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ABSTRACT

The global increase in the use of renewable energy sources and distributed generation is
due to positive environmental impacts and the need to meet energy demand. The protection
scheme for traditional radial power systems with unidirectional power flow are not suitable for
bidirectional power flow caused by the addition of DGs. The integration of DGs may lead to a
loss of coordination between overcurrent protection relays, which could lead to unnecessary
disconnections and reduced reliability. Microgrids can operate in grid-connected or island
modes. Fault currents are higher during grid-connected mode operation than during island
mode operation. Different protection settings are required for relays depending on the mode

of operation.

Modelling and simulation are conducted in DIGSILENT PowerFactory and RSCAD simulation
environments. The modified IEEE 14-bus system is used as a case study, with a 50 MW wind
farm as the distributed generation. A protection coordination study is completed for SEL-351
protection relays in grid-connected and islanded modes. Hardware-in-the-loop (HIL) testing of
directional overcurrent protection is completed using RTDS and SEL-351A relays. IEC 61850
standard-based GOOSE messages between SEL-351 relays are demonstrated in a

laboratory-scale test bench.

To address the challenges associated with traditional protection schemes, an adaptive
protection scheme is implemented. The adaptive protection algorithm is based on the IEC
61850 GOOSE communication protocol. The adaptive scheme enables real-time monitoring
of the network configuration and detects faults in both grid-connected and island modes to

ensure MG system reliability.

The project focuses on addressing the challenges associated with the integration of distributed
generation into the power grid, particularly in the case of microgrids. The emphasis on
adaptive protection and real-time monitoring through advanced communication protocols
based on IEC 61850 reflects a forward-looking approach to improving the reliability and

efficiency of microgrid systems.

Keywords: Adaptive protection, DIgSILENT PowerFactory, distributed generation, GOOSE,
IEC 61850, microgrid, PMSG, renewable energy sources, RTDS, wind turbine generator.
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CHAPTER 1
INTRODUCTION

Introduction

Renewable energy sources (RESs) are becoming more significant sources of electrical
energy because of the awareness of environmental problems such as increased global
warming. Globally, the integration of distributed generation (DG) into the main grid is
increasing in modern power systems because of its improved efficiency, dependability,
and reduction of greenhouse gas emissions. The integration of DGs into the grid is
based on RESs such as solar photovoltaics (PVs), wind turbine generators (WTGS),
fuel cells, and battery storage systems (BSSs) (Basak et al., 2012). A microgrid (MG)
comprises a collection of DG devices and controllable loads that can operate in either
grid-connected or island modes (Gadanayak, 2021). By utilising available smart grid
technologies, MGs can coordinate DGs with conventional power grids. Integrating
RES, synchronous generators, and loads into MGs represents a significant

advancement for smart grids (Murty and Kumar, 2020).

A hybrid MG consists of a combination of different RESs, such as wind, PV, and battery
storage systems, that can be integrated into the grid. The combination of wind and PV
can improve the overall reliability of the MG because of the intermittent nature of the
available wind and solar energy. Additionally, this can reduce the size and cost of the
BSS that is needed for the MG (Badwawi, Abusara, and Mallick, 2015).

MGs can operate in both grid-connected and island modes. It is essential that the
protection scheme that is developed and implemented can provide protection against
all fault types during both operation modes. An adaptive protection scheme is proposed
to update the relay settings depending on the MG configuration. A communication-
based protection scheme is proposed for isolated MGs. Adaptive protection schemes
can be based on either a centralised or decentralised architecture (Hussain and Kim,
2016).

This thesis investigates the development and implementation of an IEC 61850
standard-based adaptive protection scheme based on a decentralised architecture.
The implementation of IEC 61850 GOOSE communication between intelligent
electronic devices (IEDs) improves the speed and reliability of the protection scheme

compared with hardwired connections between the devices. In a decentralised

1
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architecture, each local controller (bay-level IED) communicates with its adjacent local
controllers to isolate the fault within its protection zone. The implementation of the
adaptive protection scheme is based on the status of the circuit breakers located at the
point of common coupling (PCC). The circuit breakers are in the closed position during
the grid-connected mode of operation and in the open position during the island mode
of operation. The implementation of the MG adaptive protection scheme for the SEL-
351A relays is based on a hardwired connection from the 110 V DC auxiliary supply to
the opto-isolated inputs, IN101l. Finally, an algorithm is developed for the
implementation of the MG adaptive protection scheme for the SEL-700G relay based

on the IEC 61850 standard-based communication protocol.

This chapter describes the awareness of the research problem, its statement, its aim
and objectives, and the research methodology used for the development and
implementation of the MG adaptive protection scheme.

Awareness of the research problem

MGs are capable of functioning in both grid-connected and island modes of
operation. The short-circuit current and protection setting requirements are different for
the two modes of operation. The configuration of protection IEDs requires a thorough
understanding of the two operational modes and manages the transitions that occur
between them. The exchange of information between the protection IEDs and the
microgrid controller also needs to be considered as part of the microgrid protection

design (Vegunta et al., 2021).

Traditional power systems are radial, and the power flow is unidirectional, i.e., from
generation to load. The addition of DGs to the network causes the power flow to
become bidirectional, and conventional protection schemes cannot be
applied. Other factors include the intermitted nature of the DGs, changes in the fault
current, and different modes of operation (grid-connected or island mode), which can
cause more complex fault current paths. The following challenges should be

highlighted in protection schemes for MGs:

e Changes in fault currents,
e Blinding protection,

e False tripping and



e Unsynchronised and automatic reclosing (Barra, Coury and Fernandes,
2020).

The operation of protection relays may be adversely affected by the integration of DGs
into the grid. In addition to the problems described above, the integration of DGs into
the grid can also cause problems in the coordination between overcurrent protection
relays. This loss of coordination between the overcurrent protection relays may result

in disconnecting the DG from the grid and reduce the reliability of the MG system
(Bisheh, Fani and Shahgholian, 2021).

The information that is transmitted between the microgrid controller and
microprocessor-based relays should be evaluated for speed and dependability as part
of the protection design philosophy. This can be achieved by implementing IEC 61850
GOOSE communication between IEDs (Vegunta et al., 2021).

An adaptive protection scheme requires communication between a central controller
and local IEDs. Implementing communication protocols between the IEDs allows
information regarding the status of the generators, loads, and battery storage devices
to be transmitted or received. The precalculated protection settings can be deployed
by a centralised or decentralised communication architecture. Centralised architecture
is the most common communication scheme that is currently being implemented in
MG. The MGCC will make decisions about the protection settings that need to be
applied to the protection of IEDs based on the network status. Some of the common
communication protocols that are frequently employed include Modbus, DNP3, and
IEC 61850 (Hatziargyriou et al., 2014).

Coordination becomes a complex task when RESs are integrated into the network.
Factors such as variable fault current contributions and various network topologies
contribute to this. When considering overcurrent protection relays, the following two
adjustable parameters should be considered: the plug setting (PS) and the time
multiplier setting (TMS). The objective of the overcurrent coordination is to optimise the
duration of the operating time by adjusting the PS and TMS parameters for the

overcurrent protection relays (El-Naily et al., 2022).

Awareness of the research: To develop and implement an adaptive protection
scheme based on the IEC 61850 standard-based GOOSE communication between the
IEDs to overcome the problems associated with conventional protection schemes in

MG systems.
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1.4.2

Statement of the Research Problem

MGs can operate in both grid-connected and islanded modes, and it is therefore
important that the protection scheme implemented ensures that the MG system is
protected against all types of faults that may occur in both modes. When DGs are
incorporated into a network, the power flow becomes bidirectional, rendering
conventional overcurrent protection schemes insufficient for the MG (Hussain and Kim,
2016).

Problem statement: The MG can operate in both grid-connected and island modes.
The fault currents measured in the island mode of operation are less than those
measured in the grid-connected mode. The contribution of the fault current depends on
the quantity, control type, and power rating of the DGs, as well as the mode of
operation. As a result, conventional protection schemes are ineffective and can lead to
a loss of coordination between protection relays. Therefore, it is necessary to
implement an adaptive protection scheme in which the relay settings are dynamically
updated in response to the status of the circuit breaker monitored by relays. This
ensures that the MG is always protected against fault currents, regardless of the

network configuration.

Research aim and objectives

Aim

This research aims to contribute to the field of microgrid protection by implementing an
adaptive protection scheme using the IEC 61850 GOOSE communication
protocol. This comprehensive approach aligns with the challenges posed
by bidirectional power flow and the need for adaptive and standardised protection in

modern microgrid systems.

Objectives

The objective of this research is to develop and implement a hardware-in-the-loop (HIL)

protection simulation as follows:
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Vi.

Provide a literature review on the modelling and control of DGs and protection
schemes implemented in MG systems.

Investigate the load flow, fault, and protection coordination study of the MG
system for both modes of operation in the DIGSILENT simulation environment.
Modelling and simulation of the hybrid MG system in RSCAD software, a suite
of RTDS.

Develop and implement HIL testing for the directional overcurrent function of
the SEL-351A relays and demonstrate the IEC 61850 GOOSE message
transmitted via Ethernet to test the trip functionality of the backup relay.
Develop and implement a laboratory-scale test bench for the adaptive
protection scheme based on the hardwired connection between the RTDS and
SEL-351A relays.

Develop and implement a laboratory-scale test bench for the IEC 61850

standard-based adaptive protection scheme using the SEL-700G relay.

Hypothesis

MGs are capable of functioning in both grid-connected and island modes. The mode of

operation changes the fault current, which can result in blinding or false tripping of

overcurrent relays. The loss of coordination between protection relays can be resolved

by developing and implementing an IEC 61850 standard-based adaptive protection

scheme. The IEC 61850 standard-based adaptive protection scheme is tested

in a real-time simulation environment between the RTDS and the protective relays.

Delimitation of the research

The research project consists of the following:

The modelling and simulation of the modified IEEE 14-bus MG system in the
DIgSILENT PowerFactory and RSCAD simulation environments, respectively.
Implement HIL protection testing in the real-time simulation environment using
the RTDS for the SEL-351A relays.

Implementation of the IEC 61850 GOOSE message between the SEL-351A

relays.
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iv.  Implementation of the adaptive protection scheme based on the hardwired
connection and the IEC 61850 communication protocol between the RTDS and

the SEL directional overcurrent relays.

Limitation of the research

The following limitations apply to the research project:

i.  The fault ride-through (LVRT and HVRT) capability of the DG as per the IEEE
1547 standard is not considered for this research project as this requires the
implementation of a suitable protection scheme at the POC.

ii. A centralised adaptive protection scheme whereby all the local controllers send
their status information to the microgrid-central controller (MGCC) is not
considered for this research project.

iii. Islanding detection methods such as rate of change of frequency (ROCOF) are

not part of this research project.

Assumption

The implementation of this research project is based on the following assumptions:

The WT is connected to permanent magnet synchronous generators (PMSGS) i.e.,
Type 4 WTGs that are modelled in the MG system. The fault current from the WTGs
is limited to 1.5 p.u. during the DIgSILENT simulations. The fault current is limited
because of the power electronic converters that are used (Nelson, 2012), (Walling,
Gursoy, and English, 2011).

The implementation of the IEC 61850 standard-based GOOSE message between
the IEDs provides faster communication when compared to hardwired connections.
The results obtained during the HIL testing with the external IEDs are as close as
possible to the real-world power system. This is because the simulation is
performed using a real-time digital simulator (RTDS).

Primary relay R1 and backup relay R14, as highlighted in Figure 1, are considered
relay pairs due to the hardware limitations at the CSAEMS at the CPUT.

The GOOSE message published by the primary relay R1 only contains the
protection trip conditioning (PTRC) logical node (LN). The output of all the
protection LNs is connected to a common trip and is transmitted to the circuit

breaker (XCBR) LN (IEC 61850-7-4, 2010).
6
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Vi.

A gain parameter (K,) of 200 is selected for the proportional controller of the WTG
(RSCAD manual, 2022).

Research Methodology

This research aims to design and implement an adaptive protection scheme for the MG
system. This research utilises the modified IEEE 14-bus distribution system with an

added DG as a case study.

The data for the modified IEEE 14-bus distribution system are given in Tables 3.1 to
3.5 of this thesis. The IEC 61850 standard-based GOOSE message is utilised to
implement the adaptive protection scheme between the IEDs and is tested in a real-

time simulation environment via the RTDS.

Figure 1.1 displays the modified IEEE 14-bus system that is simulated in the
DIgSILENT and RSCAD environments. The MG system comprises wind turbine
generators (WTGs) and a synchronous generator. The WTGs are linked to the
distribution system at the point of connection (POC) via the main transformer. The fault
currents are investigated for both grid-connected and island modes of operation for the
MG. The position of the circuit breakers at the point of common coupling (PCC)
determines the mode of operation. Hardware-in-the-loop (HIL) protection testing is
demonstrated at the CSAEMS lab at CPUT by utilising the RTDS, Omicron CMS 156
amplifiers, and SEL-351A directional overcurrent relays. A laboratory-scale test bench
setup is used to demonstrate the IEC 61850 standard-based GOOSE communication
between the IEDs. Finally, the adaptive protection scheme is implemented for
hardwired connections by utilising the SEL-351A relays and the IEC 61850 standard
for the SEL-700G relay.

The research methodology is divided into three sections. Section 1.9.1 gives details of
the literature review, section 1.9.2 discusses the modelling and simulation of the
modified IEEE 14-bus MG system in the DIgSILENT and RSCAD simulation
environments, and section 1.9.3 discusses the implementation of the HIL protection

testing.
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Figure 1.1: Modified IEEE 14-bus system with added DG

1.9.1 Literature review

The control of DGs utilised in MG systems is reviewed in the literature. The IEC 61850
standard about “communication networks and systems for power utility automation” is
reviewed. Finally, the adaptive protection schemes implemented in MG systems are
reviewed by reading open-access journal articles, published IEEE conference papers,
and textbooks.

1.9.2 Modelling and Simulation

As a case study, the modified IEEE 14-bus distribution system is modelled and
simulated in the DIgSILENT and RSCAD simulation environments. During the
DIgSILENT simulation, load flow and fault analysis are examined for both grid-
connected and islanded modes of operation. The DIgSILENT simulation examines a
protection coordination study to determine the necessary overcurrent settings for both
modes of operation.
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The additional DG comprises a 50 MW wind farm equipped with a PMSG (Type 4 WTG)
that is linked to the distribution network via a power electronics converter and step-up
transformer at the POC. By utilising RSCAD, the PMSG's power electronics and
controls are modelled in detail. An examination of the PMSG's performance is

investigated in the RSCAD runtime simulations.

Hardware-in-the-loop simulation

CT and VT models are added to the modified IEEE 14-bus MG system. The output
signals supplied by instrument transformers are connected to the input of the GTAO
(analogue output) model. The low-level analogue output (£10 V) from the GTAO card
is connected to the input of the Omicron CMS 156 amplifiers to increase the currents
and voltages as needed by the SEL-351A relays. The trip outputs, OUT102 and
OUT103 from the SEL-351A relays, are connected to the input of the GTFPI (front
panel interface) card. The trip signal is used to operate the circuit breakers modelled in
the RSCAD environment. The fault events measured during the RSCAD runtime
simulation are investigated for the SEL-351A relays to verify that the external IEDs
respond appropriately to the fault conditions. During the HIL simulations, the developed
IEC 61850 GOOSE message is implemented between the SEL-351A IEDs and tested.
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Figure 1.2: Laboratory-scale test bench setup for HIL protection testing
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1.10.1

1.10.2

1.10.3

1.10.4

Thesis chapters

The thesis consists of eight chapters, and the description of each chapter is as follows:

Chapter one

This chapter presents the awareness of the research problem, problem statement,
research aim and objectives, hypothesis, delimitations and limitations of the research,

research methodology, and breakdown of the thesis chapters.

Chapter two

The literature review of the RESs utilised in MGs, control of DGs, the IEEE 1547
standard, the IEC 61850 communication protocol, and adaptive protection schemes

are discussed in this chapter.

Chapter three

This chapter presents the load flow and fault analysis of the modified IEEE 14-bus MG
system in the DIgGSILENT simulation environment. The protection coordination study

for the SEL-351A overcurrent relays is investigated.

Chapter four

The modelling of the modified IEEE 14-bus microgrid system with the additional
WTGs in the RSCAD simulation environment is detailed in this chapter. The
modelling of the permanent magnet synchronous generator (PMSG) (Type 4 WTG) is
investigated in detail. The power output from the WTGs is examined at various wind

speeds.

1.10.5 Chapter five

The implementation of hardware-in-the-loop (HIL) testing of directional overcurrent
relays is detailed in this chapter. CT and VT models are incorporated into the RSCAD
model of the modified IEEE 14-bus system. The GTAO (analogue output) and GTFPI

(front panel interface) cards are configured.
10



1.10.6 Chapter six

1.10.7

The implementation of IEC 61850 GOOSE communication between IEDs is detailed in
this chapter. Within the GTNET-GSE model in RSCAD, the IEC 61850 IED
configuration tool (ICT) is configured for the IEC 61850 GOOSE, in which external IEDs
subscribe to or publish via Ethernet.

Chapter seven

The implementation of an adaptive protection scheme for the MG system is detailed in
this chapter. The protection scheme comprises the hardwired connection and the IEC
61850 standard-based GOOSE message between the IEDs. The RTDS and SEL
relays are utilised to implement and test the adaptive protection scheme in a real-time

simulation environment.

1.10.8 Chapter eight

1.11

The conclusion of the thesis is detailed in this chapter. Applications to academia and

industry and recommendations for future research work are given.

Conclusion

This chapter gives a background on the development and implementation of the
adaptive protection scheme for the MG system through the discussion of the research

problem, the research aim and objectives, and the research methodology.

The literature review for the protection and control of MG systems is discussed in the

following chapter.

11
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CHAPTER 2
LITERATURE REVIEW

Introduction

The integration of renewable energy resources (RES) is increasing globally in the
power generation, transmission, and distribution of electrical energy due to factors such
as fossil fuels becoming scarcer, the deregulation of power utilities, and the impact that

traditional power stations have on the environment (Basak et al., 2012).

The MG can operate in either grid-connected or island mode. The fault current
contribution for the different modes is different. It is, therefore, necessary to ensure that
the correct protection settings are loaded onto the protection IEDs in the network. This
can be achieved by implementing an adaptive protection scheme for the microgrid that
can be used to update the protection IEDsS' settings depending on the system

requirements (Vegunta et al., 2021).

Between 2010 and 2023, 377 papers were published using the keywords “microgrid
adaptive protection.” The highest number of publications was in 2022, with 64 papers,
as shown in Figure 2.1 (Scopus 2023). This increase in research reflects an increasing
focus on adaptive protection for microgrids because it offers solutions to the problems
faced by traditional protection systems. The structure diagram for the literature review

is shown in Figure 2.2.
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Figure 2.1: Number of papers published per year for microgrid adaptive protection (Scopus,

2023)
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Microgrids

Hybrid MGs can combine solar PV and wind generation to increase reliability because
of the intermittent nature of available energy. This combination can also reduce the
size and cost of battery storage systems required for continuous power supply to

consumers (Badwawi, Abusara and Mallick, 2015).

MGs are distribution systems that comprises a group of interconnected loads and
distributed energy resources (DERS) that act as a single control entity with respect to
the grid. This also includes energy storage systems, control systems, and
communication systems. Figure 2.3 illustrates a hybrid MG with solar PV, wind
generation, and a battery storage system. Solar PV plants and wind turbine generators
are connected to the AC collector bus through converters. To facilitate charging or
discharging depending on the system requirements, the battery storage system
connects to the AC collector bus through a bidirectional DC/AC converter (Coelho,
Gomes and Moreira, 2018).

N
Gnd
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- n lﬁL \ J__
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Figure 2.3: Hybrid system with AC microgrid (Badwawi, Abusara and Mallick, 2015)
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As a result of changes in wind speeds and variations in solar energy throughout the
year, the power output from either wind or solar energy cannot always meet the load
demand. Hybrid MGs combine PV and wind RESs, improving system reliability and

reducing battery storage size (Fathima et al., 2018).

A microgrid is a local power system that supplies energy to individual consumers.
Figure 2.4 shows a typical MG network comprising distributed generators (e.g., WT,
PV, and diesel generators) and energy storage systems (e.g., supercapacitors and
battery energy storage systems (BESSs). The MG structure consists of a
communication infrastructure between the IEDs and a microgrid central controller
(MGCC), which manages the control and energy of the entire MG. MG provides a

solution to control local generation and loads (Barra, Coury and Fernandes, 2020).

CB: Circait Breaker
UC: Unit Controller
PV: Photovoltaic
WT: Wind Turbine

BESS: Battery Energy Storage System

MBESS: Mobile Battery Energy Storage System c

—— : Electrical Link U """"""""""" m BES_S—/[\EESS
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-

umir.a'tinn

Figure 2.4: Microgrid structure (Barra, Coury and Fernandes, 2020)

Renewable energy sources for microgrids

Wind power generation
According to IRENA’s latest data, for both onshore and offshore installations, the total
global installed capacity from wind generation has increased from 216 GW in 2011 to

more than 836 GW in 2022, as shown in Figure 2.5. In 2016, wind energy accounted
for 6% of the electricity generated by RES (IRENA, 2023).
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Figure 2.5: Global installed capacity from wind generation (IRENA, 2023)

A wind turbine consists of two or more blades that are mechanically coupled to an
electrical generator to capture the wind’s kinetic energy and convert it into electrical
energy. As shown in Figure 2.6, the turbine is mounted on a large tower in a horizontal
configuration (Patel and Beik, 2021).

Figure 2.6: Construction of a wind turbine showing the major components (Patel and
Beik, 2021)
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WTGs consist of mechanical and electrical systems to convert wind energy into
electrical energy. These components include the rotor, gearbox, generator, power

electronics converter, and step-up transformer, as shown in Figure 2.7 (Blaabjerg and

lonel, 2017).
Wind turbine Power electronics system
Gearbox/ Rectifier Inverter
gearless Generator Ve ——y Ync v Transformer
- g
—e—— G s o

AC—=DC DC—=AC

Figure 2.7: Power electronic converters enabling wind energy conversion system
(Blaabjerg and lonel, 2017)

Currently, four types of WTG’s are being employed in the industry:

e Type I: Fixed speed turbine with squirrel-cage induction generator (SCIG)
e Type II: Variable speed turbine with a wound-rotor induction generator (WRIG)
e Type Ill: Variable speed turbine with a double-fed induction generator (DFIG)
e Type IV: Variable speed turbine with a permanent-magnet synchronous
generator (PMSG)
The DFIG wind turbine technology is mostly adopted by manufacturers in recent wind
power plants. The power ratings for WTGs ranges up to 6 MW for onshore installations
and up to 14 MW for offshore installations. The output voltage from the WTG is normally
rated at 690 V and is stepped up to the distribution voltage level (e.g., 33 kV) through

a step-up transformer (Glover et al., 2017).
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Power electronic
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Figure 2.8: Variable speed turbine with double-fed induction generator (Bansal et al.,
2017)
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The three-phase rotor of the DFIG is supplied by a voltage source frequency converter
that feeds slip frequency power to the rotor. The stator is supplied from the
same source as the rotor, hence the name. The wind turbine is connected to the grid
through back-to-back converters, as shown in Figure 2.8. Rotor speed and grid
frequency are decoupled through the power electronic frequency converters. The per-
phase equivalent circuit for the DFIG is shown in Figure 2.9. The DFIG has a second
controlled source that is controlled by a DC/AC converter that supplies the controlled
current to the rotor winding. The benefit of the DFIG is that only approximately 20%-—
30% of the power generated needs to pass through the frequency converter,
which reduces the cost of the power electronics converter that is required. The
disadvantage is that this causes stability problems because the IEEE 1547 standard
requires the wind turbine to remain connected to the grid during a voltage dip (Patel
and Beik, 2021).

Figure 2.9: DFIG equivalent circuit (Patel and Beik, 2021)

The control of the WTG consists of controlling both the mechanical and electrical
systems. The power flow within the system must be controlled. This means controlling
the mechanical components on the input side of the converter and the electrical power
on the output side, which is injected into the grid. Variable-speed wind turbine
generators can change the current output by adjusting the power electronic
converters, thereby adjusting the turbine speed to achieve maximum power output
depending on the available wind speed as shown in Figure 2.10 (Blaabjerg and lonel,
2017).
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Figure 2.10: Power electronics converter control for wind turbine generators (Blaabjerg

and lonel, 2017)

The wind turbine power output represents a nonlinear characteristic curve of wind
speed. The maximum power point tracking (MPPT) control continuously adjusts the
WTG rotor speed to obtain the maximum power from the WTG at different wind
speeds. In the MPPT control scheme, the wind speed is taken as the parameter, while
the wind turbine rotor speed is the variable. Equation 2.1 gives the output power of the
wind turbine. As shown in Figure 2.11, the maximum or optimal output power (Pop) can

be obtained from the wind resource at different wind speeds by varying the rotor speed

of the generator (Bansal et al., 2017).

1 R\ ; 1 2aN,R\
P“r]' =EPACF Vo= EPACP Vv

nv

60nv

Where:

p = air density

A = swept area of the turbine rotor

Cp = power coefficient of the turbine rotor
N, = rotor speed

R = radius of the turbine rotor

n = gearbox ratio

v = velocity of the air
18
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Figure 2.11: MPPT characteristic of a wind turbine based on variable wind speed
(Bansal et al., 2017)

2.3.2 Photovoltaic Solar Generation

According to IRENA’s latest data, the total global installed capacity from solar energy
has increased from 72 GW in 2011 to more than 1055 GW in 2022 for both solar
photovoltaic (PV) and solar thermal, as shown in Figure 2.12 (IRENA, 2023).
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Figure 2.12: Global installed capacity of solar PV (IRENA, 2023)
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As shown in Figure 2.13, the grid-connected PV system consists of DC/DC and DC/AC
power electronic converters. The converters are connected through a step-up

transformer to connect the PV system to the grid (Blaabjerg and lonel, 2017).

Photovoltaic
| Solar panels Power electronics system

-\O,— irradiance Converter " Inverter .
I DC Transformer
I
°C =i - JI? — Jﬁ} £
i T ——O
DC—-DC DC—AC

Figure 2.13: Power electronic enabling PV energy conversion system with DC/DC and
DC/AC converters (Blaabjerg and lonel, 2017)

The energy required by a photon to dislodge electrons from a semiconductor depends
on the bandgap of the semiconductor element. To dislodge the electrons, the energy
generated by the photons must be greater than the bandgap potential. Photon energy
(Ep) is transferred to the semiconductor material of a solar cell to generate electric

energy as shown in Figure 2.14 (Bansal et al., 2017).

D.C current flow

Photon hitting the surface

peor

Movement of
electrons and
holes

. Metal Contacts

Figure 2.14: Operation of a photovoltaic or solar cell (Bansal et al., 2017)

The equivalent electrical circuit for a PV cell is shown in Figure 2.15. The energy, Ep,
is converted into Iph (the current produced by the photon) in the semiconductor. The
solar cell is represented by a current source (Iph). The current | that flows through the
load is equal to Iph — Id (the diode current that flows when there is no solar radiation
available). The voltage across the load resistance is the DC output voltage of the PV
cell (Bansal et al., 2017).
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Figure 2.15: Equivalent circuit of a PV cell (Patel and Beik, 2021)

The current flowing through each PV cell can be expressed mathematically as shown

in Equation 2.2.

eV
[

Where:

Equation 2.2

e = 1.6021765 x 10*° C (electron charge)
V = Voltage across the cell (Volts)

K =1.38064852 x 102 J/K

Tc = Absolute cell temperature (K)

lo = Dark saturation current (A)

The knee point on the |-V curve represents the optimal operation point for the PV cell
as shown in Figure 2.16. The output power of the PV cell is the product of the current
and voltage (P =1 x V). The values concerning V can be used to obtain the P-V curve
(Bansal et al., 2017).

Isc llluminated

Dark

Volts

Figure 2.16: |-V characteristic curve for a PV module in the sunlight and the dark (Patel
and Beik, 2021)
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The knee point of the P-V curve represents the maximum output power of the PV cell
as shown in Figure 2.17. Maximum power point trackers (MPPTS) are installed
allowing the PV cells to operate at the point where they can produce the maximum

output power at any given time (Bansal et al., 2017).

P
4 Prmax

7

Figure 2.17: P-V characteristic curve for a PV module in the sunlight (Patel and Beik,
2021)

v
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The maximum power point can be expressed mathematically as shown in Equation
2.3.

Equation 2.3

The efficiency of a PV cell is the output power divided by the input power from the solar

energy and can be expressed mathematically as shown in Equation 2.4.

= Pinput B AGT

Equation 2.4
Where:
Pinput = INnput power from solar energy (W)
A = Area of the cell (m?)
Gt = Solar irradiance (W/m?)

n = Efficiency of a PV cell
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2.3.3 Battery Storage Systems

With the development of smart grids, the demand for energy storage applications is
increasing. These applications include the penetration of large-scale renewable energy
sources, the improvement of power system efficiency, reducing the cost of power

systems, and improving the quality of power delivery (Yao et al., 2016).

The following energy storage technologies are available for wind and PV power

systems:

e Electrochemical battery
o Flywheel
e Compressed air

e Supercapacitor

The battery consists of electrochemical cells that are connected in series or parallel to
ensure the required voltage and current. To increase the output voltage of the battery,
the cells must be connected in series. The product of the voltage and ampere-hour
gives the watt-hour (Wh) energy rating of the battery. Battery charge and discharge
rates are given in Ah (Patel and Beik, 2021).

The following types of batteries are available on the market:

e Lead-acid (Pb-acid)

e Nickel-cadmium (NiCd)

¢ Nickel-metal hydride (NiMH)
e Lithium-ion (Li-ion)

e Lithium-polymer (Li-poly)

e Zinc-air

Table 2.1: Average cell voltage during discharge for batteries (Patel and Beik, 2021)

Lead-acid 2.0 Most cost-effective
Nickel-cadmium 1.2 Exhibits memory effect
Nickel-metal hydride 1.2 Temperature-sensitive
Lithium-ion 3.6 Metallic lithium free
Lithium-polymer 3.0 Contains metallic lithium
Zinc-air 1.2 Requires good air management

The equivalent electrical circuit for a battery is represented in Figure 2.18. The battery

is a constant voltage source with internal resistance. The output voltage E; of the battery
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2.4

decreases linearly as the battery Ah discharges (Qq). The battery internal resistance R;
increases linearly with Qq4. The maximum power supplied to the load occurs when the
source impedance is equal to the load impedance (Ri = R.). This can be expressed

mathematically as shown in Equation 2.5 (Patel and Beik, 2021).

_E?
max 4RI '
Equation 2.5
= | A
R
\ Load
o Ry
- JEi
&4

Figure 2.18: Equivalent electrical circuit for a battery showing the internal voltage and
resistance (Patel and Beik, 2021)

Ry

"CRR

Equation 2.6

The efficiency decreases with a decrease in the charge capacity of the battery (Patel
and Beik, 2021).

Microgrid control

When the MG operates in grid-connected and island mode, the MGCC is the most
essential piece of equipment employed in substation automation and control. The
MGCC facilitates DER coordination by comparing the available generating capacity to
load demand. The MGCC regulates the voltage and frequency output of the DERS to

ensure system stability (Kaur, Kaushal and Basak, 2016).
There are several control strategies available for microgrid controls namely:

e Natural droop control
24



e Modified natural droop control
e Hierarchical droop control

e Virtual droop control

The resilient version of the modified natural droop controller is shown in Figure 2.19.
The controller is composed of three layers. The first layer is an autonomous layer based
on the concept of the Consortium for Electric Reliability Technology Solutions
(CERTS). Grid-connected devices use the grid voltage as a reference, and the active
and reactive power values are predefined. DGs connected to the grid use maximum
power point tracking (MPPT) capabilities for active power and voltage droop control for

reactive power support.

The second layer is the dispatch layer. The active and reactive power of the DG unit is
adjusted to move from one source to another and to adjust the storage power
depending on the SOC. The third layer is the optimization layer, which optimises based
on the available generation capacity and load demand (Fu et al., 2015).

ity R equest

Avilable Ancllacy sarvices
—

System Automation Partners

Power Controls Partners

Figure 2.19: Architecture for the control layers for a microgrid controller (Fu et al., 2015)

MGs comprise DGs, energy storage systems (ESS), and loads. The ESS must store
the excess power available from the DGs under light load conditions and can supply
power to the load if the DGs are not available. MGs can operate in either grid-connected
or island mode, and a well-developed power management and control strategy is
important. The primary control level ensures the stability of the power system, and the
secondary control level ensures that the MG operates within the permissible voltage
and frequency range according to the IEEE 1547 standard. The tertiary level

determines the exchange of power between the MG and the grid. The droop control
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method is used for synchronous generators, in which the active and reactive power is
varied according to the voltage magnitude and frequency. The active (P) and reactive
(Q) power values are obtained from the voltage and current measurements. As shown
in Figure 2.20, P/f and Q/V define the characteristic equations for the voltage magnitude
and frequency of the DG units The power output of each DG unit is controlled by the

control loop shown in Figure 2.21. (Abuhilaleh, Li and Hossain, 2020).
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Figure 2.20: Active and reactive power droop characteristics of AC MGs (Abuhilaleh, Li
and Hossain, 2020)
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Figure 2.21: Primary and secondary control for AC MGs (Abuhilaleh, Li and Hossain,
2020)
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2.5

IEEE 1547 Standard

The IEEE 1547 standard specifies the technical requirements for the interconnection
of DG units during operation under abnormal fault conditions, power quality,
and islanding. It also provides specifications and requirements for the interconnection
and interoperability of distributed energy resources (DERS) with electric power systems
(EPSs). The DER must be able to supply power with voltage and frequency levels
within the limits provided by the regulating authority. The normal operating voltage
ranges from 0.95 to 1.05 p.u. of the nominal voltage. If the operating voltage is below
or higher than the voltage threshold, the DER must be disconnected from the grid
within a specified clearing time, as shown in Table 2.2. As soon as the DER
disconnects from the grid, it cannot reconnect until the voltage level is within the
acceptable limits provided in the standard. The standard was divided into three
categories related to the response of the EPS area to abnormal conditions. Category |
is based on the essential bulk power system stability and reliability requirements that
can be easily achieved by all available DER technologies (IEEE 1547, 2018).

Table 2.2: DER response (shall trip) to abnormal voltages for DER (IEEE 1547: 2018)

Shall trip—Category I

Shall trip

Default settings?
Voltage

Ranges of allowable settings”
Vaoltage Clearing time

Clearing time

function

(p.u. of nominal voltage)

(s)

(p-u. of nominal voltage)

(s)

ov2

1.20

0.16

fixed at 1.20

fixed at 0.16

oVl

1.10

2.0

1.10-1.20

1.0-13.0

uvl

0.70

2.0

0.0-0.88

2.0-21.0

uva

0.45

0.16

0.0-0.50

0.16-2.0

The DER must be able to handle the voltage ride-through capabilities listed below in
Table 2.3 without exceeding its capabilities. If the DER does not provide the necessary
ride-through capability as set out in Table 2.3, or if the DER prevents the start of a trip
due to a voltage disturbance within the ride-through region, the
DER constitutes noncompliance with IEEE 1547 standards. Once the frequency range
is within the range set out in Table 2.4 and the frequency component of the voltage on
any phase is greater than 30%, the DER must not be energised and trip within
the specified clearing time. Under- and over-frequency elements must initiate a trip

within the clearing times listed in Table 2.4 (IEEE 1547, 2018).
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Table 2.3: Voltage ride-through requirements for DER (IEEE 1547:2018)

Voltage range . , Minimum ride-through time (s) }Iaxlm}l m respanse
Operating mode/response . . time (s)
(pu.) (design criteria) (design criteria)

=120 Cease to Energize® N/A 0.16
1175 =F=120 Permissive Operation 02 N/A
1.15=FV=1.175 Permissive Operation 0.5 N/A
1.10=F=1.13 Permissive Operation 1 N/A
088=F=110 Continuous Operation Infinite N/A
070=F=088 Mandatory Operation Linear slope of 4 s/1 p.u. voltage N/A

starting at 0.7 s @ 0.7 p.u.:
T‘\-’RT =0.7T s+ s (V—Dq p.u.)
Ipu

050=F=070 Permissive Operation 0.16 N/A

V<0.50 Cease to Energize® N/A 0.16

Table 2.4: DER response (shall trip) to abnormal frequencies for DER (IEEE 1547, 2018)

Shall trip Default settings® Ranges of allowable settings”
function Frequency® Clearing time Frequency Clearing time
(Hz) () (Hz) )
OF2 62.0 0.16 61.8-66.0 0.16-1 000.0
OF1 61.2 300.0 61.0-66.0 180.0-1 000.0
UF1 585 300.0° 50.0-59.0 180.0-1 000
UF2 56.5 0.16 50.0-57.0 0.16-1 000

Table 2.5: Frequency ride-through requirements of DER (IEEE 1547, 2018)

Frequency range . Ainimun time
(H:o:.] Operating mode (s)
(design criteria)
=620 No ride-through requirements apply to this range
612<f=618 Mandatory Operation® 299
58.8<f<61.2 Continuous Operation*® Infinite®
570<f<588 Mandatory Operation® 299
f<57.0 No nide-through requirements apply to this range

Tripping large DGs from the grid because of voltage or frequency disturbances may
result in power system stability problems. Tripping DGs may affect the voltage and
frequency of the grid and lead to the tripping of nearby power generators. Fault ride-
through capabilities for grid-connected DGs that can control active and reactive power
during transient conditions have been proposed by utilities. During a grid disturbance,
the voltage ride-through (VRT) and frequency ride-through (FRT) of the DGs can help
stabilise the power system. Figure 2.22 shows the typical boundaries of the
voltage ride-through (VRT). The green area indicates the region in which the DG is
allowed to operate, where the high-voltage ride-through (HVRT) and low-voltage ride-

through (LVRT) are the top and lower areas, respectively. To provide the necessary
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2.6

2.6.1

reactive power to assist with voltage stability, the DG must remain connected to the

grid for the recommended time during a fault (Bansal et al., 2017).
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=
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Figure 2.22: Typical voltage ride-through requirements (Bansal et al., 2017)

IEC 61850 Standard for substation automation

Introduction

The IEC 61850 standard is an international standard for Ethernet communication within
substations. It establishes a communication protocol between IEDs and integrates all
protection, control, measurement, and monitoring functions within the substation. This
standard has been introduced into the industry to allow the interoperability of substation
devices from different manufacturers (Alstom Grid, 2011). Generic Object-Oriented
System Event (GOOSE) messages containing information such as trip signals and a
change in status are used to communicate messages between IEDs. Sampled values
(SVs) are used to send current and voltage sampled values between IEDs,
while COMTRADE files record event data (Hussain and Kim, 2016).

Advanced protection schemes can be obtained through the exchange of data between
the utility and the DG. To exchange data, communication equipment and channels are
required. Fibre, pilot wire, or an internet-based network is the communication medium
for the IEC GOOSE messages that are exchanged between IEDs. Communication-
assisted protection schemes that are required for the integration of DG units into the
grid occur between IEDs in multiple bays over the logical interface number 8, as shown
in Figure 2.23. Communication between the IEDs at the process bus and bay levels is
required through the logical interface shown by numbers 4 and 5 in Figure 2.23 (Bansal
et al., 2017).
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Figure 2.23: Logical interface in substation automation systems (IEC 68150-1, 2013)

The functions of the interfaces in Figure 2.23 are as follows:

Protection-data exchange between bay and station level.

Protection-data exchange between bay level and remote protection

Data exchange within the bay level

CT and VT instantaneous data exchange between process and bay level
Control-data exchange between process and bay level

Control-data exchange between bay and station level

Data exchange between the substation level and a remote engineer’s workplace
Direct data exchange between the bays

© © N o g bk 0w DdPRE

Data exchange within the station level

=Y
o

. Remote-controlled data exchange between substation devices and a remote

network control centre

The IEC 61850 standard consists of 10 parts, as summarised in Table 2.6 below.

Table 2.6: Different part numbers of the IEC 61850 standard (IEC 61850-1:2013)

1 Introduction and overview

Glossary
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3 General requirements
4 System and project management
5 Communication requirements for functions and device models
6 Configuration description language for communication in electrical substations related to
IEDs
7-1 Basic communication structure — Principles and models
7-2 Basic information and communication structure — Abstract communication service interface
(ACSI)
7-3 Basic communication structure — Common data classes
7-4 Basic communication structure — Compatible logical node classes and data object classes
7-410 Hydroelectric power plants — Communication for monitoring and control
7-420 Basic communication structure — Distributed energy resources logical nodes
7-5 IEC 61850 — Modelling concepts
7-500 Use of logical nodes to model functions of a substation automation system
7-510 Basic communication structure — Hydroelectric power plants — Modelling concepts and
guidelines
7-520 Use of logical nodes to model functions of distributed energy resources
8-1 Specific communication service mapping (SCSM) — Mappings to MMS (ISO 9506-1 and
ISO 9506-2) and ISO/IEC 8802-3 Guidelines
80-1 Guideline to exchanging information from a CDC-based data model using IEC 60870-5-101
or IEC 60870-5-104
9-2 Specific communication service mapping (SCSM) — Sampled values over ISO/IEC 8802-3
90-1 Use of IEC 61850 for the communication between substations
90-2 Using IEC 61850 for the communication between substations and control centres
90-3 Using IEC 61850 for condition monitoring
90-4 Network Engineering Guidelines - Technical report
90-5 Using IEC 61850 to transmit synchrophasor information according to IEEE C37.118
10 Conformance testing

2.6.2 Benefits of the IEC61850 standard

Some of the major benefits of implementing the IEC 61850 standard into a power

system include:

IEC 61850 allows IEDs to exchange data using GOOSE through the station LAN
without having separate wires going to each IED. This reduces the installation cost
by reducing the wiring that is required.

The digital measurements from a single merging unit can be published to several

IEDs over the IEC 61850-based communication network.
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2.6.3

e Reduced commissioning cost as IEC 61850 compatible devices do not require a lot
of manual configurations. Most of the applications only require configuring the
network address of the devices.

¢ Reduced cost of equipment migration due to the standardised naming of the device.

e Adding new IEDs to an existing IEC 61850-based network can be achieved with
little impact on the existing equipment, which reduces the extension cost.

e |EC 61850 networks can send data without a separate communication front-end or
reconfiguring device. This reduces the integration cost.

e |EC 61850 enables new and innovative applications that can be implemented due
to all the data associated with a substation being available at the LAN in a standard
format that can be accessed using standard protocols (Alstom Grid, 2011).

IEC 61850 Substation Configuration Language (SCL)

IEC 61850 describes an SCL to allow for the exchange of the device description and

system parameters between IEDs from different manufacturers. The language allows:

e System functional specification

e |ED capability description

e Power utility automation system description (IEC 61850-1, 2013).

The IEC 61850-6-1 specifies an XML-based SCL to define the configuration of IEC
61850 standard-based IEDs. The SCL defines a hierarchy of configuration files that

allows for the description of the following different levels:

System specification description (SSD)

e |ED capability description (ICD)

e Substation configuration description (SCD)
e Configured IED Description (CID)

e System exchange description (SED)

e Instantiated IED description (1ID)

Some of the benefits of having an off-line description language other than IEC 61850

applications for the configuration of an IED are:

e SCL allows for the offline development of the files that are required for the IED
configuration from the power system design phase and reduces the cost of the IED
configuration.

e SCL allows for the sharing of the IED configuration files between users and
manufacturers. Users can use their own SCL configuration for the IEDs based on

their requirements.
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e SCL allows for the offline configuration of the IEC 61850 applications that are

required for the IED.
Figure 2.24 shows the workflow for the SCL configuration files in an IEC 61850

application (Alstom Grid, 2011).
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Figure 2.24: IEC61850 Project configuration (Alstom Grid, 2011)

2.6.4 |EC 61850 standard-based Generic Object-Oriented System Event (GOOSE)
messages

The use of the IEC 61850 GOOSE message enables high-speed communication
between IEDs. This makes it possible to implement substation protection, interlocking
control systems, and distributed control systems. The GOOSE message provides a
fast and reliable exchange of data between IEDs. The IEDs at the remote end require
a mechanism to manage the received GOOSE messages. The GOOSE message
contains data and additional information, such as the status number and sequence
number parameters. The use of these parameters allows IEDs at the remote end to
determine whether the message received contains new data. This allows IEDs to filter
the GOOSE messages, thereby saving time. GOOSE messages are exchanged on a
publisher/subscriber mechanism using multicast. GOOSE messages are repeated until

there is a change in state (Cigre 540, 2013).
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2.6.5

IEC 61850 logical nodes

The IEC 61850 information model is divided into physical and logical devices. As
shown in Figure 2.25, a physical device can be broken down into logical devices, and
alogical device can be broken down into logical nodes, data objects,
and attributes. The logical device is the first functional level supported by the physical
device. A logical device cannot be used in more than one IED and must only be used
by a single IED. As shown in Table 2.7, a logical device consists of a group of logical

nodes that contain automation, protection, and other functions (IEC 61850-1, 2013).

Data Attribute
===
Stvall| q t Mag || q
Logical Node
XCBR1 MMXU1
Logical Node L ogical Node
Logical Device
Logical Device LDx - -
Physical Device
Physical Device IEDx

+ IEC 590/13

Figure 2.25: IEC 61850 data modelling (IEC 61850-1, 2013)

Table 2.7: LN Groups (IEC 61850-7-4, 2010)

Group indicator Logical node groups

Automatic control

Reserved

Supervisory control

Distributed energy resources

Reserved

Functional blocks

Genetic functions references

Hydropower

Interfacing and archiving

C|—|T|O|Tm|OlO|w| >

Reserved

Mechanical and non-electrical primary
equipment

A
)

System logical nodes

Metering and measurement

Reserved

Reserved

Protection functions

O|olo|z|Z|r

Power quality events detection related
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R Protection related functions

Sa Supervision and monitoring

Ta Instrument transformer and sensors
U Reserved

V Reserved

W Wind power

Xa Switchgear

Ya Power transformer and related functions
z2 Further (power system) equipment

An LN of this group exists in dedicated IEDs if a process bus is used. Without a process bus, LNs of
this group are the 1/0O in the hardwired IED one level higher (for example in a bay unit).

The IEC 61850 standard is used to read data, write data, control devices, report events,
and record events. A hierarchical data model for the circuit breaker is shown in Figure
2.26. The IEC 61850 standard contains basic objects known as logical nodes (LN). The
group to which the LNs belong depends on the function of the data objects (DOs)
belonging to the LN. DOs consist of attributes that contain detailed information about
the data objects. The names of LNs, DOs, and attributes are standardized in the IEC

61850 standard, whereas the names of LDs and IEDs are not (Hussain and Kim 2016).

Breaker IED
(BIED)

Breaker Controller
(BC)

Non-standardized
names

|
|
- i Logical Device

|

|
RN Logical Nodes ~ XCBR
(circuit breaker)

|, Data Object Pos (position)

-| Atftribute StVal (status value)

Attribute q (quality)

Standardized names

Aftribute t (time stamp)

Value

4
|
1
|
|
|
|
|
|
|
|
\
|
|
|
|
|
|
+-- 1 Other LNs

Figure 2.26: IEC 61850 data model (Hussain and Kim, 2016)
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2.6.6

IEC 61850 standard-based protection schemes

Conventional overcurrent protection schemes used inradial distribution
networks cannot be used for MG protection schemes. As a result of the addition of
DGs, the power flow becomes bidirectional and may lead to a loss of coordination when
using conventional overcurrent protection schemes. In the case of MG protection

schemes, directional overcurrent protection relays must be implemented.

The IEC 61850 standard is implemented in the MG protection scheme to improve fault
clearing times. GOOSE messages containing information on the fault direction and
breaker status are transmitted between the protection IEDs. This reduces the
complexity of protection coordination between IEDs, reduces the time needed to isolate
a fault, and helps solve problems related to MG protection schemes. The IEC 61850
GOOSE message enablesfast transmission of object changes between
substation IEDs. The transmitted GOOSE messages are short, allowing fast encoding
and decoding. In addition to this message, a publisher/subscriber mechanism is
embedded. The publisher/subscriber mechanism is implemented using an Ethernet
connection between the IEDs. High-speed peer-to-peer GOOSE messages can be
exchanged directly between the IEDs, allowing the IEDs to perform logic operations
and transmit commands directly without the need for a SCADA platform. This

configuration can reduce the installation cost (Gu et al., 2019).

The application of IEC 61850 GOOSE in distribution protection schemes improves the
performance of distribution protection schemes and reduces the time required to clear
the fault. It is possible to reduce the impact of short-circuit faults by combining all
available protection functions of the protection IED with the exchange of GOOSE
messages between the protection IEDs. When a feeder fault (F1 in Figure 2.27) occurs
in a selective backup tripping protection scheme, the feeder protection IED detects the
fault. This feeder fault can also be detected by an IED located at the transformer. The
feeder IED publishes a GOOSE message to the transformer protection IED, indicating
a feeder fault. As soon as the transformer protection IED receives the GOOSE

message, the overcurrent element protecting the bus will be blocked from operating.

The feeder IEDs do not detect a fault current on the bus (F2 in Figure 2.27). In such a
case, the transformer protection IED does not receive a GOOSE message from
any feeder IED. It will indicate to the transformer protection IED that there is a fault on
the bus, and it will send a signal to the circuit breaker located at the transformer

protection IED.
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In the Sympathetic Trip scheme, IEDs located in adjacent feeders are prevented from
operating during a feeder fault. As soon as a feeder IED detects a feeder fault, it sends
a GOOSE signal to the feeder IEDs located adjacent to the feeders and informs them
of the inrush current. These IEDs are blocked from operating after receiving the
GOOSE message for the expected period of the inrush current (Apostolov & Vandiver
2011).

&

X-ef DR/PQ

PIED IED
4 '
L
én VT
Feedeor . Feader Feeder
PIED PIED PIED PIED

Figure 2.27: Peer-to-peer communication-based distributed bus protection (Apostolov &
Vandiver, 2011)

According to Hussain and Kim (2016), an IEC 61850 framework is required
to implement a hybrid adaptive protection scheme, as shown in Figure 2.28. This will
allow interoperability between the developed DERs. A gateway is used for the
exchange of information between the IEC 61850 standard-based IEDs. The MGCC is
located at the station level, and the process-level IEDs function as local
controllers. Local controllers can communicate with devices at other levels through the
relevant gateway. IEC 61850-7-420 is used to define the LNs for the MG. The IEC
61850 standard-based IEDs from the gateway and the process bus exchange a
message containing trip commands, lock instructions, and other data (sampled current
and voltage values). Bay-level IEDs perform the functions defined for merging units
and input/output units. The IEDs connected to the bus are configured to subscribe to
the published IEC 61850 standard-based GOOSE message (Hussain and Kim, 2016)
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Figure 2.28: Architecture for the implementation of the hybrid adaptive protection
scheme through the IEC 61850 standard-based IEDs (Hussain and Kim, 2016)
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Gu et al., 2019

Implementation of
the IEC 61850
standard-based

GOOSE message for
the MG protection

scheme.

Table 2.8: Summary of IEC 61850 standard-based protection schemes

Real-time SCADA
platform based on
the IEC 61850.

IEC 61850-7-4
GOOSE message

ETAP power system simulation
software and SCADA platform.

Implementation of the IEC 61850
GOOSE message between IEDs

improves the fault clearing times.

Apostolov &
Vandiver, 2011

IEC 61850 GOOSE
applications to
distribution protection
schemes

Distribution bus
protection,
Sympathetic trip logic
and selective backup
tripping.

IEC 61850-7-4
GOOSE message

Software tool for configuration of
IEC 61850 GOOSE message
between IEDs

IEC 61850 communication-based
distribution bus protection
provides fast fault clearing times
for distribution bus faults.

Hussain and Kim,
2016

Implementation of a
hybrid adaptive
protection scheme
through the IEC
61850

Adaptive protection

scheme

IEC 61850-7-4
GOOSE message

Modelling and fault analysis of the
network in a power system
simulation software package.

Allows for the interoperability and
exchange of information between
IEC 61850 compliant devices

from different manufacturers.

Ge et al. (2021)

To address the need
for feeder topology
information
exchange the

distribution network.

Development of a
feeder model as a
container of the
equipment along the
distribution line. This

method involves

IEC 61850 GOOSE

message

IEEE 13-bus system used as an
experimental environment to
verify the effectiveness of the

proposed method.

Enables exchange of topology
information between the IEDs.
The method is adaptable to

different network topologies.
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adding new logical
nodes to describe
the physical and
logical connection

between the devices.

Penthong et al.,
2023

Propose an IEC
61850 standard-
based protection
scheme to enhance
network reliability,
service quality and

availability.

GOOSE message for
exchange of
information between
IEDs.

IEC 61850 GOOSE

message

The developed IEC 61850
standard-based protection
scheme is tested in hardware-in-
the-loop (HIL) protection testing
using RTDS and multi-vendor
IEDs.

The scheme enhances the
reliability and selectivity of the
protection system. The developed
HIL platform allows for testing
interoperability between multi-

vendor |EDs.
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2.7

Protection schemes for microgrids

An adaptive protection scheme is a protection philosophy that seeks to adjust the
protection functions of the relays based on the power system conditions. The fault
current depends on the available sources in the network. Therefore, when the MG
operates in island mode, the fault currents measured by the protection relays are lower
than those measured in grid-connected mode. Traditional distribution networks have a
radial topology with a unidirectional power flow. The addition of DGs to the network
causes the power flow to be bidirectional. In addition to other factors, such as the
intermittent nature of DGs and the change in fault current contribution between grid-
connected and island modes of operation, a complex fault current path results. This
means that traditional protection schemes are ineffective and cannot therefore be

applied to networks containing DGs.
Some of the following issues can occur for MG protection schemes:

i.  Change in fault current: MGs can operate in either grid-connected or island
mode, and the fault current measured by the protection relays is less during

island mode when compared to the grid-connected mode of operation.
ii. Blinding of protection. The fault current measured by a protection relay

changes due to the presence of DGs, causing the misoperation of the protection
relay.

iii.  False tripping: This will occur when a feeder protection relay initiates a trip for
a fault occurring in an adjacent feeder due to the presence of DGs. This will
cause the healthy feeder circuit to be disconnected from the rest of the MG.

iv.  Unsynchronized and automatic reclosing: When an MG is connected to the grid
through a recloser, synchronisation between the MG and the grid needs to be
considered. Reconnection of a faulted section without synchronisation can
cause damage to the DGs connected. The issue of the failed reclosing can be
addressed by disconnecting the faulted DG sources from the feeder circuits
before the reclosure operation occurs. The DGs must be disconnected based
on the voltage and frequency requirements as per the IEEE 1547:2018
standard (Barra, Coury and Fernandes, 2020).

The addition of DGs to the MG may cause some challenges when considering the
design of the protection system. The DGs cause the power flow to be bidirectional,
which may result in a loss of coordination between the overcurrent protection

relays. Conventionally, islanding detection methods are used to disconnect the entire
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DG from the grid based on the IEEE 1547 standard requirements. The fault current
contribution is  higher in the grid-connected mode thanin the
island mode. Conventional overcurrent protection relays will only detect higher fault
currents in the grid-connected mode and not in the island mode. An adaptive
overcurrent protection scheme has been proposed in which the microgrid controller can
monitor the change in generation and load and automatically adjust the relay

characteristics based on the network conditions (Bansal et al., 2017).

Some of the proposed protection system-based strategies include the application of
fault current limiters (FCLs) to improve the fault ride-through capabilities (FRT) of the
DG and the application of protection schemes such as distance, differential, and
directional overcurrent. To improve the performance of the protection system, another
strategy is to apply communication systems based on the IEC 61850 standard. An
adaptive coordination-protection scheme has been proposed in which the operation
conditions are based on an impedance matrix along with a limited number of predefined
group settings configured on the protection relays (Bisheh, Fani and Shahgholian,
2021).

Protection relays located at the DG sources are used to protect against internal short-
circuit faults and abnormal fault conditions such as reverse power flow. Table 2.9 lists
the protective elements requiredto protect IEDs located at the DG
source. Interconnection protection is located at the PCC and the main step-up
transformer. To prevent unintentional islanding of the DG units, interconnection
protection is necessary once the circuit breaker located at the PCC has disconnected
the DG due to a fault. This prevents the DG sources from continuing to supply the fault
current. Table 2.10 lists the protection elements used for the protection of IEDs located
at the PCC (Bansal et al., 2017).

Table 2.9: Protection elements used for the protection relays located at the DG sources
(Bansal et al., 2017)

Functionality Protection device

Fault backfeed protection Voltage-constrained inverse time overcurrent
(51V)

Abnormal flow of power Directional power (32)

System restoration Synchronism check (25)

Unbalanced current and phase reversal Negative sequence current/voltage (46/47)

conditions

Overcurrent condition Differential (87)

Loss of field protection Offset mho impedance (40) relay

Field faults Generator field ground (64 F) relay
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Table 2.10: Protection elements used for the protection relays located at the PCC

(Bansal et al., 2017)

Functionality

Protection device(s)

Loss of parallel operation (loss of
mains)

Over/under voltage (59/27), Over/under frequency (81
O/U). ROCOF (81R). Loss of Mains (LOM)

Fault backfeed protection

Voltage-constrained inverse time overcurrent (51 V),
directional overcurrent (67), distance (21)

Abnormal power flow protection

Directional power (32)

System restoration

Synchronism check (25)

Preventing the reconnection of the
DG to a de-energised utility

Voltage check (27)

Unbalanced current/phase reversal
conditions

Negative sequence current/voltage (46/47)

Considering the network shown in Figure 2.29, if a fault occurs on the feeder circuit,
the feeder protection IED and transformer IED will detect a fault (F1). To ensure
coordination within the network, the feeder protection IED must initiate a trip and isolate
the faulty circuit from the rest of the MG before the transformer IED initiates a trip. In
the event thatthe transformer IED initiates a trip first, the entire MG will be
disconnected from the grid. If a fault occurs on the bus, both the feeder protection IED
and the transformer IED will detect the fault current (F2). In such an event, only the

transformer protection IED must operate (Bansal et al., 2017).

Directional comparison protection schemes based on communication infrastructures
allow the exchange of signals between protection IEDs, which improves the time
required to clear faults compared with transformer backup protection schemes. The
transformer protection IED is configured such that it subscribes to the GOOSE
message published by the feeder directional overcurrent protection IED located at one
of the feeder circuits. The feeder-protection IED detects the fault current (F1) in the
forward direction, whereas the other feeder-protection IEDs detect the fault current in
the reverse direction. The feeder protection IED is configured to publish a GOOSE
message, whereas the transformer protection IED is configured to subscribe to a
GOOSE message indicating a feeder fault (external fault to the bus). The transformer
protection IED should be blocked from operating, and time coordination between the
protection IEDs should be ensured before initiating a trip and disconnecting the entire
DG from the grid. In the case of a fault (F2) occurring on the bus, the feeder protection
IED will detect a reverse fault current. In this case, the transformer protection IED will
not receive a GOOSE message from any of the feeder protection IEDs, indicating that

the fault is occurring on the bus, and is configured to publish a GOOSE message to
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all feeder protection IEDs to initiate a trip signal and disconnect all circuit breakers

connected to the bus (Bansal et al., 2017).
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Figure 2.29: Directional comparison distribution bus protection scheme (Bansal et al.,
2017)

Most adaptive protection schemes implemented in the industry use the setting groups
that are available for protection IEDs. The MGCC monitors the status of each circuit
breaker to identify the network topology and update the setting groups of each
protection IED according to the mode of operation. To determine the protection settings
to be applied for the protection of IEDs, it is necessary to conduct offline fault and
coordination studies. The IEC 61850 GOOSE message may be transmitted from the
MGCC to the protection IEDs to update the setting group, depending on the mode of
operation. (Bansal et al., 2017).

The adaptive protection scheme can respond to MG fault conditions by changing the
protection settings of the protection IEDs. This can be achieved through a
communication infrastructure between the protection relays. The protection
relays require several group settings along with directional overcurrent protection.
Adaptive protection schemes can be either centralised or decentralised. A centralised
adaptive protection scheme, as shown in Figure 2.30, consists of local controllers that

send GOOSE messages to the central controller. If a change in network configuration
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or device status is detected, the central controller calculates the new protection settings

required for all protection relays and informs the local controllers.
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Figure 2.30: Centralized adaptive protection scheme for an MG system (Hussain and
Kim, 2016)

As shown in Figure 2.31, a decentralised adaptive protection scheme consists of local
controllers that send GOOSE messages to adjacent controllers. Each local controller
is configured to respond to the received GOOSE messages. The local controller

communication structure is implemented over the bus of an Ethernet network (Hussain

and Kim, 2016).
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Figure 2.31: Decentralized adaptive protection scheme for an MG system (Hussain and
Kim, 2016)
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The communication-based protection scheme implemented between numerical
protection relays consists of two stages: topology sensing and the calculation
of protection settings. The topology-sensing-stage analysis of the network
configuration is based on the information received from the devices within the network,
such as the breaker status, penetration level of DG units, and other grid
parameters. The trip signal from the relay located at the fault is published to the MGCC
during the fault condition. In the next stage, the MGCC analyses the data, reviews the
protection settings for each protection relay, and adapts if selectivity is no longer
available. If the boundary conditions are successfully met, the tripping characteristics
of each of the protection relays are updated. The application of the IEC 61850 GOOSE
messages between protection IEDs allows real-time communication. Once a change
in the state occurs, the GOOSE message is published or received at a high repetition
rate within a few milliseconds. The MGCC continuously monitors the network topology
of the MG using the information it receives about the status of the circuit breakers. The
protection relays will update the MGCC in the event of a measured fault current
contribution. The operating fault current for any of the protection relays is calculated

using the following equation:

Iretay = (Lrauti(Gridy X OM )+ (ki X I auie(pay X SB)
Equation 2.7
where:
N = Total number of DGs
OM = Operating mode
SB = Status of circuit breaker

ki = Impact factor of the n" distributed generator on the fault current that is measured

by the relay

The contribution of the fault current that is supplied by the grid is calculated using

Thevenin’s equivalent circuit of the network (Shah, Goli and Shireen, 2018).
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Implementation of a

Table 2.11: Summary of MG protection schemes

Application of the IEC 61850

Only the faulted feeder is
disconnected from the MG during

Directional
Bansal et. al, directional IEC 61850 standard-based GOOSE message between the a feeder fault. Allows for time
overcurrent
2017 comparison GOOSE message. on (67) feeder protection IEDs and the coordination between the feeder
) protection . ) )
protection scheme. transformer protection IED. protection IED and transformer
protection IED.
) o Can be implemented using any
) Implementation of . ) ] Directional IEC 61850 GOOSE message o
Hussain and . Centralized adaptive protection o type of communication structure
) an adaptive overcurrent application between the central ) ) o
Kim, 2016 ) scheme. ) (i.e., serial communication,
protection scheme. protection (67). controller and local controllers.
Ethernet network etc.).
) Implementation of ) ) Directional IEC 61850 GOOSE message The communication structure is
Hussain and _ Decentralized adaptive o ) )
) an adaptive ) overcurrent application between local required to be implemented over
Kim, 2016 ) protection scheme. )
protection scheme. protection (67). controllers. a bus of an Ethernet network.
The IEEE 13-bus system is The adaptive protection scheme
A novel adaptive modelled in ETAP software to changes the relay settings in real-
protection scheme perform the protection time under varying DG
) using numerical Directional coordination study with and penetration levels, ensuring
Shah, Goli and IEC 61850 standard-based ] ]
relays that are overcurrent without PV or wind power

Shireen, 2018

compatible with the
IEC 61850

standard.

GOOSE message.

protection (67).

sources. A laboratory-based MG
test bed is modelled with LNs
based on the IEC 61850

communication protocols to

effective protection coordination
between the protection relays.

The adaptive protection scheme

uses numerical relays compatible
with the IEC 61850 standard,
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implement the proposed adaptive

allowing easier integration with

protection scheme.

The proposed protection scheme

other IEDs.

Abbaspour,
Fani and
Karami-
Horestani,
2021,

Adaptive protection
scheme for
protecting
renewable-
dominated MGs
against changes in
the network
topology.

61850 protocol. The algorithm

Protection algorithm that
employes overcurrent relays

with the capabilities of IEC

is applied within a peer-mode
multiagent system (MAS)
structure.

Overcurrent
protection (50
and 51)

The protection scheme is

simulated using the ETAP
software environment. ETAP is

used for offline simulations,

whereas the MATLAB

environment plots the relays’
current waveform generated from
ETAP simulations.

independently to possible network

effectively. The protection scheme

protection with the implementation

is designed to adapt

topology changes, allowing it to
respond to dynamic conditions
with renewable-dominated MGs

improves the reliability of the MG

of the IEC 61850 protocol and
MAS structure.

Vaithilingam
et al., 2018

The MG adaptive
protection scheme
proposes an
Arduino-based
adaptive protection
using wireless
communication for
MGs with RESs.

The Arduino processor is
programmed using calculated
fault current for different

operating conditions.

Overcurrent
protection (50
and 51)

The hardware setup includes a
three-way regulated power supply
module representing three
sources. An Arduino Uno
microcontroller is used to
measure the voltage values from
the three sources and formulate
current values to check for fault
current conditions. The fault
current status is communicated

between microcontrollers via

The proposed protection scheme
responds rapidly to the dynamic
current conditions. The proposed
protection scheme provides
selective and fast protection
through the use of wireless
communication protocols and
dynamically changing the relay
settings based on the operating

conditions.

Bluetooth modules.
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Adewole et
al., 2023

scheme for the MG

The protection

with DERs
proposes a
centralised
protection and
control (CPC)
architecture.

The CPC architecture for MGs

is implemented by interfacing
the process-level instrument
transformers and Intelligent
Merging Units (IMUs) at the
MGs directly to the station-
level CPC (CISP) over a
communication network. The
CISP approach utilises an
adaptive protection algorithm
to dynamically determine
protection zones and select
appropriate protection settings
based on the network topology

and operating conditions.

Supervised
current
differential
(SCD), Rate-of-
Change of
Current
(ROCOCQC), and
Voltage-
controlled
ROCOC (V-
ROCOC)
algorithms.

The CISP is demonstrated
through real-time simulations
using the Real-Time Digital
Simulator (RTDS) testbed. The
real-time simulations using the
RTDS testbed enables the
validation of the centralised

protection algorithm under various

system configurations.

The CISP platform eliminates the
need for several local relays and
provides a reliable adaptive
protection algorithm that is
centrally coordinated. The
proposed CISP platform utilises
communication protocols such as
IEC 61850 GOOSE and Sampled
Values (SVs) in MGs to improve
the overall efficiency, security,
and dependability of the
protection scheme.

Ataee-
Kachoee,
Hashemi-

Dezaki and
Ketabi (2022)

The optimised
adaptive protection
scheme proposes
using high set
relays and a
genetic algorithm to
reduce the
coordination

constraints.

The genetic algorithm (GA) is
used to find the optimal
solution for the adaptive

protection scheme.

Directional
overcurrent
relays (DOCRS)
with high-set
relays.

Power system analysis is
conducted in DIgSILENT and
exported to MATLAB for further

analysis.

Simultaneous optimisation of time
and current settings of the DOCR
relays. Different operation modes
and network configurations
considered. Proposed protection
scheme validated during
DIgSILENT simulations.

49



A coordinated
adaptive protection
scheme for
protecting AC MGs
during grid-
connected and

islanded modes.

To develop and offline and
online algorithm for the
adaptive setting and
coordination of the protection

relays.

Various relays
such as
DOCRs,

direction UVR,

directional

negative

sequence
current OCRs.

Adaptive protection algorithm is
developed to switch the protection

relay’s automatically.

Online adaptive protection
algorithm ensures fast and
reliable operation for various
network topologies, while
providing selective coordination

between the protection relays.

Srivastave and
Parida, 2020

Adaptive relaying
scheme for online
update of relay
setting using smart
sensing devices
and communication
links in MGs.

Use of a processor-based
computer system for online
update of relays settings
based on the operating mode

and network topology.

Numerical
directional
overcurrent
relays
(NDOCRS)

No specific software Formation of
the relay coordination problem as

a non-linear optimisation function.

The scheme enables the dynamic
update of the relay settings based
on the operating mode and
network topology. The use of
inclusive mode settings provides
a novel measure to maintain relay

coordination.

50




3.1

CHAPTER 3
MODELLING, LOAD FLOW ANALYSIS, FAULT AND PROTECTION STUDY
OF THE MICROGRID SYSTEM

Introduction

DIgSILENT, short for "Dlgital SImuLation of Electrical NeTworks", is a computer-aided
engineering tool for analysing transmission, distribution, and industrial electrical power
systems. Power system engineers and researchers widely use it to model and simulate
complex electrical networks. The programme offers a range of features, including load
flow analysis, short circuit analysis, and dynamic stability analysis. Additionally, the
software allows users to investigate the impact of renewable energy sources (RESS)
that are integrated into the grid (DIgSILENT, 2022).

The 33 kV distribution network of the modified IEEE 14-bus system comprises a
synchronous generator with a capacity of 100 MVA, two transformers with a capacity
of 100 MVA each, eight transmission lines, and seven loads, as shown in Figure 3.1.
The grid is a voltage source with the parameters provided in Table 3.1. The parameters
for the two 100 MVA transformers are provided in Table 3.2. The parameters for the
100 MVA synchronous generator, Gen_0006, are presented in Table 3.3. The active
and reactive power for the seven loads is provided in Table 3.4, and the parameters
for the eight transmission lines are provided in Table 3.5. The integration of the 50 MW
wind farm at the point of coupling (POC) in addition to the existing 100 MW
synchronous generator, Gen_0006, enhances the overall reliability of the modified
IEEE 14-bus system.

The objective of this chapter is to model and simulate the maodified IEEE 14-bus system
in the DIgSILENT software environment. This simulation includes the load flow
analysis, short-circuit analysis and a coordination study for both grid-connected and
islanded modes of operation. The grid-connected mode of operation occurs when the
circuit breakers at the point of common coupling (PCC) are closed, while the islanded
mode of operation occurs when the circuit breakers are open, as shown in Figure 3.1.
The load flow and short circuit analysis results are used to calculate the pickup values
for the phase time-overcurrent (51) and instantaneous overcurrent (50) settings for the
SEL-351A relays. A coordination study is also investigated to ensure a sufficient

grading margin between the primary and backup relays.
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Figure 3.1: 33 kV distribution network of the IEEE 14 bus system

Table 3.1: Voltage source parameters

Grid_0004, PV 132 0.173376 1.733753 10

Grid_0005

Table 3.2: Transformer parameters

Trf_0005_0006 100 132/33 YNynO 0.25202
Trf_0004_0009 100 132/33 YNynO 0.55618

Table 3.3: Generator parameters

Gen_0006 PV 100 33 0.9 0.2
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Table 3.4: Load parameters

Load_0006 11.2 7.5
Load_0009 29.5 16.6
Load_0010 9 5.8
Load_0011 35 1.8
Load 0012 6.1 1.6
Load_0013 135 5.8
Load_0014 14.9 5

Table 3.5: Transmission line parameters

Line_0006_0011 33 2.400311 64.4743 1.034332 2.166021
Line_0006_0012 33 3.090643 64.3369 1.338490 2.785771
Line_0006_0013 33 1.591062 63.0789 0.720373 1.418640
Line_0009_0010 33 0.983249 69.3712 0.346410 0.920205
Line_0009_0014 33 3.253583 64.821 1.384228 2.944439
Line_0010_0011 33 2.274501 66.8684 0.893524 2.091643
Line_0012_0013 33 3.244373 42.1376 2.405819 2.176693
Line_0013_0014 33 4.222386 63.842 1.861428 3.789938

3.2 Load flow analysis of the modified IEEE 14-bus system without added RESs

The load flow results are used to ensure that the voltage at each bus is within the £10%
tolerance that is allowed in the IEEE 141 standard. The load flow results can be used
to ensure that the equipment, such as the transformers and cables in the network, is

not overloaded.

Load flow analysis is a method used to determine the voltage magnitude and phase angle
at each bus in a balanced three-phase power system during steady-state conditions. Real
and reactive power flows are also calculated for the equipment within the power
system. The variables, such as voltage magnitude (Vi), phase angle (5«), real power

(Px), and reactive power (Qx), are computed for each bus k, as shown in Figure 3.2.
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Additionally, the delivered power to bus k is divided into generator and load

components (Glover et al., 2017).

Px = Pek — PLk Equation 3.1

Qk = Qok - Quk Equation 3.2

where Pgrand Qgkare the generator's real and reactive power, and Pi«and Qukare

the real and reactive power of the loads.

Each bus can be divided into the following bus types:

e Swing bus (or slack bus) — There is only one swing bus in a power system. The
swing bus is the reference bus where V26° = 1.02£0° per unit. The power flow
computes Pxand Qx.

e Load (PQ) bus — Prand Qx are used as the input data for this bus type. The power
flow computes Viand &x. Most buses in a power flow are load buses.

e Voltage-controlled (PV) bus — Pxand Vi are the input data for this bus type. The
power flow computes Qxand S«x. These can be buses to which generators, shunt

capacitors or static var systems are connected.

To other buses
Bus &

S

Ipm 5 + IPW ”L*,I,
W = W, @k @ o
Load

—j
=

Figure 3.2: Bus variables Vi, 8k, Pxand Qk (Glover et al., 2017)

The Newton-Raphson method is used to solve the power flow problem in DIgSILENT
PowerFactory. The x, y and f vectors for the power flow problem are defined in
equations 3.3 to 3.5.
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- 5, -
B [8] | 8x
vl v,
Vi
- = Equation 3.3
- P, -
a3
: Q Qz
—QN- Equation 3.4
_Pz(x) }
[P ] _ [Py
= | o) Q)
—QN(X)- Equation 3.5

All the V, P and Q terms are given in per unit, and the § terms are given in radians. The
V and § variables for the swing bus are omitted from equations 3.3 to 3.5, because it

is known, that V26° = 1.020° per unit. The power balance equations are written as,

N
Vi = P =Pu(x) = VkEYknvn cos(8; — 6, — Os,)
n=1 Equation 3.6

N
Vien = Qe = Qux) = VkEYann sin(, — 6, — 0,,)

n=1

Equation 3.7

The Jacobian matrix is given in equation 3.8. Equation 3.8 is partitioned into four blocks.
The partial derivatives in each block are derived from equations 3.6 and 3.7. The
Newton-Raphson method for the load flow analysis starts with equation 3.9 at the ith

iteration.
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J1 J2

Py Py | P 9P
(5'62 é‘ﬁN é‘Vz é'VN
Py . By | By Py
&62 é’ﬁN 5\(2 f?VN
J:
Q9% | QI
(362 &SN I.'J"'Vg &VN
Qv Qv | Qv = IQ
| 95, ISy v, IVy_
J3 J4 Equation 3.8
. a(z‘)}
X(i) =[ .
V(f) Equation 3.9

Equations 3.6 and 3.7 are used to solve equation 3.10:

AP(:’)} B [P — P[x(i)]}
AQ()| | Q — Q[x(i)]

After solving the Jacobian matrix, the Gauss elimination and back substation are used

Ay(i) = [

Equation 3.10

to solve equation 3.11,

[Jl(z‘) | JZ(E)} [A&(:‘)} B [AP(:’)]
J3(0) | J4G) || AV(G) | | AQQ)

After solving equation 3.11, equation 3.12 must be computed:

s+ 1] _[8G)] . [AsG)
x(i+1)= [V(i N 1)} = [V(z’)} + [AV(I')}

Starting with the initial value x(0), the procedures continue until convergence is

Equation 3.11

Equation 3.12

obtained for the load flow problem or until the set maximum number of iterations is
reached. For each voltage-controlled bus, the magnitude of Vi is known. In this
instance, the function Qx(X) is not needed. Vi can be omitted from the x-axis, and Qx
can be omitted from the y-axis of the vector. The column corresponding to the partial
derivatives of Vi and the rows corresponding to the partial derivatives of Qk(x) can be
omitted. Alternatively, the rows and columns corresponding to the voltage-controlled
buses can remain in the Jacobian matrix. After each iteration, the voltage magnitude,
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Vi (i + 1), of each voltage-controlled bus is reset to Vi, which is used as the input data

for that bus. At the end of each iteration, Qk(x) is computed (Glover et al., 2017).

The load flow analysis for both grid-connected and islanded modes of operation for the

modified IEEE 14-bus system is computed during the DIgSILENT simulation.

3.2.1 Grid-connected mode of operation

This section examines the balanced load flow results of the modified IEEE 14-bus
system without renewable energy sources (RESs) during the grid-connected mode with
the circuit breakers at the PCC in the close position, as shown in Figure 3.3. The DG

consists of a 100 MVA synchronous generator, Gen_0006.
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Figure 3.3: Load flow results of the modified IEEE 14-bus system without RESs during
grid-connected mode

The voltage profile of the modified IEEE 14-bus system is provided in Table 3.6. The

voltage deviation from the load flow results is within the +10% tolerance according to
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| Grid: G

|
|Bus_e@12
|
|Bus_g@13
|
| Bus_0@14

the voltage limit given in the IEEE 141 standard (IEEE 141, 1993). The voltage at

Bus 0009 js Yeetwat — 3939 _ g 929 p u,

base 33

Table 3.6: Bus voltage results of the modified IEEE 14-bus system without DERs during
grid-connected mode

rid

" ystem Stage: Grid | Study Case: 01 - Load Flow Case Origin| Amex: /4 |

T omv Bus - voltage 7 Voltsge - Deviation (8] |

[kV] [p.u.] [kW] [deg] -18 -5 2] +5 +10 |

_..__.._._______.._..__.__.____.__.._..__.____.__.__.._._______.._..._._______.__.._..__.____.__.._..__._______._..._..__.l
132,00 1,000 132,80 0,00 |

132,00 1,000 132,88 9,00 | |

33,00 1,008 33,00 9,00 | |

33,08 8,921 38,39 -5,38 | |

33,08 9,925 38,52 -4,71 —— |

33,88 9,956 31,56 -2,45 — |

33,ee  @,988 32,33 1,32 —| |

33,08 2,968 31,95 -1,67 —] :
——

38,37 -

From Table 3.7, the load flow results are as follows:

Gen_0006 supplies 74.25 MW + 2.86 Mvar (74.31 MVA) at a power factor of 0.9992
lagging. The grid supplies the additional power of 16.02 MW + 52.44 Mvar (54.83 MVA)
required by the load.

Table 3.7: Load flow results of the modified IEEE 14-bus system without RESs during
grid-connected mode

4 1,000 132,00 0,00 16.02 21.37 - -

5 1,000 132,00 0,00 - 31.06 - -

6 1,000 33,00 0,00 74.25 2.86 11.2 7.5
9 0.921 30.39 -5.38 - - 295 16.6
10 0.925 30.52 -4.71 - - 9.0 5.8
11 0.956 31.56 -2.45 - - 3.5 1.8
12 0.980 32.33 -1.33 - - 6.1 1.6
13 0.968 31.95 -1.67 - - 135 5.8
14 0.920 30.37 -4.97 - - 14.9 5.0

From the grid summary of the modified IEEE 14-bus system during the grid-connected
mode, it is observed that the total generation is 90.27 MW + 55.3 Mvar (105.86 MVA)
as given in Table 3.8. The load demand is 87.7 MW + 44.1Mvar (98.16 MVA) and the

transmission lines losses are 2.57 MW + 11.2 Mvar (11.49 MVA). The sum of the active
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power are Y Pg;= Py + Piees =87.7+2.57=90.27 MW , and reactive power are
YQ¢= Qp + Quosses = 44.1+11.2 = 55.3 Mvar.

Table 3.8: Grid summary of the modified IEEE 14-bus system without RESs during grid-
connected mode

Generation 90.27 55.3
Load 87.7 44.1
Line losses 2.57 11.2

3.2.2 Islanded mode of operation
This section examines the balanced load flow results of the modified IEEE 14-bus
system without RESs during the islanded mode with the circuit breakers at the PCC in
the open position, as shown in Figure 3.4. The DG consists of a 100 MVA synchronous
generator, Gen_0006.
The voltage profile of the modified IEEE 14-bus system is provided in Table 3.9. The
voltage deviation from the load flow results exceeds the +10% tolerance allowed
according to the voltage limit given in the IEEE 141 standard (IEEE 141, 1993). The
voltage at Bus_0009 is Zeeual — 212 — 0,824 p.u.
base
Table 3.9: Bus voltage results of the modified IEEE 14-bus system without RESs during
islanded mode
| Grid: Gedd  System Stage: Gedd | Study Cose: 01 - Lood Flow Case Origin| Amnex: /4 |
I comV  Bus-voltage  Voltage - Devistion[¥] |
| [kV] [p.u.] [kV] [deg] 1@ -5 a 5 +10 |
| 132,08  ©,008 8,00 8,090 |
|Bus_peas |
| 132,08 ©,000 8,80 8,09 |
| Bus_paas |
| 33,8 1,000 33,00 9,00 |
|Bus_paaa |
| 33,08 0,824 27,29 -7,52 |
|Bus_gela |
| 33,0 0,343 27,83 -6,34 —]
|Bus_ga1l |
| 33,88 @8,914 38,15 -3,86 —
|Bus_s@12 |
13,04 8,972 32,89 -1,51 —]
|Bus_@a13 |
| 33,88 8,953 31,44 -1,86 —
|Bus_sa14 |
| 33,08 9,857 28,28 -6,27 ——
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Figure 3.4: Load flow results of the IEEE 14 bus system without RESs during islanded
mode

From Table 3.10, the load flow results are as follows:

Gen_0006 supplies 94.45 MW + 58.39 Mvar (111.04 MVA) at a power factor of 0.8506
lagging.

Table 3.10: Load flow results of the modified IEEE 14-bus system without RESs during islanded

mode

4 - - - B, B, - -

5 - - - B, B, - -

6 1,000 33,00 0,00 94.45 58.39 11.2 7.5
9 0.824 27.20 -7.52 - - 29.5 16.6
10 0.843 27.83 -6.34 - - 9.0 5.8
11 0.914 30.15 -3.06 - - 35 1.8
12 0.972 32.09 -1.51 - - 6.1 1.6
13 0.953 31.44 -1.86 - - 135 5.8
14 0.857 28.28 -6.27 - - 14.9 5.0
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From the grid summary of the modified IEEE 14-bus system during the islanded mode,
it is observed that the total generation is 94.45 MW + 58.39 Mvar (105.86 MVA) as
given in Table 3.11. The load demand is 87.7 MW + 44.1Mvar (98.16 MVA) and the
transmission lines losses are 6.75 MW + 14.29 Mvar (15.8 MVA). The sum of the active
power are Y Pg= P, + Py =87.7+6.75=94.45 MW , and reactive power are
YQ¢= Qp + Quosses = 44.1+ 14.29 = 58.39 Mvar.

Table 3.11: Grid summary of the modified IEEE 14-bus system without RESs during islanded

mode

Generation 94.45 58.39
Load 87.7 441
Line losses 6.75 14.29

3.3

Gen_0006 is voltage controlled, and the voltage at Bus_0006 is 1.0020.00 p. u. for both
grid-connected and islanded modes of operation. Gen_0006 is overloaded (111.0 %)
during the islanded mode. Additionally, the voltages at Bus_0009, Bus 0010, and
Bus_ 0014 are less than 0.90 p.u. and do not comply with the requirements as provided
in the IEEE 141 standard.

Load flow analysis of modified IEEE 14-bus system with an additional DG

An additional DG is added to the existing 100 MVVA synchronous generator, Gen_0006,
to assist with the load demand during the islanded mode. The DG consists of 20 x 2.5
MVA type 4 (full converter) wind turbine generators (WTGS) to give a total installed
capacity of 50 MW for the wind farm. The WTG is connected to the modified IEEE 14-
bus system at the point of coupling (POC) at Bus_0009, as depicted in Figure 3.5. The
parameters for the WTGs and step-up transformers are provided in Tables 3.12 and

3.13, respectively.
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Figure 3.5: 33 kV distribution network of the modified IEEE 14-bus system with an
additional DG

Table 3.12: Data for the 50 MW wind farm

Type 4 — Full-
50MW WTG 20 25 0.69 0.9 size 3.1378
converter

Table 3.13: Data for the 63 MVA transformer

Trf_WTG_0009 63 0.69/33 Dynil 0.125
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3.3.1 Grid-connected mode of operation

This section examines the balanced load flow results of the modified IEEE 14-bus
system with the additional DG during the grid-connected mode with the circuit breakers
at the PCC in the close position, as shown in Figure 3.6. The loading of Gen_0006
decreased from 74.3% to 40.2% with the added DG during the grid-connected mode.
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Figure 3.6: Load flow results of the modified IEEE 14-bus system with an additional DG
during grid-connected mode

The voltage profile of the modified IEEE 14-bus system is provided in Table 3.14. The
voltage deviation from the load flow results is within the +10% tolerance according to

the voltage limit given in the IEEE 141 standard (IEEE 141, 1993). The voltage at
Bus 0009 is Yectual — 3293 _ g 979 4.

base 33
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Table 3.14: Bus voltage results of the modified IEEE 14-bus system with an additional
DG during grid-connected mode

| Grid: Grid System Stage: Grid | Study Case: 81 - Load Flow Case Origin| Annex: 74 |

| nom. W Bus - voltage Voltage - Deviation [¥] |

| [k¥] [p.u.] [kv] [deg] -18 -5 8 45 +18 |

| Bus_peed |
132,80 1,000 132,80 0,00 |

|Bus_peas |
132,80 1,000 132,00 0,00 |

| Bus_ooee |

| 33,60 1,800 33,00 0,00 |

|Bus_aees |

| 33,00 ©,971 32,83 0,48 —

|Bus_peie |

| 33,80 ©,968 31,94 8,01 —|

|Bus_e@11 |

| 33,80 9,980 32,34 -8,13 —

|Bus_p@12 |

| 33,80 ©,983 32,43 -8,91 —

|Bus_o@13 |

| 33,80 9,977 32,24 -8,90 —

|Bus_ge14 |

| 33,e@ 8,954 31,47 -1,34 —

|Bus_WTG |

From Table 3.15, the load flow results are as follows:

Gen_0006 supplies 40.18 MW + -1.26 Mvar (40.2 MVA) at a power factor of 0.9995
leading. The grid supplies the additional power of -1.27 MW + 42.47 Mvar (54.83 MVA)
required by the load. The real power of 1.27 MW is exported into the main grid.

Table 3.15: Load flow results of the modified IEEE 14-bus system with an additional DG during

grid-connected mode

4 1,000 132,00 0,00 -1.27 11.41 - -
5 1,000 132,00 0,00 - 31.06 - -
6 1,000 33,00 0,00 40.18 -1.26 11.2 7.5
9 0.971 32.03 0.40 - - 29.5 16.6
10 0.968 31.94 0.01 - - 9.0 5.8
11 0.980 32.34 -0.13 - - 3.5 18
12 0.983 32.43 -0.91 - - 6.1 1.6
13 0.977 32.24 -0.90 - - 135 5.8
14 0.954 31.47 -1.34 - - 14.9 5.0
WTG 1.000 0.69 36.1 50.0 12.35 - -

From the grid summary of the modified IEEE 14-bus system during the grid-connected
mode, it is observed that the total generation is 88.91 MW + 53.56 Mvar (103.8 MVA)
as given in Table 3.16. The load demand is 87.7 MW + 44.1Mvar (98.16 MVA), and the
transmission line losses are 1.21 MW + 9.46 Mvar (9.54 MVA). The sum of the active
power are Y Pg;= Py + Ppsses =87.7+1.21 =88.91 MW , and reactive power are

YQc = Q + Quosses = 44.1+9.46 = 53.56 Mvar.
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Table 3.16: Grid summary of the modified IEEE 14-bus system with an additional DG during
grid-connected mode

Generation 88.91 53.56
Load 87.7 44.1
Line losses 1.21 9.46

3.3.2 Islanded mode of operation

This section examines the balanced load flow results of the modified IEEE 14-bus
system with an additional DG during the islanded mode with the circuit breakers at the
PCC in the open position, as shown in Figure 3.7. The loading of Gen_0006 decreased
from 111.0% to 51.0% with the added DG during the islanded mode.

The voltage profile of the modified IEEE 14-bus system is provided in Table 3.17. The
voltage deviation from the load flow results is within the +10% tolerance according to

the voltage limit given in the IEEE 141 standard (IEEE 141, 1993). The voltage at

391 _ 0.958p.u.

Bus_0009 is Yactual —
14 33

base

Table 3.17: Bus voltage results of the modified IEEE 14-bus system with an additional DG
during islanded mode

| Grid: Grid System Stage: Grid

| Study Case: 81 - Load Flow Case Origin| Annex:

| nom.V Bus - voltage Voltage - Deviation [%] |

| [Vl [p.u.l [k¥] [deg] 18 -5 8 45 +18 |

|Bus_e8ed |

132,88 8,008 8,88 8,08 —
| Bus_e8es |
132,80 @,800 e,e8 8,00 |

|Bus_paas |

| 33,88 1,000 33,88 8,08 |

|Bus_B@aa |

IB o010 33,88 9,958 31,81 1,82 ——| |
us_|

IB o011 33,88 @,957 31,59 8,51 — |
us_|

IB ots 33,80 @,975 32,17 8,12 — |
us

IB sots 33,ea 9,982 32,40 -9,88 —| |
us_|

IB - 33,80  ©,975 32,18 -9,82 —] |
us_|

| 33,08 9,946 i, -8,98 ——

| Bus_WTG |

| 0,69 1,000 8,69 36,71 |
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Figure 3.7: Load flow results of the modified IEEE 14-bus system with an additional DG
during islanded mode

From Table 3.18, the load flow results are as follows:
Gen_0006 supplies a power of 39.11 MW + 32.71 Mvar (50.99 MVA) at a power factor

of 0.767 lagging. The WTG supplies a power of 50.00 MW + 18.78 Mvar (53.41) at a
power factor of 0.9362 lagging.

Table 3.18: Load flow results of the modified IEEE 14-bus system with an additional DG during

islanded mode

4 B - - . . . .
5 B - - . . . .
6 1,000 33,00 0,00 39.11 32.71 11.2 7.5
9 0.958 31.61 1.02 - - 29.5 16.6
10 0.957 31.59 0.51 - - 9.0 5.8
11 0.975 32.17 0.12 - - 35 18
12 0.982 32.40 -0.88 - - 6.1 1.6
13 0.975 32.18 -0.82 - - 13.5 5.8
14 0.946 31.20 -0.98 - - 14.9 5.0

WTG 1.000 0.69 36.71 50.0 18.79 - -
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From the grid summary of the modified IEEE 14-bus system during the grid-connected
mode, it is observed that the total generation is 89.11 MW + 51.49 Mvar (102.92 MVA)
as given in Table 3.19. The load demand is 87.7 MW + 44.1Mvar (98.16 MVA), and the
transmission line losses are 1.41 MW +7.39 Mvar (7.52 MVA). The sum of the active
power are Y Pg= P, + Py =87.7+1.41=89.11 MW , and reactive power are
Y Q¢ = Q; + Qiosses = 44.1+7.39 = 51.49 Mvar.

Table 3.19: Grid summary of the modified IEEE 14-bus system with an additional DG during

islanded mode

Generation 89.11 51.49
Load 87.7 44.1
Line losses 1.41 7.39

3.4

Gen_0006 is voltage controlled, ensuring that the voltage at Bus_0006 remains at
1.00£0.00 p.u. for both grid-connected and islanded modes of operation. The added
DG improved to overall reliability of the modified IEEE 14-bus system. The loading for
the 100 MVA synchronous generator decreased from 74.3 to 40.2% during the grid-
connected mode, and from 111.0 to 51.0% during islanded mode. The voltage at
Bus_0009 increased from 0.921 to 0.971 during the grid-connected mode, and from
0.824 to 0.958 during islanded mode and is within the allowed tolerance of £10% as
per the IEEE 141 standard.

Short-circuit study of the modified IEEE 14-bus network

A fault current in a power system is caused by insulation failure disrupting the normal
flow of current. Different types of faults can be divided into symmetrical and

asymmetrical faults as shown in Figure 3.8.

Three-phase faults are known as symmetrical faults. Symmetrical faults are fault
currents that are equal in magnitude and are phased-displaced 120° apart from each
other. These types of faults are the most severe but rarely occur in power systems (2-
3% of faults). Most faults that occur in power systems are single line-to-ground faults
(Blackburn and Domin, 2014)

The following types of faults can be classified as asymmetrical faults:

e Single line-to-ground: 70-80% of faults
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e Line-to-line: 8-10% of faults
e Double line-to-ground: 10-17% of faults (Blackburn and Domin, 2014).

The method of symmetrical components is used to analyse three-phase systems during
power-unbalanced conditions such as phase-to-ground faults. Symmetrical

components are divided into the following sequence components:

e Positive-sequence components
e Negative-sequence components

e Zero-sequence components

Only three-phase faults are considered for the study of the modified IEEE 14-bus
system during the DIgSILENT simulations. The single phase-to-ground fault are
simulated during the hardware-in-the-loop (HIL) protection testing in Chapter 5. The

fault currents are calculated according to the IEC 60909 standard.

B . L3
L2 . ke -

IEC

Figure 3a - Three-phase short circuit Figure 3b - Line-to-line short circuit
N G e B B -
L el Ll Tl

<+  —f= <+ —=

——— Short-circuit current —=—— Partial short-circuit currents
in conductors and earth return

IEGC

Figure 3c - Line-to-line short circuit with earth Figure 3d - Line-to-earth short circuit
connection

Figure 3.8: Different types of short-circuit currents in power systems (IEC 60909-0, 2016)
Three-phase, short-circuit currents are calculated for the following two network

topologies:

e Grid-connected mode of operation
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e |slanded mode of operation

Three-phase, short-circuit currents are calculated for close-in faults at each circuit
breaker. This is calculated at 1% and 99% of the line length. The maximum fault current
contribution from each 2.5 MW, Type 4 WTG is limited t0 1.5 X laed (3.1378 kA per
WTG at 0.69 kV) due to the power electronics converter (Nelson, 2012), (Walling,
Gursoy, and English, 2011). The short-circuit MVA for the grid is 10000 MVA at the 132
kV bus (IEC 60076-5, 2005), while the c-factor is 1.10 p.u. at 132 kV (IEC 60909, 2016).

3.4.1 Short-circuit study for the modified IEEE 14-bus system during grid-connected

mode

Figure 3.9 and Table 3.20 shows the three-phase short-circuit currents at each bus.
The installed circuit breakers must be designed to withstand the three-phase short-
circuit currents at each bus. The three-phase short-circuit currents measured at 1%
and 99% of the line length are provided in Table 3.21. The fault currents are applied on
the line as close as possible to the CTs (1% and 99% of line length) to represent the
close-in and far bus fault currents. The far bus fault currents (three-phase fault at 99%
of line length) measured for each circuit breaker from Table 3.21 are used to calculate
the instantaneous overcurrent settings (ANSI 50) for each relay during the grid-

connected mode of operation.
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Figure 3.9: Results of short-circuit currents for 3ph faults at all busbars
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Table 3.20: Summary of short-circuit currents for 3ph faults at all busbars

4 11167.79 48.85 -84.25
5 11300.12 49.43 -84.39
6 1153.84 20.19 -87.15
9 569.75 9.97 -80.66
10 507.1 8.87 -77.81
11 523.71 9.16 -75.4
12 440.41 7.71 -68.75
13 604.65 10.58 -74.86
14 389.21 6.81 -72.57
WTG 333.43 278.99 -82.3

Table 3.21: Summary of three-phase fault currents at 1% and 99% of line length

Line_0006_0012 18.392 7.718
Line_0012_0013 7.698 10.492
Line_0006_0013 10.603 18.622
Line_0013_0014 10.445 6.803
Line_0009_0014 6.815 9.890
Line_0009_0010 9.952 8.879
Line_0010_0011 8.857 9.140
Line_0006_0011 9.187 18.548

From Table 3.20, it can be observed that the maximum three-phase fault in the 33 kV
distribution network occurs at bus no. 6. With a three-phase fault current of 20.19 kA,
the equipment needs to be designed to withstand a three-phase fault current of at least
21 kA for a duration of 1 s. The measured fault current at the far bus is used to calculate
the instantaneous overcurrent settings for the SEL-351 directional overcurrent relays

during the grid-connected mode.

Short-circuit study for the modified IEEE 14-bus system during islanded mode

Figure 3.10 and Table 3.22 show the three-phase short-circuit currents at each bus.
The three-phase short-circuit currents measured at 1% and 99% of the line length are
provided in Table 3.23. The fault currents are applied on the line as close as possible

to the CTs (1% and 99% of line length) to represent the close-in and far bus fault
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currents. The far bus fault currents (three-phase fault at 99% of line length) measured

for each circuit breaker from Table 3.23 are used to calculate the instantaneous

overcurrent settings (ANSI 50) for each relay during the islanded mode of operation.

The fault current contribution is less than that of the grid-connected mode of operation.
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Figure 3.10: Results of short-circuit currents for 3ph faults at all busbars

Table 3.22;: Summary of short-circuit currents for 3ph faults at all busbars

4 - R R
5 - - -
6 617.91 10.81 -87.14
9 291.06 5.09 -73.82
10 297.84 5.21 -74.22
11 355.66 6.22 -76.4
12 350.52 6.13 -73.81
13 425.14 7.44 -78.33
14 276.3 4.83 -73.18

WTG 226.95 189.9 -76.6
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Table 3.23: Summary of three-phase fault currents at 1% and 99% of line length

Line_0006_0012 10.675 6.140
Line_0012_0013 6.128 7.402
Line_0006_0013 7.452 10.743
Line_0013_0014 7.369 4.839
Line_0009_0014 4.830 5.083
Line_0009_0010 5.093 5.209
Line_0010_0011 5.215 6.204
Line_0006_0011 6.242 10.711

3.5

351

From Table 3.23, it can be observed that the maximum three-phase fault current is less
than compared to the results obtained during the grid-connected mode. The measured
fault current at the far bus is used to calculate the instantaneous overcurrent settings

for the SEL-351 directional overcurrent relays during the islanded mode.

Overcurrent coordination

Introduction

There are 16 SEL-351A directional overcurrent relays (DOCRs), one at each end of
the 8 transmission lines as shown in Figure 3.11. Because the fault current can flow in
either direction into the line, DOCRs are needed. The trip direction is normally into the
line where it is protected. The trip direction for all the protection relays is set in the
forward direction. The relay pairs will be considered by identifying the relays in the
clockwise and anti-clockwise loops as shown in Table 3.24. The modified IEEE 14-bus

system consists of 3 loops (Senarathna and Hemapala, 2020).
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Figure 3.11: Location of relays in the modified IEEE 14-bus system with DGs

Table 3.24: Identification of the relay pairs for the modified IEEE 14-bus system (Senarathna
and Hemapala, 2020)

| Backuprelay |

R1 R5

1 R3 R1

R5 R3

R6 R16

R8 R6

5 R10 R8

Clockwise R12 R10

R14 R12

R16 R14

R6 R3

3 R1 R14
All other relay pairs for loop no. 3 have already

been identified.

R2 R4

1 R16 R2

R4 R16

R5 R7

R15 R5

5 R13 R15

Anti-clockwise R11 R13

R9 R11

R7 R9

R15 R2

3 R4 R7
All other relay pairs for loop no. 3 have already

been identified.
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Faults that occur within the transmission line should be cleared as fast as possible to
enhance the transient stability of the system and minimise voltage disturbances. The
overcurrent settings of the protection relays should ensure selective coordination. The
objective would be to ensure that the protection settings allow the relays to operate as
fast as possible for a fault that occurs in the primary zone and allow a sufficient time
delay for faults that occur in backup zones. Where coordination is not possible, either
a compromise must be made, or a pilot protection scheme must be implemented. The
pickup current setting (51P) should be set to approximately 125 to 150% of the short-
time maximum load (Istm) to avoid unnecessary operation during short-time transients
with inverse characteristic curves. The Istw is the current that the circuit is required to
carry during emergencies or unusual operating conditions, such as an adjacent circuit
that is disconnected from the network. The instantaneous overcurrent setting (50P)
must be set between 110 and 130% of the maximum far bus fault current (Irs) and
should operate with no intentional time delay in the order of 0.02 to 0.05 s. A
coordination time interval (CTI) of 0.2 to 0.5 s is frequently used (Blackburn and Domin,
2014). The recommended minimum CTI allowed between the primary and backup
protection relays is 0.20 s as shown in Table 3.25 (IEEE 242, 2001).

Table 3.25: Recommended minimum CTI for protection relays (IEEE 242, 2001)

Circuit breaker opening time 0.08s 0.08s
Relay overtravel 0.10s 0.00s

Relay tolerance and CT error 0.12s 0.12s
Total CTI 0.30s 0.20s

The operating time for the relay characteristics curves can be calculated by using the

following expression:
kB

1 a

G) -1

where:

t = + L Equation 3.13

t = relay operating times (s)

k = time dial or time multiplier setting
| = fault current (A)

Is = pickup current setting (A)

L = constant
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The constants a and B determine the slope of the relay characteristics. The values of
a, B and L for the various standard relay overcurrent types are given in Table 3.26
according to the IEEE C37.112 and IEC 60255-151 standards.

Table 3.26: IEEE and IEC constant for standard overcurrent relays (IEC 60255-151,
2009), (IEEE C37.112, 2018)

Moderately inverse IEEE 0.02 0.0515 0.114

Very inverse IEEE 2.0 19.61 0.491

Extremely inverse IEEE 2.0 28.2 0.1217
Standard inverse IEC 0.02 0.14 0
Very inverse IEC 1.0 13.5 0
Extremely inverse IEC 2.0 80.0 0

A combination of an inverse definite minimum time (IDMT) and instantaneous
overcurrent relays is considered for all relays where possible. Using the high set
instantaneous overcurrent element reduces the tripping time at high fault currents. It
also improves the overall system grading by allowing the discrimination curves behind

the high set instantaneous elements to be lowered (Alstom, 2011).

The IEC standard inverse characteristics curve will be used for the phase time-
overcurrent setting. The instantaneous overcurrent is a definite time that is set at 0.05
s. A ratio of 1000/1 A is considered for all the current transformers (CTs). The
coordination study of the primary relay, R1 and its backup relays, as well as the primary

relay, R14 with its backup relay, is considered for case studies 1 and 2.

3.5.2 Case Study 1: Overcurrent coordination for the grid-connected mode of
operation

Relay R1 measures a current of 144 A during normal operation, and the lstvis 363 A.
A pickup current of 550 A (approximately 1.5 x lsrm) is selected for the phase
overcurrent (51P) setting. Relay R1 measures a far bus fault current of 4536 A. A
pickup current of 5670 A (1.25 x Irs) is selected for the instantaneous overcurrent
setting (50P). During a close-in fault at Bus_0006 and Line_0006_0012, the primary
relay R1 measures a 3-ph fault current of 18062 A. The 67P1 element initiates a trip at
a time of 0.05 s. The backup relay, R5, measures a 3-ph fault current of 971 A and

initiates a trip at a time of 9999.999 s (no trip). There is a loss of coordination between
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relay R1 and relay R5. The backup relay, R14, measures a 3-ph fault current of 2001
A and initiates a trip at a time of 0.257 s. This gives a CTI of 0.257 — 0.05 = 0.207 s.
Figure 3.12 and Table 3.27 show the measured fault currents and tripping times for
relays R1, R5 and R14.

125 =071,008 pri A =2001,207 pri A =18062,139 pri A
sl

1,00 ‘
0,75

14 RS

1 - IEC Class A (Standard Inverse) IC1 - IEC Class A (Standard Inverse)

Ipset: 0,40 sec A pset: 0,74 sec. A
[pset 0,06 [Tpset: 0,05

ripping Time: 0,257 s [Tripping Time: 9999 999 s

0,50 \ \
\ 02575

0,25

0.00 . . . I S I
33,00kV 100 1000 100000

Bus_0006\Cub_1'\R1
Bus_0011\Cub_2\R14

10000
Bus_0013\Cub_2\R5

Figure 3.12: TCC for the primary relay R1 and backup relays R5 and R14

Table 3.27: Summary of tripping times during a close-in fault at Bus_0006 and
Line_0006_0012

21 51P 18062.14 0.159
67P1 18062.14 0.050
as 51P 971.01 9999.999
67P1 971.01 9999.999
51P 2001.21 0.257
R14
67P1 2001.21 9999.999

Relay R14 measures a current of 159 A during normal operation, and the Istwis 267 A.
A pickup current of 400 A (approximately 1.5 x Istm) is selected for the phase

overcurrent (51P) setting. Relay R14 measures a far bus fault current of 2067 A. A
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pickup current of 2580 A (approximately 1.25 x Igg) is selected for the instantaneous

overcurrent setting (50P). During a close-in fault at Bus_0011 and Line_0006_0011,

the primary relay R14 measures a 3-ph fault current of 3535 A. The 67P1 element

initiates a trip at a time of 0.05 s. The backup relay R12 measures the same 3-ph fault
current of 3535 A and initiates a trip at a time of 0.277 s. This gives a CTI of 0.277 —
0.05 = 0.227 s. Figure 3.13 and Table 3.28 show the measured fault currents and

tripping times for relays R14 and R12. The summary of the protection settings for all

the identified relay pairs are shown in Table 3.29, whereas Table 3.30 provides the

summary of all the measured fault currents and tripping times during the grid-connected

mode.
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Figure 3.13: TCC for the primary relay R14 and backup relay R12

Table 3.28: Summary of tripping times during a close-in fault at Bus_0011 and
Line_0006_0011

51P 3535.27 0.189
R14

67P1 3535.27 0.050

51P 3535.27 0.277
R12

67P1 3535.27 9999.999
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Table 3.29: Summary of protection settings during grid-connected mode

51P 0.55 0.08 IEC Std Inverse Forward
s 67P1 5.67 0.05 Definite time Forward
51P 0.55 0.05 IEC Std Inverse Forward
e 67P1 OFF OFF OFF OFF
51P 0.37 0.06 IEC Std Inverse Forward
e 67P1 2.23 0.05 Definite time Forward
51P 0.37 0.13 IEC Std Inverse Forward
s 67P1 4.14 0.05 Definite time Forward
51P 0.74 0.05 IEC Std Inverse Forward
© 67P1 1.38 0.05 Definite time Forward
51P 0.45 0.07 IEC Std Inverse Forward
e 67P1 3.76 0.05 Definite time Forward
51P 0.45 0.06 IEC Std Inverse Forward
" 67P1 251 0.05 Definite time Forward
51P 0.50 0.05 IEC Std Inverse Forward
e 67P1 2.20 0.05 Definite time Forward
51P 0.50 0.08 IEC Std Inverse Forward
e 67P1 4.82 0.05 Definite time Forward
51P 0.41 0.10 IEC Std Inverse Forward
R0 67P1 7.03 0.05 Definite time Forward
51P 0.41 0.07 IEC Std Inverse Forward
R 67P1 OFF OFF OFF OFF
51P 0.30 0.10 IEC Std Inverse Forward
e 67P1 4.46 0.05 Definite time Forward
51P 0.30 0.16 IEC Std Inverse Forward
e 67P1 4.13 0.05 Definite time Forward
51P 0.40 0.06 IEC Std Inverse Forward
e 67P1 2.58 0.05 Off Off
51P 0.40 0.10 IEC Std Inverse Forward
e 67P1 7.08 0.05 Definite time Forward
51P 0.74 0.09 IEC Std Inverse Forward
o 67P1 8.63 0.05 Definite time Forward
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Table 3.30: Summary of relay tripping times during grid-connected mode

R1 R5 18.062 0.971 0.05 9999.999 No trip
R1 R14 18.062 2.001 0.05 0.257 0.207
R2 R4 3.256 3.256 0.193 0.409 0.216
R3 R1 4.461 4.461 0.05 0.262 0.212
R4 R7 8.732 1.975 0.05 0.280 0.230
R4 R16 8.732 6.757 0.05 0.279 0.229
R5 R3 3.712 1.739 0.05 0.267 0.217
R5 R7 3.712 1.987 0.05 0.279 0.229
R6 R3 8.436 1.723 0.05 0.269 0.219
R6 R16 8.436 6.734 0.05 0.279 0.229
R7 R9 3.807 3.807 0.05 0.270 0.220
R8 R6 2.967 2.967 0.05 0.255 0.205
R9 R11 8.166 2.663 0.05 0.257 0.207
R10 R8 7.280 1.740 0.05 0.277 0.227
R11 R13 3.279 3.279 0.231 0.457 0.226
R12 R10 5.581 5.581 0.05 0.261 0.211
R13 R15 5.584 5.584 0.05 0.259 0.209
R14 R12 3.535 3.535 0.05 0.277 0.227
R15 R2 16.487 0.263 0.05 9999.999 No trip
R15 R5 16.487 1.027 0.05 9999.999 No trip
R16 R2 17.526 0.234 0.05 9999.999 No trip
R16 R14 17.526 2.016 0.05 0.256 0.206

3.5.3

Case study 2: Overcurrent coordination study for the islanded mode of

operation

Both the 100 MVA synchronous generator and 50 MW wind farm are in operation during
the islanded mode of operation. The output from the DGs is provided in Table 3.18.
Relay R1 measures a current of 146 A during normal operation, and the Istwis 384 A.
A pickup current of 580 A (approximately 1.5 x Isrm) is selected for the phase
overcurrent (51P) setting. Relay R1 measures a far bus fault current of 3624 A. A

pickup current of 4530 A (1.25 x Irs) is selected for the instantaneous overcurrent

79




setting (50P). During a close-in fault at Bus_0006 and Line_0006 0012, the primary
relay R1 measures a 3-ph fault current of 10528 A. The 67P1 element initiates a trip at
a time of 0.05 s. The backup relay R5 measures a 3-ph fault current of 374 A and
initiates a trip at a time of 9999.999 s. There is a loss of coordination between relay R5
and relay R1. The backup relay R14 measures a 3-ph fault current of 792 A and initiates
a trip at a time of 0.569 s. This gives a CTI of 0.569 — 0.05 = 0.519 s. Figure 3.14 and
Table 3.31 show the measured fault currents and tripping times for relays R1, R5 and
R14.
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Figure 3.14: TCC for the primary relay R1 and backup relays R5 and R14

Table 3.31: Summary of tripping times during a close-in fault at Bus_0006 and
Line_0006_0012

21 51P 10528.05 0.164
67P1 10528.05 0.050
a5 51P 373.55 9999.999
67P1 373.55 9999.999
51P 792.37 0.569
R14
67P1 792.37 9999.999
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Relay R14 measures a current of 201 A during normal operation, and the Istuis 288 A.

A pickup current of 430 A is selected for the phase overcurrent (51P) setting. Relay

R14 measures a far bus fault current of 815 A. A pickup current of 1020 A

(approximately 1.25 x Igg) is selected for the instantaneous overcurrent setting (50P).

During a close-in fault at Bus_0006 and Line 0006 0011, the primary relay R14

measures a 3-ph fault current of 1827 A. The 67P1 element initiates a trip at a time of

0.05 s. The backup relay R12 measures the same 3-ph fault current of 1827 A and

initiates a trip at a time of 0.291 s. This gives a CTI of 0.291 — 0.05 = 0.241 s. Figure

3.15 and Table 3.32 show the measured fault currents and tripping times for relays R14

and R12. The summary of the protection settings for all the identified relay pairs are

shown in Table 3.33, whereas Table 3.34 provides the summary of all the measured

fault currents and tripping times during the islanded mode.
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Figure 3.15: TCC curves for the primary relay R14 and backup relay R12

Table 3.32: Summary of tripping times during a close-in fault at Bus_0011 and

Line_0006_0011

51P 1826.99 0.238
R14

67P1 1826.99 0.050
R12 51P 1826.99 0.291
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67P1 1826.99 9999.999

Table 3.33: Summary of protection settings during islanded mode

51P 0.58 0.07 IEC Std Inverse Forward
s 67P1 4.53 0.05 Definite time Forward
51P 0.58 0.05 IEC Std Inverse Forward
s 67P1 OFF OFF OFF OFF
51P 0.41 0.09 IEC Std Inverse Forward
e 67P1 1.63 0.05 Definite time Forward
51P 0.41 0.12 IEC Std Inverse Forward
s 67P1 3.27 0.05 Definite time Forward
51P 0.74 0.05 IEC Std Inverse Forward
© 67P1 OFF OFF OFF OFF
51P 0.45 0.07 IEC Std Inverse Forward
e 67P1 3.12 0.05 Definite time Forward
51P 0.45 0.07 IEC Std Inverse Forward
" 67P1 1.48 0.05 Definite time Forward
51P 0.56 0.07 IEC Std Inverse Forward
e 67P1 1.87 0.05 Definite time Forward
51P 0.56 0.06 IEC Std Inverse Forward
e 67P1 2.96 0.05 Definite time Forward
51P 0.57 0.06 IEC Std Inverse Forward
R0 67P1 OFF OFF OFF OFF
51P 0.57 0.06 IEC Std Inverse Forward
i 67P1 OFF OFF OFF OFF
51P 0.44 0.06 IEC Std Inverse Forward
e 67P1 2.30 0.05 Definite time Forward
51P 0.44 0.13 IEC Std Inverse Forward
e 67P1 3.42 0.05 Definite time Forward
51P 0.43 0.05 IEC Std Inverse Forward
e 67P1 1.02 0.05 Definite time Forward
51P 0.43 0.09 IEC Std Inverse Forward
e 67P1 5.52 0.05 Definite time Forward
51P 0.74 0.07 IEC Std Inverse Forward
e 67P1 6.29 0.05 Definite time Forward
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Table 3.34: Summary of tripping times for relays during islanded mode

R1 R5 10.528 0.374 0.05 9999.999 No trip
R1 R14 10.528 0.792 0.05 0.569 0.519
R2 R4 2.570 2.570 0.232 0.449 0.217
R3 R1 3.567 3.567 0.05 0.265 0.215
R4 R7 6.115 1.165 0.05 0.510 0.460
R4 R16 6.115 4.950 0.05 0.253 0.203
R5 R3 2422 1.269 0.292 0.551 0.259
R5 R7 2422 1.166 0.292 0.510 0.218
R6 R3 6.184 1.263 0.05 0.554 0.504
R6 R16 6.184 4.936 0.05 0.253 0.203
R7 R9 2.347 2.347 0.05 0.289 0.239
R8 R6 2.463 2.463 0.05 0.283 0.233
R9 R11 3.591 2.279 0.05 0.299 0.249
R10 R8 2.794 1.482 0.260 0.499 0.239
R11 R13 2.718 2.718 0.265 0.491 0.226
R12 R10 2.482 2.482 0.05 0.281 0.231
R13 R15 4.364 4.364 0.05 0.266 0.216
R14 R12 1.827 1.827 0.05 0.291 0.241
R15 R2 9.896 0.102 0.05 9999.999 No trip
R15 R5 9.896 0.397 0.05 9999.999 No trip
R16 R2 10.302 0.085 0.05 9999.999 No trip
R16 R14 10.302 0.788 0.05 0.575 0.525

3.6 Conclusion

This chapter focused on the modelling and simulation of the microgrid system in the
DIgSILENT simulation environment. The 33 kV distribution part of the modified IEEE
14-bus system is considered a case study, with an additional DG added to improve the

reliability of the system during the islanded mode of operation.

DIgSILENT was used for the load flow analysis, calculating short-circuit currents and

protection coordination study of the IEEE 14 bus system. Because the fault current can
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flow in either direction through the line, DOCRs are needed. The trip direction of the
DOCRs is into the line that is protected. There are 16 SEL-351 DOCRs added to the
network to protect each end of the 8 transmission lines. The calculated settings ensure

sufficient coordination between the primary and backup relays.

The change in the network topology from a grid-connected mode to an islanded mode
of operation causes miscoordination between the primary and backup relays without
the implementation of adaptive protection. Both grid-connected and islanded modes of
operation were considered for the coordination study. A CTI of at least 0.20 s was
achieved between most primary and backup relay pairs for both network topologies.
The loss of coordination between the primary and backup relays occured when the

backup relay's measured fault current was below the relay's pickup current setting.
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CHAPTER 4

MODELLING OF THE MICROGRID SYSTEM IN RSCAD SIMULATION ENVIRONMENT

4.1

Introduction

The Real-Time Digital Simulator (RTDS) utilises hardware and software components
to simulate the power system in real-time. Engineers can configure the power system
using the Real-Time Simulator Computer-Aided Design (RSCAD) software. RSCAD
allows for detailed modelling of generators, transformers, transmission lines, and
renewable energy sources. The performance of a power system can be evaluated
using RSCAD under various operating conditions and disturbances. Engineers can
connect actual equipment to the simulator and test protection, control, and power
system components using the hardware-in-the-loop (HIL) feature of RSCAD,
providing an accurate representation of the power system (RTDS manual, 2022).
This chapter aims to demonstrate the real-time simulation of the modified IEEE 14-
bus system by incorporating distributed generators (DGs). The analysis contributes
to a better understanding of how DGs can be integrated into power systems to

provide improved overall reliability.

Section 4.2 of this chapter focuses on the detailed modelling of the modified IEEE
14-bus network in the RSCAD software. The configuration of the power system

components in the RSCAD dratft is as follows:

4.2.1 Synchronous generator

4.2.2 Voltage source

4.2.3 Wind turbine

4.2.4 Permanent magnet synchronous generator (PMSG)
4.2.5 Power electronics converter circuit

4.2.6 Transformers

4.2.7 Transmission lines

Section 4.3 of this chapter focuses on the simulation of the modified IEEE 14-bus
network in theRSCAD runtime. The real-time simulation investigates the wind turbine
generators (WTG) response to steady-state and transient conditions during a three-
phase fault. Additionally, the output power of the WTG is evaluated at various wind

speed conditions.
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4.2 Modelling of the modified IEEE 14-bus system in RSCAD

The network is divided into two subsystems, as shown in Figure 4.1. This is due to the
network's scale and processing cards' capabilities. Subsystem 1 (Rack 1) represents
the 33 kV distribution network of the modified IEEE 14-bus system and Subsystem 2
(Rack 2) represents the 50 MW wind farm.

50MW Wind Farm

: | s
100MVA Generator ;I - &

; @ E ‘; @ i Subsystem #2

Subsystem #1 ;(l_) kQ'”

Figure 4.1: Modified IEEE 14-bus system modelled in RSCAD

The additional DG consists of a 50 MW wind farm. The draft components for the 50
MW wind farm are shown in Figure 4.2. This includes the wind turbine, PMSG, AC-
DC- AC converter, step-up transformer, and all the controls associated with these

components.
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Figure 4.2: 50 MW wind farm model in RSCAD
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The parameters for the modified IEEE 14-bus system are given in Tables 4.1 to 4.4.

Table 4.1: Transformer parameters

Trf_0005_0006

100

132/33

YNynO

0.25202

Trf_0004_0009

100

132/33

YNynO

0.55618

Table 4.2: Load parameters

Load_0006 11.2 7.5
Load_0009 29.5 16.6
Load_0010 9 5.8
Load 0011 3.5 1.8
Load_0012 6.1 1.6
Load 0013 135 5.8
Load_0014 14.9 5
Table 4.3; Transmission line parameters

Line_0006_0011 33 1.0343322 0.0068947
Line_0006_0012 33 1.3384899 0.0088674
Line_0006_0013 33 0.7203735 0.0045157
Line_0009_0010 33 0.3464109 0.0029291
Line_0009_0014 33 1.3842279 0.0093724
Line_0010_0011 33 0.8935245 0.0066579
Line_0012_0013 33 2.4058188 0.0069286
Line_0013_0014 33 1.8614277 0.0120638

The reactance for the transmission lines in the modified IEEE 14-bus system is given

in per-unitvalues. Series inductance values are required for the configuration of RLC

models in RSCAD. The series inductance is calculated using equations 4.1 to 4.3.

k2 (33)?

b ™ mva, ~ 100

Xactual = Xpu X Xp

=10.89 Q
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4.2.1 Modelling of the source

The parameters for the voltage source are given in Table 4.4 . The short-circuit MVA
rating is 10000 MVA at 132 kV (IEC 60076-5: 2006). The X/R ratio is 10.

Table 4.4: Voltage source parameters

SRC_0004,
SRC_0005

R-R//L 132 50 1.7424 84.2894

The following formula calculates the positive sequence impedance and phase angle:

_ kv? (132)?
~ MVAg,, 10000

Z, =1.7424Q

& = tan~! (10) = 84.2894°

4.2.2 Modelling of the synchronous generator

The synchronous generator operates at synchronous speed and is controlled by the
grid’s frequency. The speed of the synchronous generator is determined by the
frequency of the rotating field and the number of pole pairs of the rotor. The 100 MVA
synchronous generator model is depicted in Figure 4.3. This includes a IEEE Type 1
excitation system and TGOV1 governor. The parameters for the general model
configuration are shown in Table 4.5, while the configuration for the generator d-axis
and g-axis reactance values are given in Table 4.6. The rotor has two axes of
mechanical rectangular symmetry called the g-axis and the d-axis. The d-axis is the axis
from the axial center point in the pole direction, while the g-axis is the axis from the axial
center point in the direction 90° leading the d-axis (Hase, Khandelwal and Kameda,
2019). The configuration of the excitation system and governor draft component are
shown in Appendix A.

89



BLISEx1

|EEE Type 1

Exritation
System
Ef Wpu
BUS_0005
10 7 10
A5 HE
EkG WiHBD ————
¥ | i

o
=4
=3

TGOV
Gowvernar,/Turbine

BUISEx1

Figure 4.3: Modelling of 100 MVA synchronous generator in RSCAD

Table 4.5: Generator parameters

Gen006 100 33 50

Table 4.6: Configuration of the electrical parameters for the generator model

Xa Stator leakage reactance 0.15 p.u.
Xd D-axis: Unsaturated reactance 1.50 p.u.
Xd’ D-axis: Unsaturated transient reactance 0.30 p.u.
Xd” D-axis: Unsaturated sub-transient reactance 0.20 p.u.
Xq Q-axis: Unsaturated reactance 1.00 p.u.
Xq' Q-axis: Unsaturated transient reactance 0.30 p.u.
Xq” Q-axis: Unsaturated sub-transient reactance 0.20 p.u.
Ra Stator resistance 0.01 p.u.
TdO’ D-axis: Unsaturated transient open T constant 6.5 S
Td0” D-axis: Unsaturated sub-transient open T constant 0.05 S
TqO’ Q-axis: Unsaturated transient open T constant 0.50 S
Tq0” Q-axis: Unsaturated sub-transient open T constant 0.05 S
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4.2.3 Modelling of the wind turbine

The wind turbine and the pitch angle control in RSCAD is shown in Figure 4.4. If the
power generated is less than the nominal value, the ideal pitch angle is set to zero
to optimise turbine power generation. The blades are pitched to limit the rotor speed
and the power extracted from the wind when the wind speed exceeds the nominal

value. A proportional controller is used to allow for a slight overspeed above the
nominal value of the turbine.

Pitch control angle

Odeg ~ 36deg
/36 0 G=1
- J 200 I > L ©
SPDLim i N _/ f 14T WT1PitchDeg
b T=06sec
0.0 -5.0
WT1SPDPU Rate Limiter
PITCH
G=1 WIND mys ﬁ \I; WT1PitchDeg
o G ESPEED
WindSPD T1-+4ST T 1Vwind WT1sPDPU
b —csec [ toraue
WT1TmechPU
WT1

Figure 4.4; Modelling of the wind turbine in RSCAD

The 2.5 MW wind turbine data are configured as shown in Table 4.7. The power
rating are set to 2.5 MVA for the generator (GR) and 2.5 MW for the wind turbine (TR).
The generator speed, WR, is set at 1.0 p.u. Therefore, the rotor speed is the same
as the synchronous speed of the machine. The wind turbine modelin RSCAD uses

the per-unit value for torque calculation. The coefficient data for the wind turbine is
shown in Table 4.8.

Table 4.7: Configuration of the wind turbine

GR Rated generator power 2.5 MVA

TR Rated turbine power 2.5 MW

WR PU generator speed @ rated turbine speed 1.0 p.u.
WSR Rated wind speed 12 m/s
WSCI Cut-in wind speed 6 m/s
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Table 4.8: Configuration of coefficient data for the wind turbine (Youness et al., 2019)

cl Cp (Imda, Beta) 0.5176
c2 cl(c2 * Imdai — c3 * Beta - c4) 116
c3 Exp(-c5 * Imdai) + c6 * Imda 0.4
c4 5
c5 Imdai = (1/(Imda + 0.08*Beta)) 21
c6 (0.035/(Beta*3 + 1) 0.0068

4.2.4 Modelling of the permanent magnet synchronous generator

The permanent magnet synchronous generator (PMSG) has a wound stator while the rotor is
provided with a permanent magnet pole system. The use of a permanent magnet excitation
system requires the use of a full-scale power electronics converter to adjust the generators
voltage and frequency to match the voltage at the point of coupling (POC) (Letcher et al.,
2023). The PMSG model in RSCAD is shown in Figure 4.5. The digital input “MOD” specifies
the operation mode of the machine. If MOD = 0, then the machine operates in lock mode, and
the speed of the machine is controlled by the input control signal “W”. If MOD = 1, then the
machine operates in free mode, and the mechanical torque is controlled by the input signal
“Tm”. The PMSG is integrated with a conventional three-phase full-bridge active rectifier or
VSC.

(tisc_PMSM WT 1Maching

Lul
LOCKFR  [AT1 TmechFU

u]
LCKSPDFUx

Figure 4.5: PMSG model in RSCAD
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The time-domain modelling of the PMSG is based on the dqO theory. The d-q model
for the PMSG is shown in Figure 4.6. The dynamic equations for the operation of the

PMSG are presented in a synchronous rotating reference frame (d-q) as follows:

e Stator voltages:

Ve = R, igg+ %_ w, P, Equation 4.4
. dy, .
Veg = Ry igg+ d_tq_ w, P, Equation 4.5
e Stator fluxes:
Ya= Ly igq+ ¥ Equation 4.6
Y= Ly iy Equation 4.7

Where:

Yq, YPq is the d-q axis flux in Wh,
isa, Isq IS the d-q stator current in A,

Lg, Lg is the d-q inductance in H.

+
vsd Vsq qulf Cf)

Figure 4.6: d-g equivalent circuit of the PMSG in the synchronous reference frame (Youness et
al., 2019)

The PMSG model in RSCAD is configured as shown in Table 4.9. These parameters
describe the electrical transient behaviour of the machine. The rating of the generator
is 2.5 MVA. The mechanical parameters describe the mechanical dynamics of the
machine. The constant for the rotational inertia expressed in megawatt seconds of

stored energy at the rated speed per MVA of generator rating is set at 3.5 MW/MVA.
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Table 4.9: Configuration of the PMSG electrical and mechanical parameters

VIl_rms Rated RMS line-to-line voltage 0.69 kv
Srated Rated MVA of the machine 25 MVA
Fb Rated frequency of the machine 12 Hz
Xlspu Stator leakage reactance 0.1 p.u.
Xmdpu D-axis unsaturated magnetic reactance 0.35 p.u.
XIDpu D-axis damper leakage reactance 0.05 p.u.
Xmqgpu Q-axis magnetising reactance 0.4 p.u.
XIQpu Q-axis damper leakage reactance 0.045 p.u.
Rspu Stator resistance 0.01 p.u.
RDpu D-axis damper resistance 0.035 p.u.
RQpu Q-axis damper resistance 0.028 p.u.
PsiMpu Magnetic strength 1.0 Norm
H Inertia constant 3.5 MWs/MVA

D Frictional damping 0.0 pu/pu

4.2.5 Modelling of the converter circuits

The converters in the PMSG WTG are used to transmit full-scale power from the
generators to the AC grid. The PMSG is integrated into the AC grid with a pulse with
amodulation-voltage source consisting of a two-level output voltage (2 L-PWM-VSC).
The 2 L-PWM-VSC is configured as a back-to-back converter with a DC link between
the 2 L-VSC, as shown in Figure 4.7 (Blaabjerg and lonel, 2017).

2L-VSC 2L-VSC

T It 1=06

Grid sidé

Generator
side OI ol

............................................................

Figure 4.7: Two-level voltage source converter in a back-to-back configuration (Blaabjerg and
lonel, 2017)
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The generated current references are compared to the measured current in the d-q
frame at the generator-side controls. The signals are fed through PI controllers to
generate a voltage reference for the generator model. The grid-side converter is
controlled by a d-q reference frame that rotates with the grid voltage. The current
measured by the controller regulates the real power transferred to the grid by

maintaining the DC-link voltage (Blaabjerg and lonel, 2017).

The active rectifier controls the voltage, current, and frequency signal outputs from the
PMSG.The control for the VSC is implemented in the direct-quadrature (d-q) reference
frame to simplify the control scheme needed. The time-varying inductances of the AC
source are converted to a DC command. This allows the use of a simple linear
compensator such as the proportional-integral (PI) or proportional-integral-derivative
(PID) (Bansal et al., 2017).

The grid-side converter comprises an AC inductor, an AC capacitor, and a DC
capacitor. The AC inductor suppresses the AC ripple and filters out switching
harmonics along with the AC capacitor. The grid-side controller regulates the AC
voltage at the 0.69 kV bus connected to the machine-side converter. The VSC
converter controls both reactive power (or AC voltage) and active power (or DC
voltage). By controlling the VSC terminal voltages at the AC grid, a current controller

can regulate the VSC output currents.

In the d-g frame control of a grid-connected VSC system, it is feasible to achieve
instantaneous independent regulation of the active and reactive power transferred
between the VSC system and the AC system. The power control block diagram in the
d-q frame for a grid-connected two-level voltage source converter demonstrates how
the d-axis current control enables grid active power control, while the g-axis current

control facilitates grid reactive power control.

In addition, the control variables are DC quantities during steady-state conditions. The
control of real and reactive power in a grid-imposed VSC system can be achieved
through voltage mode control or current-mode control. In a voltage-controlled VSC
system, the phase angle and amplitude of the VSC AC-side terminal voltage relative to
the PCC voltage govern real and reactive power respectively. The voltage mode control
is less complicated because of a lower number of control loops. Current-mode control
involves regulating the VSC line current with a dedicated current control scheme
through the VSC AC-side terminal voltage; thereafter, real and reactive power is

managed by adjusting its phase angle and amplitude of the VSC line current concerning

95



the PCC's voltage. Thus, due to the current regulation scheme, the VSC system is

protected against overcurrent conditions (Yazdani and Iravani, 2010).

The parameters for the grid-side and machine-side converters are configured as
shown in Table 4.10. The logic that is modelled in RSCAD for the inner and outer
control loops is shown in Appendix B.

Table 4.10: Configuration of the power electronics converter (Yazdani and Iravani, 2010)

(RSCAD manual, 2022)

Indac The inductance of AC reactor 120x106 H
Resac Resistance of AC reactor 1.0x106 ohms
Capufd The capacitance of each DC capacitor 35000.0 uF
Capres Resistance in series with each DC capacitor 0.0 ohms
Rvlon Valve ON resistance 0.0001 ohms
Rvlof Valve OFF resistance (block mode) 100x106 ohms
Snbc Snubber series capacitance (block mode) 0.01 MF
snbr Snubber series resistance (block mode) 1.0x104 ohms

4.2.6

Modelling of transformers

The transformers are connected back-to-back to step up the voltage level from the
WTG to the grid. The transformers between the grid-side converter and the scaling
transformer at the PCC are used to increase the voltage from 690 to 11000 V. The
parameters for the transformer are configured as shown in Table 4.11. The scaling
transformer at the PCC is used to increase the voltage from 11 to 33 kV. The

parameters for the transformer are configured as shown in Table 4.12.

Table 4.11: Configuration of the parameters for the transformer between the grid-side converter

and the scaling transformer at the PCC

vwit Rated winding 1 RMS voltage 11 kv
vw2t Rated winding 2 RMS voltage 0.398372 kv
MVA Rated 1-phase transformer MVA 0.83333 MVA
frqt Transformer base frequency 50 Hz
rput Total winding resistances 0.001 p.u.
xput Total winding reactances 0.1 p.u.
mglsl Winding 1 magnetising losses 0.00001 p.u.
mgls2 Winding 2 magnetising losses 0.00001 p.u.
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Table 4.12: Configuration of the parameters for the scaling transformer at the PCC

vtpri Rated primary RMS voltage 19.0526 kv

vtsec Rated secondary RMS voltage 11 kv
TMVA Rated transformer MVA 0.83333 MVA
fregb Base frequency 50 Hz

trpos Leakage resistance 0.001 p.u.
txpos Leakage reactance 0.1 p.u.

4.2.7 Modelling of the transmission line

The transmission line model is used to connect subsystems 1 and 2. Travelling-wave
models represent the transmission lines in RSCAD. RSCAD supports two types of
travelling-wave models: Bergeron and frequency-dependent phase. The Bergeron
model is selected, as shown in Figure 4.8, considering a line length of 15 km. The
Bergeron model is a lossless line with resistances lumped together at terminals and
the centre of the line. The line length of 15 km is classified as a short transmission

line. The configuration of the transmission line parameters in Tline is shown in

Appendix C.
o Component Parameters for If_rtds_sharc_sld_TL16CAL O X
If_rtds_sharc_sld_TL16CAL 0
Name Description Value Unit Min  Max
CONFIGURATION
Name T-LINE / CABLE Name: TLINE
EROLESOR ASSISNMENT Dnm1 T-Line Constants Data name: 33kv Omit xxx

OPTIONS WHEN USING BERGERON DATA  cntyp -- Find T-Line Constants of type: Bergeron ~ ]

AUTO-NAMING SETTINGS pptline Frequency Dependant Preprocessor Line? %
lcon Show component icon as Large = ‘
elimCrtLlag  Eliminate 1 dt lag in monitored currents \ No e ‘

dataType ~ SUBSTEP ONLY: Tline parameters are from file or local:

oK Cancel ‘ ‘ Cancel All

Bt

Figure 4.8: Configuration of the transmission line model

97



@ Component Parameters for If_rtds_sharc_sld_TL16CAL O X
If_rtds_sharc_sld_TL16CAL 0
Name Description Value Unit Min Max
CONFIGURATION
rdData  Read line constants from: tlo/clo -
PROCESSOR ASSIGNMENT

notel Toggle rdData to tlo/clo if TlineV2 used

OPTIONS WHEN USING BERGERON DATA note2  TlineV2 line constants are stored in .tlo file

AUTO-NAMING SETTINGS pp_var  Variable Name or Number for % length 100.0 % 0.0 100.0
hmnpp  To calculate line length use: \ (pp_var)% '»‘
frepi Force use of P| Section model ? \ No - ‘
alwpi If Travel T < T Step, allow PI model ? i No N ‘
raistt If Travel T < T Step and No P, then: \ ERROR = ‘

OK ‘ Cancel ’ Cancel All |

Figure 4.9: Configuration of the Bergeron data of the transmission line model

4.3 50 MW type 4 wind turbine simulation results

This section presents the type 4 PMSG wind turbine simulation results in RSCAD
runtime and describes the scaling factors to increase the output power of the wind
turbine. Transformer scaling can increase the output power from the transformer at
the PCC hy the scaling factor. The scaling factor can be dynamically adjusted in
RSCAD Runtime using the scale slider, as shown in Figure 4.10. The scaling factor
is adjusted to 20. The active output power of the wind turbine is increased 20 times
the actual rating, i.e. 2.5 MW x 20 = 50 MW.

Only asingle WTG’s controls is needed when using the transformer scaling feature. This
simplifies the network when compared with aggregation models. The WTG can be

easily scaled and integrated into the AC network.

The scaling factor will change the parameters needed while ensuring the following
criteria (RTDS manual, 2022):

e Maintain the AC grid strength,
e Maintain the per-unit impedance for the AC-side filter,

e Maintain the holding-up time for the DC capacitance.
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Figure 4.10: Sliders for configuration of the WTG scale in RSCAD Runtime

The control preferences and wind speed must be set before running the simulation.
The wind speed is initially set to 12 m/s. After the simulation runs, the Start and DBIk
push buttons, as shown in Figure 4.11, need to be pressed. The DBIk push-button is

used to deblock the converters, while the Blk push-button blocks the converters.

Start DBk Bk
0 0 0

Start DeBlk Blk

Figure 4.11: Push buttons in RSCAD Runtime

4.3.1 Case Study 1: PMSG wind turbine simulation at a wind speed of 12 m/s

The WTG’s active and reactive power, as well as AC and DC voltages, are shown in Figure
4.12. The wind turbine’s active is 2.500 MW at a speed of 720.0 rpm (1.000 p.u.). The
PMSG supplies an active power of 2.500 MW. The measured DC voltage at the AC-DC-
AC converter is 1.199 kV. The active and reactive power at the grid side of the converter
is 2.46 MW, and 0.6788 Mvar, respectively. This gives a power factor of 0.964 lagging.
The loss through the back-to-back converter is 0.04 MW (1.60%). The active power
supplied from the step-up transformer is 2.457 MW. After applying the scaling factor of 20,

the wind farm supplies a total active power of 49.02 MW.
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Figure 4.12: Power output from WTG during the runtime simulation at a wind speed of 12 m/s

The measured voltages and currents at the grid side of the converter are shown in
Figure 4.13. WF1VGA, WF1VGB, and WF1VGC represent the measured three-
phase voltages at WF1Bus1 on the HV side of the scaling transformer at the PCC.

The measured voltages are 18.3847 kV. The per-unit voltage is calculated as follows:

33
Vbase (rms) = \/_E =19.0526 kV

Vactuar  18.3847
Viase  19.0526

=0.9649 p.u.

WF1IGA, WF1IGB, and WF1IGC represent the measured three-phase currents from
the output of the scaling transformer at the PCC. The measured current is 0.8944 KA.

The apparent power is calculated as follows:
S=3:Vyy I, =3-(18.3847)(0.8944) = 49.3298 MVA

WF1VtriSecA, WF1VirlSecB, and WF1VtriSecC represent the measured three-
phase voltages at WF1Bus2 between the step-up transformer at the grid-side converter
and the scaling transformer at the PCC. The measured voltage is 6.21 kV. The per-unit

voltage is calculated as follows:

11
Vbase (rms) — \/_g =6.3509 kV

v — Vactual — 6.21
PY " Vpuse  6.3509

=0.9778p.u

WF1VconlA, WF1VconlB, and WF1VconlC represent the measured three-phase
voltages at WF1Bus3 between the grid-side converter and the step-up transformer.

The measured voltage is 0.3987 kV. The per-unit voltage is calculated as follows:

100



0.69
Viase rms) = ﬁ = 0.3984 kV

o Vactua _ 0.3987
pu — -
Viase  0.3984

=1.0008p.u

WF1lconlA, WFliconlB, and WF1lconlC represent the measured three-phase
currents measured through the step-up transformer. The measured currents are
2.1383 kA. WF1llconlTA, WF1llconlTB, and WF1conlTC represent the measured
three-phasecurrents measured through the converter. The measured currents are
2.1267 kA. The apparent power and power factor at the step-up transformer is

calculated as follows:

s=,(P?2+ Q) =./(2.46% + 0.67882) = 2.5519 MVA

Poon  2.46
S ~ 2.5519

pf = = 0.964 lagging

The measured voltages and currents on the machine side of the converter are shown
in Figure 4.14. WT1VdcBusl1 is the measured DC voltage between the AC-DC-AC
converter.The measured value is approximately 1.2 kV. WT1lcon2TA, WT1lcon2TB,
and WT1lcon2TC represent the measured three-phase currents going into the
machine side of the converter. The measured current is 2.1568 kA. WT1lIstatA,
WTllIstatB, and WT1StatC represent the stator current of 2.157 kA. WT1VstatTAB,
WTl1statTBC, and WT1statTCA represent the line-to-line stator voltage of 0.8306 kV.

The per-unit voltage is calculated as follows:

Vaerwar  0.8306
V,, = - ~1.2037 p.
T Y T 7069 p-u
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Figure 4.13: Measured voltages and currents at the grid side of the converter during start-up
and steady-state conditions at a wind speed of 12 m/s
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Figure 4.14: Measured voltages and currents at the machine side of the converter during start-
up and steady-state conditions at a wind speed of 12 m/s

4.3.2 Case Study 2: PMSG wind turbine simulation at a wind speed of 9 m/s:

The WTG’s active and reactive power, as well as AC and DC voltages, are shown in Figure
4.15. The wind turbine’s active is 1.055 MW at a speed of 540.0 rpm (0.750 p.u.). The
PMSG supplies an active power of 1.055 MW. The measured DC voltage at the AC-DC-
AC converter is 1.199 kV. The active and reactive power at the grid side of the converter
is 1.036 MW, and 0.1495 Mvar, respectively. This gives a power factor of 0.9898 lagging.
The loss through the back-to-back converter is 0.019 MW (1.80%). The active power
supplied from the step-up transformer is 1.036 MW. After applying the scaling factor of 20,

the wind farm supplies a total active power of 20.68 MW.
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Figure 4.15: Output power from WTG during the runtime simulation at a wind speed of 9 m/s

The measured voltages and currents at the grid side of the converter are shown in
Figure 4.16. The measured voltages for WF1VGA, WF1VGB, and WF1VGC are

18.8829 kV. The per-unit voltage is calculated as follows:
33
Vbase (rms) = \/_E =19.0526 kV

_ Vocua _ 18.8829
PY T Yuse  19.0526

4 =0.9911p.u.

The measured currents for WF1IGA, WF1IGB, and WF1IGC are 0.3668 kA. The

apparent power is calculated as follows:

§=3V,,-I,, = 3-(18.8829)(0.3668) = 20.7787 MVA

The measured voltages for WF1VitrlSecA, WF1VirlSecB, and WF1VirlSecC are

6.3212 kV. The per-unit voltage is calculated as follows:

_ Victuar _ 6.3212
PY T Vypuse  6.3509

=0.9953p.u

The measured voltages for WF1VconlA, WF1VconlB, and WF1VconlC are 0.3984

kV. The per-unit voltage is calculated as follows:

_ Vaceuar _ 0.3984
PY T Vpse  0.3984

=1.0000p.u

The measured currents for WF1lconlA, WF1lconlB, and WF1conlC are 0.8767 KA,
while the currents for WF1lconlTA, WF1llconlTB, and WF1conlTC are 0.8779 KA.
The apparent power and power factor at the step-up transformer is calculated as

follows:

104
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Figure 4.16: Measured voltages and currents at the grid side of the converter for a wind speed
of 9m/s

4.3.3 Case Study 3: PMSG wind turbine simulation at a wind speed of 6 m/s:

The WTG’s active and reactive power, as well as AC and DC voltages, are shown
in Figure 4.17. The wind turbine’s active power is 0.3125 MW at a speed of 360.0
rpm (0.500 p.u.). The PMSG supplies an active power of 0.3121 MW. The

measured DC voltage at the AC-DC-AC converter is 1.200 kV. The active and
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reactive power at the grid side of the converter is 0.2552 MW, and 0.1078 Mvar,
respectively. This gives a power factor of 0.964 lagging. The loss through the
back-to-back converter is 0.057 MW (18.23%). The active power supplied from the
step-up transformer is 0.2551 MW. After applying the scaling factor of 20, the wind

farm supplies a total active power of 5.061 MW.

WT1 wvac Mindex1 DEwt DER. 2 | Mingex2 Vst Speed |p Pilch [deg F51 [HZ]
[ Ratscaks ] Lgiscale 1.000 0.9415| @ @& (08153 o.s‘mal 0.000 | 6.000

[ 1.125 [0.01912

33kV:11kV 11kV:0.89kV
rrr
(Q @ i 18.24
MainBrk MainBrk \ /

(PG| 501 [P o || Gl opt || wrrpm I
Pe [pu] Plur Of wr [r]
5.081 0.2551 0.1078 || 0.2552 1,200 0.3121 0125 | 0.3125 || 1.000 || 360.0

«—

Figure 4.17: Power output from the WTG during the runtime simulation at a wind speed of 6 m/s

The measured voltages and currents at the grid side of the converter are shown in
Figure 4.18. The measured voltages for WF1VGA, WF1VGB, and WF1VGC are

18.8983 kV. The per-unit voltage is calculated as follows:

Vactua _ 18.8983
Viase 19.0526

Vpu = =0.9919p.u.

The measured currents for WF1IGA, WF1IGB, and WF1IGC are 0.0978 kA. The

apparent power is calculated as follows:
§=3Vpp Iy, =3-(18.8983)(0.0978) = 5.5448 MVA

The measured voltages for WF1VtrlSecA, WF1VitrlSecB, and WF1VirlSecC are

6.3238 kV. The per-unit voltage is calculated as follows:

Vaceuar _ 6.3238
Vyase  6.3509

Vou = =0.9957p.u
The measured voltages for WF1VconlA, WF1VconlB, and WF1VconlC are 0.3985

kV. The per-unit voltage is calculated as follows:

Vactuat _ 0.3985

- = 1.0003 p.
Vimee _ 0.3984 p-u

Vou =
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Figure 4.18: Measured voltages and currents at the grid side of the converter for a wind speed
of 6 m/s

The measured currents for WF1lcon1lA, WF1lconlB, and WF1conlC are 0.2321 kA,
while the currents for WF1lconlTA, WF1lconlTB, and WF1conlTC are 0.2421 KA.
The apparent power and power factor at the step-up transformer is calculated as

follows:

s=.(P?2+ Q2?) =./(0.25522 + 0.10782) = 0.277 MVA

P.n 0.2552 .
pf = s - 0277 — 0.9213 lagging
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4.3.4 Power output from WTG at various wind speeds

The real and reactive power output from the WTG for a wind speed ranging
from 3 m/s to 25 m/s is shown inf Table 4.13. The real and reactive power at

a wind speed of 12 m/s are 2.460 MW and 0.6788 Mvar, respectively.

Table 4.13: Power output from WTG at various wind speeds

3
4 0.0923 0.0293 0.1257 0.5374
5 0.1813 0.1209 0.1168 2.373
6 0.3121 0.2552 0.1078 5.061
7 0.4939 0.4439 0.1031 8.837
8 0.7417 0.7126 0.1126 14.21
9 1.055 1.036 0.1495 20.68
10 1.445 1.428 0.2323 28.50
11 1.927 1.900 0.3916 37.90
12 2.500 2.460 0.6788 49.02
13 2.632 2.586 0.7604 51.54
14 2.724 2.676 0.8234 53.31
15-25 2.750 2.702 0.8421 53.82

From Figure 4.19, the following can be observed from the power curve at various

wind speeds:

e The cut-in wind speed is at approximately 4 m/s. This is the minimum wind speed at

which the wind turbine can deliver useful power.

e The rated wind speed is at 12 m/s. This is the wind speed at which the rated power

from the wind turbine is obtained.

e The cut-out wind speed is at 25 m/s. This is the maximum wind speed at which the

wind turbine is allowed to deliver mechanical power.
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Figure 4.19: Wind turbine power curve for the 2.5 MW WTG

4.3.5 Short-circuit analysis of the WTG in RSCAD runtime

The voltages and currents at the grid side of the converter for a three-phase fault
at the point of connection (POC) are shown in Figure 4.20. The measured currents
for WF1VGA, WF1VGB, and WF1VGC are 1.2809 kA. The measured voltages at
WF1GA, WF1GB, and WF1GC decreases from 18.3847 kV to 0.6025 kV for the

duration of the fault. The per-unit fault current is calculated as follows:

Irqu: _ 1.2809

I, = -
P Isteady—state 0.8944

=1.4321p.u.
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Figure 4.20: Output voltages and currents at the grid side of the converter during a three-phase
fault at the POC

4.4 Conclusion

This chapter focused on the modelling and simulation of the modified IEEE 14-bus
system in real-time using RSCAD software, a suite of RTDS. The network is divided
into two subsystems. Subsystem 1 represents the modified IEEE 14-bus system,
while subsystem 2 represents the 50 MW wind farm. The two subsystems are linked

together through a transmission line model.

The 50 MW wind farm comprises of 20 x 2.5 MW type 4 WTGs. The type 4 WTG
comprises a PMSG with a full-scale back-to-back converter. For simplicity, only one
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2.5 MW WTG was modelled in RSCAD and increased to 50 MW output using the

scaling functionality.

The voltages and currents were investigated for steady-state conditions at various
wind speeds. Additionally, the short-circuit current during a three-phase fault was
also investigated during the RSCAD runtime simulation.

The hardware-in-the-loop (HIL) platform is developed in the next chapter to by
interfacing the external SEL-351A directional overcurrent relays with the modified
IEEE 14-bus system modelled in RSCAD.
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CHAPTER 5

HARDWARE-IN-THE-LOOP SIMULATION OF PROTECTION FUNCTIONAL TESTING

51

FOR GRID-CONNECTED AND ISLANDED MODES OF OPERATION

Introduction

Real-time simulators utilise dedicated parallel processing hardware to perform
simulations in real-time, which allows external equipment to be connected to the
simulated network in the form of hardware-in-the-loop (HIL) testing. Advancements in
real-time simulation technology have significantly enhanced the efficiency and reliability
of HIL testing, establishing it as an essential tool for verifying complex systems and
equipment (Sidwall and Forsyth, 2020). A HIL platform is developed to evaluate the
proposed protection scheme, thus ensuring validation of protection and control

functionality before field implementation (Penthong et al., 2023).

A laboratory-scale test bench is developed for HIL protection testing using a real-time
digital simulator (RTDS) and SEL-351A directional overcurrent relays, as depicted in
Figure 5.1. The power amplifiers increase the voltages and currents from the RSCAD
simulation to an appropriate level for the SEL-351A relays. The trip signals from the
SEL-351A relays are sent back to the RTDS through the digital interface front panel to
open the circuit breaker models in the RSCAD simulation. This configuration

allows a closed-loop interface between the RTDS simulator and the external SEL

relays, known as HIL testing.

This chapter investigates the fault events obtained during HIL testing for both grid-
connected and islanded modes of operation. The development and implementation of

HIL protection testing are divided into the following sections:

5.2 Configuration of SEL-351A directional overcurrent relays

5.3 Modelling of RSCAD components

5.4 Hardware-in-the-loop simulation
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5.2

Amplifiers
Relay 1
RTDS CMS 156 Analog SEL-351A

GTAO Analog low-

i level signal o
Relay 14
CMS 156 Analog SEL-351A

Trip signal
GTFPI

! Digital 1/0 (OUT103)

Digital I/0 Trip signal

(OUT102)

%

Power system
modelled in RSCAD

Figure 5.1: Lab-scale test bench setup to demonstrate HIL testing

Configuration of the SEL-351A direction overcurrent relays with AcSELerator
Quickset

The relay settings calculated during the DIgSILENT PowerFactory simulations are the
phase overcurrent (50P) and phase time overcurrent (51P) settings for the SEL-351A
relays. These settings are used for the configuration of the relays during HIL testing.
The primary relay, R1, and the backup relay, R14, are considered for the relay pair, as
highlighted in Figure 5.2. The neutral overcurrent (50N) settings were calculated from
the measured single-phase-to-ground fault during the RSCAD runtime
simulation. Tables 5.1 and 5.2 show the settings for relays R1 and R14 in the grid-

connected and islanded modes of operation, respectively.

The SEL-351A relays are configured using the AcSELerator Quickset software. The
first step is to establish communication between the host computer and the SEL-351A
relays. All IEDs are connected to the network via the SEL-2725 Ethernet switch. The

Windows command prompt can ping the IP addresses of the IEDs connected to the

network and verify the communication, as shown in Figure 5.3.
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According to Gers and Holmes (2022), the neutral time-overcurrent (51N) is typically
set at 20% of the phase time-overcurrent (51P) pickup setting. For R1, the 51N setting
is 110 A for the grid-connected mode and 116 A for the islanded mode. During the grid-
connected mode, R1 measures a far bus fault current (Ieg) of 3749 A, and during the
islanded mode, the fault current decreases to 2008 A. The instantaneous neutral
overcurrent (50N) is set at 125% of the Irs. For R1, the 50N setting is 4690 A for the
grid-connected mode and 2510 A for the islanded mode. For R14, the 51N setting is
80 A for the grid-connected mode and 86 A for the islanded mode. During the grid-
connected mode, R14 measures a far bus fault current (Irg) of 1522 A, whereas during
the islanded mode, the fault current decreases to 806 A. For R14, the 50N setting is
1900 A for the grid-connected mode and 1010 A for the islanded mode. The selected

time multiplier setting (TMS) for R14 allows a coordination time interval (CTI) of 0.207

s and 0.229 s for the grid-connected and islanded modes, respectively.

Table 5.1: Relay settings for the grid-connected mode (setting group 1)

51P 0.55 0.08 C1 (Standard inverse) Forward
50P1 5.67 0.05 Definite time Forward
i 51N 0.11 0.05 C1 (Standard inverse) Forward
50N1 4.69 0.05 Definite time Forward
51P 0.40 0.06 C1 (Standard inverse) Forward
50P1 2.58 0.05 Definite time Forward
e 51N 0.08 0.11 C1 (Standard inverse) Forward
50N1 1.900 0.05 Definite time Forward
Table 5.2: Relay settings for the islanded mode (setting group 2)
51P 0.58 0.07 C1 (Standard inverse) Forward
50P1 4.53 0.05 Definite time Forward
i 51N 0.116 0.05 C1 (Standard inverse) Forward
50N1 2.510 0.05 Definite time Forward
51P 0.43 0.05 C1 (Standard inverse) Forward
50P1 1.02 0.05 Definite time Forward
e 51N 0.086 0.09 C1 (Standard inverse) Forward
50N1 1.010 0.05 Definite time Forward
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Table 5.3: Equations for IEC curves (IEC 60255-151, 2009), (SEL-351A Instruction Manual, 2022)

0.14
C1 (Standard inverse) t=TD- (W)
13.5
C2 (Very inverse = . (—)
(Very ) t=TD- (=7
C3 (Extremely inverse) t=TD ( 50 )
v R VVE
120
C4 (Long-time inverse) t=TD- (—)
M-1
. . 0.05
C5 (Short-time inverse) t=TD- (m)

The AcSELerator QuickSet is used to configure the programmable logic functions of

the SEL-351A relays using the Relay Word Bits and SELOGIC control equations. The

phase and neutral ground overcurrent pickup elements are mapped to the output

contact equation OUT101. The trip logic equation from OUT102 is assigned to relay 1,

whereas the trip logic equation from OUT103 is assigned to relay 14. The output

contact equations for OUT102 and OUT103 are as follows:

51PT + 67P1T + 51INT + 67N1T

Equation 5.1

The logic diagram for the output contact equation for OUT102 is shown in Figure 5.4,

B |
(ST

Figure 5.4: Logic diagram for the OUT102 trip logic equation

The description for the relays Word Bits from Equation 5.1 is given in Table 5.4.

Table 5.4: Description of relay Word Bits

51PT Phase time-overcurrent element timed out

67P1T Level 1 phase definite-time overcurrent element timed out
5INT Neutral ground time-overcurrent element timed out

67N1T Level 1 neutral ground definite-time overcurrent element timed out




5.3  Configuration of the circuit breaker control and fault logic in RSCAD

The secondary currents from CT1 are measured by relay 1, and the secondary currents
from CT2 are measured by relay 14, as shown in Figure 5.5. The trip signal from relay

1 controls circuit breaker BRK1, and the trip signal from relay 14 controls circuit breaker
BRK2.

Al
& )

il

BUS 0011

canirel PT
—_
LT

ko
g;xl

Figure 5.5: CTs, PTs, and circuit breakers in the RSCAD

5.3.1 Configuration of the GTAO card

The secondary currents from CT1 are connected to Inputs 1, 2, and 3 on the Gigabit
Transceiver Analogue Output Card (GTAO), and the secondary currents from CT2 are

connected to Inputs 7, 8, and 9 on the GTAO card, as shown in Figure 5.6. The
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secondary voltages from PT1 are connected to Inputs 4, 5, and 6 on the GTAO card,
and the secondary voltages from PT2 are connected to Inputs 10, 11, and 12 on the
GTAO card, as shown in Figure 5.6. The GTAO card’s digital-to-analogue (D/A) output
channels are configured as shown in Figure 5.7. The analogue output from the GTAO
card is connected to the Omicron CMS 156 amplifiers and has an output range of £10
V. The scale factor determines the GTAO channel’s output for a given floating-point
input. The scaling factor entered corresponds to a maximum 5 V output from the GTAO
card (i.e., half scale). The GTAO card’s scaling factor is configured as shown in Figure

5.8. The scaling factor for the current channels is calculated as follows:

5 (Volts Amps\ _ .
Sx (Amps) X5 (Volts) =1 Equatlon 5.2
~ 8, =25

The scaling factor for the voltage channels is calculated as follows:

5 (V"_“S) % 50 (""_"s) =1 Equation 5.3

E Volts Volts

~ S, =250

GIAOD

FOR GTAO |E i

-

IBURAY

CT1 \pure:

IBURCY

VBLYR/\l

PT1 veuRs!

VBURCY

o
IBURA2

CT2 |pure2

IBURC2

VBURA2

PT2 ypuRE2

VBURC1

ouTPUT TO

12 Channel GTAQ

Figure 5.6: GTAO card for CT and PT input signals
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@ Component Parameters for rtds_risc_ct_GTAOOUT O X

rtds_risc_ctl_GTAOOUT (2]
Name Description Value Unit Min Max
CONFIGURATION
enb1 Enable D/A channel Mo. 1 Yes -
ENABLE D/A CHANNELS enb2 Enable D/A channel No. 2 Yes -
D/A OUTPUT SCALING enb3 Enable D/A channel No. 3 Yes -

PROJECTION ADVANCE FACTORS enbd Enable D/A channel No. 4 No -

enb5 Enable D/A channel No. 5 No -
OVERSAMPLING FACTORS —
enb6 Enable D/A channel No. 6 No -
SRS AL A ST enb? Enable D/A channel No. 7 Yes -

AUTO-NAMING SETTINGS enb8 Enable D/A channel No. 8 Yes -

enb9 Enable D/A channel No. 9 Yes -

Figure 5.7: Configuration of the GTAO card digital to analogue output channels

@ Component Parameters for rtds_risc_ctl_ GTAQOUT O X
rtds_risc_ctl_GTAOOUT (7]
Name Description Value Unit  Min Max
CONFIGURATION

scll Chnl 1 Peak value for 5 Volts D/A out: 25 units  -1.0e6 1e6

ENABLE D/A OUTPUT CHANNELS
v scl2 Chnl 2 Peak value for 5 Volts D/A out: 25 units -1.0e6 1e6
D/A OUTPUT SCALING scl3 Chnl 3 Peak value for 5 Volts D/A out: 25 units  -1.0e6  1e6
PROJECTION ADVANCE FACTORS scl4 Chnl 4 Peak value for 5 Volts D/A out: 250 units -1.0e6 1eb
scl5 Chnl 5 Peak value for 5 Volts D/A out: 250 units -1.0eb 1eb

OVERSAMPLING FACTORS

sclb Chnl 6 Peak value for 5 Volts D/A out: 250 units -1.0e6 1eb
SIGNAL ALIGNMENT DELAY OPTION scl7 Chnl 7 Peak value for 5 Volts D/A out: 25 units  -1.0eb 1eb
AUTO-NAMING SETTINGS selgd Chnl 8 Peak value for 5 Velts D/A out: 25 units  -1.0e6 1eb
scl9 Chnl 9 Peak value for 5 Volts D/A out: 25 units  -1.0eé 1eb
scl10 Chnl 10 Peak value for 5 Volts D/A out: 250 units -1.0e6 1e6
scl11 Chnl 11 Peak value for 5 Volts D/A out: 250 units  -1.0eé  1e6
scl12 Chnl 12 Peak value for 5 Volts D/A out: 250 units -1.0e6 1e6

Figure 5.8: Configuration of the GTAO card digital to analogue scaling factors

5.3.2 Configuration of the GTFPI card

The Gigabit Transceiver Front Panel Interface Card (GTFPI) in RSCAD is shown in

Figure 5.9. The output from the GTFPI card is connected to a word-to-bit converter.

The word-to-bit converter is used to convert integer words to multiple logical signals.

The GTFPI card is configured as shown in Figure 5.10. The digital /O panel signals
119



are input-only, and the digital I/0O panel input signals (16-bit words) are not inverted.

The HV panel signals are not included in the HIL testing.

auT102
—
I'0 Panel
W
ju]
. i H
16 GITHPI In —I
Card =1 . |
Paort=1 !
t
o
A=
QUT103
Figure 5.9: GTFPI output logic in RSCAD
@ Component Parameters for _rtds_GTFPI_V2.def O X
_rtds_GTFPI_V2.def @
Name Description Value Unit Min Max
CONFIGURATION
Port GTIO Fiber Port Number 1 1 20
Card GTFPI Card Number (refer to on-board 7 segment card# display) 1 1 12
CardVersion  GTFPI| Card Version V1 ~
DIGEn Enable Digital I/O Panel Signals? Input-only -
Inv Invert Digital I/O Panel Input Signals (16 bit word) No ~
InitState Initial State of Digital 1/O Panel Input Channels 0000 hex 0000 FFFF
101sb Starting bit number for Digital Output Panel I 1 16
10bits Number of consecutive bits for Digital Output Panel 16 1 16
HVParel Include HV Panel Signals? No o
NUMHVinp  Number of HV Panel Inputs (HVPanel=Yes)
HVIsb Starting bit number for HV Panel Output L 1 16
HVbits Number of consecutive bits for HV Panel Output 16 1 16
InvHVinp Invert HV I/O Panel Input Signals
ctrlGrp Assigned Control Group 1 1 54
Pri Priority Level 4 1
Cancel Cancel All

Figure 5.10: GTFPI configuration in RSCAD

5.3.3 Circuit breaker control logic

The logic for circuit breakers 1 and 2 is developed in RSCAD, as shown in Figure

5.11. Circuit breaker 1 is controlled by the signal name BRK1, and circuit breaker 2 by

the signal name BRK2. Circuit breaker 1 is closed by pressing the BRK1CL push
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button, and circuit breaker 2 is closed by pressing the BRK2CL push button. Circuit
breaker 1 is opened by either the OUT102 signal from relay 1 or by pressing the
BRK1Op button. Both of these signals are connected to an OR gate. Circuit breaker 2
is opened by either the OUT103 signal from relay 14 or by pressing the BRK20p
button. Both of these signals are connected to an OR gate. When the input changes

from logical O to logical 1, the edge detectors give a single time-step pulse on the

output.
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Figure 5.11: Circuit breaker logic in RSCAD

The SR flip-flop logic needs to be configured as shown in Figure 5.12. The active input
signal is set high. Table 5.5 shows the truth table for the S-R flip-flop logic. The circuit
breaker logic uses a 40 ms time delay. The time delay corresponds to the operation

time of the circuit breaker at the moment of receiving the opening or closing signal.

@ Component Parameters for rtds_sharc_ctl_SRFF O X
rtds_sharc_ctl_SRFF o
. Name Description Value Unit Min Max
Configuration

ISTA Initial Condition | Q=1 7 |

NV Inputs Active | High - |

ctrlGrp  Assigned Control Group 1 1 54

Pri Priority Level 22 1

| ok || cancel || cancelan |

Figure 5.12: Configuration of the S-R Flip Flop logic
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Table 5.5: Truth table for Flip-Flop logic (Floyd, 2015)

0 0 Keep state Keep state
0 1 0 1
1 0 1 0
1 1 Keep state Keep state

5.3.4 Fault control logic

The fault control logic in RSCAD operates using the 8421 logic, as shown in Table
5.6. The FltType component is a seven-segment dial switch that selects the individual
line-ground fault during the RSCAD runtime. When the ApplyFIt button is pressed, the
output transitions from logical 0 to logical 1, triggering a fault event during the RSCAD

runtime. The fault duration during RSCAD runtime is determined by the FItDur slider.

Table 5.6: Truth table for 8421 BCD code (Floyd, 2015)

0 0 0 0 OFF OFF OFF
1 0 0 1 ON OFF OFF
2 0 1 0 OFF ON OFF
3 0 1 1 ON ON OFF
4 1 0 0 OFF OFF ON
5 1 0 1 ON OFF ON
6 1 1 0 OFF ON ON
7 1 1 1 ON ON ON
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Figure 5.13: Fault logic in RSCAD

Figure 5.14 shows the RSCAD runtime fault controls. This includes a dial switch, a
push button, and a slider. The dial switch, FltType, is set to position 1 for a single-
phase-to-ground fault and position 7 for a three-phase-to-ground fault. The FaultDur
slider is set to 0.2 s. The ApplyFIt push button initiates the fault during the RSCAD

runtime simulation.

FaukDur
©
0.82 0 |
0.84 -
.46 FRT
0.28 . ]we.
01 .
seconds *
0.2 :
E—————— | ? |

Figure 5.14: Fault controls in RSCAD Runtime

123



5.4 Hardware-in-the-loop (HIL) simulation

5.4.1 HIL testing for a three-phase fault during grid-connected mode

The ApplyFIt push button displayed in Figure 5.14 initiates a fault during the RSCAD
runtime simulation. Figure 5.15 displays the three-phase fault current measured by
CT1 and the circuit breaker control signals for relay 1. When the OUT102 output from
relay 1 is asserted, the BRK1 signal changes from logical 1 to logical O after a 40 ms
time delay. The steady-state measured current is 154.11 A. When circuit breaker 1 is
opened, the fault current is cleared. The RMS fault current is 16.563 kA, whereas the

peak fault current is:

I, = V2 I = V2 (16.563) = 23.424 kA
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Figure 5.15: Three-phase fault and circuit breaker control for relay 1 during grid-connected
mode
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The data from the sequential event recorder (SER) presented in Table 5.7 indicates
that the 50P1 element and OUT101 output of relay 1 are asserted at 629 ms, whereas
the 51P element is asserted at 634 ms. The 67P1T element and OUT102 output are
asserted at 694 ms. This gives a tripping time of 65 ms. The 67P1T element and
OUT102 output are de-asserted at 749 ms, whereas the 50P1 element is de-asserted
at 764 ms. The 51P element and OUT101 output are de-asserted at 774 ms.

Table 5.7: SER for relay 1 during a three-phase fault in grid-connected mode

629 50P1 Asserted
629 OuT101 Asserted
634 51P Asserted
694 67P1T Asserted
694 OouT102 Asserted
749 67P1T De-asserted
749 OouT102 De-asserted
764 50P1 De-asserted
774 51P De-asserted
774 OuT101 De-asserted

The event for relay 1 is shown in Figure 5.16. The measured three-phase fault currents

are as follows:

la=16563 A, Is = 17224 A, Ic = 16948 A

The 50P1 element is asserted at 629 ms based on the recorded event. The 67P1T
element and the TRIP signal are asserted at 694.016 ms. The tripping time is 694.016
- 629 = 65.016 ms. The fault current is cleared at 774 ms, while the TRIP signal is

maintained until the relay is reset through the HMI.

Figure 5.21 illustrates the measured three-phase fault current through CT2 and the
circuit breaker control signals for relay 14. The steady-state measured current is
272.63 A. Circuit breaker 2 does not trip during the fault event and continues to supply
the reduced load after relay 1 has cleared the fault. No event is recorded for relay 14

in the grid-connected mode.
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Figure 5.16: Event for relay 1 during a three-phase fault in grid-connected mode
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Figure 5.17: Three-phase fault and circuit breaker control for relay 14 during grid-connected
mode
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Table 5.8 presents data indicating that the 51P element and OUT101 output of relay
14 are asserted at 797 ms and then de-asserted at 937 ms after the fault current is

cleared by relay 1.

Table 5.8: SER for relay 14 during a three-phase fault in grid-connected mode

797 51P Asserted
797 OuUT101 Asserted
907 51P De-asserted
907 OuUT101 De-asserted
917 51P Asserted
917 OuUT101 Asserted
937 51P De-asserted
937 OuUT101 De-asserted

5.4.2 HIL testing for a three-phase fault during grid-connected mode and
maloperation of the primary relay

When the primary relay fails to operate, the backup relay should detect the fault and
isolate the faulted section from the rest of the network. To address this issue, it is
important to consider the coordination and operation of the protective relays and circuit
breakers. The time coordination between the relays controlling the circuit breakers is
crucial to ensuring that the circuit breaker closest to the fault location opens first. This
requires an adequate time interval between the relays that control the circuit breakers,
known as the coordination time interval (CTI) (Azizi, A., Vahidi, B., and Nematollahi, F.,
A., 2023). Furthermore, the primary and backup relays should be well coordinated to
ensure that only the primary relay trips first to isolate the faulted section of the system,
and the backup relay only operates if the primary relay fails to trip within the CTI (Park,
W. et al., 2011). By carefully coordinating the operation of the protective relays and

circuit breakers, the risk of miscoordination can be minimised.

When relay 1 fails to initiate a trip and open circuit breaker 1, relay 14 should detect
the fault, and circuit breaker 2 should be opened to isolate the fault. Figure 5.18
displays the three-phase fault current measured by CT2 and the circuit breaker control
signals for relay 14. Once the OUT103 output is asserted and the 40 ms time delay has
elapsed, the BRK2 signal changes from closed to open. The RMS fault current is 1.552

kA, whereas the peak fault current is:

I, = V2 Ips = V2-(1.552) = 2.195 kA
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The tripping time for relay 14 is calculated as follows:

0.14

-(0.06) = 0.306 s

The data from the SER presented in Table 5.9 indicates that the 51P element and
OUT101 output of relay 14 are asserted at 860 ms. The OUT103 and TRIP outputs are
asserted at 1180 ms. This gives a tripping time of 320 ms. The 51P element and
OUT101 output are de-asserted at 1260 ms, whereas the OUT103 output is de-

asserted at 1280 ms.
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Figure 5.18: Three-phase fault and circuit breaker control for relay 14 during grid-connected
mode and maloperation of relay 1

Table 5.9: SER for relay 14 during a three-phase fault in grid-connected mode and maloperation

of relay 1
860 51P Asserted
860 OuT101 Asserted
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870 51P De-asserted
870 OouT101 De-asserted
880 51P Asserted
880 OuT101 Asserted
1180 OuUT103 Asserted
1180 TRIP Asserted
1260 51P De-asserted
1260 OuT101 De-asserted
1280 OuUT103 De-asserted

The event for relay 14 is shown in Figure 5.19. The measured three-phase fault

currents are as follows:
In=1552 A, Ig = 1488 A, Ic = 1590 A

The 51P1 element is asserted at 860.011 ms based on the recorded event. The 51PT
element and the TRIP signal are asserted at 1180 ms. The tripping time is 1180 —
860.011 = 319.989 ms. The fault current is cleared at 1260 ms. The TRIP signal is

maintained until the relay is reset through the HMI.
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Figure 5.19: Event for relay 14 during a three-phase fault in grid-connected mode and

maloperation of relay 1
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5.4.3 HIL testing for a single-phase-to-ground fault during grid-connected mode

The single-phase-to-ground fault current measured through CT1 and the circuit breaker
control signals for relay 1 are shown in Figure 5.20. When the OUT102 output from
relay 1 is asserted, the BRK1 signal changes from logical 1 to logical O after a 40-ms
time delay. The fault current will be cleared once circuit breaker 1 is opened. The RMS

fault current is 13.619 kA, whereas the peak fault current is:

I, = V2 Ly = V2-(13.619) = 19.26 kA
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Figure 5.20: Single-phase-to-ground fault and circuit breaker control for relay 1 during
grid-connected mode

The SER data presented in Table 5.10 indicate that relay 1's 50N1 element and
OUT101 output are asserted at 140 ms. The 51N element is asserted at 145 ms. The

67N1T element and the OUT102 output are asserted at 190 ms. The tripping time is 50
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ms. The 50N1, 67N1T, and OUT102 outputs are deasserted at 260 ms, whereas the

51N element and OUT101 output are deasserted at 275 ms.

Table 5.10: SER for relay 1 during single-phase to ground fault in grid-connected mode

140 50N1 Asserted
140 OuT101 Asserted
145 51N Asserted
190 67N1T Asserted
190 OouT102 Asserted
260 50N1 De-asserted
260 67N1T De-asserted
260 ouT102 De-asserted
270 51N De-asserted
275 OuT101 De-asserted

The 50N1 element is asserted at 140 ms based on the recorded event. The 67N1T
element and OUT102 output are asserted at 190.141 ms. The tripping time is 190.141
— 140 = 50.141 ms. The fault current is cleared at 270.192 ms.

WA 705693 A n n B IA 1673584 | /) 2] ma |

A\ /\ /\/\/\/\[\
\ \ \

20000

0
" o y I’ \\ .” / \’t Il \‘t ll \ //
-10000 \j \ / \ U U V
-15000
-20000 [50.141 ms| —
100 ms 2:04:50.140000000 PM 2:04:50.190140527 PM 250 ms 300 ms
30 ~
B VA -0.199404 kv W VA -340684 kv B VA i
20 B VB 25.1886 kv B VB -249595 kv v
B VC 208653 kv B VC 19.8250 kv o o
10

kv
(=]
—r

30 [ Taer = 20450 PMt M Ns0141 ms] N

100 ms 2:04:50.140000000 PM 2:04:50.190140527 PM 250 ms 300 ms

50N1

67N1T

ouT102

Trer = 2:04:50 PM ‘ 50.141 ms‘ -

100 ms 2:04:50.140000000 PM 2:04:50.190140527 PM 250 ms 300 ms

Figure 5.21: Event for relay 1 during a single-phase-to-ground fault in grid-connected mode
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The measured single-phase-to-ground fault current through CT2 and the circuit breaker
control signals for relay 14 are shown in Figure 5.22. The BRK2 signal remains
unchanged at logical 1. Circuit breaker 2 does not trip during the fault event and
continues to supply the reduced load after relay 1 has cleared the fault. No event is
recorded for relay 14. The RMS fault current is 1.474 kA, whereas the peak fault current

is:

I, = V2 I = V2 (1.474) = 2.085 kA
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Figure 5.22: Event for relay 14 during a single-phase to ground fault in grid-connected mode

The information from the SER shown in Table 5.11, indicates that relay 14’s 51N

element and OUT101 output are asserted at 138 ms and then de-asserted at 258 ms.

132



Table 5.11: SER for relay 14 during a single-phase-to-ground fault in grid-connected mode

138 51N Asserted
138 OuT101 Asserted
258 51N De-asserted
258 OuT101 De-asserted

5.4.4 HIL testing for a three-phase fault during islanded mode

The measured three-phase fault current through CT1 and the circuit breaker control
output for relay 1 are depicted in Figure 5.23. The BRK1 signal changes from logical 1
to logical 0 once the OUT102 output is asserted and the 40 ms time delay has elapsed.
The steady-state measured current is 163.13 A. The fault current is cleared once circuit
breaker 1 is opened. The RMS fault current is 9.450 kA, whereas the peak fault current

is:

I, = V2 Lyps = V2-(9.45) = 13.364 kA
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Figure 5.23: Three-phase fault and circuit breaker control for relay 1 during islanded mode
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The information from the SER for relay 1 is shown in Table 5.12. The 50P1, 51P, and
OUT101 outputs are asserted at 172 ms. The 67P1T element and OUT102 output are
asserted at 237 ms. The tripping time is 65 ms. The 67P1T element and OUT102 output
are de-asserted at 297 ms, whereas the 51P element and OUT101 output are de-

asserted at 312 ms.

Table 5.12: SER for relay 1 during a three-phase fault in islanded mode

172 50P1 Asserted
172 51P Asserted
172 OuT101 Asserted
182 51P De-asserted
182 OuT101 De-asserted
187 OuT101 Asserted
192 51P Asserted
237 67P1T Asserted
237 OouT102 Asserted
297 67P1T De-asserted
297 OouT102 De-asserted
302 50P1 De-asserted
312 51P De-asserted
312 OuUT101 De-asserted

The event for relay 1 is shown in Figure 5.24. The measured three-phase fault currents

are as follows:

Ia=9450 A, Is = 9260 A, Ic = 9651 A

The 50P1 element is asserted at 172 ms based on the recorded event. The 67P1T
element and OUT102 output are asserted at 237 ms. The tripping time is 237 — 172 =
65 ms. The fault current is cleared at 312 ms. The TRIP signal remains asserted until

the relay is reset through the HMI.

Figure 5.24 illustrates the measured three-phase fault current through CT2 and the
circuit breaker control signals for relay 14. The steady-state measured current is
353.45 A. Circuit breaker 2 does not trip during the fault event and continues to supply
the reduced load after relay 1 has cleared the fault. No event is recorded for relay 14

in the islanded mode.
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Figure 5.24: Event for relay 1 during a three-phase fault in islanded mode
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Figure 5.25: Three-phase fault current and circuit breaker control for relay 14 during islanded
mode
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The information from the SER presented in Table 5.13 indicates that relay 14’s 51P

element and OUT101 output are asserted at 165 ms and then de-asserted at 305 ms.

Table 5.13: SER for relay 14 during a three-phase fault in islanded mode

165 51P Asserted
165 OuT101 Asserted
175 51P De-asserted
175 OuT101 De-asserted
185 51P Asserted
185 OuT101 Asserted
305 51P De-asserted
305 OuT101 De-asserted

5.4.5 HIL testing for a three-phase fault during islanded mode and maloperation of
the primary relay

When relay 1 fails to initiate a trip and open circuit breaker 1, relay 14 should detect
the fault, and circuit breaker 2 should be opened to isolate the fault. Figure 5.26
displays the three-phase fault current measured by CT2 and the circuit breaker control
signals for relay 14. Once the OUT103 output is asserted and the 40 ms time delay has
elapsed, the BRK2 signal changes from closed to open. The RMS fault current is 0.948

kA, whereas the peak fault current is:
I,= V21, = V2 (0.948) = 1.341 kA

The tripping time for relay 14 is calculated as follows:

t 0.14 (0.05) = 0.439
= ~axa00z 0.05)=0. s
(948 1

430

The information from the SER is shown in Table 5.14. The 51P element and OUT101
output are asserted at 913 ms. The OUT103 and TRIP outputs are asserted at 1393
ms. The tripping time is 480 ms. The 51P element and OUT101 output are de-asserted
at 1453 ms, whereas the OUT103 output is de-asserted at 1473.
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Figure 5.26: Three-phase fault and circuit breaker control for relay 14 during islanded mode
and maloperation of relay 1

Table 5.14: SER for relay 14 during a three-phase fault in islanded mode and with maloperation

of relay 1
[ Tmemsy ] Functon ] @ Swe |
913 51P Asserted
913 OuUT101 Asserted
1393 OuT103 Asserted
1393 TRIP Asserted
1453 51P De-asserted
1453 OuUT101 De-asserted
1473 OouT103 De-asserted

The event for relay 14 is shown in Figure 5.27. The measured three-phase fault

currents are as follows:

IAn=948 A, I =893 A, Ic =918 A
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The 51P element is asserted at 913.405 ms based on the recorded event. The 51PT
element and OUT103 output are asserted at 1393 ms. The tripping time is 1393 —
913.405 = 479.595 ms. The fault current is cleared at 1472.976 ms.
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Figure 5.27: Event for relay 14 during a three-phase fault in grid-connected mode and with
maloperation of relay 1

5.5 Conclusion

This chapter focused on the implementation of a laboratory-scale test bench to
demonstrate hardware-in-the-loop (HIL) testing by interfacing the SEL-351A directional

overcurrent relays with the RTDS. The SEL-351A relays were configured using
AcSELerator Quickset. The relay settings obtained during the DIgSILENT
PowerFactory simulations were used for the phase overcurrent and phase time-
overcurrent settings. The neutral ground overcurrent and neutral ground time-
overcurrent settings were calculated from the single-line-to-ground faults measured
during the runtime simulations. The circuit breaker control and fault logic were
developed in RSCAD. Three-phase and single-line-to-ground faults were investigated
for both grid-connected and islanded modes during the real-time simulation in the
RSCAD Runtime. The event files were downloaded from the SEL-351A relays and
analysed using SEL SynchroWAVE.
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The next chapter focuses on the implementation of the IEC 61850 GOOSE

communication protocol during HIL testing.
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6.1

6.2

CHAPTER 6

IMPLEMENTATION OF THE IEC 61850 STANDARD-BASED COMMUNICATION

Introduction

The IEC 61850 standard "communication networks and systems for power utility
automation" was developed to standardise the communication requirements for
information sharing and interoperability between intelligent electronic devices (IEDS)
from various vendors. The IEC 61850 is used for protection, automation, and control
within the substation. Within the IEC 61850 network, each physical device can contain
several logical devices, and each logical device can contain several logical nodes
(LNs). The GOOSE is used for transmitting critical events in real-time between two or

more IEDs using an Ethernet multicast (Bishop and Nair, 2022).

Implementation of the IEC 61850 GOOSE message for overcurrent protection schemes

in MGs has the following benefits:

e Fast fault detection and isolation

e Reduced complexity of protection coordination

e Decrease in fault-clearing times

e Ability to adapt to dynamic changes in network configuration and DER operation

status.

GOOSE messages enable fast peer-to-peer communication between IEDs without the
need for a SCADA platform because they are directly transmitted to the Ethernet link
layer (Gu et al., 2019). This chapter aims to develop and implement the IEC 61850
GOOQOSE application in real-time simulation by interfacing the RTDS with external IEDs.

Laboratory-scale test bench for overcurrent functional testing using IEC 61850
GOOSE application

The laboratory-scale test bench for hardware-in-the-loop (HIL) testing is implemented
using the RTDS and SEL-351A relays, as shown in Figure 6.1. The GTNETx2 card is

used to connect the RTDS to the external IED through an Ethernet connection.
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Amplifiers

Relay 1
RTDS CMS 156 ~ Analog SEL-351A
Current
GTAO Analog low-
s level signal
Relay 14
Analog SEL-351A
Current
Trip signal
GTFPI
! Digital 1/0 (PUT199)
Digital I/0 Trip signal
GTNETx2 (0UT102)
! GOOSE

SEL-2725
Ethernet
switch

%

Power system
modelled in RSCAD

Figure 6.1; Laboratory-scale test bench setup to demonstrate the GOOSE communication for
overcurrent functional testing

6.2.1 Configuration of the IEC 61850 GOOSE using AcSELerator Architect

The application functions are divided into smaller entities that exchange information
between the IEDs. These entities are called logical nodes. A logical node contains a
list of data objects with dedicated data attributes. The data is defined in IEC 61850-7-
4. The information provided by the logical nodes can be divided into the following

categories:

e Common logical node information
e Status information

e Settings

e Measured values

e Controls (IEC 61850-1, 2013)

The logical node information for each category is shown in Figure 6.2.
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Logical node information
Cogcal nods /

Common logical node information

are data which are changed by commands like switchgear state
(OMN/OFF), tap changer position or resetable counters, e.g.,
position, block opening, etc.

I_,f_l— information independent from the dedicated function

E]— represented by the LN, e.g.. mede, health, name plate, etc.
-

G-

i Status information

[=}= informaticn representing either the status of the process or of
[=}~ the function allocated to the LN, e.g., switch type, switch

[=— operating capability, etc.

[=—

i Settings

[ information needed for the function of a logical node, e.g., first,
El— second, and third reclose time, close pulse time, and reclaim
E]— time of an autoreclosing function.

[?]—

i  Measured values

[=— are analogue data measured from the process or calculated in
E]— the functions like currents, voltages, power, etc., e.g., total active
[=}— power, total reactive power, frequency, net real energy since last
[=}— Treset, etc.

i Controls

=

(=

[z~

O

Figure 6.2: Logical node information categories (IEC 61850-7-1, 2011)
When adding IEDs to the project in Architect, the correct relay firmware must be
selected, as shown in Figure 6.3. Relay firmware R510 and earlier is selected for the

SEL-351A relays that are available at the CSAEMS at CPUT.

S IED Properties X
Select IED
Supported Devices ClassFileVersion Description

SEL-351A, SEL-351A-1 005 Relay fimware R516 and newer

SEL-351A. SEL-351A-1 005 Relay firmware R518 and newer

SEL-351A, SEL-351A-1 004 Relay fimware R513 and newer

SEL-351A, SEL-351A1 004 Relay fimware R511 and newer

SEL-351A, SEL-351A-1 003 Relay fimware R510 and earlier

Original Name:  TEMPLATE

IED Name: [RELAY_1|

OK Cancel

Figure 6.3: Selection of relay firmware for the SEL-351A IEDs
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Both relays 1 and 14 are added to the project in Architect as shown in Figure 6.4. The

IED properties such as the IP address are in the tap on the right.

File Edit Help

- SEL_351A IED Properties
I RELAY 1
III RELAY 14 IEC 61850 Edition Edition 1 Version Revision
o o
MMS Settings MMS Authentication OFF

MMS Inactivity Timeout: NA

Communication Parameters®
Interface 1P address Subnet mask Gateway
»|S1 192.168.1.3 255.255.255.0 0.0.0.0

Figure 6.4: IEDs added to the project in Architect

An IED can be configured to subscribe to a specific set of GOOSE messages published
by other IEDs on the LAN. The incoming and outgoing GOOSE messages from the IED
are configured using AcSELerator Architect. The protection trip conditioning (PTRC)
LN connects the output of one or more protection functions to a common trip
transmitted to the XCBR. The logic diagram for the protection functions that operate
the trip conditioning TRIPPTRC1 LN is shown in Figure 6.5. The dataset configuration
containing the trip conditioning TRIPPTRC1 LN is shown in Figure 6.6. The LNs from
the IED data items tab on the left are dragged to the dataset tab on the right, as shown
in Figure 6.6. The TRIPPTRCL1.Tr dataset contains the following data attributes:

e General

* Quality (q)
e Time stamp (t)

Figure 6.5: Logic diagram for the trip conditioning TRIPPTRC1 LN
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i, Edit Dataset

Name

|GOOSE_TRIP

Descrption

IED Data kems

or night-click on a data item

Drag-n-drop
to add & to the dataset on the right.

FC (R

—

| ST (Status Information) v

Dataset

GOOSE Capacity:

24
Data Attributes: 3

Drag-n-drop or night-click on a data item to reamange.
Click column headers to sort.

of 1261 bytes
of 500

"1 & m TRIPFTRCI

#- g Mod

.| @-mBeh

- - - - - - -
&
k|
o
mal
o

Consiraint _ltem

BSsT PRO.TRIPPTRC1.Tr."

o]

Cancel |

Figure 6.6: Configuration of the dataset in AcSELerator Architect

The GOOSE transmit message configuration is shown in Figure 6.7. The name of the

GOOSE message published by relay 1 is GOOSE_TRIP. GOOSE messages use a

multicast layer and are identified by MAC addresses and identifiers in the message

body. The multicast MAC address of the GOOSE message is 01-0C-CD-01-00-04.

i, GOOSE Transmit (Edit) -
LD Message Name (name) Address
CFG |GOOSE_TRIP | Interface to publish on:
Desciiption (desc) [s1 2]
Mutticast MAC Address
GOOSE ID (appID) [01-0cCD-010004 |
|RELAY_1 APP 1D
00004 ]
Configuration Revision (corfRev) @ VLAN ID
: | [oas |
M Tine MaxTone r:m PRIORITY v|
: O
Dataset (datSet)

CFGUMOGOOSETRP

>

[ ok | cancel

Figure 6.7: Configuration of GOOSE transmit

144



As shown in Figure 6.8, the GOOSE receive message for relay 14 is configured. The

GOOSE_TRIP message published by relay 1 is shown in the left column. The GOOSE

message is moved from the left column to the virtual bit VB0OO1 in the right column.

Source data item

JYRELAY _1/CFG/LLNO/GOOSE_TRIP.PRO.TRIPFTRC 1.Tr.general

Figure 6.8: Configuration of GOOSE receive

The GOOSE configuration is sent to the SEL IEDs, as shown in Figure 6.9. The IP
address of the SEL IED is entered in the FTP address. The username is FTPUSER,
and the password is TAIL. The CID file is then ready to be sent to the SEL IED.

AcSELerator Architect

RELAY_1

Confirm Network Settings S E L

FTP Address \192.153.1.3 |

Optional port number, append "'
and integer from 1 - 65335

User Name \ FTPUSER |

Password |eees| |

Include Device Settings

Cancel < Back Next > Finish

Figure 6.9: FTP address for sending the GOOSE dataset to the IED
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6.3 Configuration of the GTNET-GSE in RSCAD

The GTNET card is used to connect the RTDS to the external IED. The circuit breaker
control logic in RSCAD is shown in Figure 6.10. The second OR gate is configured for
an additional input signal, GOOSE_Trip. The OUT103 output from relay 14 or the

GOOSE_Trip signal from relay 1 is sent to the input of the OR gate. The input signal

that arrives at the OR gate sends the trip command to the circuit breaker BRK2.

tpu = (.04 sac

B 1
"o J - ngc(};e 5 Q - o
o Datector pfu & dfio
/L'_I SR Timer BRK1
tdo = 0.04 sec
FUP
,_| FLOP [=
+ Edge B e}
ouTie2 Detector
GTFPI O Panel
.: ap
e 0 m tpu = (04 sec
GIFPLIn —
B L
Gard = 1 1 E + Edge 5 o i o
Fort=1 i o) Detector pfu & dfo BRKZ
51 Timer
© tdo = (.04 sec
QUTI03 FUP
,_| FLOP [=
+ Edge R e}
Detector
5y -
0 =
GOOSE_Trip

Figure 6.10: Circuit breaker logic in RSCAD

The GTNET-GSE component in RSCAD is used for the IEC 61850 GOOSE
communication between the GTNETx2 card installed in the RTDS simulator and the

external IED. Figure 6.11 illustrates the GTNET-GSE model in RSCAD. The GTNET-
GSE component is configured as shown in Figure 6.12. The GTIO Fiber port number

is setto 3. GTNETx2 is selected for GTNET, and GSE version 6 is also selected. The
GOOSE_IN and GOOSE_Trip signals are connected to the input and output of the

word-to-bit converter, respectively.

Hamn.  GTHET
GTI) Fibis Pot 8 3

GTHETx2
IEC 81650 GOOSE
WS SERVER

s

Figure 6.11: GTNET-GSE model in RSCAD
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@ Component Parameters for _rtds_GTNET_GSE_v7.def O X
_rtds_GTNET_GSE_v7.def (2]
Name Description Value Unit Min Max
CONFIGURATION
sCompName Component name GTNET1
GOOSE Configuration gy GTIO Fiber Port Number 3 120
GSE Version Card GTNET_GSE Card Number 1 1 8

AUTO-NAMING SETTINGS gtnettype GTNET Type ‘ GTNETx2 hd |
ctrlGrp Assigned Control Group 1 1 54
Pri Priority Level 6 1
TSYNCEN Use GTSYNC time of day for MMS and/or RefrTm ‘ NO = |
GT_SOC GTSYNC advance TIME signal name ADVSECD
GT_STAT GTSYNC advance STAT signal name ADVSTAT

| Cancel l Cancel All ‘

Figure 6.12: Configuration of the GTNET-GSE component

6.3.1 Configuration of the IEC 61850 GOOSE application in RSCAD IEC 61850 ICT
tool

The RSCAD IEC 61850 ICT is used to configure the GTNET-GSE component,
where the IEC 61850 GOOSE data sets can also be configured. As shown in Figure

6.13, IEC 61850 defines object-oriented data models. The physical device is defined
by its IP address. Each physical device contains an access point and a server that
contains several logical devices (LDs). Each LD can contain many LNs that represent
physical elements or functions (such as protection functions). Each LN contains a

group of data objects (DOs) associated with a function. Each DO includes several data

attributes (DAS) representing information related to the LN (such as status, settings,

etc.).
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DataModel

IED Model

LN Class Database

L T e | e

+ LDevice (RXTX) — Delete
LN Template Editor
Prefix LnClass Class Schema Model TID Prefix Name/LnClass Inst Desc
¥ [IED] RTDS_IED RTDS_IED RTDS 61850 GOOSE/MMS interface
¥ [LDevice] PRO PRO GTNET IO

[LNO] LLND 11 LLNO General

[LN] LPHD1 12 LPHD
DO Objects [LN] IN_GG.. 13 IN_ GGIO Msg 1 - Input 01 to GTNET [ind 1]

1
1
Name cDC PresCond aty [LN] IN_GG.. 14 IN_ GGIO 2 Msg 1 - Input 02 to GTNET [ind1]
Mo content in table [LN] IN_GG.. 15 IN_ GGIO 3 Msg 1 - Input 03 to GTNET [ind1]
Reset DO Config [LN] IN_GG.. 16 IN_ GGIO 4 Msg 1 - Input 04 to GTNET [Ind1]
(el (e S By @hesss [LN] IN_GG.. 17 IN_ GGIO 5 Msg 1 - Input 05 to GTNET [Ind1]
[LN] IN_GG.. 18 IN_ GGIO 6 Msg 1 - Input 06 to GTNET [ind1]
[LN] IN_GG.. 19 IN_ GGIO 7 Msg 1 - Input 07 to GTNET [ind1]
[LN] IN_GG.. 20 IN_ GGIO 8 Msg 1 - Input 08 to GTNET [Ind1]
TAN N GE 21 IN GAIN a Mena 1 - Innut N0 ta GTMET  [nd 1] v

Figure 6.13: Configuration of the data model in the IEC 61850 ICT project

The GTNET-GSE is configured to subscribe to the GOOSE message published by
relay 1, as shown in Figure 6.14. The GOOSE message contains the conditional trip
TRIPPTRC1 LN. The “Tr” in the DO tab represents trip status information. The

‘general” in the DA tab represents the operation of the trip status information, and the

“ 0

g” in the DA tab represents the quality of the trip status information.

Subscrptions

RTDS_IED Inputs ExtRefs
e Location B IED LD LN DO DA
Mode LD* LN RELAY._1 PRO TRIPPTRCT Tr general
EDIT | BRO 1L EEion Del | RELAY.1 PRO TRIPPTRC1 Tr q
ADD

Figure 6.14: Configuration of GOOSE subscriptions

The GTNET-GSE is configured to publish the GOOSE message, as shown in Figure
6.15. The GOOSE message contains the generic process I/O (GGIO) LN. The “Ind1”
in the DO tab represents the general indication (binary input). The “stVAL” in the DA

tab represents the status value of the Ind1 LN, and the “q” in the DA tab represents the
guality of the Ind1 LN.
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6.4

6.4.1

Publisher

DataSets DataSet Members

Edit Location Dataset LD LN DO DA
Mode LD* LN* Name* Short Description PRO OUT_GGIO1  Ind1 stVal

| EDIT | PRO LLNO EOoHE L PRO OUT_GGIOT  Ind1 q

[ EDIT | CSWILXC... LLNO XCBR_Pasition

[ EpiT | CSWIXC.. LLNO XCBR_GSE_Posit...

Figure 6.15: Configuration of GOOSE publications

Hardware-in-the-loop protection functional testing with the GOOSE
communication

HIL testing for a three-phase fault during grid-connected mode with GOOSE
message

The three-phase fault current measured by CT1 and the circuit breaker control signals
for relay 1 are shown in Figure 6.16. Figure 6.17 shows the GOOSE trip signal
published by relay 1, which changes from logical O to logical 1 with no intentional time
delay after the OUT102 output is asserted. When the OUT102 output from relay 1 is
asserted after a time delay of 40 ms, the BRKL1 signal changes from logical 1 to logical
0. The measured current is 152.89 A under steady-state conditions. The fault current
is cleared once circuit breaker 1 is opened. The RMS fault current is 16.842 KA,

whereas the peak fault current is:

I, = V2 Ly = V2-(16.842) = 23.818 kA

The information from the SER for relay 1 in Table 6.1 indicates that the 50P1, 51P
OUT101 outputs are asserted at 332 ms. The 67P1T element and OUT102 output are
asserted at 402 ms. The time delay is 402 - 332 = 70 ms. All the elements are de-
asserted at 462 ms. GOOSE message is published by relay 1 at 402.594 ms based on

the information from the captured GOOSE message.
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Figure 6.16: Three-phase fault and circuit breaker control for relay 1 during grid-connected

mode
GOOSE B O
GOQSE_Trip

1r
08
06
04
02

0 1 1 1 | | ]

0 003333 0.06667 0.1 013333 016667 0.2

Figure 6.17: GOOSE message published by relay 1 during a three-phase fault in grid-connected
mode
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Table 6.1: SER for relay 1 during a three-phase fault in grid-connected mode

332 50P1 Asserted
332 51P Asserted
332 OuT101 Asserted
402 67P1T Asserted
402 OouT102 Asserted
462 51P De-asserted
462 67P1T De-asserted
462 OouT101 De-asserted
462 OouT102 De-asserted

The event for relay 1 is shown in Figure 6.18. The measured three-phase fault currents

are as follows:

la=16842 A, Is = 16621 A, Ic = 17322 A

The 50P1 element is asserted at 332 ms based on the recorded event. The 67P1T
element and OUT102 output are asserted at 402.026 ms. The tripping time is 402.026
—332=70.026 ms. The fault current is cleared at 482.062 ms. The TRIP signal remains
asserted until the relay is reset through the HMI.

30000 I

50000 WA 76777 A | W 1A 646,296 A [Ty
W B -8461.24 A W B 182151 A B
10000 W (C 8408.91A 1 W IC 183674 A _—

f I

’ WV

-10000 AV
-20000 W

kv

L. T
~30000 | TREF = 82511 PM . 170026 ms -
300ms 2511332000000 PM s 5251402026023 PM prm— v~
I
30 I
/\nf\ /\n 7\ | VA 127025 kv ! W VA 0.169706 kv . = s

*0 ! B VB 3.63594 kv AANAARA v f
10

W VB -11.4679kV
K W VC -1.23461kV 4

f\ I\ n f\ &}1 W VC -3.81413 kV v

30 [ TRer =8:25:11 PM

, 170.026 ms| -
300 ms 8:25:11.332000000 PM 15 8:25:11.402026023 PM 450 ms 500 ms
I
|
50P1
1
67PIT !
I
TRIP !
I
I
L
Trer = 8:25:11 PM j [70.026 ms| -
300ms  825:11.332000000 PM s 8:25:11.402026023 PM 250 s 500 ms

Figure 6.18: Event for relay 1 during a three-phase fault in grid-connected mode
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The measured fault current from CT2 and the relay 14 circuit breaker control output are
shown in Figure 6.19. The BRK2 signal changes from logical 1 to logical O once relay

14 subscribes to the GOOSE message. The fault current is cleared once circuit breaker

2 is opened.
RELAY 14 g O
[Az]B2 Ic2
_ [Steady-state]  [3-ph fault| - [Fault cleared]
4 . Irms = 1.552 KA |
2 -
o
I nnans \’ TN
2 J
-4 1 1 1 l 1
[STYATT |S1)B11 S1)C11
40 | Voltage dip during fault |
> 20§
0
-20 I3
-40 .
]
1 e
08
ool
02p
0 1 1
1 —
05}
0
051
r | | 1 | 1 |
0 003333 0.06667 04 013333 0.16667 02

Figure 6.19: Three-phase fault and circuit breaker control for relay 14 during grid-connected
mode

The SER data for relay 14 represented in Table 6.2, indicates that the 51P element and
OUT101 output are asserted at 752 ms and then de-asserted at 882 ms after VB0O1 is
asserted at 817 ms. The virtual bit VBOOL1 is asserted once relay 14 subscribes to the
GOOSE message transmitted through the Ethernet with the dataset containing the
protection trip conditioning (TRIPPTRC1) LN. The 51P element and OUT101 output

are de-asserted at 882 ms.
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Table 6.2: SER for relay 14 during a three-phase fault in grid-connected mode

752 51P Asserted
752 OouT101 Asserted
762 51P De-asserted
762 OuT101 De-asserted
772 51P Asserted
772 OuT101 Asserted
817 VB001 Asserted
882 51P De-asserted
882 OuT101 De-asserted

6.4.2 HIL testing for a single-phase-to-ground fault during grid-connected mode with
GOOSE message

The single-phase-to-ground fault current measured by CT1 and the circuit breaker
control signals for relay 1 are shown in Figure 6.20. Figure 6.21 shows the GOOSE trip
signal published by relay 1, which changes from logical O to logical 1 once the OUT102

outputis asserted. When the OUT102 output from relay 1 is asserted after a time delay
of 40 ms, the BRK1 signal changes from logical 1 to logical 0. The measured current is

158.012 A under steady-state conditions. When circuit breaker 1 is opened, the fault
current is cleared. The RMS fault current is 13.642 kA, whereas the peak fault current

is:

I, = V2 I, = V2-(13.642) = 19.293 kA

The SER data for relay 1 in Table 6.3, indicates that the 51N element is asserted at
523 ms. The 50N1 element and OUT101 output are asserted at 528 ms, whereas the

67N1T element and OUT102 output are asserted at 578 ms,. Tripping time is 55

ms. The 50N1, 67N1T, and OUT102 outputs are de-asserted at 648 ms, whereas the
51N element and OUT101 output are de-asserted at 658 ms.
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Figure 6.20: Single-phase-to-ground fault and circuit breaker control for relay 1 during grid-
connected mode
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Figure 6.21: GOOSE message published by relay 1 during a single-phase fault in grid-
connected mode
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Table 6.3: SER for relay 1 during a single-phase to ground fault in grid-connected mode

523 51N Asserted
528 OuT101 Asserted
528 50N1 Asserted
578 67N1T Asserted
578 OouT102 Asserted
648 50N1 De-asserted
648 67N1T De-asserted
648 OouT102 De-asserted
658 51N De-asserted
658 OouT101 De-asserted

Figure 6.22 shows the fault event for relay 1. Based on the recorded event, the 50P1

element is asserted at 528 ms. The 67N1T element and OUT102 output are asserted

at 402.026 ms. The tripping time is 578.114 — 528 = 50.114 ms, whereas the fault

current is cleared at 663.151 ms.
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Figure 6.22: Event for relay 1 during a single-phase-to ground-fault in grid-connected mode

155



Figure 6.23 shows the single-phase-to-ground fault current measured by CT2 and the
circuit breaker control signals for relay 14. When the OUT103 output from relay 14 is
asserted after a time delay of 40 ms, the BRK2 signal changes from logical 1 to logical
0. The measured current is 158.012 A under steady-state conditions. When circuit
breaker 2 is opened, the fault current is cleared. The RMS fault current is 1.474 KA,

whereas the peak fault current is:

I, = V2 I = V2-(1.474) = 2.085 kA
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Figure 6.23: Single-phase-to-ground fault and circuit breaker control for relay 14 during grid-
connected mode

The SER data for relay 14 from Table 6.4, indicates that the 51N element and OUT101
output from relay 14 are asserted at 659 ms and then de-asserted at 779 ms after

VBO0O1 is asserted at 714 ms. The virtual bit VB0O01 is asserted once relay 14
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subscribes to the GOOSE message transmitted through the Ethernet with the dataset
containing the protection trip conditioning (TRIPPTRC1) LN.

Table 6.4: SER for relay 14 during a single-phase-to-ground fault in grid-connected mode

659 51N Asserted
659 OouT101 Asserted
714 VB001 Asserted
779 51N De-asserted
779 OouT101 De-asserted

6.4.3 HIL testing for a three-phase fault during islanded mode with GOOSE message

The three-phase fault current measured by CT1 and the circuit breaker control signals
for relay 1 are shown in Figure 6.24. Figure 6.25 shows the GOOSE trip signal
published by relay 1, which changes from logical 0 to logical 1 once the OUT102 output
is asserted. The BRK1 signal changes from logical 1 to logical 0 when the OUT102
output from relay 1 is asserted after a time delay of 40 ms. The measured current is
161.5 A under steady-state conditions. The fault current is cleared after circuit breaker

1 is opened. The RMS fault current is 9.49 kA, whereas the peak fault current is:

I, = V2 Lyps = V2-(9.49) = 13.421 kA

The SER data for relay 1 in Table 6.5, indicates that the 51P element and OUT101

output are asserted at 754 ms. The 50P1 element is asserted at 759 ms, whereas the
67P1T element and OUT102 output are asserted at 824 ms. The tripping time is 65

ms. The 51P, 67P1T, OUT101, and OUT102 outputs are de-asserted at 884 ms,

whereas the 50P1 element is de-asserted at 889 ms.
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Figure 6.24: Three-phase fault and circuit breaker control for relay 1 during islanded mode
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Figure 6.25: GOOSE message published by relay 1 during a three-phase fault in islanded mode

Table 6.5: SER for relay 1 during a three-phase fault in islanded mode

754 51P Asserted
754 OuT101 Asserted
759 50P1 Asserted
824 67P1T Asserted
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884 51P De-asserted
884 67P1T De-asserted
884 OuT101 De-asserted
884 OouT102 De-asserted
889 50P1 De-asserted

The event for relay 1 is shown in Figure 6.26. The measured three-phase fault currents

are as follows:

Ia=9490 A, I = 9399 A, Ic = 9621 A

The 50P1 element is asserted at 759 ms based on the recorded event. The 67P1T
element and OUT102 output are asserted at 824 ms. The tripping time is 824 — 759 =
65 ms. The fault current is cleared at 904 ms. The TRIP signal remains asserted until

the relay is reset through the HMI.

B A 945119 A M A 168291 A | A

W 1B -2072568 A W 1B 95219 A e
W C 647851 A WC 972413 A ™\

VAAAAAAAAAAAAA S
\MAAAMANAPANAAAAN

Trer = 8:37:51 PM -
8:37:51.759000000 PM 800 ms 8:37:51.824000000 PM 850 ms 900 ms
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W VA 0712764 kV W VA 0.0509117 kV H vA
W VB 646154 kV W VB 1.9007 kV m e
W VC -1.96434 kv

W VC -7.18703 kv

=

.

8:37:51.759000000 PM 800 ms 8:37:51.824000000 PM 850 ms 900 ms

50P1

67P1T

TRIP

Trer = 8:37551 PM ™
8:27:51.759000000 PM 800 ms 8:37:51.824000000 PM 850 ms 900 ms

Figure 6.26: Event for relay 1 during a three-phase fault in grid-connected mode

The three-phase fault current measured by CT2 and the circuit breaker control signals

for relay 14 are shown in Figure 6.27. The BRK2 signal changes from logical 1 to logical
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0 once relay 14 subscribes to the GOOSE message. The fault current is cleared once

circuit breaker 2 is opened. The RMS fault current is 0.948 kA, whereas the peak fault

current is:

I, = V215 = V2-(0.948) = 1.341 kA

RELAY 14 M O

[ Steady-state | [ 3-ph fault| B2 €2

Fault cleared
e = 0.048 KA ar cear

[Gosed]  [77]

e

0 1 ] |

1 I 1 ] ] | ]

0 0.03333 0.06667 01 013333 016667 0.2

Figure 6.27: Three-phase fault and circuit breaker control for relay 14 during islanded mode

The data for relay’14 SER in Table 6.6, indicates that the 51P element and OUT101
output from relay 14 are asserted at 778 ms and then de-asserted at 898 ms after
VBO0O01 is asserted at 838 ms. The virtual bit VB0O1 is asserted once relay 14
subscribes to the GOOSE message transmitted through the Ethernet with the dataset
containing the protection trip conditioning (TRIPPTRC1) LN.

160



Table 6.6: SER for relay 14 during a three-phase fault in islanded mode

778 51P Asserted
778 OuT101 Asserted
838 VB001 Asserted
898 51P De-asserted
898 OouT101 De-asserted

6.4.4 GOOSE message monitoring

The published GOOSE message may contain multiple data objects or attributes. The
time interval between the GOOSE messages that are published is relatively long if there
is no change in the attribute value. When the value contained in the data set changes,
the updated GOOSE message is published with no intentional time delay. The
subscriber requires a mechanism to handle the GOOSE message. Other than the data
content contained in the GOOSE message, it also contains additional information such
as the parameters of state number (StNum) and sequence number (SqNum). These
two parameters assist the subscriber in identifying if the GOOSE message contains
new data or not. This helps with the filtering of the GOOSE message, saving time and

processing resources for the subscriber (Cigre 540, 2013).

GOOSE messaging is based on a multicast publisher/subscriber mechanism and
contains information such as status along with the associated quality. The subscriber
does not acknowledge receipt of a GOOSE message, and therefore the messages are
published and repeated in a predefined pattern to achieve the reliability that is required.
The GOOSE retransmission process is shown in Figure 6.28. The status number is
incremented by one after each event, and the sequence number is set to zero. The
sequence number is incremented on each retransmission until the next event (RTDS
manual, 2022).
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Status No 25 2626 26 26 26 26 26 26 27

Sequence No 1365 Ti 2 3 4 5 5 7 N
TL

h T GOOSE message - s
e retransmission .- e
e - GOOSE messages
stable condition ©oT0 <table condition

Event Event

T0: Retrans mission in stable co nditions

T1: Shortest retransmission time after an event

Figure 6.28: GOOSE retransmission process (RTDS manual, 2022)

When the GOOSE message is published, the attributes can be monitored using
programs such as Wireshark, which can monitor the IEC 61850 GOOSE messages via
the Ethernet. The source address for the sending IED is Schweitz_03:54:90 (00:30:
a7:03:54:90). The MAC address (1:0C: CD: 01:00:04) for the sending IED is shown in
Figure 6.29.

| |iecgoose
No. Time Source Destination Protocol Length Info

104 12.385091 Schweitz_03:54:90 Iec-Tc57_01:00:04 IECGOO.. 147 GOOSE Request

> Frame 104: 147 bytes on wire (1176 bits), 147 bytes captured (1176 bits) on interface @
> Ethernet II, Src: Schweitz_03:54:90 (00:30:a7:03:54:90), Dst: Iec—Tc57_61:00:04I(Bl:Oc:cd:Ol:%:OA)I
> goose

IMAC addressl

Figure 6.29: MAC address for IED

The GOOSE message published by relay 1 containing the data set "GOOSE_TRIP" is
shown in Figures 6.21 and 6.22. Figure 6.30 shows the captured GOOSE message
before the trip command is transmitted via the Ethernet. The packet number for the
GOOSE message is 104, and the time stamp is 13:24:48,511690 (Hrs: min: sec). The

initial state number is 1, and the state sequence is 331. The Boolean status is “False”.

Figure 6.31 shows the captured GOOSE message after the trip command is

transmitted via the Ethernet. The packet number for the GOOSE message is 125, and
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the time stamp is 13:24:48,681701(Hrs: min: sec). The state number changes to 2, and

the state sequence resets to 0. The Boolean status changes to “True”.

R [iecgoose

No. Time Source Destination Protocol Length Info

64 6.082522 Schweitz_03:54:90 Tec-Tc57_01:00:04 IECGOO... 146 GOOSE Request

IEC GOOSE
{

Control Block Reference*:  RELAY_1CFG/LLNO$GO$GOOSE_TRIP

Time Allowed to Live (msec): 2000

| DataSetReference*:  RELAY_1CFG/LLN@$GOOSE_TRIP j€———— GOOSE logical node |
GOOSEID*: RELAY_1
Event Timestamp: 2023-10-04 20:25.11,097613 Timequality: Of J€——Timestamp|
| StateNumber*:  1}&——————State number
SequenceNumber*: 125 Seguencenumber

Simulation Bit FALSE

Config Revision*: 1

Needs Commissioning*: FALSE
Number Dataset Entries: 1
Data

{

STRUCTURE
{
[BOOLEAN:  FALSE J¢———{Boolean status|
BITSTRING:
BITS 0000 - 0015: 0 0 00000000000

0000 01 Oc cd 01 00 04 00 30 a7 ©3 54 90 88 b8 00 04 ces ‘@ -T--
0010 00 84 00 00 00 00 61 7a 80 1d 52 45 4c 41 59 5F - ---- az - -RELAY_
0020 31 43 46 47 2f 4c 4c de 30 24 47 4f 24 47 4f 4f  1CFG/LLN @$G0$GOO
0030 53 45 5f 54 52 49 50 81 02 07 do 82 1a 52 45 4c  SE_TRIP REL
0040 41 59 5f 31 43 46 47 2f 4c 4c 4de 30 24 47 Af 4f  AY_1CFG/ LLNO$GOO
0050 53 45 5f 54 52 49 50 83 07 52 45 4c 41 59 5f 31  SE_TRIP- -RELAY_1
0060 84 08 65 1d ca 27 18 fd 27 9f 85 @1 01 86 01 7d R }
0070 87 01 00 88 01 01 89 01 00 8a 01 01 ab 14 a2 12 ceseees
9080 83 01 00 84 03 03 00 90 91 @8 65 1d c9 b@ a3 da - ------- --e-
bc 9f .-

Figure 6.30: GOOSE message published by relay 1 captured with Wireshark
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[ [lecgoose

Mo, Time Source Destination Protocol  Length  Info
83 6.387805 Schweitz_03:54:90 Iec-Tc57_01:00:04 IECGOO.. 145 GOOSE Request
IEC GOOSE
{

Control Block Reference®: RELAY_1CFG/LLN@$GO$GOOSE_TRIP

Time Allowed to Live (msec): 12

[DataSetReference*:  RELAY 1CFG/LLN@$GOOSE TRIP
GOOSEID*:  RELAY_1

Event Timestamp: 2023-10-04 20:25.11,402504 Timequality: Of
StateNumber™: < State number

SequenceNumber¥: R Seauence number
Simulation Bit FALSE
Config Revision*: 1
Needs Commissioning®: FALSE
Number Dataset Entries: 1
Data
{
STRUCTURE
{
[BOOLEAN: TRUE J€¢———{Boolean status|
BITSTRING:
BITS 0000 - ©0015: 0 P OO P OO OO BOOO

0000 91 @c cd 91 @9 @4 00 3@ a7 ©3 54 99 88 b8 @@ @4 ... .. - BCE) EERRE
0010 0@ 83 00 00 @0 @0 61 79 80 1d 52 45 4c 41 59 5f ... -. ay - -RELAY_
Q020 31 43 46 A7 2f Ac 4c 4e 30 24 47 Af 24 A7 Af 4Ff  1CFG/LLN 8$G0$G00
2030 53 45 5f 54 52 49 50 81 @1 Oc 82 la 52 45 4c 41  SE_TRIP- -.--RELA
0040 59 5F 31 43 46 A7 2f Ac 4c de 30 24 A7 Af Af 53 Y_1CFG/L LN@$GOOS
2050 45 5f 54 52 49 50 83 @7 52 45 4c 41 59 5f 31 84  E_TRIP-- RELAY_1-
2060 88 65 1d ca 27 67 1@ 64 9f 85 @1 B2 86 01 @0 87
fBa70 @1 @@ BB 91 81 B9 @1 8@ Ba @1 @1 ab 14 a2 12 83
050 91 @1 84 93 93 @0 00 91 ©8 65 1d ca 27 67 10 64
aa9%e 9f

Figure 6.31: Change in state of the GOOSE message published by relay 1 captured with
Wireshark

The tripping times for hardwired compared to the IEC 61850 GOOSE message for
relay 14 are shown in Table 6.7. There are no tripping times for the backup relay R14
during the hardwired connection as shown in Table 6.7. This is because the primary
relay R1 should be allowed to clear the fault within its primary protection zone and

allow a coordination time before the backup relay operates.

Table 6.7: Tripping times for hardwired compared to the IEC 61850 GOOSE for relay 14

Three-phase during grid- No trip 65
connected mode
Slngle-_phase-to-ground during No trip 55
grid-connected mode
Three-phase during islanded No trip 60
mode
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6.5

Conclusion

This chapter focuses on the implementation of GOOSE communication between the
IEDs. The lab-scale test bench setup consists of the RTDS and SEL-351A relays. The
GTNETX2 card allows for a connection between the RTDS and the SEL-351A relays
over the Ethernet network. In RSCAD, the GTNET-GSE component is set up to
subscribe to the GOOSE message that is published by the primary relay (relay 1). The
GOOSE message contains the TRIPPTRC LN. The backup relay (relay 14) sends a
trip signal back to the RTDS to open the circuit breaker in RSCAD when it subscribes
to the GOOSE message published by relay 1.

The next chapter focuses on the implementation of the adaptive protection scheme.
This allows for the settings group of the relays to change when there is a change in the

network topology.

165



CHAPTER 7

IMPLEMENTATION OF THE ADAPTIVE PROTECTION SCHEME FOR THE MICROGRID

7.1

7.2

SYSTEM

Introduction

The introduction of DGs into MGs results in a dynamic fault current magnitude, which
is influenced by the network topology and the number of DGs connected at the time of
the fault event. Traditional protection schemes are inadequate because of the dynamic
nature of fault current, sympathetic tripping, and blinding protection. The
implementation of adaptive protection enables the protection scheme to address these
dynamic changes in the microgrid by dynamically adjusting the relay settings based on

the microgrid configuration. (Kannaian et al., 2023).

Implementing an adaptive protection scheme offers the advantage of enabling two
settings groups for the protection relays to detect and isolate fault currents in both grid-
connected and islanded operation modes. Notably, the magnitude of the fault current
during the islanded mode is generally lower due to the absence of the grid, which could
lead to the blinding of the overcurrent relays. The adaptive protection scheme can be
implemented using either a centralised or decentralised communication architecture
within the microgrid, utilising the IEC 61850 communication protocol, which supports
GOOSE and sampled values (SVs) transmitted over an Ethernet network. (Memon &
Kauhaniemi, 2021).

This chapter aims to develop and implement an adaptive protection scheme for the MG
system in real-time. This chapter is divided into two sections: Section 7.2 focuses on
the configuration and modelling of the adaptive protection scheme for SEL-351A relays
using a hardwired connection, and Section 7.3 focuses on the configuration and
modelling of the adaptive protection scheme for the SEL-700G relay achieved through
the IEC 61850 GOOSE communication protocol.

Implementation of the hardware-in-the-loop adaptive protection scheme

The adaptive protection scheme is based on the hardwired connection between the
RTDS and SEL-351A protection relays. The setting group for the SEL-351A relays is
configured using AcSELerator Quickset. The circuit breaker control logic is developed

in RSCAD. Finally, the adaptive protection scheme is tested during HIL simulations.
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During the RSCAD runtime, the circuit breakers BRK3 and BRK4 at the PCC are closed
for grid-connected mode and opened for islanded mode, as shown in Figure 7.1. Relay
R1 and R14 are configured to change from one setting group to another, depending on

the network configuration.

Load_0013

A
Load_0014
Bus_0013
R5
S50MW Wind Farm
&
;
5
g
Blé @
o
E
POC
Bus_0009
- R16||[RT5 !
: } Bus 0005
100MVA Synchronous g
8§ Generator Load_0008 g:
Slnl g ‘kt @
5t . 8
s i
P
TE
PCC J
PCC Bus_0004
Bus_0005 [ SBRK4
BRK3
B Close:Grid-connected mode
B Open: Islanded mode .
Grid_0004

Figure 7.1: Modified IEEE 14-bus system showing the circuit breakers at the PCC

Figure 7.2 shows the laboratory-scale test bench for the adaptive protection scheme
based on a hardwired connection. The output from the RTDS HV panel is connected
to the opto-isolated input (IN101) of the SEL-351A relay, and the Omicron CMC 356
test set is used to supply the 110 V DC needed by the relay to indicate the status of the

circuit breaker.

The flow diagram for the developed adaptive protection algorithm is shown in Figure
7.3. The position of the circuit breakers at the PCC is used to determine whether the
MG is operating in grid-connected or islanded mode. Setting group 1 (SG1) is
configured for the grid-connected mode, and setting group 2 (SG2) is configured for

the islanded mode.
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RTDS HV INTERFACE PANEL

110 Vdc

EXERRLLEEEREERNERTD

CMC 356

Figure 7.2: HV panel connection for breaker status signals using an external power supply

Start )
Yes No
CBatPCCin
close position
~ A ) Y
[ Setting group 1 | Setting group 2
configured for grid- configured for
| connected mode )] islanded mode
) | 4 . . r .
| SELogic equation | | SELogic equation )
(IN101*SV2T) (IN101*SV2T)
mapped to SS1 to mapped to SS2 to
\select setting group 1, select setting group 2 |
Update setting group
on IEDs
No
Detect fault
current
Yes
Trip CB

Figure 7.3: Flow diagram of the developed adaptive protection algorithm
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7.2.1 Configuration of the SEL-351A relays to change the group settings using
AcSELerator Quickset

The SEL-351A relay has six independent setting groups. Each setting group has
overcurrent and SELOGIC control equation settings. Only one setting group can be
active at a time. Relay Word Bits SG1-SG6 indicate the active setting group. The relay
is disabled while changing the setting group. The output contact does not change state
until the relay enables the new settings group (SEL-351A manual, 2022). Each pulse
from the RTDS HV panel changes the setting group. The SELOGIC variable (SV2)
timer pickup is set to 7.5 cycles (150 ms), and the SV2 timer dropout is set to O cycles,
as shown in Figure 7.4. The SV2PU time delay is set to be longer than the pulse width
of the output contacts from the RTDS. The SV2 SELOGIC control equation is set to
SGL1 for group 1 logic and SG2 for group 2 logic.

SELogic Variable Timers

SELogic Variable Timer Settings

ESV SELogic Variable Timers
| 2 v | Select: N, 1-16

Timer 1 Settings

SVIPU SV1 Timer Pickup (cydes in 0.25 increments)
12,00 | Range = 0,00 to 999999,00

SVIDO 5V1 Timer Dropout (cydes in 0,25 increments)
2,00 | Range = 0,00 to 999999,00

Timer 2 Settings

SV2PU SV2 Timer Pickup (cydes in 0.25 increments)
|7, 50 | Range = 0,00 to 999999,00

SV2DO SV2 Timer Dropout (cydes in 0.25 increments)
0,00 | Range = 0,00 to 999999,00

Figure 7.4: SELogic variable timer settings

The TRIP Relay Word Bit is assigned to the SV1 timer for the breaker failure scheme. The
timer pickup setting SV1PU is set to the breaker failure time (12 cycles, or 240 ms). The
timer dropout setting is set to 2 cycles (40 ms). The output of the timer (SV1T) operates an

output contact, e.g. OUT103.

169



SELogic Variable Timer Input Equations

SELogic Control Equation Variables
SV1 SELogic Control Equation Variable 1
\TRIP | [=

SV2 SELogic Control Equation Variable 2
[sG1 | [=

Figure 7.5: SELogic variable timer input equations

The SELocic control equation timer SV2 has a logic output, SV2T. The SV2T timer is
used for both setting groups. Relay starts by setting group 1. When the timer logic
output, SV2T, is asserted, it enables the SELocic control equation to be set to SS2
when the input, IN101, is asserted. When the output contacts from the RTDS
pulse input IN101, the active setting group changes to group 2. When the relay is in
group 2 and the timer logic output, SV2T, is asserted, the SELogic control equation is
set to SS1 when the input, IN101, is asserted. When the output contacts from the
RTDS pulse input IN101, the active setting group changes to group 1. Figures 7.6 and
7.7 depict the SELocic control equations for SS2 and SS1, respectively.

Setting Group Selection Equations

S51 Select Setting Group 1
0

i

§52 Select Setting Group 2
IN101%SVZT

Figure 7.6: Setting group selection equation for logic group 1

Setting Group Selection Equations

551 Select Setting Group 1
IN101*5VZT -

552 Select Setting Group 2
0 e

Figure 7.7: Setting group selection equation for logic group 2
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7.2.2

The logic diagrams for selecting setting groups 1 and 2 are shown in Figures 7.8 and

7.9, respectively.

Eo— =7 | verme | DHED

DO

Figure 7.9: Logic diagram for setting group 2

Configuration of the RSCAD

The control logic for the circuit breaker status from BRK3 and BRK4 is shown in Figure
7.10. The circuit breaker status signals, BRK3ST and BRK4ST, are connected to an
AND gate. These signals are also connected to an OR gate, followed by another AND
gate. The output from the AND gate changes from logical 0 to logical 1 when the state
of the signals BRK3 and BRK4 changes to either logical O or logical 1. The output from
the AND gate is then connected to a bit-to-word converter that converts the binary
output to an integer word. The outputs from the bit-to-word converters are linked to a
timer set at 0.1 s. This causes the output from the bit-to-word converter to pulse for a
duration of 0.1 s. Finally, the output from the timer is connected to the GTFPI card,

which must be configured as shown in Figure 7.11 and include the HV panel signals.

GTFPI 1/0) Panal

&
BREIS]

>

-

L b o /
) T HV_Out 16
—

J_
.

&
BRE4ST

=%

01 Card = 1 HY Panel
Part =

1

it

>

Figure 7.10: Logic for circuit breaker status in RSCAD
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@ Component Parameters for _rtds_GTFPI_V2.def O X
_rtds GTFPI V2.def @
@ Name Description Value Unit  Min Max
Port GTIO Fiber Port Number 1 1 20
Card GTFPI Card Number (refer to on-board 7 segment card# display) 1 1 12
CardVersion  GTFPI Card Version Vi ~ ‘
DIGEn Enable Digital I/O Panel Signals? Input-only >
Inv Invert Digital 1/O Panel Input Signals (16 bit word) Yes = ‘
InitState Initial State of Digital I/O Panel Input Channels 0000 hex 0000 FFFF
10lsb Starting bit number for Digital Output Panel 1 1 16
|Obits Number of consecutive bits for Digital Qutput Panel 16 1 16
HVPanel Include HV Panel Signals? Yes = ‘
NUMHVinp  Number of HV Panel Inputs (HVPanel=Yes) None -
HVIsb Starting bit number for HV Panel Output 1 1 16
HVbits Number of consecutive bits for HV Panel Output 16 1 16
InvHVinp Invert HV 1/0 Panel Input Signals No = ‘
ctrlGrp Assigned Control Group 1 1 54
Pri Priority Level 4 1
‘ Cancel Cancel All

Figure 7.11: Configuration of GTFPI

7.2.3 Hardware-in-the-loop testing of the adaptive protection scheme

The circuit breakers BRK3 and BRK4 at the PCC are closed during grid-connected
mode and open during islanded mode. The relay settings are changed from one setting
group to another depending on the status of the circuit breakers. The pushbuttons
BRK340p and BRK34Cls are used to open and close BRK3 and BRK4 simultaneously

during the runtime, as shown in Figure 7.12.

L JJ L JJ
BRE340n BREICL

@

@

o ||l o

Figure 7.12: Pushbuttons used to open and close circuit breakers during runtime

Figure 7.13 shows the position of the circuit breakers BRK3 and BRK4 during the
runtime. A decimal value of 1 represents the close position, while a decimal value of 0
indicates the open position. Initially, during the start of the runtime simulation, circuit
breakers BRK3 and BRK4 are in a close position, with the circuit breaker position
indicating a decimal value of 1. The measured currents through BRK3 and BRK4 under

steady-state conditions are shown in Figure 7.14.
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BREAKER STATUS | C
| BRK3
2
15
I CB Closed |
1
0s
0
BRK4
2
15
CB Closed |
1
05
0
0 016667 033333 05 0.6EEET 083333 1

Figure 7.13: Circuit breakers BRK3 and BRK4 in the close position
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Figure 7.14: Measured currents through circuit breakers BRK3 and BRK4 during grid-
connected mode
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Figure 7.15: Circuit breakers BRK3 and BRK4 in the open position
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Figure 7.16: Measured currents through circuit breakers BRK3 and BRK4 during grid-
connected mode
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The circuit breakers BRK3 and BRK4 change from the close to open position after
pressing the pushbutton, BRK340p, and the circuit breaker status changes from a
decimal value of 1 to 0, as shown in Figure 7.15. The measured currents through circuit
breakers BRK3 and BRK4 decrease to O A once the circuit breakers are opened, as

shown in Figure 7.16.

The HMI in AcSELerator Quickset can be used to confirm the setting group of the relay.
When the circuit breakers BRK3 and BRK4 are in close positions, the relay is set to
setting group 1, as shown in Figure 7.1. After applying the pushbutton BRK340p, the
circuit breaker changes to the open position, and the relay settings change from setting
group 1 to setting group 2, as shown in Figure 7.18. When the pushbuttons BRK340p
and BRK34Cls are pressed during the runtime to open or close the circuit breakers, the
solid-state switch on the HV panel is used to switch an external power supply that is
needed by the SEL-351A relay to indicate the breaker status. The 110 V DC supply
voltage is connected to the optoisolated input, IN101, on the SEL-351A relay. The SER
for relay 1 can also be used to confirm the setting group change, as shown in Figure
7.19. The data from the SER indicates that the IN101 is asserted at 202 ms, and the

relay settings are changed from setting group 1 to setting group 2 at 398 ms.

Contact 1/0
INT01  IN102  IN103  IN104  IN105  IN106  52A
- O O O O O &

ouTi01 QuUT102 OUTI03 OUTI4 OUT105S OUT106 OUT107 ALARM

a0 O o 0o o oo 0O o

User-Defined Targets
SG1 SG2 SG3 SG4 SG5 SG6  50BC4 50CA4
- OO O O O O O &
50 50B 50C 5P  51PT 51PR 5IN  5INT
O O O O O - O
Front-Panel Display
ENABLED TRIP INST COMM  SOTF 50 51 8
@ O O O O O O O
A B o G N  RESET CYCLE LOCKOUT
o o0 O O O O O O
FAULT TYPE RECLOSING STATE

Figure 7.17: Relay HMI showing setting group 1 selected
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Contact 110

INI0T  IN102  IN103  IN104  IN105 IN106  52A

a0 O O O &> O £
OUT101 OUT102 OUT103 OUTI04 OUTI05 OUTI06 OUT107 ALARM

O O O O O O O O
User-Defined Targets

SG1 SG2 SG3 SG4 SG5 SG6  50BC4 50CA4
O =&E O O O 0o O o
50 50B 50C 51P  5IPT  51PR  5IN  5INT
O O 0O 0O 0O = 0O
Front-Panel Display
ENABLED TRIP  INST COMM SOTF 50 51 81
@ O O O 0O O O
A B c G N  RESET CYCLE LOCKOUT
c o 0 O O O 0O O
FAULT TYPE RECLOSING STATE

Figure 7.18: Relay HMI showing setting group 2 selected

B DATE TIME ELEMENT STATE
2 07/13/23 15:44:26.202 IN101 Asserted
1 07/13/23 15:44:26.398 Relay settings changed
Figure 7.19: SER for relay 1 to confirm setting group change
7.3 Implementation of the IEC 61850 standard-based adaptive protection scheme

The functionality and reliability of the IEC 61850 standard-based adaptive protection
scheme are verified in real-time during the HIL testing of the relays. The active setting
group is determined by the circuit breaker status during grid-connected and islanded
modes. The developed adaptive protection algorithm based on the IEC 61850 GOOSE
communication between the IEDs is shown in Figure 7.20. The position of the circuit
breakers at the PCC is used to determine whether the MG is operating in grid-
connected or islanded mode. Setting group 1 (SG1) is configured for the grid-

connected mode, and setting group 2 (SG2) is configured for the islanded mode.
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Setting group 1 Setting group 2
configured for grid- configured for
connected mode islanded mode
"
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y Y
XCBR1.stVal.Pos - Hi CBR1.stVal.Pos - Lo
LN mapped to VBO02 LN mapped to VB001
Update setting group

on IEDs

Figure 7.20: Flow diagram of the developed IEC 61850 standard-based adaptive protection
algorithm

The laboratory-scale test bench for the implementation of the adaptive protection
scheme based on the IEC 61850 standard is shown in Figure 7.21. The XCBR1 LN is
configured in the GTNET-GSE component based on the status of the circuit breaker,
BRK3, at the PCC, as shown in Figure 7.1. The IEC 61850 GOOSE message
containing the XCBR1 LN is transmitted via Ethernet. The SEL-700G IED is configured
to change the settings group based on the status of the XCBR1 LN. During the grid-
connected mode, the circuit breaker BRKS3 is closed, and group 1 is selected. In the

islanded mode, the circuit breaker BRK3 is open, and group 2 is selected.
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GNET-GSE configuration of LN

4n 4B 4C

Ethernet Switch

BUS_0004
1.0000 [ 00000

BRK3 Status

BRK_3

E5=1320kV
Ph=0.0deg

%

SEL-700G E

IEC 61850 GOOSE E

Figure 7.21: Test bench for the adaptive protection scheme based on the IEC 61850
GOOSE communication

The SEL-700GT IED is used for the implementation of the adaptive protection based
on IEC 61850 GOOSE communication, as the SEL-351A IEDs do not support IEC
61850 Ed. 2 of the standard. The GTNET-GSE component and logic needed for
adaptive protection are shown in Figure 7.22. The status signal BRK3STS is connected
to the input of the word-to-bit converter, and BRK3Pos is at the output of the converter.
The BRK3Pos signal is then connected to the input of a bit-to-word converter, with the
PosAl signal at the output of the converter. The PosALl signal is the data object from
the GTNET-GSE for the control of circuit breaker BRK3.

w
o——3 ¢ |3
GTNET-GSE B A
Name:  GTNET1 t BRK3Pos

GTIO Fiber Port# 3

GTNETx2

|EC 81850 GOOSE
MMS SERVER

T4 G <
ﬁ BRK3FPos ‘_> PosAl
UCAlug r

=

Figure 7.22: Logic for circuit breaker status using GOOSE communication
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To configure the IEC 61850 GOOSE message that is published by the RTDS, right-
click on the GTNET-GSE component and scroll down to the edit tap to access the IEC
61850 ICT Project, as shown in Figure 7.23. The IEC 61850 ICT is used to configure
the GOOSE messages that are published by the RTDS or what the RTDS subscribes

to from other IEDs connected to the LAN.

Name GTNET1
GTIO Fiber Port# 3

GTNETx2
IEC 61850 GOOSE

MMS SERVER Copy ¢
B Cut X
% Auto-Naming » | Common
Rotate R Expression
Mirror I' | Definition
Group/Degroup G Export As CsV
Find ¥ Import CSV
Print Parameters P
Copy Data
Description
Help F1

Move To New Hierarchy Box

Figure 7.23: Access to the IEC 61850 ICT

The dataset XCBR_GSE_Position contains the logical device (LD) CSWI_XCBR, as
shown in Figure 7.24. The LD contains the logical node (LN) Obj1XCBR1 (XCBR) with
the data object (DO) for the position (hamed "Pos"). The DO "Pos" indicates the
position of the circuit breaker. The common data class (CDC) describes the type and
structure of the data within the LN. The CDC for the data object, Pos, is a double point
controllable (DPC) type. The DO "Pos" contains the status value (stVal) and quality (q)
data attributes (DAs) (IEC 61850-7-4, 2010). The hierarchical data model of the XCBR
LN is shown in Figure 7.25.

Publisher

DataSets DataSet Members
Edit Location Dataset LD LN DO DA FC bType
Mode LD* LN* Name* Short Description CSWIXCBR  Obj1XCBR1 Pos q ST
|EDIT | CTRLT LLNO GOOSE_outputs 1 CSWIXCBR  OBjIXCBR1 Pos stval ST .
‘ EDIT | CSWIXC... LLNO XCBR_Position

CSWI_XC... LLNO XCBR_GSE_Posit..

EDIT

Figure 7.24: Configuration of the CSWI_XCBR dataset
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Figure 7.25: Hierarchical data model

The GOOSE receive message is configured in the AcSELerator Architect, as shown in
Figure 7.26. The GOOSE message containing the CSWI_XCBR LD that is published
by the RTDS is in the column on the left. The LD is mapped to VB001 and VB002 in
the column on the right. VB0O01 indicates that the circuit breaker is in the open position
(islanded mode). VB002 indicates that the circuit breaker is in the closed position (grid-
connected mode). The FTP address is the IP address of the SEL-700G IED. The
username is FTPUSER, and the password is TAIL. The CID file is ready to be sent to
the IED, as shown in Figure 7.27.

GOOSE Receive
IED » Category o
Control block &
intAddr Source data item
D N DO DA
4 RTDS_IED
L RTDS_IEDCSWI_XCBR/Gcb0S | RTDS _IED/CSWI_XCBRALNO/GEbOS.CSWI_XCBR.Ob) 1XCBR 1.Pos.stVal - Lo
CSWI_XCBR ObjIXCBR1 Pos q VB002 RTDS_IED/CSWI_XCER ALNO/Gcb0S.CSWI_XCBR.Obj 1XCBR 1.Pos. stVal - Hi
[0 CSWI_XCBR  ObjIXCBR1 Pos stval VB003
» RTDS_IEDCTRL1/Gcb01 vB0O4

Figure 7.26: Configuration of the GOOSE receive
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7.4

AcSELerator Architect

SEL_700G_1
Confirm Network Settings S E L

FTP Address |192‘168.1.2 |

Optional port number, append ™'
and integer from 1 - 65535

User Name |FTPUSER |

Password |.u. |

Include Device Settings

Cancel = «<Back Next > Finish

Figure 7.27: FTP address for sending the GOOSE configuration

The configuration of the SELogic control equation for setting group selection is shown
in Figure 7.28. The SELogic equation for select settings group 1 (SS1) is VB002. The
SELogic equation for select settings group 2 (SS2) is VB001. Group 1 is set for the
grid-connected mode of operation, and Group 2 is set for the islanded mode of

operation.

Settings Group Selection

TGR Group Change Delay (seconds)
1 | Range = 0 to 400

SS1 Select Settings Group1 (SELogic)
V8002 | [=]

552 Select Settings Group2 (SELogic)
vBoo1 | [=]

Figure 7.28: SELogic for setting group selection

Hardware-in-the-loop testing of the IEC 61850 standard-based adaptive
protection scheme

The controls in the RSCAD runtime for testing the adaptive protection scheme are
shown in Figure 7.29. The circuit breaker 3 status (BRK3) and circuit breaker 3 position
(BRK3pos) are shown in Figures 7.30 and 7.31. Circuit breaker 3 is initially in the closed
position, as shown in Figure 7.30. The BRK3 and BRK3pos signals are logical 1.
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Pressing the BRK3Op push button changes the circuit breaker 3 status (BRK3) from a
logical 1 to O, while the circuit breaker position (BRK3Pos) changes from a logical 1 to

0, as shown in Figure 7.31.

BREISTS

L
Ter,

BRK3ICIs BRKI0p

@

0 | 0

Figure 7.29: Push buttons in RSCAD runtime
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Figure 7.30: Circuit breaker BRK3 in the close position
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Figure 7.31: Circuit breaker BRK3 in the open position

From the sequential event reports (SER) in Figure 7.32, the following information is

observed:

The relay group changed after pressing the pushbutton BRK3Op to open the circuit
breaker BRK3 at a timestamp of 13:58:50.709. The relay group changed again after
pressing the pushbutton BRK3Cls to close the circuit breaker BRK3 at a timestamp of
13:58:57.174.

Sequential Event Reports

SEL-700GT Date: 07/20/2023 Time: 13:59:56.195

INTERTIE RELAY

Serial No
CID = 59RO

3191080066

DATE
07/20/2023
07/20/2023
07/20/2023
07/20/2023
07/20/2023
07/20/2023

TIME
58:
58:
58:
58:
58:
58:

13:
13:
13:
13:
13:
13:

oo s L B e

58.
57,
57.
51.
50.
50.

141
174
174
676
709
709

Time Source:

FID =

ELEMENT
SALARM
SALARM
Relay Group Changed
SALRRM
SALARM
Relay Group Changed

Internal

SEL-700G-R200-V0-Z006003-D20180629

STATE
Deasserted
Asserted

Deasserted
Asserted

Figure 7.32: SER for setting group change
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The GOOSE message published by the RTDS IED containing the dataset
CSWI_XCBR is shown in Figures 7.33 and 7.34. Figure 7.33 shows the captured
GOOSE message indicating that circuit breaker 3 is in the closed position. The packet
number for the GOOSE message is 17, and the time stamp is 13:58:12,377603
(Hrs:min:sec). The initial state number is 2, and the state sequence is 29. The Boolean

status is “False”.

(M [iecgoose
No. Time Source Destination Protocol Length Info

17 3.321800 RtdsTech_0a:a5 Iec-Tc57_01:01:fb IECGOO... 145 GOOSE Request

IEC GOOSE

Control Block Reference*:  RTDS_IEDCSWI_XCBR/LLN@$GO$Gcb@S

Time Allowed to Live (msec): 4000

[DataSetReference*:  RTDS_IEDCSWI_XCBR/LLNO$XCBR_GSE Position
GOOSEID*: 1

Event Timestamp: 2023-07-20 13:58.12,377603 Timequality: 1f

StateNumber*: 2
|SequenceNumber™: Sequence number |

Simulation Bit FALSE

Config Revision*: 1

Needs Commissioning*: FALSE
Number Dataset Entries: 2
Data

BITSTRING:
BITS 0000 - 0015: 0 200000000000
BITSTRING:
BITS 0000 - ©015: 1 @
}

}

0000 @01 Oc cd 01 01 fb 00 50 c2 4f 9a a5 88 b8 @0 @3 - ... ... P -0------
0010 00 83 00 00 00 00 61 79 80 1f 52 54 44 53 5f 49 - ..... ay --RTDS_I
0020 45 44 43 53 57 49 5f 58 43 42 52 2f 4c 4c 4e 30  EDCSWI_X CBR/LLNO
0030 24 A7 4f 24 47 63 62 30 35 81 02 Of a0 82 28 52  $G0$GcbO 5- - - - - (R
0040 54 44 53 S5 49 45 44 43 53 57 49 5f 58 43 42 52  TDS_IEDC SWI_XCBR
0050 2f 4c 4c 4e 30 24 58 43 42 52 5f 47 53 45 5f 50 /LLNO$XC BR_GSE_P
0060 6f 73 69 74 69 6f 6e 83 01 31 84 08 41 cd bc 40 osition- -1--A--@
0070 60 aa 97 1f 85 01 02 86 01 1d 87 01 00 88 01 @1 ... ... ...
0050 89 01 00 8a 01 02 ab @9 84 03 03 00 00 84 02 06 - - - - - R
0090 80

Figure 7.33: GOOSE message published by RTDS indicating the XCBR status

Figure 7.34 shows the captured GOOSE message, indicating that circuit breaker 3
changed to the close position. The packet number for the GOOSE message is 59, and
the time stamp is 13:58:18,842192 (Hrs:min:sec). The initial state number is 3, and the
state sequence is reset to 0. The change in the state number indicates that the Boolean

status changed from “False” to “True”.
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(M [iecgoose

No. Time Source Destination Protocol  Length Info
59 3.955700 RtdsTech_0a:a5 Tec-Tc57_01:01:fb IECGOO.. 144 GOOSE Request
IEC GOOSE

Control Block Reference*:  RTDS_IEDCSWI_XCBR/LLNO$GO$GcboS5
Time Allowed to Live (msec): 12

[DataSetReference*:  RTDS_IEDCSWI_XCBR/LLNO$XCBR_GSE_Position (GOOSE logical node
GOOSEID*: 1

: 2023-07-20 13:58.18,842192 Timequality:
StateNumber*: 3
SequenceNumber*: 2]
Simulation Bit FALSE
Config Revision*: 1
Needs Commissioning*: FALSE
Number Dataset Entries: 2
Data
BITSTRING:
BITS 0000 - 0015: P O 0 O O 0 00 00000
BITSTRING:
BITS 0000 - 0015: @ 1
4
}
0000 01 Oc cd 01 01 fb 00 50 c2 4f 9a a5 88 b8 @@ @3 - ---- .- P-0------
0010 00 82 00 00 00 00 61 78 80 1f 52 54 44 53 5f 49 ... .. ax --RTDS_I

0020 45 44 43 53 57 49 5f 58 43 42 52 2f 4c 4c 4e 30  EDCSWI_X CBR/LLNO
0030 24 47 4f 24 47 63 62 30 35 81 01 Oc 82 28 52 54  $GO$GcbO 5- - - - (RT
0040 44 53 5f 49 45 44 43 53 57 49 5f 58 43 42 52 2f  DS_IEDCS WI_XCBR/
0050 4c 4c 4de 30 24 58 43 42 52 5f 47 53 45 5f 50 6f  LLNO$XCB R_GSE_Po
0060 73 69 74 69 6f 6e 83 01 31 84 08 41 cd bc 6b 81 sition-- 1--A--k-
0670 fd fe 1f 85 01 @3 86 01 ©00 87 01 00 88 01 01 89  ---- .. - ...

0020 01 00 8a 01 02 ab @9 84 ©3 03 00 00 84 02 06 40 - - - - - .- ... @

Figure 7.34: Change in state of the GOOSE message published by RTDS indicating the XCBR

7.5

status

Conclusion

The developed adaptive protection algorithm was implemented, and HIL testing was
conducted to validate the algorithm in a real-time simulation environment using RTDS
and SEL protection relays in the CSAEMS laboratory at CPUT.

Hardwired connection between the RTDS and the SEL-351A IEDs was successfully
implemented for the adaptive protection scheme. As a result, the setting group
changed according to the position of the circuit breakers at the PCC. Similarly, adaptive
protection for the SEL-700G IED based on the implementation of the IEC 61850
GOOSE communication allowed the setting group to change depending on the status
of the XCBR logical node. The setting group is changed to SG1 during the grid-

connected mode and to SG2 during the islanded mode.
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The next chapter gives the conclusion for the entire scope of the thesis and discusses

possible future research.
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8.1

8.2

CHAPTER 8
CONCLUSION

Introduction

The integration of distributed generation (DG) into the microgrid (MG) system can have
a negative impact on the overcurrent relay performance. The MG operates in both grid-
connected and islanded modes, and the fault currents measured in the islanded mode
are lower than those measured in the grid-connected mode. This may result in a loss

of coordination between the overcurrent relays.

The aim of this research project is to develop and implement an adaptive protection
scheme for the MG system to overcome the challenges associated with traditional
protection schemes. The modified IEEE 14-bus system with an additional DG was used
as a case study. The MG system was modelled and simulated in the DIgSILENT and
RSCAD simulation environments. A hardware-in-the-loop (HIL) simulation was
executed to validate the performance of the directional overcurrent relays during grid-
connected and islanded modes for a fault event. The developed IEC 61850 GOOSE
message was also implemented and tested during the HIL simulation by interfacing the

external IEDs with a real-time digital simulator (RTDS).

This chapter summarises the research results and deliverables, which are presented
in Section 8.2. Section 8.3 discusses the application of this research in academia and
industry, and Section 8.4 provides recommendations for future research on adaptive

protection schemes for MG systems.

Thesis deliverables

The IEC 61850 standard-based adaptive protection scheme was developed and
implemented in real-time. The status of the circuit breakers' position (XCBR) was
mapped to the virtual bits VB001 and VB002 on the SEL-700G IED. The settings group
(SG) was updated to SG1 for grid-connected and SG2 for islanded modes.

The detailed thesis deliverables are given in sections 8.2.1 to 8.2.6 as follows:
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8.2.1

8.2.2

8.2.3

Literature review

The literature review presented in Chapter 2 provides details on the protection and
control measures in MG systems. A review has been conducted on the operation and
control of wind turbine generators (WTGs) and other renewable energy sources. The
IEC 61850 standard and its application to protection schemes were reviewed,

and several adaptive protection algorithms were evaluated.

Modelling and Simulation in DIgSILENT PowerFactory

The modified IEEE 14-bus system was simulated within the DIGSILENT environment

as a case study. We investigated the load flow and short circuit analysis of the MG
system for both grid-connected and island modes of operation. The modified IEEE 14-
bus distribution system comprises eight transmission lines with a directional

overcurrent relay (SEL-351A) at both ends. A protection coordination study was

conducted for the SEL-351A relays during both modes of operation. The coordination

time interval (CTI) was sufficient for most of the identified relay pairs.

Modelling and simulation in RSCAD

The modified IEEE 14-bus system was modelled and simulated in the RSCAD software
environment, which is a suite of RTDS. The 50-MW wind farm comprising the DG is
linked to the distribution system at the POC. A permanent magnet synchronous
generator (PMSG) is connected to the output of the type 4 wind turbine. Subsequently,
the PMSG output is connected to an AC-DC-AC power electronics converter. The
output of the power electronics converter circuit is linked to a step-up transformer, and
the output from the step-up transformer is linked to a scaling transformer at the POC.
To investigate the performance of the WTG at different wind speeds during the RSCAD

runtime simulations, four case studies were considered.
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8.2.4

8.2.5

Implementation of the hardware-in-the-loop simulation of the microgrid
protection scheme

HIL protection testing was implemented to evaluate the proposed protection scheme,
thus ensuring validation of the protection and control functionality before field
commissioning. The modified IEEE 14-bus system was modelled in the RSCAD
software environment. The CT and VT models required by the primary and backup
relays were added to the RSCAD draft. The output signals from these instrument
transformer models were connected to the analogue output (GTAO) model. The front
panel interface (GTFPI) model was added and configured to receive the binary output
signals for the trip from the external IEDs that interfaced with the RTDS. The output
signals from the GTFPI model were connected to the circuit breaker logic. A three-
phase fault was applied during the RSCAD runtime simulation, and the performance of

the protection relays was investigated.

SEL Quickset software was used to configure the overcurrent settings and relay logic
of the SEL-351A relay. The SEL SynchroWAVe event software was used to analyse
the COMTRADE event file downloaded from the SEL-351 relay. From the simulation
results, it can be concluded that the SEL-351A relays responded appropriately to the

fault conditions.

Implementation of the hardware-in-the-loop simulation for testing the IEC 61850
GOOSE

To test the protection functionality of the directional overcurrent relays, a laboratory-
scale test bench for the demonstration of the IEC 61850 GOOSE communication was
implemented at the CSAEMS laboratory at CPUT. The AcSELerator Architect software
was used to configure the IEC 61850 GOOSE messages published or subscribed to
by IEDs. The data set contains a protection trip conditioning (PTRC) LN. The IEC
61850 IED Configuration Tool (ICT) within the GTNET-GSE model in RSCAD was used
to configure the IEC 61850 GOOSE messages published or subscribed to by
external IEDs through Ethernet.

The IED tripping times improved compared with the hardwired connection. The
WireShark tool was used to analyse the GOOSE messages published through
Ethernet. From the captured results, we can conclude that the IEC 61850 GOOSE

message was successfully transmitted through Ethernet.
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8.2.6

8.3

Implementation of the Adaptive Protection Scheme for the microgrid system

The MG can be operated in both grid-connected and island modes. The fault currents
measured in the island mode of operation are less than those measured in the grid-
connected mode. Consequently, conventional protection schemes are ineffective and
may lead to a loss of coordination between the protection relays. Therefore, it
IS necessary to implement an adaptive protection scheme in which the relay settings
are dynamically updated according to the status of the circuit breaker monitored by the
relays. This ensures that the MG is always protected against fault currents, regardless
of the network configuration. The adaptive protection scheme has been implemented
for both hardwired connections and standard |IEC 61850 communication
between IEDs. The status of the circuit breakers’ position at the PCC was used to
identify the network topology (e.g., grid-connected or islanded). The circuit breakers
were in the closed position during the grid-connected mode and in the open position

during the islanded mode of operation.

To implement the adaptive protection scheme for the SEL-351A relays, a 110 V DC
auxiliary supply was hardwired between the CMC 356 secondary-injection test set and
the opto-isolated input IN101.

Adaptive protection based on the IEC 61850 standard was implemented for the SEL-
700G IED. The GTNET-GSE model was used to configure the IEC 61850 GOOSE
message published by RTDS. The logical node representing the position status of the
circuit breaker was mapped to the virtual bits VB001 and VB002 of the SEL-700G
IED. Circuit breaker control was used to open and close the circuit breakers during the
RSCAD runtime.

The SEL351A and SEL-700G IEDs were changed to group 1 for the grid-connected
mode (circuit breaker closed) and to group 2 for the islanded mode (circuit breaker

open).

Academic and Industrial Applications

The DIgSILENT and RSCAD simulation results can assist both undergraduate and
postgraduate students in modelling and  simulating power system  networks,
understanding load flow and short-circuit simulation studies, and understanding how
integrated DGs can affect the performance of the protection scheme implemented in
MGs.



8.4

8.5

It is recommended that power utilities develop and implement the IEC 61850 standard-
based adaptive protection scheme for MG systems to overcome the loss of
coordination associated with traditional protection schemes. This may lead to the
blinding of overcurrent relays or false tripping, leading to the disconnection of the DG

and reducing the reliability of the supply to the customer.

Future research

This research project only focused on developing a decentralised adaptive protection
algorithm whereby the IEC 61850 GOOSE communication was implemented between
the local IEDs. Future research could consider the development of a centralised
adaptive protection scheme whereby the IEC 61850 GOOSE communication is
implemented between the local IEDs and a microgrid-centralised controller (MGCC).
The SEL Real-time Automation Controller (RTAC) can be used as an MGCC. The SEL-
700G IEDs and SEL RTAC can be interfaced with the RTDS to enable real-time
simulations. Each SEL-700G IED has six setting groups available to allow for several
network topologies within the modified IEEE 14-bus system to be tested. In addition to
the operation of circuit breakers at the PCC, the circuit breakers at the POC can also
be operated for the connection and disconnection of the DG. The MGCC can be
configured to publish an IEC 61580 GOOSE message via Ethernet to update the setting
group for the protection IEDs, depending on the network topology.
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APPENDICES

APPENDIX A
CONFIGURATION OF RSCAD POWER SYSTEM COMPONENTS

Synchronous generator

The synchronous generator along with its exciter and governor controls is shown in
Figure A.1. The speed of the prime mover is maintained through an electronically
controlled rectifier known as the governor. The parameters of the governor are shown
in Figure A.2. The exciter is used to supply a DC to the rotor winding to produce the

rotor magnetic field. The parameter for the exciter is shown in Figure A.3.

BUSERT

IEEE Type 1
Excitation
System

Ef ey

BUS_0006
10 10
L

W Tm

TGEOMT
GovernoeTurbine

BUS6x1

Figure A.1: Modelling of synchronous generator in RSCAD
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@ Component Parameters for _rtds_TGOV1.def O X
_rtds TGOV def (7]
CONFIGURATION Name Description Value Unit  Min Max

R Permanent droop 0.050000 pu

e L Governor time constant 0.490000 sec Te-6
AUTO-NAMING SETTINGS Vmax  Maximum valve position 15.000000 pu
Vmin Minimum valve position 0.000000 pu
T2 Time Constant of high-pressure fraction 2.100000 sec

T3 Reheater time constant 7.000000 sec 1e-6
Dt Turbine damping coefficient 0.000000 pu

Cancel Cancel All

Figure A.2: Parameters of the governor

@ Component Parameters for _rtds_IEEET1.def O X
_rtdls_IEEET1.def @
CONFIGURATION Name Description Value Unit Min Max
Tr Voltage transducer time constant 0.000000 sec
R Ka Voltage regulator gain 6.200000 le-b

AUTO-NAMING SETTINGS |Ta Voltage regulator time constant 0.050000 sec 1e-6
Vmx Maximum control element output 5.200000 pu
Vmn Minimum control element output -4.160000 pu
Ke Exciter field resistance line slope margin 1.000000 pu
Te Exciter field time constant 0.830000 sec 1e-6
Kf Rate feedback gain 0.057000 pu
Tf Rate feedback time constant 0.500000 sec 1e-6
E1 Value of E at Sel 2.800000 pu 0.01
Sel Value of Se at E1 0.041000 0.01
E2 Value of E at Se2 3.800000 pu 0.01
Se2 Value of Se at E2 0.268000 0.01
Cal Saturation Constant ‘A’ Calculation Method abs(A) >
Kvuel  Voltage Under Excitation Limiter Constant Value 0 -1.0e10  1e6
Kvoel  Voltage Over Excitation Limiter Constant Value 0 -1.0e10  1eb

Cancel Cancel All

Figure A.3: Parameters of the exciter
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B Component Parameters for If_rtds_sharc_sld_MACV31

If_rtels_share_sld_MACV31

GENERAL MODEL CONFIGURATION

PROCESSOR ASSIGNMENT

MECHANICAL DATA AND CONFIGURATION

MACHINE INITIAL LOAD FLOW DATA

MACHINE ELECT DATA: GENERATOR FORMAT

MACHINE ZERO SEQUENCE IMPEDANCES

MACHINE SATURATION CURVE BY FACTORS

OUTPUT OPTIONS

SIGNAL MONITORING IN RT AND CC: MAC

SIGNAL NAMES FOR RUNTIME: MAC

AUTO-NAMING SETTINGS

A.2

Voltage source

@ Component Parameters for If_rtds_sharc_sld_SRC

If_rtds_sharc_sld_SRC

CONFIGURATION

PROCESSOR ASSIGNMENT

AC SOURCE INITIAL VALUES

O X
@
Name Description Value Unit Min Max
Xa Stator Leakage Reactance 0.15 pu. Q01
Xd D-axis: Unsaturated Reactance 1.50 pu. 0.1
Xd' D: Unsaturated Transient Reactance 0.30 p.u. 0.05
Xd" D: Unsaturated Sub-Trans. Reactance 0.20 pu. 002
Gfld D: Real Component of Transfer Admit. p.u. 0.0 100.0
Bfld D: Imag Component of Transfer Admit. 00.0 pu. 00 100.0
Xq Q-axis Unsaturated Reactance 1.00 pu. 01
Xq' Q: Unsaturated Transient Reactance 030 pu. 005 1.0e6
Xq" Q: Unsaturated Sub-Trans. Reactance 0.20 p.u. 0.02
Ra Stator Resistance 0.01 p.u. 0.000125
Tdo' D: Unsat. Transient Open T Const. 6.5 sec .00
Tdo" D: Unsat. Sub-Trans. Open T Const. 0.05 sec 0.001
Tqo' Q: Unsat. Transient Open T Const. 0.50 sec 0.001 4.0
Tqo™ Q: Unsat. Sub-Trans. Open T Const. 0.05 sec 0.001
Figure A.4: Configuration of the electrical parameters for the generator
O >
o
Name Description Value Unit Min = Max
Base Frequency 500 Hz 0.001
+ve Seq. Impedance 1.7424 OChms  0.001
+ve Seq. Imp. Phase angle 8428394 deqg 0.1 89.9
Harm. # where phase is same as fund. | 2.0 20 1E38

AC SOURCE INITIAL POWER OUTPUT

POSITIVE SEQUENCE IMPEDANCE
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Figure A.5: Configuration of the voltage source



A.3  Wind turbine generator

@ Component Parameters for rtds_sharc_ctl_WINDT O X
rtds_sharc_ctl_WINDT 0
Name Description Value Unit  Min  Max
CONFIGURATION
GR Rated Generator Power 25 MVA 0.1 1000.0
TURBINE DATA
TR Rated Turbine Power 25 MW 0.1 1000.0
COEFFICIENT TYPE 1 WR PU Gen Speed @ Rated Turbine Speed 1.0 pu 0.1 100
AIR DENSITY WSR Rated Wind Speed 12 m/s 1.0 100
WSCI Cut-in Wind Speed 5] mys 1.0 100.0
AUTO-NAMING SETTINGS
PCT Power Coeffecient Type ONE -
PlotPC  Plot Power Coeffecient for Multiplot YES b
PlotPO  Plot Power vs Windspeed for Multiplot YES v

Cancel Cancel All

Figure A.6: Configuration of the wind turbine

@ Component Parameters for rtds_sharc_ctl_WINDT O X
rtds_sharc_ctl_WINDT 0
Name Description Value Unit Min Max
CONFIGURATION
cl Cp(lmda,Beta) = 0.5176 0.0 1.0
TURBINE DATA

c2 c1(c2 * Imdai-¢c3 *Beta-c4)* 116 0.0 1000.0

COEFFICIENT TYPE 1 c3 exp( -c5 * Imdai ) + c6 * Imda 04 0.0 1.0

AIR DENSITY c4 5 0.0 20

c5 Imdai = (1 /(Imda + 0.08 * Beta )) - 21 0.0 50

AUTO-NAMING SETTINGS
c6 (0.035/(Beta*3 + 1) 0.0068 0.0 1.0

Cancel Cancel All

Figure A.7: Configuration of coefficient data for the wind turbine
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@ Component Parameters for _rtds_PMSM.def [} d
_rtds_PMSM.def @
Name Description Value Unit Min Max
GENERAL MODEL CONFIGURATION
Vll_rms  Rated RMS Line-to-Line Voltage 0.69 kv 1E-9 1E6
PROCESSOR ASSIGNMENT
Srated  Rated MVA of the Machine 2.5 MVA  1E-9 1E6
MACHINE ELECT DATA: fb Rated frequency of the Machine 12 Hz 1E-9  1E6
MECHANICAL PARAMETERS Xlspu Stator Leakage Reactance 0.1 p.u. 1E-9  1E6
Xmdpu  D-axis Unsaturated Magnet. React. 035 p.u. 1E-9  1E6
ENABLE MONITORING IN RUNTIME
XDpu D-axis Damper Leakage Reactance 0.05 p.u. 1E-9  1E6
IGNAL NAMES FOR RUNTIM
—l S . Xmqpu  Q-axis Magnetizing Reactance 04 p.u. 1E-9 1E6
AUTO-NAMING SETTINGS XlQpu  Q-axis Damper Leakage Reactance | 0.045 p-u. 1E-9 1E6
Rspu Stator Resistance 0.01 p.u. 1E-9 1E6
RDpu D-axis Damper Resistance 0.035 p.u. 1E-9 1E6
RQpu Q-axis Damper Resistance 0.028 p.u. 1E-9 1E6
PsiMpu  Magnetic Strength 1.0 Norm 1E-3 1E3
| | | Cancel Cancel All
Figure A.8: Configuration of the PMSG electrical parameters
@ Component Parameters for _rtds_PMSM.def O X
_rtds_PMSM.def (7]
Name Description Value Unit Min Max
GENERAL MODEL CONFIGURATION
H Inertia Constant 35 MwWs/MVA 0,01
PROCESSOR ASSIGNMENT e .
D Frictional Damping 0.0 pu/pu 0.0
MACHINE ELECT DATA:
MECHANICAL PARAMETERS
ENABLE MONITORING IN RUNTIME
SIGNAL NAMES FOR RUNTIME
AUTO-NAMING SETTINGS
OK ‘ ‘ Cancel Cancel All

Figure A.9: Configuration of the PMSG mechanical parameters
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@ Component Parameters for rtds_ss_UCM_LEV2.def O X
rtds_ss_UCM_LEV2.def (9]
Name Description Value Unit Min Max
CONFIGURATION
Indac Inductance of AC Reactor 120.0e-6 H 1e-7  led
PARAMETERS
Resac  Resistance of AC Reactor 1.0e-6 ohms 0.0 1e8
IMPROVED FIRING PULSE (6 VALVES) capufd  Capacitance of Each DC Capacitor 35000.0 uF 1 1e6
ENABLE MONITORING IN RUNTIME AND CC  €@Pres  Resistance in Series with Each DC Capacitor | 0.0 ohms 0.0 1e6
rvlon Valve ON Resistance 0.0001 ohms 0.0 1e6
SIGNAL NAMES
rvlof Valve OFF Resistance (Block Mode) 100.0e6 ohms 0.0 1e12
PR R NMENT
OCESSOR ASSIGNME snbec Snubber Series Capacitance (Block Mode) 0.01 uF 1e-5 1e5
AUTO-NAMING SETTINGS snbr Snubber Series Resistance (Block Mode) 1.0e4 ohms 0.01 1e9
oK Cancel | Cancel Al
Figure A.10: Configuration of the power electronics converter
A.4  Power transformers
@ Component Parameters for rtds_ss_TRFSTPH.def O X
rtds ss TRFS1PH.def (7]
Name Description Value Unit Min Max
CONFIGURATION
vt Rated Winding 1 RMS Voltage: 1 kv 0.001
TR ot Rated Winding 2 RMS Voltage: 0398372 KV 0.001
SIGNAL MONITORING IN RT AND CC MVA Rated 1-Phase Transformer MVA: 0.83333 MVA  0.001
SIGNAL NAMES frat Transformer Base Frequency: 50 Hz 0.01
rput Total Winding Resistances: 0.001 pu 00
PROCESSOR ASSIGNMENT
xput Total Winding Reactances: 0.1 pu 0.01
AUTO-NAMIN T
uie © SETTINGS mgls1  Winding 1 magnetizing losses: 0.00001 pu 0.00001
mgls2  Winding 2 magnetizing losses: 0.00001 pu 0.00001
| QK | | Cancel ‘ Cancel All ‘

Figure A.11: Configuration of the parameters for the transformer between the grid-side
converter and the scaling transformer at the PCC
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@ Component Parameters for rtds_ss_SCALED_TRF1.def

rtds_ss_SCALED_TRF1.def @
Name Description Value Unit Min Max
CONFIGURATION
vtpri Rated Primary RMS Vaoltage 19.0526 3% 0.001
TRANSFORMER PARAMETERS visec Rated Secondary RMS Voltage 11 kv 0.001
SCALING OF PRIMARY CRT AND EFFECT ON PRIMARY | TMVA  Rated Transformer MVA 0.83333 MVA  0.001
SIGNAL OUTPUT OPTIONS freqgb  Base frequency 50 Hertz  0.001
trpos Leakage Resistance: 0.001 pu 00
SIGNAL MONITORING IN RT AND CC
txpos  Leakage Reactance: 0.1 pu 0.05
SIGNAL NAMES FOR RUNTIME AND D/A
PROCESSOR ASSIGNMENT
AUTO-NAMING SETTINGS
| Cancel | Cancel All |

Figure A.12: Configuration

of the parameters for the scaling transformer at the PCC
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APPENDIX B
WIND TURBINE CONTROLS
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Figure B.6: Logic for DC chopper control
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The modelling of the transmission line is completed using the TLine editor in the
RSCAD software. A line length of 15km is chosen for the 33kV line as shown in Figure
C.1. This represents a short transmission line. The frequency is set to 50Hz. The
Aluminium Cable Steel Reinforced (ACSR) conductor with code name “Parrot” is

selected as shown in Figure C.2. The current rating for this conductor is 1315A at 75°C.

APPENDIX C

TRANSMISSION LINE DATA

Line Options

Model:
Units

1 Line Data

Line Constants Mame (TLI): 33KV

Bergeron (Physical Data Entry)

Metric

Line Length (km):

Line Information

1150

Ground Resistivity (Q-m):  [100.0

Ground Relative Permeabil'rty:| 1.0

Frequency Data

Low Frequency (Hz): |50.0

Figure C.1: Transmission line information

| Tower & Right of Way Data |V Conductor Data ‘ Ground Wires

Data

|Tower Preview ||c$‘d" Tower #1 : Manual |
Circuit Info | Circuit 1 &
|Tran5p05'rtion |Tran5p05e Circuit -
Conductor Style Solid Core -
Conductor Bundle C.Bundle#1[1] || C.Bunde#2[?] | C.Bundle#3[3] |

|Conduct0r Name

|Sub—Conduct0r Outer Radius

(cm)

DC Resistance per Sub-Conductor

(Q/km

Sub-Conductor Inner Radius

{cm

&

|Shunt Conductance

(mho/m)|1.0e-11

|
|Conduct0r Relative Permeability || 1.0 |
|N0. Sub-Conductors per Bundle ||2 |
|Bundle Configuration | Symmetrical @
|Sut»Cor1duct0r Spacing [cm)| 4572 |
|H0rizontal Distance (X) [m)"_m_o ||D_D ||1D_D |
|Conduct0r Height at Tower (Y) [m)||30_0 ||30_0 ||30_0 |
Sag at Mid-span (m)|10.0 |

Figure C.2: Parameters for the phase conductor
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The spacing between the sub-conductors is 45.72cm. This gives a geometric mean
radius (GMR) of 9.348 Cm. The parameters for the ground wire are shown in Figure

C.3. The overall dimensions for the transmission line are given in Figure C.4.

| Tower & Right of Way Data ’/ Conductor Data i Ground Wires [

Data

‘Tower Preview & Tower#l |
Ground Wire Number &' Ground Wire #1
Ground Wire Name 7116 Steel |_
Ground Wire Radius [cm}|D_55245 |.§5
DC Resistance per Wire [ﬂfl-cm)|2_8645 |_
GW Relative Permeability 1.0 |
Horizontal Distance (X) {m)|—5_0 |
Height at Tower (') [m)|35.0 |
Sag at Mid-span {m}| 100 |
Eliminate Ground Wires Yes -

Figure C.3: Parameters for the ground wire

xX-2.0
y:35.0
W
§-—-—- 1
|
1
i
@--——-————-— T @
1 [ c3
®:-10.0 #:0.0 %100
y:30.0 y:30.0 y:30.0

Figure C.4: Overall dimensions of the transmission line
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APPENDIX D
CONFIGURATION OF SEL-351A RELAYS

The CT ratio and PT ratio are configured under the general settings tab, as shown in
Figure D.1. The CT ratio is 1000/1 A, and the PT ratio is 33000/110 V.

General Settings

Relay Identifier Labels

RID Relay Identifier (30 chars)
|FEEDER |

TID Terminal Identifier (30 chars)
|RELAY 1 |

Current and Potential Transformer Ratios

CTR Phase (IA,IB,IC) CT Ratio, CTR: 1
1000 | Range = 1 to 6000

CTRN Neutral (IN) CT Ratio, CTRN: 1
| 1000 | Range = 1 to 10000

PTR Phase (VA,VB,VC) PT Ratio
|:-no,oo | Range = 1,00 to 10000,00

PTRS Synch. Voltage (VS) PT Ratio, PTRS: 1
300,00 | Range = 1,00 to 10000,00

VNOM Phase PT Nominal Volt. (L-N)
63,51 | Range = 25,00 to 300,00, OFF

Figure D.1: Configuration of the general settings

The current pickup and time delay for the phase overcurrent (50P) element are

configured as shown in Figure D.2.
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Phase Overcurrent Elements

Phase Overcurrent Element Settings

ESOP Phase Overcurrent Elements
11 v | select:N, 16

Phase Instantaneous Overcurrent Elements

SOP1P Level 1 (Amps secondary)
15,67 | Range = 0,05 to 20,00, OFF

Phase Definite-Time Overcurrent Elements

67P1D Level 1 (cydes in 0.25 increments)
2,50 ‘ Range = 0,00 to 16000,00

Figure D.2: Configuration of the phase overcurrent settings

The phase time-overcurrent (51P) element is configured as shown in Figure D.3. This

includes the current pickup, characteristic curve, and time multiplier setting. The C1
(IEC Standard Inverse) curve type is selected.

Phase Time-Overcurrent Elements

Phase Time-Overcurrent Element Settings

E51P Phase Time-Overcurrent Elements
1 v | select:n, 1,2

Phase Time-0Overcurrent Element
51PP Pickup (Amps secondary)

0,55 \ Range = 0,05 to 3,20, OFF
51PC Curve

‘Cl ‘ Select: U1-US, C1-C5
51PTD Time Dial

0,08 ‘ Range = 0,05 to 1,00

Figure D.3: Configuration of the phase time-overcurrent settings

The current pickup setting and time delay for the neutral ground overcurrent (50N)
element are configured as shown in Figure D.4.
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Neutral Ground Overcurrent Elements

Meutral Ground Overcurrent Element Settings

ESON Neutral Ground (channel IN) Overcurrent Elements
1 | select:N, 16

Neutral Ground Instantaneous Overcurrent Elements

SON1P Level 1 (Amps secondary)
4,690 | Range = 0,050 to 20,000, OFF

Neutral Ground Definite-Time Overcurrent Elements

671D Level 1 (cydes in 0.25 increments)
2,50 Range = 0,00 to 16000,00

Figure D.4: Neutral ground overcurrent settings

The neutral ground time-overcurrent (51P) element is configured as shown in Figure
D.5. This includes the current pickup, characteristic curve, and time multiplier setting.

The C1 (IEC standard inverse) curve type is selected.

Neutral Ground Time-Overcurrent Element

Neutral Ground Time-Overcurrent Element Settings
ESIN Meutral Ground (channel IN) Time-Overcurrent Elements
Ground Time-Overcurrent Element

SINP Pickup (Amps secondary)
0,110 Range = 0,050 to 3,200, OFF

5INC Curve
1 Select: U1-U5, C1-C5

I

wn

INTD Time Dial

Range = 0,05 to 1,00

Figure D.5: Neutral ground time-overcurrent settings

The equations for the trip conditions and output contacts are configured as shown in Figures
D.6 and D.7, respectively.

Trip Logic Equations

TR Other trip conditions
SIPT4+67PIT +51PT+6/NIT+TRIP

Figure D.6: Trip logic equations
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Output Contact Equations

0OUT101 Output Contact 101

‘51P+6]'P1+51N+6}‘Nl

0UT102 Output Contact 102

‘ SIPTHO7PIT+5INTHONIT

Figure D.7: Output contact equations
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