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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. 
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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. 
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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 
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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 
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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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Figure 2.1: U.S.A. annual PV installations [2]. 

 

Figure 2.2: A statistical calculation of LCOE for photovoltaic systems in the U.S.A [2]. 
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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.  

 

Figure 2.3: A PV array structure. 
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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]. 

 

Figure 2.4: Stand-alone system 
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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. 

 

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.  

 

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. 
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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- IEEE 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 
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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 c, 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:  

𝑉𝑡𝑎(𝑡) =
𝑉𝐷𝐶

2
𝑚𝑎(𝑡),    (4.1) 

𝑉𝑡𝑏(𝑡) =
𝑉𝐷𝐶

2
𝑚𝑏(𝑡),    (4.2) 

𝑉𝑡𝑐(𝑡) =
𝑉𝐷𝐶

2
𝑚𝑐(𝑡),    (4.3) 

VDC: The ideal DC voltage source as a function of time 

Vat(t): Phase A dependent AC voltage source as a function of time 

Vbt(t): Phase B dependent AC voltage source as a function of time 

Vct(t): Phase C dependent AC voltage source as a function of time 

Where;  

𝑚𝑎(𝑡) = 𝑚(𝑡) cos [𝜖(𝑡)],                 (4.4) 

𝑚𝑏(𝑡) = 𝑚(𝑡) cos [𝜖(𝑡) −
2𝜋

3
],    (4.5) 

𝑚𝑐(𝑡) = 𝑚(𝑡) cos [𝜖(𝑡) −
4𝜋

3
],    (4.6) 

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

𝑚𝑏(𝑡): The modulating signal of phase B as a function of time 
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𝑚𝑐(𝑡): The modulating signal of phase C as a function of time 

𝜖(𝑡): The output of the phase-locked loop as a function of time 

The modulating signals, 𝑚𝑎(𝑡), 𝑚𝑏(𝑡), and 𝑚𝑐(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 
𝑉𝐷𝐶

2
𝑚(𝑡).  

 

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 

c, 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, Vat(𝑡), Vbt(𝑡), and Vct(𝑡), and the modulating signal, 𝑚𝑎(𝑡), 

𝑚𝑏(𝑡), and 𝑚𝑐(𝑡), with some minor modification. 

 

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 𝑖𝑛𝑝 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.  

𝑉𝐷𝐶(𝑡)𝑖𝐷𝐶(𝑡) = 𝑉𝑡𝑎(𝑡)𝑖𝑎(𝑡) + 𝑉𝑡𝑏(𝑡)𝑖𝑏(𝑡) + 𝑉𝑡𝑐(𝑡)𝑖𝑐(𝑡),  (4.7) 

 

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 (𝛼𝛽-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.  

𝑉𝛼(𝑡) =
2

3
(𝑉𝑎(𝑡) −

1

2
𝑉𝑏(𝑡) −

1

2
𝑉𝑐(𝑡)),   (4.8) 

𝑉𝛽(𝑡) =
1

√3
(𝑉𝑏(𝑡) − 𝑉𝑐(𝑡)),     (4.9) 

𝑉0(𝑡) =
1

3
(𝑉𝑎(𝑡) + 𝑉𝑏(𝑡) + 𝑉𝑐(𝑡)),    (4.10) 

Va (t): Phase A line to ground voltage as a function of time 

Vb (t): Phase B line to ground voltage as a function of time 

Vc (t): Phase C line to ground voltage as a function of time 

𝑉𝛼 (t): The real axis projection of the phase voltages as a function of time 

𝑉𝛽 (t): The imaginary axis projection of the phase voltages as a function of time 

𝑉0 (t): The zero sequence voltage as a function of time 

Also, the modulating functions can be implemented as; 

𝑚𝑎(𝑡) = 𝑚𝛼(𝑡),     (4.11) 

𝑚𝑏(𝑡) =
1

2
(√3 𝑚𝛽(𝑡) − 𝑚𝛼(𝑡)),   (4.12) 
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𝑚𝑐(𝑡) =
1

2
(√3 𝑚𝛽(𝑡) + 𝑚𝛼(𝑡)),   (4.13) 

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

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

𝑚𝑐(𝑡): The modulating signal of phase C as a function of time 

𝑚𝛼(𝑡): The real axis projection of the modulating signal as a function of time 

𝑚𝛽(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 (dq-frame), direct- and quadrature-

axis, respectively. The conversion from abc quantities to dq0 quantities can be done directly 

using equation (4.18). However for the sake of clarity, equations (4.14)-(4.17) convert the 𝛼𝛽 

quantities to dq quantities. Equation (4.10) can be used to find 𝑉0(𝑡). The same equations are 

applicable to calculate the currents by replacing the voltage quantities by current quantities. 

Figure 4.6 shows a typical dq-frame control scheme of a three-phase system, where abc 

quantities are converted to dq quantities. 
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Figure 4.6: A typical three-phase control system diagram in the dq-frame. 

𝑉𝑑(𝑡) = 𝑉𝛽(𝑡)sin(𝜃(𝑡)) + 𝑉𝛼(𝑡)cos(𝜃(𝑡)),  (4.14) 

𝑉𝑞(𝑡) = 𝑉𝛽(𝑡)cos(𝜃(𝑡)) − 𝑉𝛼(𝑡)sin(𝜃(𝑡)),  (4.15) 

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

Vq(t): The voltage of the quadrature axis as a function of time 

θ(t): The phase locked loop (PLL) output angle as a function of time 

Also; 

𝑚𝛼(𝑡) = 𝑚𝑑(𝑡) sin(𝜃) + 𝑚𝑞(𝑡) cos(𝜃),  (4.16) 

𝑚𝛽(𝑡) = 𝑚𝑑(𝑡) cos(𝜃) − 𝑚𝑞(𝑡) sin(𝜃),  (4.17) 

𝑚𝑑(𝑡): The modulating signal of the direct axis as a function of time 

𝑚𝑞(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; 

[

𝑉𝑑

𝑉𝑞

𝑉0

] = 
2

3
∗

[
 
 
 
 cos (𝜃) cos (𝜃 −

2𝜋

3
) cos (𝜃 +

2𝜋

3
)

−sin (𝜃) −sin (𝜃 −
2𝜋

3
) −sin (𝜃 +

2𝜋

3
)

1

2

1

2

1

2 ]
 
 
 
 

∗ [
𝑉𝑎

𝑉𝑏

𝑉𝑐

]  (4.18) 

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 𝑉𝑞 equals zero then using equations (4.19) and (4.20), the real- and reactive-power 

components are proportional to the Id and Iq respectively. This property is useful in the control 

of grid-connected three-phase VSC systems. 

𝑃(𝑡) =
3

2
[𝑉𝑑(𝑡)𝐼𝑑(𝑡) + 𝑉𝑞(𝑡)𝐼𝑞(𝑡)],  (4.19) 

𝑄(𝑡) =
3

2
[−𝑉𝑑(𝑡)𝐼𝑞(𝑡) + 𝑉𝑞(𝑡)𝐼𝑑(𝑡)],  (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 

Id(t): The current projected to the direct axis as a function of time 

Iq(t): The current projected to the quadrature axis as a function of time 

As stated earlier, control in the 𝛼𝛽-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 dq-frame offers a 

solution to this problem, and it is often utilized in grid applications. In the synchronous dq-

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 q-axis 

parameters of the VSC AC-side current. In addition, large converters applied to power systems 

are often controlled and analyzed in the synchronous dq-frame; therefore representing VSC 

system in the dq-frame enables a unified framework for analysis and design of power system 

applications. Thus, the current-controlled VSC system modeled and controlled in dq-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 dq-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 



   30 

  

schematic diagram of a possible PLL control system. The diagram shows the three-phase 

voltages are transformed to the dq-frame, and the rotational speed of the dq-frame, 𝜔, is 

regulated to ensure that Vsq 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, 𝑉𝑑 is equal to �̂�𝑠, and Vq is equal to zero.  

𝑉𝑑 = �̂�𝑠 cos(𝜔0𝑡 + 𝜃0 − 𝜌(𝑡)),   (4.21) 

𝑉𝑞 = �̂�𝑠 sin(𝜔0𝑡 + 𝜃0 − 𝜌(𝑡)),   (4.22) 

Where;  

𝜌(𝑡) = 𝜔0𝑡 + 𝜃0,     (4.23) 

�̂�𝑠: The peak value of the line-to-neutral voltage. 

𝜔0: The AC system (source) frequency. 

𝜃0: The initial source phase angle. 

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

In order to have a mechanism to regulate Vq 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(𝜔0𝑡) term, and P is a differentiation operator.  

𝜔(𝑡) = 𝐻(𝑃) 𝑉𝑠𝑞(𝑡) ,    (4.24) 

By substituting equation (4.22) into (4.24); 
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𝜔(𝑡) = 𝐻(𝑃) �̂�𝑠 sin(𝜔0𝑡 + 𝜃0 − 𝜌),  (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 𝜔𝑚𝑖𝑛 and 𝜔𝑚𝑎𝑥 respectively, 

and they are selected to be close to 𝜔0. In Figure 4.7, the voltage-controlled oscillator (VCO) 

is a resettable integrator whose output, 𝜌, is reset to zero every 2𝜋 radians.  

 

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 Idref and Iqref 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, Idref and Iqref, the inner controller is used to 

generate the modulating signals for both the direct- and quadrature-axis, which are 𝑚𝑑 and 

𝑚𝑞 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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(a) 

 

 

(b) 

Figure 4.8: (a) block diagram of the current-controlled real-power controller and (b) block 

diagram of the current-controlled reactive-power controller. 
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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 Voltage 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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- A line 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 

 

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 𝑚𝑎(𝑡), 𝑚𝑏(𝑡), 

and 𝑚𝑐(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 VSC 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) Ω and 

(0.6 + j11.286) Ω 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) Ω and (0.0176 + j0.78) Ω 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 

(DDSRF) 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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𝑣𝑑𝑞+1 = [
𝑣𝑑+1

𝑣𝑞+1
] = [𝑇𝑑𝑞+1] ∗  𝑣𝛼𝛽 = 𝑉+1 [

1
0
] + 𝑉−1 [

cos (−2𝜔𝑡)

sin (−2𝜔𝑡)
]         (6.1) 

𝑣𝑑𝑞−1 = [
𝑣𝑑−1

𝑣𝑞−1
] = [𝑇𝑑𝑞−1] ∗  𝑣𝛼𝛽 = 𝑉−1 [

1
0
] + 𝑉+1 [

cos (2𝜔𝑡)
sin (2𝜔𝑡)

]             (6.2) 

Where, 

[𝑇𝑑𝑞+1] = [𝑇𝑑𝑞−1]
𝑇

= [
cos (𝛳) sin (𝛳)
−sin (𝛳) cos (𝛳)

]                                 (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+1, rotating with the positive speed 𝜔 and angular position 𝛳, whereas the second one is 

𝑑𝑞−1, rotating with the negative speed −𝜔 and angular position –𝛳. In the equations above, 

it was assumed that 𝛳 =  𝜔𝑡. What can be seen in equations (6.1) and (6.2) is that there is an 

oscillation at 2𝜔 in the AC terms, the right side of the equations. These oscillation at 2𝜔 is a 

consequence of the voltage vectors rotating in the opposite directions. In order to filter out 

such oscillations at 2𝜔, 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 𝑑𝑞+1 frame signals. Figure 6.3 

shows the same decoupling network implemented in ATP. To cancel out the oscillations in 
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the 𝑑𝑞−1 frame signals, the same decoupling network can be used, but with swapping the -1 

and +1 indexes in the figure. The 𝑉𝑑+1∗ and 𝑉𝑑−1∗ in Figure 6.2 are the voltage vector expressed 

on the 𝑑𝑞+1 frame after filtering out the oscillations at 2𝜔. Similarly, the 𝑉𝑑−1∗∗ and 𝑉𝑞−1∗∗ 

terms are from another decoupling network for cancelling the effect of 𝑉+1on the 𝑑𝑞−1 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 𝛳 of the 

dq reference frame is the same as the PLL angle that is controlled by a feedback loop to 

regulate the q component to zero. The same decoupling network structure is used for the 

current quantities. 

 

Figure 6.2: Decoupling network for eliminating the effect of 𝑉−1 on the 𝑑𝑞+1 frame signals 
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Figure 6.3: Decoupling network model implemented in ATP for cancelling the effect of 𝑉−1 

on the 𝑑𝑞+1 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, 𝑉𝑎, 𝑉𝑏, 

and 𝑉𝑐 (VSAV in Figure 6.1), are transformed to 𝑉𝑑𝑞+1 and 𝑉𝑑𝑞−1 by using equations (6.1) and 

(6.2). Then they enter the decoupling network together with the PLL angle 𝛳 to filter out the 

oscillations at 2𝜔. 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 𝜔𝑓 =  𝜔/√2  𝑟𝑎𝑑/𝑠 [23]. The 

frequency 𝜔 in this case is the nominal fundamental frequency of the grid. The outputs of the 

low pass filters, 𝑉𝑑+1∗∗, 𝑉𝑞+1∗∗, 𝑉𝑑−1∗∗, and 𝑉𝑞−1∗∗, 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, 𝑉𝑞+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 𝜔𝑓𝑓 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) =
𝜔𝑓

𝑠+𝜔𝑓
        (6.4) 

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, 𝐼𝑎, 𝐼𝑏, and 𝐼𝑐 (IAC in Figure 6.1), in order to generate 𝐼𝑑+1∗∗, 

𝐼𝑞+1∗∗, 𝐼𝑑−1∗∗, and 𝐼𝑞−1∗∗. Clearly, the oscillations at the 2ω 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 𝑉𝑑+1∗∗ to generate positive sequence 𝐼𝑑𝑟𝑒𝑓 

and 𝐼𝑞𝑟𝑒𝑓 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, 𝐼𝑑𝑟𝑒𝑓, 𝐼𝑞𝑟𝑒𝑓, 𝐼𝑑𝑛𝑒𝑔_𝑟𝑒𝑓, and 𝐼𝑞𝑛𝑒𝑔_𝑟𝑒𝑓 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, 𝑚𝑑, 𝑚𝑞, 𝑚𝑑𝑛𝑒𝑔, and 𝑚𝑞𝑛𝑒𝑔 for the dq 

reference frames for the positive and negative sequences. The dq modulating signals can be 

then transformed back to the three-phase modulating signals, 𝑚𝑎, 𝑚𝑏, and 𝑚𝑐, 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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(a) 

 

 

(b) 

Figure 6.5: (a) positive sequence 𝐼𝑑+1∗∗, current-regulated real-power controller scheme and 

(b) positive sequence 𝐼𝑞+1∗∗, current-regulated reactive-power controller scheme. 
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(a) 

 

 

(b) 

Figure 6.6: (a) negative sequence d reference 𝐼𝑑−1∗∗, current-regulated control scheme and (b) 

negative sequence q reference 𝐼𝑞−1∗∗, current-regulated controller scheme. 
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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 600VDC, 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. 

 

 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 
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distribution relay, RD, in Figure 7.1, and the relay operating characteristics. Equation (7.1) 

shows the calculation of effective impendence measured by RD. 

                              �̅�𝑅𝐷 = 
�̅�𝑅𝐷

𝐼�̅�𝐷
                                             (7.1) 

Where, �̅�𝑅𝐷 is the voltage input signal measured at RD,  

  𝐼�̅�𝐷 is the current input signal measured at RD. 

During the normal operation, the effective impedance �̅�𝑅𝐷 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, 𝐼�̅�𝐷 increases and �̅�𝑅𝐷 decreases, thus �̅�𝑅𝐷 in equation (7.1) goes below the 

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

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

measured voltage at �̅�𝑅𝐷 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 �̅�𝑅𝐷 and 𝐼�̅�𝐷 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 (�̅�𝑅𝐷) Current (𝐼�̅�𝐷) 

Phase 

Elements 

AB 𝑉𝐴
̅̅ ̅ − 𝑉𝐵

̅̅ ̅ 𝐼�̅� − 𝐼�̅� 

BC 𝑉𝐵
̅̅ ̅ − 𝑉𝐶

̅̅ ̅ 𝐼�̅� − 𝐼�̅�  

CA 𝑉𝐶
̅̅ ̅ − 𝑉𝐴

̅̅ ̅ 𝐼�̅� − 𝐼�̅� 

Ground 

Elements 

AG 𝑉𝐴
̅̅ ̅ 𝐼�̅� + 𝑘0

̅̅ ̅ ∗ 𝐼�̅� 

BG 𝑉𝐵
̅̅ ̅ 𝐼�̅� + 𝑘0

̅̅ ̅ ∗ 𝐼�̅� 

CG 𝑉𝐶
̅̅ ̅ 𝐼�̅� + 𝑘0

̅̅ ̅ ∗ 𝐼�̅� 
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Where,  

 �̅�𝐴, �̅�𝐵, �̅�𝐶 are the measured phase to ground voltages at RD, 

 𝐼�̅�, 𝐼�̅�, 𝐼�̅�  are the measured phase currents at RD, 

 𝐼�̅� = 𝐼�̅� + 𝐼�̅� + 𝐼�̅� is the residual/neutral current, 

�̅�0 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 �̅�0, that is 

shown in equation (7.2) 

        �̅�0 = 
𝑍0𝐿− �̅�1𝐿

3 ∗ �̅�1𝐿
                        (7.2) 

where, �̅�1𝐿 is the line positive sequence impedance, 

�̅�0𝐿 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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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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(a) 

 

 

(b) 

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).  

     𝐶𝑇𝑅 = 
65𝐴

1𝐴
                (7.3) 

     𝑃𝑇𝑅 =  
7.8𝑘𝑉

69.5𝑉
              (7.4) 

In the system shown in Figure 7.1, the normal phase current and voltage values 

measured at the distribution relay RD 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 60th cycle, which evolves to an ABG at the 72nd 

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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(a) 

 

 

(b) 

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 RD for normal, SLG, and DLG 

conditions, respectively, for Delta-Y transformer case study. 

 Normal SLG (AG) DLG (AB) 

IA 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 222.2V 

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.  

   [
IA0
IA1
IA2

] =
1

3
∗ [

1 1 1
1 a a2

1 a2 a
] ∗ [

IA
IB
IC

]           (7.5) 

Where, 𝑎 = 1∠120deg. 
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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 60th cycle. Similarly, Figure 7.8 (b) shows that the phase distance element detected the 

DLG fault at the 72nd cycle, since �̅�𝑅𝐷, 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, �̅�𝑅𝐷 at the distribution relay RD 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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(a) 

 

 

(b) 

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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(a) 

 

 

(b) 

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 7.9: Trip logic diagram of the distance protection scheme supervised by an 

instantaneous overcurrent elements, phase and ground elements. 

 

 

Figure 7.10: Supervised distance relay trip logic response for the Delta-Y transformer case. 
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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. 

 

(a) 

 

(b) 

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. 
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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) 

IA 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 

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. 

 

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 �̅�𝑅𝐷, 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 �̅�𝑅𝐷 to be much smaller than it actually is and which leads to incorrect the 

faults locations in the relay. 

 

(a) 

 

(b) 

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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(a) 

 

 

(b) 

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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(a)      (b) 

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. 

 

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 RC is 2500A peak per phase.  

     𝐶𝑇𝑅 = 

2500

√2
𝐴

1𝐴
              (7.6) 

7.3.2. Case A: Delta-Y transformer 

A SLG, AG, fault is applied at the 60th cycle, which then evolves to an ABG at the 

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

in Table 7.4 for the three operating conditions.  

 

Figure 7.18: Phase current waveforms on the collector line during normal, SLG, and DLG 

conditions, respectively, for the Delta-Y transformer case. 
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Table 7.4: Measured current values for normal, SLG, and DLG operations, respectively, for 

the Delta-Y transformer case. 

 Normal SLG (AG) DLG (AB) 

IA 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.  

 

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). 

 

 

Figure 7.20: Trip logic diagram of the inverse-time overcurrent protection scheme. 
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(a)                (b) 

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 RC are shown in Table 7.5 for the three operating 

conditions. 

 

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) 

IA 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.  

 

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 

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

7.24 (b). 

 

     (a)                (b) 

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.  

   

(a)     (b)    (c) 

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 TripaltV. TripV, 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 TripaltV, 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). 

 

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 91st cycle.  

   

(a)     (b)    (c) 

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 TripV and TripaltV. In this case study, the 

distance element supervised by the phase and ground overcurrent element, TripV, trips the 

fault faster than the distance element that is supervised by the negative sequence element, 

TripaltV. 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 VSC 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). 

  

(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.  
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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 A is 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). 

  

     (a)                (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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7.5. Protection Elements Response Summary 

Table 7.6: Summary of protection elements response under the study. 

 

 

Protection Element 

Delta-Y transformer Delta-Y-grounded 

transformer 

SLG 

Fault (A-

G) 

DLG 

Fault 

(AB-G) 

SLG 

Fault (A-

G) 

DLG Fault 

(AB-G) 

 

 

With Utilizing 

DDSRF Control 

Supervisory 

Overcurrent (50) 

N N P, G P, G 

Distance (21) P, G P, G P, G P, G 

Supervised 

Distance 

N N P, G P, G 

Inverse-time 

Overcurrent (51) 

N N N N 

 

 

Without Utilizing 

DDSRF Control 

Supervisory 

Overcurrent (50) 

N Q P, G P, G, Q 

Distance (21) P, G P, G P, G P, G 

Supervised 

Distance 

N Q P, G P, G, Q 

Inverse-time 

Overcurrent (51) 

N Q N Q 

 

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 
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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 

• 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. 

 

• Relay Overcurrent Element Pickup Logic: 
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• Distance Element Settings: 

 

 

 

• Phase and Ground Distance Elements: 
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Phase to Ground Distance Element Pickup Logic: 
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• Trip Logics: 

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

instantaneous overcurrent elements. 
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Whereas, the trip logic equation when the distance element is supervised by only the 

negative instantaneous overcurrent elements is shown below. 
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Appendix B – Inverse-time Overcurrent Relay Mathcad Model 
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Appendix C – Inner Controller Parameters 
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Appendix D – Grid-connected PV System Model in the ATP Program 
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