l[ll':“iﬂg

ZLone IL

Znnezk = offsethiho? + rad}'.df't'n::nl-e]'],z'll:ll':ﬂ:mg

Zl
Zl T = A o —
centethlhol G = ZunelG-? centerMho2_G = ZonelG 2

Zl
centerhfhol P = ZnnelP-% centerhhed P = ZDHEEP'?

Ground Elements:

- Now calculate impedance seen by the relay. Note that this approach will have problems for a close-in fault where the voltage falls.
- Also note that k0 is multiplied times the residual current. This model uses IR and has a 1/3 in the k0 calculation.

“.-’_-icpx‘._
]_-,g_cpx‘__ + k-I}-Ichx‘__ E_-'-'!.G‘__ = E.E{Z.-‘-‘LG‘._} X-‘JLG‘._ = Inq:.Z_;‘LG‘._}

ZAG =
".

calculate impedance seen by the relay.

“-'Bcpx‘__ ) ) ) )
FBG = EBG_:RE{EBG_} )EBG_:MEBG_}
v [Bcva + kﬂ-[&cpx‘__ v A V) v A V)
“.-’Ccpx‘__ ) . ) ) .
ZCG RCG‘._ = RE{ ECG‘._} XCG‘._ = Im| ECG‘._}

v ICepx_ + ki-IRepx_
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Phase to Ground Distance Element Pickup Logic:

Initialize Elements:  Level121DG pu =0 Level221DG_pu =0
Levell2IDG_pu, = |1 i |ZAGH—center}\rﬂml_G| < radMhol Level2IDG_pu, = |1 if ‘ZAGIf—center.\ﬂml_G‘ < radMho?
14 |ZBGH-.;entezmol_G| < radMhol 1if ‘ZBGIf—centerkmUZ_G‘ < radMhol
14 |zmlf-.;entezmol_e| < radMhol 1if ‘ZCGIf—centerkﬂmE_G‘ < radMhol
14 LevellﬁlDG_puH_l =001 1 if I_EVEQQIDG_[JUH_I 200
0 otherwise 0 otherwize
Phase to phase elements: +

VAcps - VBeps, o ] S
ZABP = RABP_= Re[ZABP | XABP_ = Im[ZABP |
v TAcpx - IBepx -+ 0.0001 N \ v/ v \ v/

‘v'Bcpx‘__ -V X,
ZEBCP

= RECP_= Re(ZBCP | XBCP_= Im|ZBCP_|
¥ IBepx — ICcpx -+ 0.0001 N \ A, v \ V)

ZCAP_ = RCAP_ = Re[ZCAP | XCAP_= Im|ZCAP |
y v A w) w A w)

Tnitialize Elements:  Levell2IDP_pu =0 Level21DP_pu =0

Levell2IDP = |1 f [ZABP,, - centethlhol P| = radMhol  Level221DP = |1 if [ZABP., - centerhhol P| = radhlho2
Pl If - Pl If -

1if ‘ZBCPIf—centerkmnl_P| < radMhol 1if ‘ZBCPIf—center)\rﬂmZ_P‘ < radMho?
1 ‘ZCAPIf—centerkﬂlnl_P| < radMhol 1 ‘ZCA.PIf—center)\rﬂmZ_P‘ < radMho?
14 I.evellllDP_puH_l =00 1 if I.evelﬂll)l‘_puﬁ_l 2 001

0 otherwise 0 otherwise
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e Trip Logics:

Below is the trip logic equation, when the distance element is supervised by phase and ground

instantaneous overcurrent elements.

'I'E_Pd= E30P1 ~ I_EVElljﬂ'P_pud S LEVEIIEIDP_pud w ESOP2 A LEVEIZZIDP_pud_T p RS

TRGd= E30G1 ~ Levellﬁﬂ'(}_pud A I_EVEIIEIDG_pud w ES0G2 A LEVE]EEIDG_pud_T RS

E50P1 — [ ——
Level150P pu
Level121DP_pu A

TRP

ESOP2 —
Level150P_pu——— }
Level221DP_pu—{ Delay J
ES0G1 —
Level150G_pu
Levell21DG_pu _/
| TRG

E50G2—

Levell50G_ pu— -\,—
I

Level221DG_pu—{ Delay
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Trip‘__ = TE_P‘__ W TRG‘__

TRG

TRP ——

TRIP

Whereas, the trip logic equation when the distance element is supervised by only the

negative instantaneous overcurrent elements is shown below.

TR_Paltd = ES0P1 Levellﬁﬂ'[}_pud ~ I_EVEHEIDP_pud w ESOP2 Levellﬁﬂ'[}_pud A I.EVE].ZEIDP_pud_T p RS

TRGalt, = E50Q1 ~ Levellﬁﬂﬂ_pud N LevellZlDG_pud w ES00Q2 A Levellﬁﬂl[}_pud ~ LEVEDZ‘IDG_pud_T RS

d
ES0P1 —
Level150Q_pu \—

Level1l21DP_pu

TRPalt
ES0P2 ——
LeuellSDQ_pu—J
Level221DP_pu—{ Delay J
ESDQI——‘\
Level150Q_pu
Levell21DG_pu Iy
TRQalt

ES0Q2 ——
Level150Q_pu——

I

.

Level221DG_pu— Delay
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Tripalt_ = TRPalt_v TRGalt_

TRPalt —— _
| Tripalt
TRQalt —
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Appendix B — Inverse-time Overcurrent Relay Mathcad Model

¢ Enable Inverse Time Overcurrent El ements (Phase, Ground, and Negative).
ESlPg, =1  E51Ggy=1  E51Qgy=1

¢ Relay Element Settings:

+
Iw p B2=13 TDpy p=1
Iw g B2= 0.1 D) =1
Ipu_Q_Bl =01 T[}BE_Q =1
e VeryInverse Characteristic (U3)
Model for Relay:
o Current Ratios o Initialize angle history to (:
[T teps | 3[1a10 | UBlpa = Osec
MB2, 4 = MB2g =
hA_ _
phiy Lu P B2 v Luam 6B2pg = Osec
".'
|[Blcpx‘._| 3 |La1z‘__| 6B2pc = Osec
MBlyp = ——— MB)y = — v
v Lupm v Lugm 0BG = Osec
.
|IC1cpx |
v 6Bl = Osec
MBl e = o,

v Lupm



E'BZP A‘.- =

0Blpp =

¥B2pc =

[{mzphA}Jp“ -1

B.,T[(mzpmvjp“ - 1} + Ayy

1
: + 6B2 i MB2, . 21
[RS-&J) PAt pha

1- (mzphA‘)p“ .
: - + BB2 if MB2 <1
Cyp [RE-&D) PAct pha,
0 if (MB2pa < 1)~ [(0B2 <0
(Mna, < 1) (B, <)
0 otherwise
[{mzphB} Tﬂ -1 :
-
: + §B2 if MB2yp =1
Pyl [RS-&D) PB i phB,
Byt (m:zphB‘__j - 1|+ Ayp
1- (mzphB )pﬂ .
-
- + BB2 if MB2yp <1
Cyr [RS-&]) FB. 1 phB,

H <
0 i (mzPhB‘__ < 1) A (HBZPB‘___I < 0)

0 otherwise

Py

[{mzphc}‘] 1

Bvr[[mlphc‘__jw{ - 1} + Ay

Py1

1
: + 6B2 # MB2 o 21
[RS-&D) Pt phC

- Em%hc"j ! B2 if MB2 1
+ -
Cyr RS-60 PC1 PhC,

i =
0 if (mzphcv < 1) A (HBZPC‘___I < 0)

0 othersise
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BB2g =
v

{MBQG}‘__ My 1
622 . ]_[
VI

+ 6Bl if MBlg 21
BW[(MEG‘JPW _ 1} Rs-m) 1 .

{‘ e

U [RE&]) ’ HB}G&'—I : MBEG‘._ <1
0 if (mzﬁ‘__ < 1) A (Hmﬁv—l < 0)

0 otherwize

1 e -1 |
o~ | g/ %_[E[%i_ . AJ-[M} VB, , ¥ VB, 21

1= m}Q‘: Py 1
‘{ ( Cyr j -[RS-&:I) * B , # MBlg <1
0 if EMBZQ‘ < 1] A EHBZQV—I < ﬂj

0 otherwize
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Relay Element Pick Up Logic

*  Ground element:

[}
=

Initialize arrays with all zeros:  pu 35 IGBEV
pu 5iGgy = |1 i |eBzG‘__| z TDg; ¢
L if pu5iGgy _ > 001
0 otherwise
* Negative sequence element:
Initialize arrays with all zeros:  pu_51Qg 2 = 0
pu_51Qgy = [1 i |aBzQ‘__ 2 TDg;

Lif pusiQgy 2001
".'_

0 othersise

o DPhase current element (phase A or phase B or Phase C exceed pickup)
Initialize arrays with all zeros: pu_ij‘Bzv =0
puSiPgy = |1 if 0B2py >TDg p
L if 6B2pp 2 TDg) p

L if 9B2pc 2 TDp) p

L puSiPgy 2001
".'_

0 otherwise



106

s Trip Logic
+
TR31Pg, =E31Pg, A pu_31Pg,
v v

TREIGBZY= E31Gpy ~ pu_leBzv
TREIQBZY = E510g; ~ pu_ﬁlQBzv

Owerall Trip Equation:

Tripg) = (TREIPBZY v TRSIGg) v TREIQBZ‘__)

ES1P \__TR51P
pu 51P——

ES1G- TR51G
pu_51G——

ES1Q— TR51Q
pu_51Q——

TR51P
TR5 16:/3——; Trip
TR51Q



Appendix C — Inner Controller Parameters

Calculating Pl controller parameters, Kp and Ki

Impedence before the transformer

Ly = 0.60mHE X =L1y2-w-60Hz = 0226195 &2

T = Ilms
B = 0.04-4}
%0
&= atan] — | = 70972-deg
A 1 1 =
I\.‘_ _JII
]
Rl =110 91 +R=004%2
L
KP]. = —= Dﬁ'!!
Ep R
P.1
KI]. = =-|-|:|'—
) Ll

Voltage Feed-forward equation:

1
H(s)= ————
1+ 8107 s

Current Decoupling Compensator

Positive sequence:

Wy = 2-60Hz-m

uJDI_l = 022614

Megative sequence:

—uJDI_l = 2254k
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Appendix D — Grid-connected PV System Model in the ATP Program

PV Voltage-Sourced Converter Average Circuit Model

: VSC AC Side Coupling , Grid System |
' VPDC JAC VSAV E E Transfﬂrmer | E E E E
E %Q B i e
[ p : . Uls ¥ Ui+ ,
m’ @ :: :: i\r . ni = E
¥ i 50%Z Lme*: EREGrrd VGrid
2 i Fault Point ; T
¥ N TOF 5
Alpha-Beta-Zero Transformation Double Synchronous Reference Frame
+ -
Voltages (dg+1 and dg-1)
POSITIVE SEQUENCE NEGATIVE SEQUENCE
VSAVA
VSEETA . = VED  VSBETA o VODNEG
5 VEAVE INWR | SNNWR g
'_@ VSAVC VSALF VSALFA
COSW CSNWR
o VSEETA VSBETA VEQNEG
VSAVC VSBET. . - V5Q N M
COSW CSNWR '
i VEAL
VSAVA VSALFA o
vSAVE Jafls VS0 P SNNWR
VSAVC
Currents
2 s
- IBETA IDNEG
|.,.fl|l_,..,.fl IIBETJ":I N IID l'lll'l - +
JACE SINWR ’ SNNWR +
3 lacc AL P {ALPHA
Hll= COSWRT CENWR
IACB .
'_,.fl CLp- |'BET.-:| IIEET II':' IIBET;' + II:IHEG
I
COSWRT S CSNWR 4
A ) IALPHA
ALe SNNWR
SINWY o
Positive THETAR Negative THETAR
THETAR] = J» COSWRT ""THH-—‘{ s |+ CSNWRT
"-P.—“-IE-'
[ | SINWRT THETAR = | (e | SUMWRT



Decoulping cell for DQ+
for cancelling the effect of V- on the DQ+ frame signals

VDONEG2
L

VQNESZ
L
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a5 -

UD.f veDo2

LPF

CEZWRT

SN2ZWRT

Decoulping cell for DQ-
for cancelling the effect of V+ on the DQ- frame signals

VsD2
L

VEDNEG o

Va2
L

VSENEGS »

@ L EE @

VDONEST

VDONEG2

VQNESZ

CE2NWT

SN2ZNWT



Current Decoulping cell for DQ+
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IDNEG2 IQNEG2
- L
D et - @ e
: 101
LPF
L
Q . . el
= 22
Q1 '
LPF
L L
CS2WRT SN2ZWRT
Current Decoulping cell for DQ-
D2 Q2
- L
IDNEG W 9 - 3(5)+ IDNEG2
$ IDNEG1
LPF
L
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MNegative Sequence Closed Loop Modulating Functions Controls

VDNEG24
ST
\DREEN MDNEG
..@ 4
0A - MINUST
IDNEG2 oo “
- Ko=0.2  janeczl
-wirL
VQNEGZe 1
PLUST
IQREFN MQNEG

IGNEG2 et o

J == MINUST
IDNEG2 !
-WiL

Postive Sequence Closed Loop Modulating Functions Controls

VD2

VPOSAV

L
MINUST

IQREF LIMIT



112

Phase Lock Loop

DELTAT
CTRL

DTHETA

DELTAT k=1

WREF
o
TWOorR! s ="

VBASE T . DrEOHE
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T CTRL
VEBASE e
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TWOW
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Iy
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Convert MD and MQ alpha-beta and then to ABC domain

Gain =1
POSTIVE SEQUENCE - 3PS

MD MALPHA MALPHA

COSWRT MBETA
- MEPOS
M SQRT3 {
WO
INWRT MALPHA

MD . o MBETA 3 Gain =-1
SINWRT ! T

Ma
COSWRT

NEGATIVE SEQUENCE Gair =1

MALFAN MANEG

MDNEG
CSNWRT
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SNNWR
MDMNES

MQNEG
CSNWRT

By
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SGRT3 4
“ TWO
L] MALFAN
3 Gain = -1
£ T Ea

44
MAPD S
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ME
MEPDE 4

MBNES 1+

MC
- +
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Averaged Voltage Sources

WA VTA
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m*VDC/2
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Averaged Current Sources
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