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Abstract

The transition towards clean energy initiatives to reduce global greenhouse emis-
sions and the dependence on fossil fuels requires the interconnection of large-scale
renewable energy power plants (REPPs) to high voltage transmission networks via
inverters. These inverter interfaced power sources, popularly known as inverter-based
resources (IBRs), pose several technical challenges to the existing distance protection

infrastructures widely deployed in transmission systems.

Fault characteristics of IBRs are significantly different from those shown by syn-
chronous generators (SGs). With IBRs taking a large share of generation, their
increasing penetration at the transmission level causes incorrect operation of exist-
ing distance protection schemes designed for systems dominated by SGs. This work
focuses on the impact of inverters on negative sequence component-based directional
elements that assist distance relays in identifying the direction of fault current, caus-
ing incorrect tripping of relays and missing out on in-zone faults. The main reasons
for these misoperations are the negative sequence current blocking function in invert-
ers and the changed angular relationships between the sequence voltages and currents

dictated by the IBR control schemes.

This work proposes a solution that uses the method of fault direction identifica-
tion used in classical non-numerical relays to address this problem. Unlike modern
numerical relays, directional elements in non-numerical relays use the measurements
of phase voltages and currents instead of negative sequence components. This work
shows that the method of direction identification used by non-numerical relays still
works accurately in all test scenarios, including cases with IBR feeding the relay,
where the negative sequence component-based method in modern numerical relays

fails.

i



Acknowledgements

I want to express my sincere gratitude to my advisor Dr. Sukumar Brahma for his
expert guidance, support, and encouragement throughout my M.S. thesis research.

This work would not have been possible without his supervision.

I am incredibly thankful to my advising committee members— Dr. Johan H.
Enslin and Dr. Ramtin Hadidi, for their constructive comments and generous support.
Their feedback has always shown me the right research direction and motivated me
to become a better student. I appreciate the feedback and motivation offered by my
labmates Phani Harsha Gadde, Trupal Patel, and Munim Bin Gani. Discussions with

them have always been insightful with valuable comments.

This work was supported by two awards by the U.S. Department of Energy’s
Office of Energy Efficiency and Renewable Energy(EERE) under the Solar Energy
Technologies Office Sandia National Laboratories. First, through Sandia National
Laboratories by Agreement Number 36533 - subaward to Clemson University, and
second, through the University of North Carolina, Charlotte by Award Number DE-
EE0008774, subaward 20190382-01-CLE. Sandia National Laboratories is a multi-
mission laboratory managed and operated by National Technology and Engineering
Solutions of Sandia, LLC, a wholly-owned subsidiary of Honeywell International Inc.,
for the U.S. Department of Energy’s National Nuclear Security Administration under

contract DE-NA0003525.

il



Contents

Section Page
Title Page i
Abstract ii
Acknowledgements iii
Contents iv
List of Figures vi
List of Tables viii
Nomenclature ix
1 Introduction and Literature Review 1

1.1 Penetration of inverter based resources in transmission grids . . . . . 3

1.2 IBR impacts on distance relay . . . . . . . . ... ... L. 4

1.3 Distance protection with IBRs literature review . . . . . ... .. .. 6

1.4 Organization of thesis. . . . . . . . ... .. ... ... ... ... 8
2 Inverter Modeling and Control 9

v



2.1 Overview of the model . . . . . . . ... ... .. ... ..., 9

2.2 Control system . . . . .. ... 9
2.2.1 Normal operating condition . . . .. .. ... ... ... ... 10

2.2.2  Abnormal operating condition . . . . .. ... ... ... ... 11

3 Distance Relays 14
3.1 Non-numerical distance relays . . . . . . .. ... ... ... .. ... 16
3.2 Numerical distance relays . . . . . .. . . ... L. 18

4 Simulation Test System 22
4.1 Transmission line . . . . . . . . ... 23
4.2 Synchronous generators . . . . . . . . .. ... 23
4.3 IBR . . . 24
4.4 Distance relays . . . . . ... 24

5 Results and Discussion 25
5.1 Fault characteristics of inverter model . . . . . . . . . .. .. ... .. 26
5.2 Performance of relays when fed by SG . . . . .. .. ... ... ... 27
5.3 Performance of relays when fed by IBR . . . . . . ... ... ... .. 28

6 Conclusion 34




List of Figures

Figure Page
1.1 States in the US with their RPS status [3]. . . . .. . ... ... ... 2
1.2 Anticipated energy mix in the US[4]. . . . . .. ... ... ... ... 3
1.3 Anticipated renewable energy mix in the US [4]. . . . . . ... .. .. 3
2.1 Overall control schematic of the inverter model. . . . . . . . ... .. 10
2.2 Siemens-Gamesa control logic for FRT implementation. . . . . . . . . 11
3.1  Working principle of 90° - 30° directional element. . . . . . . . .. .. 17
3.2 Negative sequence circuit of a transmission system. . . . . . .. ... 19
3.3  Working principle of 67Q directional element. . . . . . ... ... .. 21
4.1 Simulation test system with SG behind the distance relay. . . . . .. 22
4.2 Simulation test system with an IBR behind the distance relay. . . . . 24
5.1 IBR performance for an AG fault. . . . . . ... ... ... ... ... 27
5.2 IBR performance for a BCG fault. . . . . . ... ... ... ...... 27
5.3 Recording by a numerical relay during an AG fault fed by a SG. . . . 29
5.4 Recording by an electromechanical relay during an AG fault fed by a

SG. . e 29
5.5 Magnitude of negative sequence currents during an AG fault with dif-

ferent sources. . . . . . .. 30

vi



5.6
5.7

5.8

Recording by a numerical relay during an AG fault fed by an IBR. . .

Recording by an electromechanical relay during an AG fault fed by an

Phase a current magnitude during an AG fault with different sources

vil

30

31
31



List of Tables

Table Page
3.1 Distance relay units and their inputs . . . . ... ... 15
5.1 Comparison of the performance of relays with SG . . . . . . ... .. 30
5.2  Comparison of the performance of relays with IBRs . . . . . . .. .. 32

viil



Nomenclature

IBR
SG
RE
RPS
FRT
FID
PCC
PLL
DSC
PWM
MTA
LG
LL
LLG

Inverter Based Resource
Synchronous Generator
Renewable Energy
Renewable Portfolio Standard
Fault Ride Through

Fault type Identification
Point of Common Coupling
Phase Locked Loop
Delayed Signal Cancellation
Pulse Width Modulation
Maximum Torque Angle
Line-to-Ground
Line-to-Line

Line-to-Line-to-Ground

X



Chapter 1

Introduction and Literature

Review

Significant efforts are being made worldwide to tackle the impacts of climate change:
the US recently rejoined the Paris agreement with strengthened targets of reducing
emissions by more than 50% below 2005 levels by 2030 [1], and the European Com-
mission has a target of reducing the greenhouse emissions by 40-45% by 2030 below
1990 levels [2]. With these goals, there have been continuous efforts to reduce the
dependency on fossil fuel-based energy sources and promote renewable energy (RE)
sources. Currently, thirty states in the US have renewable portfolio standard (RPS)
policies that require at least some percentage of the retail load to be supplied via
RE sources. Moreover, several states including Arizona, Washington DC, Hawaii,
and Washington, have raised their RPS target to 100% before 2050 [3]. The present
status of RPS in different states of the US is shown in Figure 1.1. Having target goals

for RPS has played a crucial role in increasing the growth of RE in many states.

As the world moves forward with clean energy initiatives, energy generation using RE
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Figure 1.1: States in the US with their RPS status [3].

sources is expected to grow over the next few decades. This increase will be abetted
by continuous evolution in RE technology and power electronics. Figure 1.2 shows the
projected energy mix in the US up to 2050; a fair share of the generation mix (42%) is
expected to be taken by renewables by that time. Also, the generation from solar and
wind energy is projected to have a significant proportion (81% combined) of the total
renewable energy generation as depicted in Figure 1.3. These large-scale RE sources
are centralized. Transmission of bulk power generated requires them to be interfaced
to the high voltage ac transmission networks through inverters. Increasing penetration
of inverter based resources (IBRs) into transmission systems poses power system
operators and researchers with the challenge of keeping the grid safe and resilient,
since their behavior in steady state and disturbed state is significantly different than

the conventional synchronous generators.
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Figure 1.2: Anticipated energy mix in Figure 1.3: Anticipated renewable en-
the US [4]. ergy mix in the US [4].

1.1 Penetration of inverter based resources in trans-

mission grids

Existing transmission grids are mostly designed to operate with conventional sources
like SGs. Unlike conventional energy sources, generation from IBRs suffers from issues
like unpredictability and variability. As large-scale IBRs replace conventional fuel-
based energy sources, it becomes essential to study the potential challenges associated
with this integration. Integration of large-scale RE sources via inverters poses several
technical challenges to the existing grids, especially during extreme events like faults

when grid voltage support is impaired.

To address these challenges, grids hosting IBRs have grid codes as standards that
dictate the behavior of IBRs during extreme events like faults. These standards
have requirements like fault-ride through (FRT), active power and frequency con-
trol, reactive power and voltage control, maintaining specific voltage and frequency
boundaries [5]. Grid codes [6, 7] specifically require IBRs to have reactive power
injection priority during faults by controlling the power factor of the fault current,

depending on the terminal voltage. Furthermore, power electronics components of



inverters are susceptible to thermal damage due to currents higher than their rated
current. As a result, fault current contribution from IBRs is limited to 1.1 to 1.5 pu
of its rating. In addition to these requirements, the fault current contribution from
IBRs is purely positive sequence, and they are controlled to block negative sequence
currents [8]. These control schemes and physical limitations of IBRs make their fault

characteristics significantly different from those of conventional SGs.

1.2 IBR impacts on distance relay

Distance relays measure the positive sequence impedance to the fault from the mea-
surement point and operate if the measured impedance is within the set range. The
distance protection scheme is extensively used for the protection of transmission lines
as their protection range and sensitivity are robust to system operating conditions
[9]. The functional design of distance relays stems from the assumption of the system
being fed by SGs. Fault signatures of SGs are well known and modeled by a linear
Thevenin model. Similar characterization is not possible for IBRs as their response to
fault is nonlinear and varies with make and model [10]. Therefore, when IBRs replace

SGs within the existing transmission system, distance protection is compromised [11].

Distance relays mainly consist of distance, directional, and fault type identification
(FID) elements. Distance element measures the positive sequence impedance to the
fault. Directional element assists distance relay with identifying the direction of fault
current. Fault type classification is done by the FID element of the distance relay.
Failure in any one of these elements affects the performance of the distance relay.
Published literature has discussed the impact of IBRs on each of these elements. Fang
et al. [12] and Hooshyar et al. [11] explain unusual fault signatures from IBRs that

cause distance relays to trip incorrectly— relays tend to miss faults in their zone and



trip for faults outside their zone. Hooshyar et al. [13] and Haddadi et al. [14] show
how the existing directional elements are impacted by the negative sequence current
blocking feature in the inverters. Similarly, the authors in [14] and [15] illustrate how
unusual fault characteristics from IBRs cause the FID schemes in existing numerical
distance relays to misoperate. Our work mainly focuses on the directional elements

and how the unusual fault behavior from IBRs impacts their performance.

Before the advent of numerical relays, non-numerical relays that include electrome-
chanical and solid-state relays used phase measurements of input voltages and currents
for the identification of the direction fault current. In electromechanical relay, direc-
tion is determined by measuring electrical torque generated from the input voltage
and current by selecting appropriate voltage and current inputs to the relay. In solid-
state relays same concept is implemented using logic gates. Directional elements have
evolved with the commercialization of numerical relays. With the advancement in re-
lay technology, the processing power of numerical relays has increased, enabling the
modern relays to extract sequence components of the voltage and current measure-
ments to decide the direction of fault current. Negative sequence component-based
directional elements commonly known as 67() or 67NEG are extensively used in

numerical distance relays.

Control design of IBRs implements negative sequence current blocking functionality;
this has been backed up with experimental fault data from commercial PV inverters
in [8]. In systems fed by SGs, the negative sequence circuit is highly inductive, and
the negative sequence voltage is expected to lag the negative sequence current by an
angle around 90°. However, when the same system is fed by an IBR without any
standardized fault response, we cannot expect to have the same angular characteris-
tics. Studies carried out by Hooshyar et al. [13] and Haddadi et al.  [14] illustrate

how negative sequence current curtailment in inverters changes the expected angu-



lar relationship between negative sequence voltage and current during faults. This
creates a severe problem for existing numerical distance relays that employ negative
sequence based directional elements. These elements fail to pick up due to very small
magnitudes of negative sequence fault currents; even if they pick up, they operate
incorrectly due to the changed angular relationships. It is therefore essential to find

a solution to tackle this problem.

1.3 Distance protection with IBRs literature re-

view

There have been numerous efforts to address the impact of IBRs on distance relays
in general. Existing works that focus on the IBR-compatible protection schemes are
primarily focused on the inverter side of the problem. These schemes tend to modify
the fault characteristics of the inverter so that existing distance relays can cope with
them. Azzouz et al. [15, 16] have proposed new dual current controllers that enable
the regulation of relative angles between sequence currents from IBRs during unbal-
anced faults to emulate the angular characteristics of SG. The control mechanisms
proposed in these papers are effective for asymmetrical faults as they try to emulate
the behavior of SG in a negative sequence circuit. A new formulation for impedance
calculation with modified relay characteristics is proposed in [17], but it requires
communication between two ends. Fang et al. [12] have proposed a distance protec-
tion scheme that is supervised by zero-sequence overcurrent element for unbalanced
ground faults. This scheme would not work in the absence of zero sequence currents
for line-to-line faults. Mishra et al. [18] have presented an adaptive distance relay-
ing mechanism for distribution lines that dynamically adjusts the tripping boundary.

This method controls the inverter to mimic the positive and negative sequence equiv-



alent circuit of an SG during fault. Although it talks about adaptively changing the
tripping boundary, it does not shed light on the FID schemes and directional elements

associated with the distance relays.

Few works are available in the existing literature that focuses on the solution to the
impacts of IBRs on negative sequence based directional elements of distance relays.
In [19] the authors have proposed a comprehensive dual current control scheme that
modifies the angular characteristics of negative sequence voltage and current from
the inverter so that they can work with existing distance relays. Also, in [13] a
new directional element that uses superimposed negative sequence impedance for
unbalanced faults and superimposed positive sequence impedance for balanced faults
is proposed for microgrid applications. It relies on the control schemes of IBRs to
calculate the superimposed impedance based on which the tripping boundary of the
directional element is decided. These solutions focusing on the directional aspect
of distance relays are also control-based like those above. These methods propose
altering the control scheme of the inverter to attain desired fault characteristics for
the existing distance relays to work. However, inverters are owned by third parties;
their designs are proprietary and beyond the reach of the utilities. Thus, most of the

control-based solutions are impractical.

Undoubtedly, there is a need for a more general control-agnostic and practical solution
to address the impact of IBRs on distance relays caused by the failure of negative
sequence component-based directional elements. This work exactly addresses these
requirements by bringing forward the method used in the directional elements of non-
numerical relays that is based on phase measurements, to solve the problems faced by
negative sequence component-based directional elements in numerical distance relays

in presence of IBRs.



1.4 Organization of thesis

Chapter 2 of the thesis focuses on the modeling and control of a grid-following in-
verter that implements the characteristics of commercially available inverters used by
industries. After modeling the inverter, the details on the working of both numerical
and non-numerical distance relays are illustrated in chapter 3. These relays are tested
in a transmission level test system consisting of the inverter, SG, transmission lines,
and loads, set up in PSCAD/EMTDC simulation environment. Details of the test
system are described in chapter 4. Once the system is set up, different faults are
simulated at various locations on the transmission line. Both relays are tested for
their directionality and their performance is compared under both sources— SG and
IBR— under different test scenarios. The results of the test simulations are presented
in chapter 5. Ultimately, these results are analyzed to see if the directional elements
in non-numerical relays can perform better than the modern relays in the presence of

IBR. Chapter 6 summarizes the work carried out in the thesis with a conclusion.



Chapter 2

Inverter Modeling and Control

2.1 Overview of the model

The inverter model used in this work is a grid-following inverter with a rated power
of 100 MVA at 15 kV. Under steady-state, the inverter is required to supply a rated
power at unity power factor (pf). However, during faults, the power factor angle of
the output current will be changed according to the FRT requirements to provide

voltage support to the grid by injecting reactive power.

2.2 Control system

The control diagram for the inverter is shown in Figure 2.1. The inverter mea-
sures voltage and current output at the point of common coupling (PCC). Using a
phase-locked loop (PLL), the angle reference () for the reference frame conversion
is extracted from the voltage measurement at the grid side. These measurements of

voltage and current are then used to calculate real power output P,,; and reactive



power (., from the inverter along with the positive sequence component of the volt-
age Vp. These calculated values, along with the active power setpoint— P;.; and
the pre-fault reactive power output from the inverter Qpycfqu are fed to the current
reference generator that generates current reference values in dq reference frame that

are used by the positive and negative sequence current control loops.

The schematic diagram for the current reference generator is shown in Figure 2.2. This
is the modification of the control block in [20] to implement the FRT requirements as
specified in Siemens-Gamesa [21] for grid-following inverters to provide voltage sup-
port. This control scheme allows the inverter to have a different power output range

depending on whether the inverter is operating under normal or faulted conditions.

PCC
> PWMl—> | »| LCL Filter . I
- |
Full Bridge I
Inverter o Current _ _ _ _ __ |
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0 : Voltage | Measurement

¢ ZgofCurrent ¥ Measurement
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p < ref? ‘ref Current reference| Q.
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Figure 2.1: Overall control schematic of the inverter model.

2.2.1 Normal operating condition

Under normal operating conditions, i.e., when the terminal voltage Vp is between 0.9

pu and 1.1 pu, the output of the comparator is zero, and hence the active and reactive

10
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Figure 2.2: Siemens-Gamesa control logic for FRT implementation.

power references are set to Pser and Qprefquir Tespectively as seen in Figure 2.2. Since
the inverter is designed to supply rated power at unity pf during steady-state, we
select Qprefaur = 0 and Py, = 1 pu for normal operating condition. From the control
logic, when Vp lies in the range of normal operation, the controller will determine P,¢
= 1 pu and Q,c;f = 0 pu. These reference powers will be used to extract reference

currents that are fed to the current control loops.

2.2.2 Abnormal operating condition

When there is a fault in the system, and Vp falls below 0.9 pu, reactive power injection
from the inverter is prioritized for voltage support. Depending on the magnitude of
Vp, the reference reactive power that the inverter is to inject into the gird is calculated

as:

Qref = Qprefault + K(l - VP) (21)

11



Where K is a multiplier between 1 and 10, it is taken as 2 for this work. Since
priority is given to reactive power, @),.s is calculated first. The rest of the power that
is permitted by the current limit of the inverter is injected as active power. Based on

this, under abnormal operating conditions, P, is calculated as:

Pref =\ ]limit2 - Qref2 pu. (22)

Where, I}, is the physical limit on the current that is kept to protect the power
electronics components in the inverter. Typically a the value for this limit is selected
between 1.1 pu to 1.5 pu. For our design [j;,;; value of 1.1 pu has been chosen.
To illustrate the operation of the control scheme for FRT implementation during
abnormal condition, let us consider a scenario when Vp = 0.7 pu, with K = 2 and
Qprefaur = 0. From (2.1) we get Q,y = 0.6 pu, using this value of Qef With I} =
1.1 pu in (2.2) we get, Pef = 0.92 pu. Also, if Vp = 0.3 pu for more severe faults,
following the same procedure we get, Q.. = 1.4 pu. Since this value is greater than
1.1 pu, Qe is set equal to the limiting value of 1.1 pu and P,.s is set to zero. In
this way reactive power is prioritized depending upon the magnitude of the positive

sequence voltage at the inverter terminal.

Equations (2.1) and (2.2) come from the implementation of the logic shown in Figure
2.2. The control logic specified in [21] is modified so that the user can provide active
and reactive power setpoints to the inverter instead of the current setpoints. Although
reference values of active and reactive power are provided as input to the control
scheme, the controlled power outputs from the PI controllers are changed to current
references Id,.; and Ig,.; respectively, based on the terminal voltage Vp. Thus,
ultimately, current is being controlled. These reference currents are then fed to the
positive sequence current control loop as shown in Figure 2.1. The IBR model is

also provided with a negative sequence current control loop, that operates in negative

12



sequence current blocking mode (zero sequence currents can still be sourced by keeping
the grid-side of the interconnecting transformers YG). The negative sequence current

blocking scheme is taken from [20].

Measured three-phase current output from the inverter is decomposed into posi-
tive and negative sequence components using the delayed signal cancellation (DSC)
method and converted to respective dq quantities to achieve positive and negative
sequence current control. Both positive and negative sequence current control loops
implement PI control. For the positive sequence current control, the reference values
come from the control logic shown in Figure 2.2. Since we intend to block negative
sequence current, the reference values for negative sequence current control are taken
as zero. The negative sequence dq current outputs are compared against zero refer-
ence while the positive sequence dg output currents are compared against /d,.; and
Ig,cs. Since the control logic for FRT is implemented using active and reactive power
instead of currents, the current outputs /d,.; and /¢,y may not be within the limits
of 1.1 pu. Therefore, current limiter is provided in the positive sequence current con-
trol loop so that the resultant sum of dg axis reference currents is within the limit of
1.1 pu. The limited dq reference current are are then used to synthesize the voltage
reference in dg reference frame— Vd,.y and V... These reference voltages in dg
frame are converted to abc reference frame and the summation of the abc quantities
from both the positive and negative sequence controllers provides the reference signal
for the pulse width modulation (PWM) scheme that generates the required switching
signals. The switching signals are fed to the six switches of the three-phase two-level
inverter that outputs the desired voltage output. Voltage and current output from
the inverter contain switching harmonics. These harmonics are filtered out from the

output of the inverter using an LCL filter before connecting to the grid.

13



Chapter 3

Distance Relays

Distance relays are extensively used in transmission line protection as they are not
affected by changing system networks and generation sources when compared to over-
current relays [22]. Distance relays compare voltages and current inputs to determine
the impedance to the fault and the direction of the fault. Distance elements in dis-
tance relays create impedance-plane, determine the positive sequence impedance to
the fault and make the trip decision based on whether the measured impedance is
within the trip zone of the relay or not. Table 3.1 summarizes how each of the dis-
tance element calculates this impedance. Notice that six elements are provided, three
each for phase and ground faults. For each element, voltage and current inputs are
carefully chosen such that the ratio of input voltage to current yields the positive se-
quence impedance to the fault. In the table, [ is the zero sequence component of the
input current at the relay terminal, and K is the zero sequence compensation factor
calculated using the zero sequence impedance Z; and positive sequence impedance

7, per unit length of the line that the relay is protecting.

Both non-numerical relays (that include electromechanical and solid-state relays) and

microprocessor-based modern numerical relays use the same logic as shown in Table

14



Table 3.1: Distance relay units and their inputs

byt | | T
Unit Operates
Gromnd | AG | Vi | Li+ Kl Ci((};’, prer
Relays | g Ve | Ip+ Kl Bl(%j(é,’ AA]]?%((;J’G
CG Ve | le+ Kl B((]J(C};: %écé(}
Phase AB I Va=Vi | La—1p Aiﬁ%%(}’
Relays | po | vp—ve | 15— 1o BCA’B%%G’
CA | Ve—=Va| Ic—1a Cﬁ’B%%G,
Where, K = Zy/Z; — 1

3.1 for their distance elements. However, the implementation of the logic differs for

each type of relay.

Distance elements are often implemented as mho circles and are also known as mho
elements. Although these elements appear directional by nature, they require some
supervision from directional elements to ensure security for certain fault conditions.
Field experiences have shown that the zero sequence currents due to reverse phase-
ground fault in one phase can cause the incorrect tripping of forward-reaching ground
distance elements of the other phases [23]. Therefore, every distance element is
equipped with some form of directional security using directional elements. The basic
working of a directional element is based on the use of phase displacement between
input voltages and currents to identify the direction of the fault current. There are
different techniques by which the direction of fault is identified. Older non-numerical
relays use the displacement between actual phasor measurements of input voltages

and currents, whereas modern microprocessor-based relays use the phase angle dis-

15



placement between negative sequence component of the voltage and current inputs to
the relay. The working principles of directional elements in both non-numerical and

numerical distance relays are illustrated in the following sections.

3.1 Non-numerical distance relays

Directional elements in electromechanical and solid-state distance relays identify the
direction of the fault current by comparing the phase angle between input phase
voltages and phase currents. Electromechanical relays make the trip decision based
on the measure of the electrical torque developed that changes with the angular
displacement between voltage and current. Solid-state relays use the same principle,
but they use logic gates for the implementation. Therefore, instead of physical torque,
a digital trip signal is generated. Voltage and current inputs to the relay are carefully
chosen to maximize the operating torque produced in the relay coils during faults. The
Choice of voltage and current inputs and their connection is essential because different
faults involving different phases exhibit different angular relationships between the
input voltage and current. It is desired that a connection works reliably under different

fault scenarios.

One of the most widely used relay connections in the directional elements used in non-
numerical relays is the 90° - 30° directional element [9], where there is a 90° angle
between polarizing (reference) voltage and the current given to each phase relay coil.
The working of phase a element of the directional element is shown in Figure 3.1. In
figure, I, is the input current and Vj,. is the input voltage (reference voltage). Notice
that the input voltage is carefully chosen to be in quadrature with the input current
by selecting the voltages of the other two phases. This ensures the availability of

sufficient voltage Vj. for the relay to operate even when there is a bolted phase to
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Figure 3.1: Working principle of 90° - 30° directional element.

ground fault in phase a. Fault currents are highly lagging due to the inductive nature
of the transmission system; this makes the fault current I, lag its pre-fault value. It
is desirable that the input voltage is almost in phase with this lagging current during
faults for maximum torque. Based on this physics of the fault, the input voltage is
further skewed in an anti-clockwise direction by a certain angle so that the voltage
comes closer to the current I,, during faults. This angle is a user setting, which is
typically between 30° and 90°, known as Maximum Torque Angle (MTA). MTA for
the design shown in Figure 3.1 is 30°. Skewed V}. is denoted in the figure as V}, and
is known as the polarizing voltage or the reference voltage. Similar design procedures
are taken for the elements in the other two phases, b and ¢, by replacing current I,

and voltage V;. with their respective measurements as shown in Figure 3.1.
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A trip decision is made by each directional element based on the comparison of the
phase angle between the input current and the polarizing voltage. During a fault,
if the input current (I, for phase A element) lies within +90° from the polarizing
voltage (V}..), the relay interprets the fault as forward. The relay interprets the fault
as reverse, otherwise. Forward zone of the phase A element of the 90° - 30° directional

relay is shown by the green region in Figure 3.1. The reverse zone is shaded in red.

3.2 Numerical distance relays

Numerical relays are equipped with microprocessors that enable them to process
the input voltages/currents and extract more information about the system. This
information is used to detect and diagnose unusual system events like faults. For
example, numerical relays can obtain the sequence components out of the input phase
voltages and currents, and extensively use these components for fault detection and
supervision. One of the most commonly used features in numerical distance relays
is the negative sequence component-based directional element, also known as 67¢) or

67N EG, which assists distance relays with identifying the direction of fault current.

Negative sequence component-based directional elements used in numerical distance
relays compare the angle between the negative sequence voltage V5 and current I, by
calculating the negative sequence impedance, Z5 (V2/13) at the relay terminal. The
phase angle of Z, is what decides the direction of the fault. To illustrate this concept,
let us consider a negative sequence circuit of a transmission system as shown in
Figure 3.2, where the transmission line is fed by two systems X and Y with equivalent

impedances of Z5X5 and ZSY5 respectively.

In the circuit shown in Figure 3.2, for the forward fault as shown, KVL from system
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Figure 3.2: Negative sequence circuit of a transmission system.

X to the relay terminal is given by:

Here, V R is the negative sequence voltage measured at the relay terminal and 7.X5
is the negative sequence current seen by the relay for a forward fault. We can assume
the negative sequence voltage at remote system X— V X5 to be zero. This implies

that the negative sequence impedance seen by the relay from (3.1) can be given by,

VR,

Som =
°2F = 7 X,

However, for a reverse fault, we can write KVL from the relay terminal to System Y

as,

VSYy — IYy. ZLy — IYy . ZSYs = VR, (3.3)

we can assume V' SY5 to be zero for the same reason as it was for V.S X,. Then, the
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above equation can be written as,

VRy = —IYy(ZLy + ZSY,) (3.4)

The relay has CT connections set for forward faults; for reverse fault currents it mea-
sures the current with 180° phase shift. Therefore, the negative sequence impedance

measured by the relay for reverse faults is given by,

V Ry

Topp = ——2
2R 1Y, /1800

— ZSYs + ZLy. (3.5)

Here, 1Y5/180° is the actual current measured by the relay during a reverse fault.
These relationships follow simply from the application of KVL in the negative se-
quence circuit. For a transmission system, the equivalent negative sequence impedance
75X, and ZSY; consist of the negative sequence impedance of SG, transformer, and
transmission lines for each system, all of which are highly inductive. This suggests

that the angle of Zyp in (3.2) is around —90° and that of Zyp in (3.5) is around +90°.

Based on this Physics of the negative sequence circuit, the angular positions of differ-
ent negative sequence impedance measured by the relay can be shown in R-X plane as
in Figure 3.3. It can be seen that for a typical transmission system, there is approxi-
mately a 180° phase difference in Z; for faults in forward and reverse direction, i.e.,
forward /reverse fault results in approximately —90°/4-90° angle of Z, as mentioned
earlier. This property is used by the 67¢) element to identify forward and reverse

faults.

A graphical representation of forward and reverse zones of the 67Q element is also
shown in Fig. 3.3. The value of MTA is a user setting that determines the for-
ward /reverse phase angles to enable the relay decision. In general, MTA is chosen as

the angle of the protected line’s negative sequence impedance (same as the positive
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Figure 3.3: Working principle of 67Q directional element.

sequence impedance), ZL,. Since forward faults cause the angle of Z, to be around
—90°, to decide fault direction, the MTA line is extended backward, and the angular
position of Z, is compared with the extended line. If Z, is within a range of £90°
from the extended MTA line, the fault is declared as forward; otherwise, the fault is

declared as reverse.
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Chapter 4

Simulation Test System

The simulation test system is a two-bus 230 kV transmission system with sources
connected to each bus. A schematic diagram of the test system is shown in Figure
4.1, where two SGs are connected to bus 1 and bus 2. Distance relay is placed at bus
1, protecting the transmission line. A constant PQ load of 135 MVA load with 0.9 pf
lagging is placed at bus 2.

@ @

NN Transmission Line |

SG1 ‘ } SG2
230kV Fault
—_
Forward 135 MVA

= Relay 0.9 pf Lagging™ =
100 MVA 100 MVA

230kV 230kV

Figure 4.1: Simulation test system with SG behind the distance relay.
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4.1 Transmission line

The 150 km long transmission line is rated at 100 MVA, 230 kV. The line is mod-
eled with distributed parameters using Bergeron Model in PSCAD/EMTDC. The

equivalent parameters of the transmission line used in the simulation are as follows:

Ry = 4.4965 x 107° Q/m
XL, =2.5509 x 107* Q/m
XCy =355.1 MQxm

Ry =1.1241 x 107 Q/m
XLy =5.2885 x 107* Q/m

XCy=603.68 MQ*m

4.2 Synchronous generators

Two SGs as shown in Figure 4.1, each rated at 100 MVA, 230kV are modeled as
Thevenin equivalent sources. The parameters for the two SGs used in the simulation

model are as follows:

SG1 SG2

Zsy = 79.35/80° Q Zs1 = 74.86/82°

Zso = 23.81/80° Q Zs0 = 22.46/82° Q
§ =10° §=0°
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4.3 IBR

The IBR model as explained in chapter 2 is modeled in PSCAD and implemented in
the test system as shown in Figure 4.2. The inverter is rated at 100 MVA, 15 kV,
and connects to the transmission line via a 100 MVA 15 kV /230 kV transformer. The
transformer has a positive sequence leakage reactance of 0.01 pu.

IBR @ @

Y Transmission Line

36| . -
Ag\%q ‘ } SG2
100 MVA = Fault 135 MVA

_
15kV 15/230kV Forward 0.9 pf Lagging

100 MVA
230kV

Figure 4.2: Simulation test system with an IBR behind the distance relay.

4.4 Distance relays

Two distance relays— non-numerical and numerical distance relays— explained in
chapter 3 are placed in bus 1 protecting the line 1-2. For the non-numerical relay an
electromechanical relay with 90° - 30° directional element is taken. This relay is tested
against a numerical relay with negative sequence component-based directional element
67Q. The performance of these two directional elements is compared in presence of

both SG and IBR behind them for different faults in the transmission line.
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Chapter 5

Results and Discussion

As discussed in chapter 3, the method by which the distance elements in both nu-
merical and non-numerical distance relays determine the impedance of the faulted
portion of the line is the same. However, the methods used by directional elements
differ in the two relays. Thus, the performance of negative sequence based directional
element— 67(), in numerical relays is tested against the 90° - 30° directional element
in non-numerical relays in the test system described in chapter 4 with appropriate
input voltages and currents fed to the relays. As the negative sequence based di-
rectional element 67() does not operate for balanced faults, the performance of two
relays is compared by simulating unbalanced faults only. The polarizing voltage and
input current for each phase of the 90° - 30° directional element is provided as shown
in Fig. 3.1. Also, for the 67Q element, MTA is chosen as 80°, which is also the line’s
negative/positive sequence impedance angle. The decision for direction made by the
relays is determined as explained in chapter 3 for each relay. Different units of dis-
tance relay are also implemented using Table 3.1. Since the method used by distance
elements in numerical and non-numerical relays is the same, impedance measured by

only one of the distance elements is presented for all the test cases and compared
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against the actual impedance of the faulted section of the line. All Simulations are

performed in PSCAD/EMTDC environment.

5.1 Fault characteristics of inverter model

As discussed already, the inverter model is designed to implement FRT characteristics
that prioritize reactive power injection during faults depending on the magnitude of
positive sequence voltage at the inverter terminal. To illustrate this, two unbalanced
faults, line-to-ground (LG) and line-to-line-to-ground (LLG) faults, are simulated at
a distance of 75 km from the relay in the transmission line as shown in Figure 4.2.
The performance of the developed IBR model under these faults is shown in Figure
5.1 and 5.2. Fault starts at 1 s into the simulation. From the current output, we
can see that for both faults, the fault currents are limited to 1.1 pu (peak of pre-
fault instantaneous currents is taken as the base). Due to the implementation of
the negative sequence current blocking control scheme the negative sequence current
output (/7) during fault is zero. Also, the zero sequence current (1°) is zero during
the fault, resulting in a purely positive sequence current output. It is important to
notice that these outputs are at the inverter terminal. Therefore I° is zero even for
unbalanced ground faults. However, on the high voltage side, zero sequence currents

sourced by the high-side Y grounded transformer do exist during both faults.

As the magnitude of Vp decreases from 0.6 pu during AG fault to around 0.25 pu
during BCG fault, the active power output from the inverter drops from around 0.5
pu to zero. This operation is consistent with (2.1), which shows that a lower value of
Vp requires a higher share of reactive power output. At Vp = 0.25 pu, the reactive
power output according to (2.1) is around 1.75 pu, which demands a current output

higher than the current limit of 1.1 pu. Therefore, for a limiting value of output
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Figure 5.1: IBR performance for an AG Figure 5.2: IBR performance for a BCG
fault. fault.

reactive current at 1.1 pu, the power output of the inverter is around 0.3 pu and is
purely reactive. This shows the correct implementation of the FRT characteristics

and the control features as shown in Figure 2.2 and Figure 2.1.

5.2 Performance of relays when fed by SG

With a SG feeding the relay as shown in Figure 4.1, all three unbalanced faults— LG,
line-to-line (LL), and LLG with negligible fault resistance of 0.001 € are simulated
on the line at three different locations of 15 km, 75 km, and 135 km. Numerical relay
with 67Q) directional element and an electromechanical (non-numerical) relay with 90°
- 30° directional elements are placed in bus 1 one after another with CT connections

such that they measure the current flowing from bus 1 to bus 2 as positive.
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For an AG fault simulated in the line at a distance of 75 km from the relay, the angular
positions of V5, I and Z, during the fault as recorded by the 67Q directional element
are pictorially represented in Figure 5.3. We can see that V5 lags I by an angle of
around 100° and Z; measured by the relay lies within the forward zone, correctly
indicating a forward fault. Similarly, in Figure 5.4, for the 90° - 30° element, the
input current I, is almost in phase with the polarizing voltage Vj.. Since the input
current lies within +90° from the polarizing voltage, the relay correctly identifies the
direction of the fault as forward. For other faults simulated at different locations, the
angular position of the polarizing voltage and input current, along with the decision
made by the relays, are summarized in Table 5.1. The impedance to fault measured
by the distance elements of the two relays (since both relays use the same method,
impedance measured by them is the same) for all test cases are also presented in the
table. With a SG feeding the relays, the results show that both the relays correctly
identify the direction of all faults as forward (F'). This is expected because both relays
are designed based on the physics of the fault fed by a SG. The behavior of a SG
during faults is standardized and predictable. Also, the impedance values measured
by the distance elements are very close to the actual impedance of the faulted section
of the line indicating that for each scenario the distance elements of both relays are
performing as expected. Hence, the distance relays when fed by SG are able to

accurately determine both distance and direction of the fault.

5.3 Performance of relays when fed by IBR
With the SG behind the relay replaced by a grid-following inverter, the relays are

again tested for the same faults. For the same AG fault in the line at a distance

of 75 km from the relay, Figure 5.5 shows how the IBR control design brings the
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magnitude of I, which was near 2 pu when fed by SG, to zero. With IBR designed
to block negative sequence current, the magnitude of Iy two cycles into the fault
is less than 0.1 pu. With this small magnitude, the 67Q element fails to pick up
with its typical pickup setting of 0.2 pu. However, to observe what direction the
relay gives if it were to operate, the pickup setting is reduced to 0.02 pu. With
this new setting, the relay picks up but fails to identify the correct direction of the
fault as depicted in Figure 5.6, where the voltage V5 is leading I by an angle of 42°,
causing the impedance measured by the relay Z5 to be in the reverse zone of the relay.
The relay misoperates, identifying a forward fault as reverse. The control design of
IBR implementing power factor control not only limits the magnitude of I but also
changes the angular relationship between V5 and I,. These changed angular positions
do not follow the expected trend as in the highly inductive negative sequence circuit
of a SG where V5 lags [, by an angle close to 90°. This causes the 67Q directional
element that looks for a standard angular relationship between V5 and I to fail in

the presence of IBRs.
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Table 5.1: Comparison of the performance of relays with SG

90° — 30° 67Q Distance Directional
Element Element FElement FElement
Fault Fault LVpol - IL| (Vo— | Actual | Calculated
Distance | Type | Element /1 (pfl) YA P Z1 Z1 90° — 30° | 67Q
(km) (deg) (deg) | () ()
0.686 +
AG A 14 2.42 | -100.35 i3.832 F F
0.681 +
. BC B 12.57 3.04 -99.5 0.674+ i3.842 F F
j3.826 0.677 +
BCG C -28.6 1.55 | -98.71 i3.843 F F
3.38 +
BG B 13 1.9 -99.64 §19.15 F F
3.41 +
. CA C 6.95 2.5 | -100.67 3.372 + i19.17 F F
CAG A 1304 | 142 | c101.4 | 1132 Al F F
j19.14
6.11 +
CG C 12 1.7 -99.83 §34.50 F F
6.12 +
. AB A 4.06 2.2 -100.4 6.070 + §34.58 F F
j34.437 6.12 +
ABG B -1.3 1.14 | -100.84 i34.58 F F
XA
2 I
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Figure 5.5: Magnitude of negative se-
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quence currents during an AG fault with lay during an AG fault fed by an IBR.
different sources.
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For the same scenario, with the numerical relay implementing the 67Q directional
element replaced by an electromechanical relay with 90° - 30° element, the relay is
able to correctly identify the direction of the fault as shown in Figure 5.7, where
the input current I, for phase a element of the relay is within 2° from the polarizing
voltage Vj. and lies in the forward zone of the relay. The relay thus correctly identifies
the fault as a forward fault. Since the 90° - 30° directional element uses only phase
measurements instead of negative sequence components for its decision, it is immune
to the IBR control action blocking negative sequence currents. Although IBR control
brings I, to zero, the phase current I, is still significant (around 2.5 pu for IBR with
A - YG transformer and 1.1 pu for IBR with Y-A transformer) as seen in Figure
5.8 during the fault, for the relay to operate. Comparing Figure 5.4 with Figure 5.7,
it can be seen that the angular relationship between the input phase current to the
relay and the polarizing voltage is still preserved even when the source feeding the
90° - 30° directional element is changed from a SG to an IBR. This enables the relay

to work consistently irrespective of the source feeding it, unlike numerical relays.

- SG

L Ave
@ Y-A
> 4 k=1Limit
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5
o

0 L L 1

0.95 1 1.05 1.1 1.15 1.2

Time (s)

Figure 5.8: Phase a current magnitude
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Table 5.2: Comparison of the performance of relays with IBRs

90° — 30° 67Q Distance Directional
Element Element Element Element
Fault Trans- | Fault /Viol - (Vo— | Actual | Calculated
Relay P I
Distance | former | Type Unit /1 (pu) YA P Z1 Z1

(km) (deg) (deg) | (2) )
0.675 +

AG | A 7.89 | 0.081 | 32.76 83

BC B 38.9 | 0.067 | 17.35 0.7 +

AYG j3.82

0.68 +

BCG | C 54 10021 405 583
AG A 30 10057 | 39.6 0._6382'1+
15 0.674+ |5 ¥

BC B 4156 | 0.07 | 25.1 | j3.826 :

YA j3.82
BOG | C | -594 |0.055 | 3545 0649 +

i3.78

3.30 +

BG B 3.01 | 0.067 | 34.93 1000

cA | C 215 | 008 | 34 3.37 +

Ay i19.15

) CAG | A 489 |0033| 223 3.33 +

e : ' j18.84

BG | B 284 | 0.057 | 383 311)’3 1+

- 3372 + 3J o

CA C 2151 | 0.082 | 339 | 19132 | >

VoA i19.07

3.36 +

CAG | A 441 | 0.05 | 25.32 o1

6.13 +

G C 422 | 007 | 35.25 ot

AB A 181 | 008 | 352 6.21 +

AYG j34.61

5.86 +

ABG | B 377 | 004 | 288 s

cc | c 256 | 0.065 | 36.7 6.08 +

6.070 + | 45T |

135 AB | A 181 | 008 | 352 | jgaasr | 013
VoA i34.36

) 5.98 +

ABG | B 225 | 0.046 | 24.33 oy
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For other faults simulated at different locations in the line with relays fed by IBR,
the results are shown in Table 5.2. Simulations are performed with two different con-
figurations of the interconnecting transformer: A-YG and Y (ungrounded)-A. It can
be seen that for all the simulated fault scenarios, the numerical relay with 67Q direc-
tional element misidentifies the forward fault as reverse (R). However, the 90° — 30°
element correctly identifies all the faults as forward faults. The results show that
the directional elements for non-numerical relays that use phase measurements in-
stead of negative sequence measurements can still be used accurately in the presence
of IBRs. Also, it is important to note that the impedance to fault values — Z1,
measured by the distance elements of the two distance relays, for all simulation test
cases even with IBR feeding the relays are very close to the actual impedance of the
faulted section of the line. Simulation results in Table 5.1 and Table 5.2 show that
the method for distance elements discussed in chapter 3 works accurately irrespective
of the source feeding the distance relays. Therefore, addressing the misoperations
of negative sequence component-based directional elements in numerical distance re-
lays by replacing them with the phase component-based directional elements, the

performance of numerical distance relays can be enhanced in the presence of IBRs.
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Chapter 6

Conclusion

This work highlights the challenges that distance relays face in the presence of inverter-
based resources and investigates the performance of distance and directional elements
of distance relays used in both non-numerical distance relays and numerical distance
relays. Distance elements used in both relays are shown to be unaffected by the
presence of IBRs. However, the directional element used in numerical distance re-
lays fails to determine the correct direction of the fault current in the presence of
IBRs. A thorough analysis is carried out on the misoperations of negative sequence
component-based directional elements used in numerical distance relays. A solution is
proposed to address this misoperation by replacing the negative sequence component-
based method in numerical distance relays with phase quantities-based method used
in non-numerical distance relays. The concepts and working principles of both direc-
tional elements are illustrated, and the performance of both relays are individually
scrutinized and compared with each other, first with the relays fed by a SG and then
by an IBR.

The negative sequence component-based directional element 67¢) used in modern nu-

merical distance relays works accurately, as expected when fed by a SG. However,
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the relay misoperates, identifying forward faults as reverse when fed by an IBR. The
phase quantities-based 90° - 30° directional element used in non-numerical distance
relays, on the other hand, operates correctly for all faults, including the ones for which
the 67¢) directional element fails. The phase quantities-based method can be easily
implemented in microprocessor-equipped numerical relays. Thus, misoperations of
numerical distance relays that occur due to the incorrect identification of fault di-
rection can be addressed using the phase quantities-based method to identify fault

direction instead of the negative sequence component-based method.
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