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ABSTRACT

The increasing integration of renewable energy resources such as wind and solar into the
electric power grid through power electronic inverters has changed grid dynamics and posed
challenges to grid planning, operation, and protection. The growing penetration of renewable
energy resources may drive the grid towards weak power grid conditions, under which grid
stability issues may affect the operation of inverter-based renewable generators. To more
accurately identify the weak grid conditions for guiding grid planning to prevent potential weak
grid issues, a method for grid strength assessment is proposed by considering not only the impact
the of interaction between interconnected renewable resources, but also the impact of the
interactions between shunt capacitors interconnected through the power network. On this basis,
we use a real-time digital simulator to explore inverter dynamics under different grid conditions
including weak grid conditions. One of the major findings is that there are undesired transient
events during the grid restoration process, and the undesired transient events become more
significant when increasing the number of solar PV inverters or under weak grid operating
conditions. This finding motivates us to study the impact of inverter dynamics on grid protection
during the grid restoration period by using a real-time digital simulator. It is found that inverters
can act as negative-sequence sources to inject negative-sequence currents into the grid during the
grid restoration period and thus can adversely impact the performance of protection schemes based
on negative sequence components and potentially cause relay maloperations during the grid

restoration period, thus making system protection less secure and reliable.
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1. INTRODUCTION

Renewable energy resources are paving the way for the future of global infrastructures.
With the source of energy being mainly to harness the wind and harness the sun, the earth provides
us with these infinite resources to use to provide power to the ever-changing landscape since other
sources of energy not only are in finite supply but pollute the environment as well. Photovoltaics
in particular have been around for at least 70 years but did not start becoming prominent in a power
grid until the 21% century [1]. Starting in 2021, solar energy has been cheaper than fossil fuels
when it comes to providing power to the world, and thus making it one of the most prominent
energy resources available today [2]. The problem with integrating a large amount of renewable
energy sources into the power grid is that the grid becomes less stable, which causes problems
with the operation of the power grid. This dissertation provides a complete definition on how
operators can better define how unstable a grid is with the high penetration of renewable energy
sources, as well as provide some insights into what issues arise when a large number of solar farms
start to interact with the components in a power grid.

1.1. Background

1.1.1. Estimating Grid Strength Considering High Penetration of Renewable Energy
Resources

In today’s world where renewable energy is being penetrated into the grid in larger amounts
than ever before, grid strength has been an ongoing research topic since the reduction of
synchronous generators and the increase in inverter-based resources, like wind and solar, reduce
the grid strength due to the grid having an overall low inertia. One of the major reasons for the
research is to improve the grid strength assessment metrics to account for the change from a

synchronous generator dominated grid to an inverter-based resource dominated grid [3].



Fundamentally, inverter-based resources are modeled differently than synchronous generators and
thus a change in the calculation of grid strength is imperative. Namely, inverter-based resources
are modeled as loads when incorporating them into the power grid [4].

Grid strength assessment involves reviewing the static voltage stability analysis to
determine whether a grid is “strong” or “weak”. A weaker grid will be more susceptible to collapse
when a disturbance occurs somewhere in the network, so it can be classified as less stable. A
stronger grid will be less susceptible to collapse when a disturbance occurs somewhere in the
network, so it can be classified as more stable. Typically, grid strength assessment metrics involve
using the voltage and its angle at a specific bus, along with other parameters such as impedance
and power injected, to determine the strength at that point, which is the fundamental concept of
static voltage stability analysis. AC power flow is most commonly used to perform the static
voltage stability analysis. To perform it, the power injection or load demand at a bus is increased,
and subsequently the power flow is iteratively solved at each increase to determine how much
power that bus can handle and still be considered a “strong” point in the network [5]. The
efficiency of this method is attractive for grid operators and planners since they are able to view
how stable a bus in a power grid is by using only a few details of the power network at that bus.

In addition, when compared to synchronous generators, inverter-based resources separate
the power sources from the grid, so when the grid becomes weak, the controls of the inverter will
have a difficult time adjusting to the dynamics of the grid, which is challenging for grid planners.
Knowing where potential weak grid issues exist can help engineers to try and mitigate them, and
improving grid strength assessment metrics to account for renewable energy resources can assist

in that.



1.1.2. Inverter Dynamics

In the power grid with high penetration of IB-RERsS, the inverter plays an important role in
interfacing the power grid and the renewable energy resource. Along with generating an AC supply
for the grid, the inverter must ensure that the supply is synchronized with the grid in terms of
frequency and voltage. To do this, each inverter has a set of controls that help to synchronize the
voltage and current coming from the solar panels with the voltage and current coming from the
power grid [6]. The controls are regulated by the North American Electric Reliability Corporation
(NERC) to help standardize all inverters being used in North America [7]. The controls are often
sophisticated enough to account for the varying energy that renewable energy resources provide,
but the controls struggle to maintain a stable voltage reference when a disturbance happens, which
is the fundamental concept of understanding inverter dynamics.

Overall, dynamic stability involves viewing not only the basics of a power grid shown in
the static voltage stability analysis, but also the transients and dynamics within a network.
Dynamic stability in a power system includes reviewing three-phase voltage and current
waveforms following a larger disturbance, such as three-phase faults or a drop in the generator
voltage [8]. In the context of inverter dynamic stability, it becomes more complicated due to the
inverter controls struggling to adjust to the major disturbance.

In a renewable energy dominated grid, which inherently has low inertia due to the
renewable energy resources having inverters instead of synchronous generators, dynamic stability
revolves around reviewing the ability of the controls of the inverters to be able to handle the fault
or voltage drop. The response of the controls of the inverter is different from the response of a
synchronous generator when it comes to disturbances in the grid, which has caused grid planners

problems in effectively designing their networks [9]. The difference revolves around the fact that



the controls of an inverter use information from the grid to be able to stabilize the renewable energy
resource, since the resources the earth provides is variable, like wind and sunlight. Subsequently,
when a disturbance happens in the grid, the controls not only have to stabilize the inverter and the
renewable energy resource, but also have to handle the varying voltage and current from the
disturbance in the grid since it uses that information.

Another important investigation specifically in inverter dynamics is voltage management
and output fluctuations. The controls of the inverter use a reference voltage from the grid to be
able to generate voltages at the output of the inverter, and with this comes variability in voltage.
This directly leads into output fluctuations as well. To help with this, reactive power compensation
devices are installed, usually capacitor banks, which stabilize the voltage and help with the output
power fluctuations [10].

With these additional components needed for the stabilization of an inverter-based
resource, they interact with the power grid in a way that causes both positive outcomes and
negative outcomes to how the grid operates, and understanding these operations and interactions
is crucial.
1.1.2.1. Protection Related to Inverter Dynamics

Inverter-based resources have been challenging relay protection schemes since their
integration into the power grid began. Inherently, an inverter will provide a different faulted
response than a synchronous generator due to the inverter acting as a current-controlled source
instead of a conventional source. This has made relay protection in the vicinity of inverter-based
resources challenging [11].

In particular, inverter-based resources differ in fault response by having an unusual

negative sequence current and zero sequence current injection during a fault in response to a



voltage drop in the power grid. The injection is quite different than a synchronous generator,
which naturally can provide a suitable amount of negative sequence current and zero sequence
current, and this causes the relay protection design to be much more challenging in inverter-based
resources [12].

To provide some background, relay protection schemes use information gathered by the
relay to perform protection functions. Some of the information required include three-phase
voltages and currents, negative sequence currents and voltages, zero sequence currents and
voltages, angular relationships between different buses, and so on [13]. These are all available in
a synchronous generator dominated network but are difficult to come by in an inverter-based
resource dominated network.

Relay protection schemes become even more complicated in an inverter-based resource
dominated grid when we consider the response of the inverter-based resources after a fault has
been cleared. This phase of a power system is commonly referred to as the “grid restoration
period”. With the controls of the inverter struggling to maintain a stable voltage reference during
a large disturbance such as a fault, a similar conclusion can be made that when the power grid
clears the fault and the voltages and currents begin to adjust back to nominal operation, the controls
will have to similarly adjust, which could cause relay protection schemes to malfunction.

1.2. Contributions of this Dissertation

The main contributions of this dissertation are summarized as follows.

1. A more accurate grid strength assessment metric is proposed. The effective site-dependent
short-circuit ratio (ESDSCR) not only includes the interactions between different IBRs, but
also between different shunt capacitor banks present in the power system network. Present

short-circuit ratio metrics typically will overestimate grid strength since they do not include



the interactions described above. With the ESDSCR, not only does it include the above
interactions, but it also is the general form of the ESCR, which is commonly used in the
industry. If there is only one inverter-based resource and one shunt capacitor bank, the
ESDSCR is equal to the ESCR for assessing grid strength.

It can be shown that momentary cessation, which is the response of a solar inverter to a large
disturbance, can negatively affect the dynamics in a solar PV grid-connected system by
inducing overvoltages and overcurrents in a network. In addition, with the detailed switching
model being used in the simulation testbench, various other factors that interact with the
momentary cessation function in inverters are also explored such as increasing the number of
solar inverters in the system and decreasing grid strength, which both affect the dynamics of
the grid negatively. A solution is presented where the inverter controls design engineers can
vary the re-injection time of the inverters so that each inverter re-injects current at a different
time to help offset the overvoltages and overcurrents in the system.

Investigate the negative-sequence current characteristics of solar inverters during the grid
restoration period and analyze their negative impact on the performance of typical protection
schemes using a hardware-in-loop simulation based on the RTDS. It was shown that high
negative-sequence currents are observed during the grid restoration period following the
clearing of a fault, which tripped the relays connected in the network indicating that
overcurrent elements in relays will not operate correctly. It was also shown that directional
elements in relays will not operate correctly due to the negative-sequence current and voltage

magnitudes and angles.



1.3. Organization of this Dissertation

The rest of this dissertation is organized into three main chapters, followed by a conclusion
chapter. The contents of the chapters as well as the titles will be described as follows.

Chapter 2 describes the testbench being used throughout the dissertation. This chapter also
verifies that the equipment and the software are working properly by testing the relay equipment,
RTDS machine, and the RSCAD software.

Chapter 3 briefly explores the derivation of the effective short-circuit ratio, since the
derivation is non-existent in the literature, as it relates to static voltage stability. The derivation is
then expanded to include multiple reactive compensation devices instead of one, which then
produces the proposed effective site-dependent short-circuit ratio (ESDSCR). The ESDSCR is
then employed in the IEEE 39-bus test system to capture its capabilities.

Chapter 4 creates a model using a real-time simulation test bench with the RTDS to
investigate the impact of momentary cessation on sub-cycle dynamics in solar PV grid-connected
systems. Different scenarios will be presented, such as increasing the number of solar inverters as
well as the impact of grid strength, which was defined in the last chapter. A solution will also be
presented that can potentially solve the issues demonstrated above.

Chapter 5 further expands the previous chapter by creating a more detailed transmission
network to study the effects of momentary cessation on transmission line relay protection schemes,
specifically looking at the negative sequence current injection following the clearing of a fault
during the grid restoration period. The relay protection schemes will include looking at the
negative-sequence overcurrent element, which compares the negative-sequence current present at
the relay with the threshold set in the relay, and the negative-sequence directional element, which

compares the angular difference between the negative-sequence current and voltage.



Chapter 6 summarizes the entire dissertation and provides insights as to where this research

could go following the findings presented.



2. RTDS TESTBENCH BUILDOUT AND VERIFICATION

Here, the real-time simulation testbench will be explained in detail, which is used for the

simulation part of the dissertation. Verification of the testbench will also be performed.
2.1. RTDS-based Testbench Buildout

The hardware-in-loop simulation platform is illustrated in Fig. 1, where the RTDS is linked
to a physical relay from the Schweitzer Engineering Laboratories (SEL). The relay can use built-
in metering functions to analyze event reports for rapid commissioning, testing, and post-fault
diagnostics. The simulation model of a solar PV power system is created on a guest computer
using the RSCAD software. Then, this software compiles and loads this model into the RTDS for
real-time simulations. The digital output signals of the current and voltage simulated by the RTDS
are converted into analog signals by the Giga-Transceiver Analog Output (GTAQ) card and are
then fed into the relay. The relay has a low-level interface, which allows them to directly receive
the converted analog signals without the need for the voltage/current amplifier. The dry contacts
of the relay are connected to the low-voltage panel of the RTDS to send the digital tripping signals
from the relays to the RTDS via the input channels on its front lower voltage panel. As soon as the
relay trips, it is detected by the digital input of the RTDS, which opens the breaker in the model
being simulated in real time and sends the updated signals to the RTDS for real-time simulation.

The updated simulation results can be monitored by RSCAD software.
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Figure 1. The developed physical protection system linked to the RTDS: the interface between
the relays and the low-voltage panel of the RTDS; the back of the relays; and the interface
between the relays and GTAO card in the RTDS
2.2. Verification of the RTDS-based Testbench

To verify the function of the protection relay system, the system is tested using the
simulated power systems on the RTDS. Individual relays are tested on a simulated power system
under various fault scenarios.
2.2.1. Description of the Individual Relay Verification Simulation

Before the testing of the protection relay system, the individual relays have been tested on
a 3-bus power system simulated on the RTDS under various fault scenarios. As shown in Fig. 2,
the simulated power system includes the following elements, which are modeled by the RSCAD
software: a 34.5kV AC source, a distribution line, a 50MW load, a circuit breaker, a current
transformer, and a potential transformer. In the system, the distribution line connects the source

and load. The distribution line has a breaker CB1 controlled by the physical SEL 751 relay. The

CT and PT are modeled by the RSCAD software in detail to reflect real system characteristics.
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Figure 2. 3-bus power system simulated on the RTDS.

The SEL 751 is a feeder protection relay, which can provide standard feeder protection
features, including phase, negative-sequence, residual, and neutral overcurrent elements and other
protection schemes. Each element type has different levels of instantaneous protection. The relays
can use built-in metering functions to analyze event reports for rapid commissioning, testing, and
post-fault diagnostics. The setting for the SEL-751 relay can be set based on power system

characteristics using the ACSELERATOR software as shown in Fig. 3.
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Figure 3. ACSELERATOR settings for the SEL-751 relay.
The relay senses the voltages and currents from the RTDS system, and in case of any fault,
it sends out the trip and reclose signals to the simulated circuit breakers in the power system.

Specifically, Fig. 4 shows the setting for the GTAO card in the RSCAD software to convert the
11



simulated voltage and current signals into analog signals, which are connected to the SEL 751
relay’s low-level interface. Trip signals from the relay are interfaced to the RTDS via digital input

ports. Fig. 5 shows how the digital input signals are interfaced in the simulation.
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Figure 4. Analog output from the simulated power system to the SEL-751 relay.
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Figure 5. Digital signal from the SEL-751 relay to the simulated power system.

Fig. 6 shows the control logic in the RSCAD software to operate the simulated breaker

based on the signals from the physical SEL 751 relay. Fig. 7 shows fault control logic to simulate
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the different types of faults. For a fault, the breaker should open once the fault occurs
automatically for each phase.

The fault control logic is built in the RSCAD software. The fault logic is built to create
different types of faults on the distribution line. The fault logic consists of two parts. The first
part of the fault control logic is used to control the point on the wave called as fault inception
point. The fault button when pressed produces a 20-millisecond pulse, which is longer than the
one cycle at 60 Hz. A pulse is produced by the AND gate and then combined with the zero
crossing and the fault button. The pulse derives the point on wave logic, which is comprised of a
silder, a gain block, and a pluse duration timer to detect the rising edge. The second part of the
control logic circuit is used to control the fault type and location. Fault switches for the phase to
group fault types are combined to create the necessary value. This value is multiplied by the
pulse from the first part of the logic, thereby creating a pulse width with an integer value that can

control the fault branches.

'Breakerlcontrol '

@——3| Trip . Confrol f———©
TRIP1 - CB1
0——%- Close - Status f—
RCL N

Figure 6. Breaker control logic.
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Figure 7. Fault control logic for the simulated 3-bus power system.
2.2.1.1. Testing Results of the Individual Relay Verification Simulation

Single phase line to ground, two-phase line to ground, and three-phase fault are simulated
on the line in the 3-bus power system as shown in Fig. 2. Each individual SEL 751 relay has been
tested on the system. Fig. 8-Fig. 18 demonstrate the testing results for a single SEL 751 relay in
the system under three types of faults. Fig. 8 and Fig. 9 shows the voltage and current waveforms
as well as simulated fault and trip signals without any fault. Fig. 10 and Fig. 11 shows the voltage
and current waveforms as well as simulated fault and trip signals for a single-phase fault on ‘phase
A.” Fig. 12 shows the voltage and current waveforms recorded by the relay for the same single-
phase fault. Fig. 13 and Fig. 14 show the voltage and current waveforms as well as simulated fault
and trip signals for a two-phase line to ground fault on ‘phase A’ and ‘phase B.’ Fig. 15 shows the
voltage and current waveforms recorded by the relay for the same two-phase line to ground. Fig.
16 and Fig. 17 show the voltage and current waveforms as well as simulated fault and trip signals
for a three-phase fault. Fig. 18 shows the voltage and current waveforms recorded by the relay for
the same three-phase fault.

The current flowing into the circuit breaker 1 which is sensed by SEL 751 relay is 998
Amps for considered test case and the CT ratio of a current transformer is 100. So the current

flowing out of the current transformer is 9.98 A (998/100). This RMS current of 9.98 Amps can

14



be viewed and verified in the plot of currents coming out of the current transformer i.e., IburA,
IburB, and lburC.

For the 3-bus power system, the nominal RMS voltage and RMS current during the normal
operation of the system is 27.35 kV and 12.54 Amps in CT1. Now, if the fault is applied say single
line to ground fault at the generator, then the voltages in the distribution line shoot up to 32 kV
approximately and current shoot up to 123.38 A in CT. Now, in the SEL 751 settings we specified
that the current across the breaker should not be greater than 1.5 times of the nominal current. So
the threshold current at which the breakers stay closed is 1.5*12.54 = 18.81 Amps or RMS current
(burden current Ibur) coming out of the CT should not be more than 18.81 Amps.

The results in Fig. 10-Fig. 12 verify the proper function of the tested relay for a single-
phase fault. Before the fault, Fig. 10 shows that there are no faulted voltages and overcurrent, and
Fig. 11 shows that fault and trip signals are low, which mean no fault and no trip at this time. When
the single-phase fault is initiated on phase A, Fig. 10 shows that the current on ‘phase A’ (and the
voltage on phase B and phase C ) becomes high and then becomes zero when the relay operates
and the breaker opens. In this case, Fig. 11 shows that the values of the fault and trip signals are
high (shaded box). The breaker would open about 1.7 cycles after the fault. As shown in Fig. 10
and Fig. 12, the faulted voltage and current waveforms simulated by the RTDS are consistent with
those recorded by the relay, which verifies the proper function of the SEL-relay integrated in the
3-bus test power system.

The results in Fig. 13-Fig. 15 verify the proper function of the tested relay for a two-phase
line to ground fault on ‘phase A’ and ‘phase B.” It can be seen from Fig. 13 that when the two-
phase line to ground fault is initiated, the currents on ‘phase A’ and ‘phase B’ (the voltage on

‘phase’ C) become high and then becomes zero when the relay signal opens the breaker. In this
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case, Fig. 14 shows that the values of the fault and trip signals are high (shaded box). The breaker
would open about 1.7 cycles after the fault. As shown in Fig. 13 and Fig. 15, the voltage and
current waveforms simulated by the RTDS match with those recorded by the relay, which verifies
the proper performance of the SEL-relay integrated in the 3-bus test power system.

The results in Fig. 16-Fig. 18 verify the proper function of the tested relay for a three-phase
fault on ‘phase A’ and ‘phase B.” It can be seen from Fig. 16 that when the three-phase fault is
initiated, the currents become high and then becomes zero when the relay signal opens the breaker.
In this case, Fig. 17 shows that the values of the fault and trip signals are high (shaded box). The
breaker would open about 1.7 cycles after the fault. As shown in Fig. 16 and Fig. 18, the voltage
and current waveforms simulated by the RTDS match with those recorded by the relay, which

verifies the proper performance of the SEL-relay integrated in the 3-bus test power system.
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Figure 8. Voltage and current waveforms without any fault in the 3-bus power system.
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Figure 9. Simulated fault and trip signals without any fault in the 3-bus power system.
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Figure 10. Voltage and current waveforms with a single line-to-ground fault in the 3-bus power
system.
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Figure 11. Simulated fault and trip signals with a single line-to-ground fault in the 3-bus power
system.
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Figure 12. Voltage and current waveforms with a single line-to-ground fault in the 3-bus power
system recorded by the relay.
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Figure 13. Voltage and current waveforms with a double line-to-ground fault in the 3-bus power
system.
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Figure 14. Simulated fault and trip signals with a double line-to-ground fault in the 3-bus power
system.
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Figure 16. Voltage and current waveforms with a three phase fault in the 3-bus power system.
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Figure 17. Simulated fault and trip signals with a three-phase fault in the 3-bus power system.
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Figure 18. Voltage and current waveforms with a three-phase fault in the 3-bus power system
recorded by the relay.

2.2.2. Description of the Full Relay Protection Scheme Verification Simulation

The protection relay system consisting of three SEL 751 relays linked to the RTDS have
been tested on a 7-bus power system simulated on the RTDS under various fault scenarios. As
shown in Fig. 19, the simulated power system includes the following elements, which are modeled

by the RSCAD software: a 34.5kV AC source, a distribution line, two feeder lines connecting to
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two 50 MW loads, three circuit breakers, CTs, and PTs. In the test system, the distribution lines
connect the source and two loads. The breakers CB1, CB2, and CB3 controlled by the physical
SEL 751 relays. The CTs and PTs are modeled by the RSCAD software in detail to reflect real

system characteristics.
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Figure 19. 7-bus power system as simulated on the RTDS in RSCAD.

As illustrated in Fig. 1, each tested relay senses the voltages and currents from the RTDS
system, and in case of any fault, it sends out the trip and reclose signals to the simulated circuit
breakers in the power system. Specifically, Fig. 20 shows the setting for the GTAO cards to convert
the simulated voltage and current signals into analog signals, which are connected to the relay’s
low-level interface. Trip signals from the relay are interfaced to the RTDS via digital input ports.
Fig. 21 shows how the digital input signals are interfaced in the simulation.

Fig. 22 shows the control logic to operate the simulated breaker based on the signals from
the physical relay. Fig. 23 shows fault control logic to simulate the different types of faults. For a
single-phase line to ground fault, the breaker should open once the fault occurs automatically for
each phase. In the case of a two-phase line to ground fault, all 3 phases of the breaker should open.

Fig. 24 shows the relay settings used for relays 2 and 3 in the system. Relay 2 and relay 3 utilized
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the time-overcurrent trip element, while relay 1 utilized the instantaneous overcurrent trip element.
For the time-overcurrent trip element, a short-time inverse TCC was selected since it best

represented the trip characteristics desired for the system, according to the fault analysis. Fig. 25

shows the TCC.

Figure 20. Analog output from the 7-bus power system to the relays.
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Figure 21. Digital signal from the relays to the 7-bus power system.
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Figure 24. Relay settings for relays 2 and 3 for 7-bus power system.
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Figure 25. TCC for relays 2 and 3 for 7-bus power system.

2.2.2.1. Testing Results of the Full Relay Protection Scheme Verification Simulation

To verify the proper function of the protection relay system linked to the RTDS, different
types of faults at various buses have been considered in the 7-bus power system shown in Fig. 19,
including single-phase line to ground, two-phase line to ground, and three phase fault. Fig. 26 —
Fig. 50 demonstrate the testing results for the protection relay system under these faults. Fig. 26 -
Fig. 29 shows the voltage and current waveforms as well as simulated fault and trip signals at
different buses without any fault. Fig. 30 — Fig. 36 shows the voltage and current waveforms
simulated by the RTDS, the voltage and current waveforms recorded by the relays, and the
simulated fault and trip signals for a single-phase fault on ‘phase A’ on bus 2. Fig. 37 — Fig. 43
show the voltage and current waveforms simulated by the RTDS, the voltage and current

waveforms recorded by the relays, and the simulated fault and trip signals for a two-phase fault on
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‘phase A’ and ‘phase B’ on bus 4. Fig. 44 — Fig. 50 show the voltage and current waveforms
simulated by the RTDS, the voltage and current waveforms recorded by the relays, and the
simulated fault and trip signals for a three-phase fault on bus 5.

The results in Fig. 30 - Fig. 36 verify the proper function of the protection relay system for
a single-phase fault. It can be seen from Fig. 26 — Fig. 28 that before the fault, there are no faulted
voltages and overcurrent, and Fig. 29 shows that ‘FAULT’ signal is low, which means no fault at
this time and the trip signal is low. When the single-phase fault is applied to phase A, Fig. 30
shows that the current on ‘phase A’ becomes high when the fault is initiated at bus 2 and becomes
zero when the relay operates and the breaker opens. In this case, Fig. 36 shows that the value of
the “FAULT” signal is high (shaded box). The breaker would open about 1.7 cycles after the fault.
As shown in Fig. 30 and Fig. 31, the voltage and current waveforms simulated at bus 2 by the
RTDS are consistent with those recorded at bus 2 by the relay when the fault is occurred at bus 2.
Also, Fig. 32-Fig. 35 show that when the fault is occurred at bus 2, the voltage and current
waveforms simulated at buses 4 and 5 by the RTDS are consistent with those recorded at buses 4
and 5 by the relays. These results verify the proper function of the protection relay system
integrated in the 7-bus test power system under a single-phase fault.

The results in Fig. 37 — Fig. 43 verify the proper function of the protection relay system for
a two-phase line to ground fault. It can be seen from Fig. 39 that when the two-phase line to ground
fault is initiated at bus 4, the currents on ‘phase A’ and ‘phase B’ become high and then becomes
zero when the relay signal opens the breaker. In this case, Fig. 43 shows that the value of the
“FAULT” signal is high (shaded box). The breaker would open about 1.7 cycles after the fault. As
shown in Fig. 39 and Fig. 40, the voltage and current waveforms simulated at bus 4 by the RTDS

match with those recorded at bus 4 by the relay. Also, Fig. 37, Fig. 38, Fig. 41, and Fig. 42 show
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that when the fault is occurred at bus 4, the voltage and current waveforms simulated at buses 2
and 5 by the RTDS are consistent with those recorded at buses 2 and 5 by the relays. These results
verify the proper function of the protection relay system integrated in the 7-bus test power system
under a two-phase line to ground fault.

The results in Fig. 44 — Fig. 50 verify the proper function of the protection relay system for
a three-phase line to ground fault. It can be seen from Fig. 48 that when the three-phase line to
ground fault is initiated at bus 5, the currents on ‘phase A’, ‘phase B’, and ‘phase C’ at bus 5
become high and then become zero when the relay signal opens the breaker. In this case, Fig. 50
shows that the value of the “FAULT” signal is high (shaded box). The breaker would open about
1.7 cycles after the fault. As shown in Fig. 48 and Fig. 49 the voltage and current waveforms
simulated at bus 5 by the RTDS match with those recorded at bus 5 by the relay. Also, Fig. 44-
Fig. 47 show that when the fault is occurred at bus 4, the voltage and current waveforms simulated
at buses 2 and 4 by the RTDS are consistent with those recorded at buses 2 and 4 by the relays.
These results verify the proper function of the protection relay system integrated in the 7-bus test

power system under a three-phase line to ground fault.
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Figure 29. Fault and trip signals without any fault in the 7-bus power system.
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Figure 30. Bus 2 voltage and current waveforms for a single-phase line to ground fault on ‘phase
A’ on bus 2 in the 7-bus power system.
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Figure 31. Bus 2 voltage and current waveforms recorded by the relay for a single-phase line to
ground fault on ‘phase A’ on bus 2 in the 7-bus power system.
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Figure 32. Bus 4 voltage and current waveforms for a single-phase line to ground fault on ‘phase
A’ on bus 2 in the 7-bus power system.
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Figure 33. Bus 4 voltage and current waveforms recorded by the relay for a single-phase line to
ground fault on ‘phase A’ on bus 2 in the 7-bus power system.
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Figure 34. Bus 5 voltage and current waveforms for a single-phase line to ground fault on ‘phase
A’ on bus 2 in the 7-bus power system.

Figure 35. Bus 5 voltage and current waveforms recorded by the relay for a single-phase line to
ground fault on ‘phase A’ on bus 2 in the 7-bus power system.
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Figure 36. Fault and trip signals for a single-phase line to ground fault on ‘phase A’ on bus 2 in
the 7-bus power system.
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Figure 37. Bus 2 voltage and current waveforms for a two-phase line to ground fault on ‘phase
A’ and ‘phase B’ on bus 4 in the 7-bus power system.
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Figure 38. Bus 2 voltage and current waveforms recorded by the relay for a two-phase line to
ground fault on ‘phase A’ and ‘phase B’ on bus 4 in the 7-bus power system.
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Figure 39. Bus 4 voltage and current waveforms for a two-phase line to ground fault on ‘phase
A’ and ‘phase B’ on bus 4 in the 7-bus power system.
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Figure 40. Bus 4 voltage and current waveforms recorded by the relay for a two-phase line to
ground fault on ‘phase A’ and ‘phase B’ on bus 4 in the 7-bus power system.
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Figure 41. Bus 5 voltage and current waveforms for a two-phase line to ground fault on ‘phase
A’ and ‘phase B’ on bus 4 in the 7-bus power system.
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Figure 43. Fault and trip signals for a two-phase line to ground fault on ‘phase A’ and ‘phase B’
on bus 4 in the 7-bus power system.
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Figure 44. Bus 2 voltage and current waveforms for a three-phase fault on bus 5 in the 7-bus
power system.
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Figure 45. Bus 2 voltage and current waveforms recorded by the relay for a three-phase fault on
bus 5 in the 7-bus power system.
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Figure 46. Bus 4 voltage and current waveforms for a three-phase fault on bus 5 in the 7-bus
power system.
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Figure 48. Bus 5 voltage and current waveforms for a three-phase fault on bus 5 in the 7-bus
power system.
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Figure 49. Bus 5 voltage and current waveforms recorded by the relay for a three-phase fault on
bus 5 in the 7-bus power system.
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Figure 50. Fault and trip signals for a three-phase fault on bus 5 in the 7-bus power system.
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3. ASSESSMENT OF SHUNT CAPACITORS FOR RENEWABLE ENERGY
RESOURCES ON GRID STRENGTH

The high penetration of renewable energy resources, such as wind and solar, is integrated
into the electric power grid through a power electronic interface. As a group, these types of
resources are commonly referred to as inverter-based resources (IBRs). While IBRs offer fast and
advanced control for energy efficiency, they are also challenging grid planning and operation.
Particularly, IBRs provide expected real and reactive power based on inverters, which separate the
power sources from the grid. As the grid becomes weak, the voltage reference becomes less stable,
and control dynamics and tuning become increasingly influential on overall grid behavior [14].

Potential weak grid issues are analyzed and identified based on grid strength assessment.
In the assessment, short circuit ratio (SCR) is a metric recommended by North American Electric
Reliability Corporation to quantify the grid strength [14][15]. In the past, SCR was used to analyze
the impact of the AC/DC system interactions on the AC-side grid strength involving power
electronics interface [16][17]. More recently, SCR has been used to analyze the strength of the
power grid for renewable energy integration [18]-[20]. The commonly used SCR calculation
method ignores the interactions among IBRs and thus may give an inaccurate estimation of grid
strength at points of interconnection (POIs) for IBRs [21]-[23]. To consider the effect of IBRs
interactions on grid strength, several new methods have been developed such as the composite
SCR (CSCR) developed by General Electric Energy Consulting [23], the weighted SCR (WSCR)
developed by the Electric Reliability Council of Texas [21], and the site-dependent SCR (SDSCR)
[22]. Although SDSCR can provide more accurate results of grid strength assessment than the

other methods mentioned, it does not consider the impact of capacitor compensations at POIs on
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grid strength since SDSCR is the extension of the concept of SCR that initially excludes such
impact.

To address this issue, this chapter presents a new method for grid strength assessment by
extending the concept of effective SCR (ESCR). ESCR considers this impact of capacitors for grid
strength assessment at POIs [24], but it is not appropriate to use it for grid strength assessment in
a power grid with multiple IBRs and capacitors at different POIs, since it does not consider 1) the
interaction effect of IBRs at different sites on grid strength and 2) the interaction of capacitors at
different sites on grid strength. To overcome these shortcomings, we first analyze how a capacitor
affects grid strength from the perspective of static voltage stability in a power grid with a single
IBR. Then, the analysis results are extended to a power grid with multiple IBRs and capacitors at
different sites to propose an effective site-dependent SCR (ESDSCR) method for grid strength
assessment. The new method can consider the impacts of the interactions between IBRs and
between capacitors. The efficacy of this proposed method is demonstrated on the IEEE 39-bus
system.

3.1. Impact of Capacitor Compensation on Grid Strength
3.1.1. Voltage Stability Analysis in a Power Grid with a Single IBR and Capacitor
Compensation

For a power system with a single IBR, its voltage stability can be analyzed in an equivalent

two-bus power system as shown in Fig. 51. In the equivalent system, the power equation can be

represented as:

1)
where Si is the complex power injected from IBR at bus i into the AC system; Vi is the voltages

at bus i; V's is the equivalent source voltage at bus s; and Z'i is the equivalent Thevenin impedance
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including shunt capacitive susceptance bc (or shunt capacitive reactance XC consistent with the

one in (3)) at bus i. V's and Z’1 can be further represented as:

v;:vﬁ
% 2)
1,1 . 1 .1
Z'_(Z_JbC)_(Z_i_JX_c) 3)
where Vs is the voltage at bus s; Zi is the Thevenin impedance at bus i.
LA Vi
Zi Si })
AC System }—E - Q Inverter-based
H Resource
Lo
T
Figure 51. Equivalence of an AC power system with a single IBR and a shunt capacitor.
To analyze the voltage stability of the system shown in Fig. 51, (1) is rewritten as:
Zi,Si* =V |2 _sti* (4)

where symbol |-| indicates the magnitude of a variable.
Let Z'iSi*= a — jb, where a and b are both real numbers. Based on (4), parameters a and b
can be represented as:
a=|V, f —|V/|IV, | cosé, 5)
b=|V/||V, |siné, 6)
where 0 = 8's — 6; is the angular difference between the voltages V's and Vi.
When the magnitude of the AC system voltage V's is constant, a and b are functions of Vi

and 6si. Thus, they can be represented as:

a=f,(I1V,1.6,) =V, = V/IV, | cos&; (7
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b=f,(Vil.6;) AV IIVi[sing;

(8)
The Jacobian matrix of f = [f1, f2]" can be represented as:
a‘rl afl
3| Vil 00| _121Vi|-IVilcosdy  |VC]IV, [sing;
ot e, | L IVIsing, V]IV, |cosé;
oV, o6, 9)

Voltage instability occurs at bus i when the Jacobian matrix J in (9) is singular. Thus, the
boundary condition for voltage stability is such that the determinant of the matrix J attains zero,

i.e., det(J) = 0. By solving this equation, the boundary condition for voltage stability at bus i can
be represented as:

.| COS O, f

V, o, V, 1

1 S _—Re| L+ |[=Z=
WA V| 2

S

(10)
Thus, we have
V, .
T + JC
v, 2 (11)
where c is a real number.
By dividing |Vi|? at both sides of (4), (4) can be rewritten:
v, 1
V. . ZS
IV, [ (12)
Based on (11) and (12), we can obtain
ISzl |, 1 ‘:1
v, [ 1. ,—C‘
2 (13)

Equation (13) can be rewritten as:
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where |S'aci|=|Vi[?/|Z'i| is the equivalent short-circuit capacity at bus i, which considers the impact
of shunt capacitor at bus i; |S"i| is the magnitude of conjugated complex power injected into bus i
from the connected IBR; |Sac.i|=|Vi[?/|Zi| is the short-circuit capacity at bus i, which excludes the
impact of shunt capacity; and Qc,i=|Vi[*/Xc is the reactive compensation from shunt capacitor at bus
i.

Equation (14) shows the voltage stability at bus i can be identified by comparing the
complex power injected from the IBR at bus i (i.e., |S7i|) with its equivalent short-circuit capacity
(i.e., |S'acil). The voltage is stable at bus i if the power injected from the IBR is larger or equal to
equivalent short-circuit capacity. More importantly, (14) shows that when there is a shunt capacitor
in the system, it is required to use equivalent short-circuit capacity rather than short-circuit capacity
for voltage stability analysis. Different from short-circuit capacity, the equivalent short-circuit
capacity includes the reactive compensation from the shunt capacitor. Thus, if short-circuit
capacity is used rather than the equivalent one, the results of stability analysis may be over-
optimistic.

3.1.2. Impact of Shunt Capacitor on Grid Strength

The stability condition in (14) can be used to analyze the impact of shunt capacitor on grid

strength from the perspective of static voltage stability. In the system shown in Fig. 51, the grid

strength at bus i can be quantified by ESCR, which can be defined as [24],

ESCR, = [Saes = 1Quil

Fou (15)

where Pgi is the real power injection of the IBR at POI i.
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Compared with the stability condition in (14) with ESCR defined in (15), it is found that
ESCR quantifies the strength of the AC grid relative to the real power of the IBR at a POl in terms
of static voltage stability. Larger ESCR; indicates that the grid is stronger at POI i since the voltage
at POl i is distant from its voltage stability limit. In general, the strength of the AC grid at a POI
can be quantified using the following ESCR ranges: the grid is considered to be strong at a POI if
its ESCR value is larger than 3; the grid is weak at a POI if its ESCR value is between 2 and 3;
and the grid is very weak at a bus if its ESCR value is smaller than 2. From (11), it can be concluded
that when the ESCR is equal to 1, voltage at POI i is in its collapse point; when the ESCR; is
smaller than 1, the system voltage becomes unstable. Notice that ESCR considers the impact of
the reactive compensation from shunt capacitor at POI on grid strength. If such impact is ignored,
the results of grid strength assessment may be inaccurate.

3.2. Proposed Method for Grid Strength Assessment Considering Interaction Between
Capacitors

In a power grid with multiple IBRs and capacitors, IBRs interconnected through the power
network interact with each other, especially when they are electrically close. Moreover, the
capacitors interconnected through the power network also interact with each other. Both two types
of interactions can affect the grid strength at POls. However, the effect of both of the two types of
interactions on grid strength does not considered in the ESCR defined in (15). In this section, a
new method for grid strength assessment will be proposed to consider the two types of interaction
together by extending the study model of a single IBR and shunt capacitor to a power grid with
multiple IBRs and shunt capacitors. First, the voltage stability in the power grid with multiple IBRs
and shunt capacitors will be analyzed. Then, a method will be proposed for evaluating grid

strength.
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3.2.1. Voltage Stability Analysis in a Power Grid with Multiple IBRs and Capacitors
For a power grid with multiple IBRs and shunt capacitors as shown in Fig. 52, its network

equation can be represented

v "

where g, Ir, and Isc are vectors of current injection into the buses connected with synchronous
generators, with IBRs, and with shunt capacitors, respectively; Ve and Vr are vectors of voltages
at the synchronous generator buses and at the IBR buses; and sub-matrices Zgg, Zcr, Zrs, and Zrr

are the corresponding blocks of the bus impedance matrix.

Inverter-based
Resource

Synchronous
generator

Synchronous Inverter-based

Resource

AC power network

generator

Synchronous
generator

Inverter-based
Resource

Figure 52. An AC power system with multiple IBRs and shunt capacitors.

Based on (13), the voltage stability boundary condition in the system can be derived.

Specifically, the voltage at bus i connected to an IBR can be represented as:

Zeni
VR,i = Z ZRG,ikIG,k +ZRR,ii Z e (IR,j + Isc,J')
keG jeR LpRiii (17)

where Vri is the i element in the voltage vector Vg; I is the k'™ element in the current vector Ig;
Irj and lsc; are the j™ element in the current vectors Ir and lsc, respectively; Zrg,i is the (i,k)"

element in the matrix Zrg; Zrr,j is the (i,j)™" element in the matrix Zgrr; G is the set of all buses
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connected with synchronous generators; and R is the set of all buses connected with IBRs and
shunt capacitors.

Equation (14) can be rewritten as:

VR,i _VS,,i =1 _[ﬂ]*
Ziwii A Ve (18)

where

’ Z' ii
VS,i: = ZZRG,ile,k

ZRR,ii keG (19)
1 1 .
' :{__ ch,eq,i:l
ZRR,ii ZRR,ii (20)
Z i V. .
bc,eq‘i = bc,i + . Z &ﬂb(:]
iRtz Zeg i Vi
1y ZeyVey[ 1
Xc,i jeR, j=i ZRR,ii VR,i Xc,j (21)
Zo YA
quli — Z RR,ij IRVI- — IR’i + . Z . RR,ij IR'J-
jeR ZRR,ii JjeR j=i ZRR,ii (22)

jeR, j#i LR

Z V..
:[SR,i+ > ﬂism]

-
jeRiizi Zpg i VR,j

Z5
— o * RR,ij | *
Seq,i =Veilei = R‘i[IR,i + Y = Ir;

(23)

Equation (18) is similar to (1) in format. Equation (1) is the power flow equation of a two-
bus power system with a single IBR and a shunt capacitor. Similarly, (18) can be considered as
the power flow equation of the equivalent two-bus power system as shown in Fig. 53, which is the
equivalent model of the power system in Fig. 52 referred at bus i. In the equivalent system of Fig.
53, V's;i, Z'rr,ii, and Seq,i €ach represents the voltage source, equivalent Thevenin impedance, and

the complex power injection at bus i. As shown in (20), the equivalent Thevenin impedance Z'rr;ii
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considers the impact of the shunt capacitor connected to bus i (i.e., Xc,i) and the impact of the other
shunt capacitors connected to other buses (i.e., Xc;). Also, as shown in (23), the equivalent power
injection Seq,i includes the power injection from the IBR directly connected to bus i (i.e., Sr,i) and
the power injection from the other IBRs (i.e., Sr;j). Thus, Z'rr;ii in (20) reflects the combined effect
of the shunt capacitors at different sites in the system while Seq,i in (23) considers the combined

effect of the power injections of the IBRs distributed at different sites in the system.

Zew i VRi
Seq i~ SR i Z - SR, j
Visi 7 Vi jcr 1+ Zrriii VR,
AC system R H Inverter-based
N Resource

Zgriij VR,j

bc eq bc it RR IJ Qeeqi = Qei +

i 2 s
JER =i ZRR i VR, jeR, j=i ZRR,ii VR,i

Figure 53. Equivalence of an AC power system with multiple IBRs and shunt capacitors at a
POL.

By following the derivation as shown in (4)-(13), (18) can be used to similarly derive the

boundary condition for voltage stability at bus i in the power system with multiple IBRs and shunt

capacitors:
ry_ IVR| | _ Sac;eq,i _ a(:| *JQC eq,i :1
eq i |ZRR ||| Seq,i Seq,i (24)
where
ZRR,ij VR‘j
Qc’eq’l Qc'l JERZ,J'# IJQC'J , : ZRR‘ii VR,i (25)
Seqi =Sk Sn B = Zews (VL]
e Ri " ZLIIBU R.1 , ! ZRR,ii VRyi (26)
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Similar to (14), (24) shows that the voltage stability at bus i can be identified by comparing
the equivalent complex power injected from the IBR at bus i (i.e., |S"eq,i) With its equivalent short-
circuit capacity (i.e., |S'aceq,il). The voltage is stable at bus i if the equivalent complex power
injected from the IBR is larger or equal to equivalent short-circuit capacity.

3.2.2. Proposed Method for Grid Strength Assessment

Based on (24), we define the effective site-dependent SCR (ESDSCR) to quantify the
strength of the power grid with multiple IBRs and shunt capacitors from the perspective of static
voltage stability. When the injected powers Sgj in (24) is replaced with the injected powers of

IBRs, Prjj, JER, the ESDSCR is defined as:

Saci — Qe — ) A ch,j

jeR, j#i

S =i )
ESDSCRI: ac,i JQc,eq,l _

| R,eq,i

PR,i+ Z ﬂijPR,j

jeR, j#i

(27)
The ESDSCR as defined by (27) is the generalized representation of the ESCR in (15).
When only one shunt element is connected to one IBR in the power system in (27), Prj and Qc,
(i.e. the reactive power compensation from the shunt elements) for other IBRs are equal to zero.
In this case, the expression as defined in (27) can be reduced to the expression shown in (15).
The ESDSCR considers not only the interactions between IBRs but also the interactions
between shunt capacitors in the system. In (27), ESDSCR at bus i takes into account the reactive
compensation from the shunt capacitor directly connected to bus i (i.e., Qci) and the reactive
compensations from the other capacitors at different sites in the system (i.e., Qc;). Especially, the
reactive compensations from other different sites, Qcj, is scaled by weight aij in (25), which shows
the effect of the interaction between shunt capacitors at different sites on the grid strength at bus i.
Also, ESDSCR at bus i includes the power injection from IBR directly connected to bus i (i.e.,

Pr.i) and the combined power injection from the IBRs connected to the other buses in the system
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(i.e., Prj). The combined power injection, Prj is scaled by weight Bij in (26), which reflects the
impact of the interaction between IBRs at different sites on the grid strength at bus i.

The ESDSCR retains the same physical interpretation as the ESCR as defined in (15). Both
ESDSCR and ESCR characterize the grid strength from the perspective of static voltage stability.
Thus, the ranges of ESCR for grid strength evaluation can also be applied to ESDSCR. That is, the
AC grid is strong at a bus if its ESDSCR is larger than 3; the grid is weak at a bus if its ESDSCR
is in the range between 2 and 3; and the grid is very weak at a bus when its ESDSCR value is
smaller than 2. Furthermore, according to (24), when ESDSCR is equal to 1, voltage at bus i is in
its collapse point; when ESDSCR is smaller than 1, voltage becomes unstable.

3.3. Study Results

In this section, the efficacy of the proposed ESDSCR for grid strength assessment is
demonstrated on the modified IEEE 39-bus system, as shown in Fig. 54 [25], by comparison with
ESCR and modified SDSCR. In the system, machine G1 at bus 39 is selected as the slack machine
instead of the original slack machine G2 at bus 31; synchronous generators at buses 31 and 32 are
replaced with two wind farms.

First, we determine the Pd,31 — Pd,32 stability boundary of IBRs at buses 31 and 32, as
shown in Fig. 55. In this figure, the two curves indicate the stability boundaries when shunt
capacitors at buses 31 and 32 are and are not considered. On each boundary curve, all pairs of
power injection (Pd,31, Pd,32) correspond to the critical operating conditions: when the power
system operates with any pair (Pd,31, Pd,32) outside the boundary, voltage instability will occur
in the system; when the system operates with any pair (Pd,31, Pd,32) inside the boundary, system
voltage is stable. The stability boundary is now validated using the P—V analysis. It can be observed

from Fig. 55 that the stability boundary curve including shunt capacitors is higher than the one
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excluding them. This implies that when including shunt capacitors at buses 31 and 32, the stability

region increases and thus voltage stability is improved.

Figure 54. Single-line diagram of the IEEE 39-bus system.
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Figure 55. Pg31 — Pq,32 stability boundary of IBRs in the IEEE 39-bus system.

Based on the stability boundaries in Fig. 55, we then verify the efficiency of the proposed
ESDSCR and compare it with the ESCR. According to the stability boundaries, a set of operating
conditions (OCs) are selected. This set of OCs includes points OC1, OC2, and OC3 as shown in
Fig. 55. Under this set of OCs, the voltage stability at buses 31 and 32 are evaluated. The evaluation
results are reported in Table 1. Also, we evaluate the ESDSCR and ESCR at buses 31 and 32.

These results are presented in Table 2.
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Table 1. Voltage Magnitudes at Buses 31 and 32 under Various Operating Conditions.

Power Injection (MW) Bus Voltage (p.u.)
Bus 31 Bus 32 Bus 31 Bus 32

Operating Condition

OC1 600 650 0.9484  0.9399
OC2 980 650 0.8421 0.8531
OC3 1060 650 0.7111  0.7725

Table 2. Comparison of ESCR and ESDSCR under Various Operating Conditions.

Power
. Injection ESCR ESDSCR

Operating (MW)
Condition

Bus Bus Bus Bus Bus Bus

31 32 31 32 31 32
OC1 600 650 3.8244 3.0347 2.5609 2.5043
0oC2 980 650 1.7892 2.7202 1.5756 1.7409
0C3 1060 650 1.3021 2.3041 1.0219 1.3259

It can be observed from Table 1 and Table 2 that ESDSCR can effectively evaluate grid
strength in terms of voltage stability, but ESCR tends to overestimate grid strength. As shown in
Table 1, the voltage magnitudes at both buses 31 and 32 reduce as only Pd,31 is increased. This
indicates that the power injection at bus 31 affects not only voltage stability at bus 31 but also the
voltage stability at bus 32. Specifically, under OC1, the voltage magnitudes at buses 31 and 32 are
|VV31]|=0.9484 p.u. and |V32|=0.9399 p.u., which are distant from typical voltage security
requirement of 0.95 p.u.. It is expected that both ESCR and ESDSCR would identify the system
to be weak at buses 31 and 32. In other words, the values of both ESCR and ESDSCR are expected
to be smaller than 3 at these two buses. As shown in Table 2, the evaluation results of ESDSCR at
buses 31 and 32 are [V31|=2.5609 and |V32|=2.5043, which are smaller than 3; however, the results
of ESCR are 3.8244 and 3.0347, which are larger than 3 and indicate the grid is still strong at these
two buses. These results show that ESCR has overestimated grid strength at both buses 31 and 32.

Moreover, under OC2, the voltage magnitudes at buses 31 and 32 are |[V31|=0.8421 p.u. and
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|V32|=0.8531 p.u., which are further distant from the required security level of 0.95 p.u. It is
expected that the system would be identified to be very weak at the two buses, so both ESCR and
ESDSCR values should be smaller than 2. The expected results of ESDSCR are confirmed from
data in Table 2, but Table 2 also shows that ESCR at bus 32 is much larger than 2. Thus, ESCR
provides overestimated result again. The issue becomes more prominent when the voltage at bus
31 reaches its stability limit under OC3. It is expected that both ESCR and EDSDSCR at bus 31
should be close to 1. As shown in Table 2, the expected result of ESDSCR can be confirmed;
however, the evaluation result of ESCR is 1.3021, which is much larger than 1 and indicates the
voltage at bus 31 is still distant from its stability limit. Those observations show that ESDSCR can
effectively evaluate the grid strength at buses 31 and 32 in terms of voltage stability, but ESCR
tends to overestimate the grid strength at buses 31 and 32.
3.4. Summary

In this chapter, we proposed the new method for evaluating the strength of power grids
with the high penetration of IBRs taking into account the impact on grid strength from both the
interactions between capacitors in the grid and the interactions among IBRs at different sites.
Validation and efficacy of the proposed method was shown with numerical simulation case studies
on the IEEE 39-bus system. In the future research, we will further verify the proposed method in

large-scale power grids under various operating conditions including contingencies.
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4. IMPACT OF MOMENTARY CESSATION ON SUB-CYCLE DYNAMICS IN SOLAR
PV SYSTEMS

The electric power grid is undergoing a rapid change predominantly driven by high
penetration levels of renewable energy resources such as solar. These resources are interfaced with
the power grid through power electronic inverters that use control algorithms to define their
performance characteristics. As a group, these types of resources are commonly referred to as
inverter-based resources (IBRs). Since solid-state switches in the inverters enable fast and
programmable control, IBRs can use power electronic controls to change active and reactive
current injection, and subsequently active and reactive power output. For these reasons, IBRs have
the capability of responding to grid disturbances nearly instantaneously to support grid reliability
[26][27].

The increasing penetration of inverter-based resources is also changing grid dynamics and
challenging grid planning, operation, and protection. From 2016 to 2018, a series of similar events
occurred in the Southern California region of the Western Electricity Coordinating Council
footprint: transmission system faults triggered the unintended loss of solar generation over a large
geographic area [28]-[30]. One of the major causes for the solar PV tripping in 2017 and 2018 is
the sub-cycle overvoltage experienced by solar PV inverter when the transmission grid suffers
voltage drop following faults [29][30]. Moreover, the sub-cycle dynamics become more
complicated when solar PV inverters use momentary cessation operation mode [29]. This
operation mode is one of the grid support functionalities required according to the IEEE 1547-
2018 interconnection standard for distributed energy resources [31]. Momentary cessation is a type
of inverter response to abnormal grid conditions. More specifically, when the inverter terminal

voltage falls below (or exceeds) a certain level, the inverter ceases to output any current, but
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attempts to maintain (or quickly regain) phase-locked loop (PLL) synchronization to allow for
quick reinjection of current when the voltage recovers to a certain point.

A recent performance guideline for IBRs on the U.S. bulk power system published by the
NERC calls for full-ride through without momentary cessation [32][33], though the NERC task
force responsible for the guideline recognized that it may not be feasible to eliminate momentary
cessation in some existing inverters. In contrast, the IEEE 1547-2018 requires momentary
cessation for Category Il distribution energy resources (DERS) and allows momentary cessation
for Categories | and 1l DERs [31], so for distribution-connected inverters, momentary cessation is
the expected behavior. In addition, the NERC reports in [29][30] highlight the sub-cycle dynamics
are still not understood, especially when considering the impact of momentary cessation. This sub-
cycle transient is difficult to model and predict during a short time [34].

In this chapter, we investigate the impact of momentary cessation on the sub-cycle
dynamics using a RTDS simulator, which is developed by RTDS Technologies Inc to solve the
power system equation fast enough to realistically represent conditions in actual power grids [35].
To this end, two solar PV systems with detailed inverter models considering inverter switching
dynamics and momentary cessation function are first constructed for real-time electromagnetic
simulations. Then, the impact of momentary cessation on sub-cycle dynamics is explored under
three cases including the increasing number of solar PV inverters, weak grid operating conditions,
and diversity in recovery time of solar PVs. The rest of this chapter is organized as follows. In
Section 4.1, the modeling of solar PV systems is introduced. With this modeling, the investigation
results of the impact of momentary cessation on the sub-cycle dynamics are presented in Section

4.2. Finally, conclusions are given in Section 4.3.
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4.1. Modeling of Solar PV Test Systems

To investigate the impact of momentary cessation on sub-cycle dynamics, two solar PV
systems with detailed inverter models considering inverter switching dynamics and momentary
cessation function are modeled using the library components of RSCAD [36]. The first test system
is a single inverter with a grid-connected PV system where a solar PV is connected to the grid
through a grid-following inverter system. The second test system has three PV-inverter systems
connected to the grid. Both these two solar PV test systems have detailed modeling of the inverter
switching and the control schemes required for the grid connection. Also, both of two test systems
can model the operation of inverter momentary cessation.

4.1.1. Solar PV Test System |

The grid-connected PV-inverter test system is modeled and simulated using RSCAD
software, which is a real-time simulation environment of RTDS simulator [10]. Fig. 56 shows the
single line diagram of the simulated system. The PV-inverter system consists of a PV array that
generates 1.75 MW peak power, a dc link capacitor, and a DC/AC inverter with control functions.
The PV-inverter system is integrated into the grid through a 6 MV A step-up transformer, and a Pl
section line connected to a 33 kV grid. The PV-inverter system is connected with a high pass filter
at the point of common coupling (PCC).

The PV array is made up of modules connected in both series and parallel, and each module
consists of 36 cells in series and 1 in parallel. Each PV array has temperature set to 25°C and
insolation to 1000 W /m? as input. The detailed parameters of the PV array are presented in Table
3. The dc side voltage is 2 kV, and the dc voltage is converted to three-phase 0.48 kV ac voltage
through the inverter. Fig. 57 shows the control scheme used in the inverter for the grid-connected

PV test system. For the outer loop control, the reference value for the dc bus voltage control (V)
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is generated through incremental conductance based maximum power point tracking (MPPT)
algorithm and PLL based measurements from the grid (Vpcc) is used as input for ac bus voltage
control. These outer loop voltage controls generate d-axis and g-axis reference currents for the
inner current loop. The inner current loop outputs the modulation index which is later converted
into abc form using dqO to abc conversion to input in the firing pulse generators. The generators
provide gate signals to the inverter with a switching frequency of 1.8 kHz. The gains used for these
control loops are also presented in Table 3. A high pass filter is connected to smoothen the
waveforms at the output of the inverter. As shown in Fig. 58, inverter switching is also considered

for the grid-connected PV-inverter test system.
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Figure 56. Grid-connected solar PV system with detailed model of inverter.
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Table 3. Parameters for the Grid-connected Solar PV System.

Components Parameters Values

PV Number of series cells 36
Number of paralle strings 1
Open circuit voltage (V,.) 21.7V
Short circuit current (Ig.) 3.35A

Number of modules in series 115
Number of modules in parallel 285

Voltage at Pmax 174V

Current at Pmax 3.05A
DC link capacitor Capcitance (C4c) 0.01925 F
Inverter Filter resistance 2.38 mQ

Filter inductance 200 uH
High pass filter Ry 0.039 Q

Ly 7.874 uH

Cy 2500 pF
DC bus voltage control k4, 0.899

kigc 0.0585
Current control loop ki 0.2

k;; 0.30675
PLL kypLL 5

kipLL 0.01
Pl section line R, 5Q

X, 5Q

X 5 MQ

Incremental
Conductance based

MPPT

V*PL[ voltage

DC bus
voltage
control

Ve
AC bus

——| regulation

Figure 57. Block diagram for inverter control.
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4.1.2. Solar PV Test System |1

Based on the test system I, we further construct the second solar PV test system with
multiple solar PVs to investigate the impact of momentary cessation on sub-cycle dynamics when
increasing the number of PV inverters. As shown in Fig. 59, the three solar PVs are connected at
PCC through three inverters. In this test system, each of these three solar PVs and their inverters
have the same PV system parameters and inverter control schemes and gain values as those used
in the first test case. The three PV-inverter system is connected to the 33 kV grid via the

transformer and PI section line.
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Figure 59. Three grid-connected solar PV inverter systems connected to the grid.
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4.1.3. Momentary Cessation

When modeling the two solar PV test systems, we consider the momentary cessation
function of PV inverter in response to the low-voltage dynamics. As illustrated in Fig. 60, when
the inverter terminal voltage at PCC (Vpcc) falls below a certain level (Vimc), the inverter ceases to
output any current. When the terminal voltage returns to its normal range, current injection
resumes after a fixed delay time Ats,. Ramp rates on recovery may be limited by fixed setpoints in

the inverter-level control as indicated over the time interval Aty [37].

A

Voltage

<

fe—Ats— e Aty —

Current

Time
Figure 60. Characteristics of momentary cessation.

It should be noted that momentary cessation is different from inverter tripping. In
momentary cessation, the inverters are still connected to the grid, and current injection is restored
automatically via the inverter control logic. By contrast, a "tripped” inverter is electrically
disconnected from the grid via a contactor or circuit breaker and requires either manual or
automatic reset action to restore current injection.

4.2. Study Results

With the two test systems | and Il constructed in Section 4.1, the impact of momentary

cessation on sub-cycle dynamics is investigated using the RTDS simulator. The following three

cases will be considered in our investigation.
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4.2.1. Case 1: Increasing the Number of PV Inverters

In this case, both test systems I and Il constructed in Section 4.1 are used to investigate the
impact of momentary cessation on sub-cycle dynamics when increasing the number of PV
inverters. In the two systems, the same fault is applied to the grid side to trigger the momentary
cessation operation mode. The fault occurs in the system at t = 0.025s and is cleared after 2.5
cycles. The fault causes the voltage to drop to 0.83 p.u. at the grid bus and immediately triggers
the momentary cessation to cease the current injection from the inverter. After the fault is cleared,
2 cycles are delayed (i.e., Atsr=0.033s) to restart the current injection from all inverters. During
the recovery process, the ramp rate is limited by the time interval Atrr=0.008s. Fig. 61 and Fig. 62
show the simulation results of per unit (P.U.) and three-phase voltages and currents at PCC in the
two systems.

By comparing Fig. 61 with Fig. 62, it can be observed that increasing the number of PV
inverters exacerbates the sub-cycle overvoltage and overcurrent. As shown in Fig. 61, when a
single PV inverter is considered in the test system I, the peak value of the sub-cycle overvoltage
is approximately 1.50 p.u. after ceasing the current injection from the inverter. There are no sub-
cycle overvoltage and overcurrent during the recovery process after restarting the current injection
from the inverter. However, when three PV inverters are considered in the test system Il, Fig. 62
shows the peak value of the sub-cycle overvoltage is approximately increased to 1.91 p.u. after
ceasing the current injection from the inverter. Moreover, there are sub-cycle overvoltage and
overcurrent during the recovery process after restarting the current injection from the inverter. The

peak values of the overvoltage and overcurrent are approximately 1.42 p.u. and 1. 27 p.u.
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Figure 61. Per-unit and three-phase voltage and current at inverter terminal PCC in test system |
after a grid fault is applied and momentary cessation is triggered in case 1.
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Figure 62. Per-unit and three-phase voltage and current at inverter terminal PCC in test system I
after a grid fault is applied and momentary cessation is triggered in case 1.

4.2.2. Case 2: Changing Grid Operating Conditions

In this case, test system Il is used to investigate the impact of momentary cessation on sub-
cycle dynamics under varying grid operating conditions. Specifically, a weak grid operating
condition is considered in the system by increasing the reactance of the line between POC and grid
bus to two times larger than the original value. The same fault used in case 1 is applied to the grid
side in the system to trigger the momentary cessation operation mode. The same delay time Atsr
and time interval Atrr are used for setting the momentary cessation function for all inverters. Fig.

63 shows the simulation results of p.u. and three-phase voltages and currents at PCC in the system.
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By comparing Fig. 63 with Fig. 62, it can be observed that the sub-cycle overvoltage and
overcurrent become exacerbated when the grid becomes weak. As shown in Fig. 63, the peak value
of the sub-cycle overvoltage is approximately increased by 2.22 p.u. from 1.91 p.u. (shown in Fig.
62) after ceasing the current injection from the inverter. Furthermore, during the recovery process
after restarting the current injection from the inverter, Fig. 63 shows the sub-cycle overvoltage and
overcurrent are increased to 1.61 p.u. and 1.35 p.u. from 1.42 p.u. and 1. 27 p.u. (shown in Fig.
62), respectively. Thus, an improved grid strength may reduce the severity of sub-cycle

overvoltage and overcurrent induced by inverter momentary cessation.
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Figure 63. Per-unit and three-phase voltage and current at inverter terminal PCC in test system |1
under weak grid conditions after a grid fault is applied and momentary cessation is triggered in
case 2.
4.2.3. Case 3: Increasing the Diversity in Recovery Time of PV Inverters during
Restoration Process

In this case, we further investigate the impact of momentary cessation on sub-cycle
dynamics when increasing the diversity of PV inverters during the recovery process after restarting
the current injection from all inverters in test system Il under the weak grid operating condition.
In the system, the weak grid operating condition and the applied fault are the same as those used

in case 2. To increase the diversity of PV inverters during the recovery process, three inverters in

the system are assigned with different delay times (Atsr1=0.033s, Atsr2=0.066s, and Atsr3=0.099s)
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to restart their current injections during the recovery process. Fig. 64 shows the simulation results

of p.u. and three-phase voltages and currents at PCC in the system.
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Figure 64. Per-unit and three-phase voltage and current at inverter terminal PCC in test system Il
under weak grid conditions after a grid fault is applied and momentary cessation is triggered in
case 3.

By comparing Fig. 64 with Fig. 63, it can be observed that increasing the diversity of PV
inverters can reduce the severity of the sub-cycle overvoltage and overcurrent during the recovery
process. As shown in Fig. 64, the peak values of the sub-cycle overvoltage and overcurrent is
approximately decreased to 1.22 p.u. and 1. 12 p.u. from 1.61 p.u. and 1.35 p.u. (shown in Fig.
63), respectively, after restarting the current injections from three inverters with different recovery
times. Thus, the appropriate coordination of recovery times for PV inverters during the recovery
process can improve sub-cycle dynamics stability.

4.3. Summary

In this chapter, we investigated the impact of momentary cessation on sub-cycle transient
characteristics using RTDS-based real-time electromagnetic transient simulations with detailed
inverter models that consider switching dynamics and momentary cessation operation mode. It is
found that undesired sub-cycle overvoltage and overcurrent are induced by momentary cessation.

Moreover, the sub-cycle overvoltage and overcurrent become significant when increasing the

integration of solar PV inverters into the system. Furthermore, it is found that the grid operating
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condition, which is normally considered as the initial or boundary condition of transient in the
grid, needs to be further investigated, especially during the system recovery and inverter fault-ride
through, where significant voltage sags or swells could be significant [38]. In addition, the
overvoltage and overcurrent during the restoration stage of fault-rid through process can be
improved when considering the impact of the diversified recovery times for PV inverters to restart

current injection.
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5. IMPACT OF SOLAR INVERTER DYNAMICS DURING GRID RESTORATION
PERIOD ON PROTECTION SCHEMES BASED ON NEGATIVE-SEQUENCE
COMPONENTS

The electric power grid is undergoing a rapid change driven by the high penetration of
renewable resources such as solar and wind via power electronic inverters. While these inverter-
based resources (IBRs) can use power electronic controls to respond to grid disturbances nearly
instantaneously and thus support grid reliability, they are challenging grid protection [39][40].
IBRs feature distinct fault responses compared to conventional generators. The response of a
synchronous generator to a fault in the power system is determined by the physics of the rotating
machine, which is well understood by grid protection engineers. However, the fault response of an
IBR is determined by how the inverter control system has been programmed to respond to its
terminal conditions. The manner in which the fast-acting controls within the inverter respond to
rapidly changing terminal conditions is an engineered feature but not well understood by grid
protection engineers [41]. Such IBR fault characteristics fundamentally impact the current
practices for applying and setting protective relays to maintain the reliable operation of the power
grid dynamically dominated by synchronous generators. For example, solar inverters induce a low
magnitude of fault current with insufficient levels of negative and zero sequence currents [42][43].
The negative-sequence fault current contribution of the wind generators can be very small
depending on its type and control [44][45]. Thus, protection schemes based on negative sequence
components can be affected and experience malfunctions due to the changes in fault characteristics
[46][47]. It is crucial to understand how IBRs react to fault conditions, so that proper protection

settings can be set to avoid a protection maloperation or a failure in grid operation.
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Recently, the North American Electric Reliability Corporation (NERC) has reported a
series of events of the unintended loss of solar generation following the grid faults in Southern
California region of the Western Electricity Coordinating Council footprint [48]-[51]. These
events highlight the importance of understanding the fault responses of solar PVs and their impact
on protection schemes during the system restoration period after grid faults are cleared. In the
literature, these events have been recently investigated by studying the impact of IBR fault
responses on the grid operation using generic positive sequence dynamic stability simulations [52]-
[62]. However, the existing works do not investigate the solar PV responses and their impacts on
protection schemes when the grid is recovering after the disturbances are cleared. Moreover, these
existing works usually use positive sequence stability models and simple inverter modeling for
simulation analysis. Such models may not be used in electromagnetic transient simulations for
modeling intricate details for different inverter controls and accurately evaluating the IBRs’
response during abnormal events. For example, the inverter dynamics during the restoration period
can be affected by blocking and de-blocking functions in response to the low-voltage dynamics
during fault conditions [64][65].

In this chapter, we investigate the solar inverter dynamics with a focus on negative
sequence quantities during the grid restoration period and their impact on protection schemes based
on a real-time digital simulator (RTDS), which is developed by RTDS Technologies Inc. to solve
the power system equation fast enough to realistically represent conditions in actual power grids
[63]. To this end, we first construct the modeling of two solar PV test systems with detailed inverter
models including inverter switching dynamics as well as inverter blocking and deblocking
functions for the RTDS simulation. Then, we identify the key differences in negative-sequence

guantities between solar farms and synchronous generators during the restoration period following
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a grid disturbance. On this basis, we further analyze negative-sequence current characteristics of

the solar inverter during the grid restoration period and discuss the negative impact of the negative-

sequence current of solar inverters on the performance of typical protection schemes based on

negative sequence quantities. The major contributions of this chapter include:

1. Identify the key differences in negative-sequence quantities between solar inverters and
synchronous generators during the restoration period following a grid disturbance;

2. Investigate the negative-sequence current characteristics of solar inverters during the grid
restoration period; and

3. Analyze the negative impact of the negative-sequence current of solar inverters during the
restoration period on the performance of typical protection schemes using a hardware-in-
loop simulation based on the RTDS.

The rest of this chapter is organized as follows. Section 5.1 presents the methodology for
the chapter. Section 5.2 presents the solar PV test systems created for RTDS simulation. Section
5.3 identifies the key differences in negative-sequence quantities between solar inverters and
synchronous generators during the grid restoration period. Section 5.4 analyzes the negative-
sequence current characteristics of the solar inverters during the grid restoration period. Section
5.5 investigates the interaction between the negative-sequence current of solar inverters and
protection schemes based on negative sequence components. This chapter is concluded in Section
5.6.

5.1. Methodology

The hardware-in-loop simulation platform is illustrated in Fig. 65, where the RTDS is

linked to a physical relay from the Schweitzer Engineering Laboratories (SEL). The relay has a

negative-sequence overcurrent element and can use built-in metering functions to analyze event

77



reports for rapid commissioning, testing, and post-fault diagnostics. The simulation model of a
solar PV power system is created on a guest computer using the RSCAD software. Then, this
software compiles and loads this model into the RTDS for real-time simulations. The digital output
signals of the current and voltage simulated by the RTDS are converted into analog signals by the
Giga-Transceiver Analog Output (GTAO) card and are then fed into the relay. The relay has a
low-level interface, which allows them to directly receive the converted analog signals without the
need for the voltage/current amplifier. The dry contacts of the relay are connected to the low-
voltage panel of the RTDS to send the digital tripping signals from the relays to the RTDS via the
input channels on its front lower voltage panel. As soon as the relay trips, it is detected by the
digital input of the RTDS, which opens the breaker in the model being simulated in real time and
sends the updated signals to the RTDS for real-time simulation. The updated simulation results

can be monitored by RSCAD software.

Real-time digital simulation
conducted by the RTDS

The model is complied and
loaded into the RTDS using

RSCAD software
RSCAD software

The dry contacts of the
relay are connected to low
voltage panel of the RTDS to
receive digital output of the
relay for opening the
breaker in the model being
simulated in the RTDS

Updated real-time
simulations are send to

GATO card RSCAD software

Receiving data from SEL
relay using SEL
AcSELerator Quickset

Real-time digital simulation

signals are converted into

analog signals and fed into
SEL relay

Digital output of the relay

which is configurated to
change contact when it trips [l
due to over current

Ethenet Switch

Data streamed out by
SEL relay

SEL relay

Figure 65. Illustration of the hardware-in-loop simulation platform used for testing the relay
performance under solar generation.
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5.2. Modeling of Solar PV Test Systems

To investigate the impact of solar inverter dynamics during the grid restoration period on
protection schemes, we use the library components of RSCAD software [66] to construct two grid-
connected solar PV systems with detailed inverter models considering inverter switching dynamics
and complicated inverter control functions required for the grid connection. RSCAD is a real-time
simulation environment used with the RTDS.
5.2.1. Solar PV Test System |

As illustrated in Fig. 66, the grid-connected solar PV system | includes the grid side and
solar inverter side. At the grid side, the 35 kV point of connection (POC) is connected to the 200
MVA main power transformer interfacing with the grid through the transmission line and step-up
substation. The system transformer steps down the transmission voltage (i.e. 500 kV) to a medium
voltage level (i.e., 35 kV). The transmission line also features a 225 MVAR shunt reactor acting
as a reactive compensation device. The substation consists of two 1200 MVA main power
transformers. The reactive compensation device and parameters for the transmission line and
transformers are modeled to simulate a realistic environment that matches a system seen in the
real-world to provide convincing and credible results. The grid is modeled as a standard voltage
source with an impedance to account for a synchronous generator. Table 4 presents the component

parameters for the grid side in this solar PV test system.
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Figure 66. Solar PV test system I.
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Table 4. Parameters for the Grid-connected Solar PV System.

Components Parameters Values
High Voltage 500 kV

Step-down Substation Low Voltage 35 kV
Transformer Rating 200 MVA
Shunt reactor rating 498 MVAR
Resistance 3.80 Q

Transmission Line Inductance 0.202H
Capacitance 2.92 Mf
Line Length 226 km
Tertiary Cap Bank Capacitance 138 pF
High Voltage 500 kV

Step-up Substation Low Voltage 230 kV
Tertiary Voltage 48 kV
Transformer Rating 1200 MVA
Series Resistance 0.84 Q
Parallel Resistance 120.14 Q

. Parallel Inductance 0.0322 H

Generation Voltage (L-L, RMS) 230 KV
Real Power 1600 MW
Reactive Power 73 MVAR

At inverter side, a single solar PV inverter is connected to the transmission POC bus
through a 3 MVA step-up transformer (Tr 1 shown in Fig. 66) and a Pl-section feeder line. This
transformer has a scaling function that scales the current as it steps up the voltage to increase the
power output of the solar farm from 1.75 MW to 70 MW. As illustrated in Fig. 67, the solar PV
consists of a PV array that generates 1.75 MW peak power, a DC-link capacitor to stabilize the
voltage, and a DC/AC inverter with control functions. Fig. 67 also shows the solar PV inverter,
which is modeled by a two-level voltage source converter (VSC) and a DC-link capacitor. Each of
the six switches in the VSC connects one of the three phases to one of the DC terminals. The
switches in each leg are switched alternatively using the sinusoidal pulse width modulation

technique, where the sinusoidal reference signal is compared with a fixed frequency triangular
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waveform to create this switching pattern. The detailed inverter model also houses an AC reactor
used to filter any undesired harmonics in the system. A snubber circuit is modeled inside of the
inverter model, which limits the switching voltage amplitude and its rise rate and reduces power
dissipation from the inverter. The snubber circuit consists of a series capacitor and a series resistor
connected with a thyristor in parallel. On the AC side terminals of the inverter, there is a high-pass
RC filter capable of filtering out transients from both the grid and the inverter AC side terminals.
The parameters for the solar PV array and the inverter are shown in Table 5.

As shown in Fig. 68, the solar PV inverter has generic control schemes as well as blocking
and de-blocking functions. For the outer loop control, the reference value for the DC bus voltage
control (V*pc) is generated through incremental conductance-based maximum power point
tracking (MPPT) algorithm, and phase-locked loop (PLL) based measurements from the grid is
used as input for the AC bus voltage control. These outer loop voltage controls generate d-axis and
g-axis reference currents for the inner current loop. The inner current loop outputs the modulation
index, which is later converted into abc form using dq0 to abc conversion to input into the firing
pulse generators. The generators provide gate signals to the inverter with a switching frequency of
2 kHz. In addition, the detailed inverter model includes blocking and de-blocking functions in
response to the low-voltage dynamics during fault conditions. Inverter blocking is the function that
the inverter is connected to the grid but ceases to output any current when the inverter terminal
voltage at the point of common coupling falls below a certain level; inverter de-blocking is the
function that inverter reinjects current after a reset delay time when the terminal voltage returns to
a nominal value. The fixed time delay is set so that when the current starts to reinject into the

system, the system should mostly be back to stability [67].
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Table 5. Solar Farm Parameters.

Components Parameters Values
Number of series cells 36
Number of paralle strings 1
Open circuit voltage 21.7V

P\ Short circuit current 3.35A

Number of modules in series 115
Number of modules in parallel 285

Voltage at Pmax 174V
Current at Pmax 3.05A
DC link capacitor Capacitance 0.01925 F
Snubber series capacitance 5 uF
Inverter Subber series resistance 800 Q
AC reactor resistance 1 pQ
AC reactor inductance 80 uH
. . Resistance 0.039 Q
High pass filter Capacitance 7.874 uF
Ioc
Incremental V¥*ac DC bus /*w:;
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AC bus 1ocq
V*pec voltage »
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Figure 68. Inverter control system.

5.2.2. Solar PV Test System |1
Based on the solar PV test system I, the solar PV system Il is further created to investigate

the impact of solar inverter dynamics during the grid restoration period on protection schemes
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when increasing the number of solar PV inverters. As shown in Fig. 69, the solar PV test system
Il has three solar PV inverters connected to the grid. In this solar PV system, each of these three
solar PVs and their inverters have the same PV system parameters and inverter control system and
gain values as those used in the solar PV system I. Each solar facility has its own step-up
transformer as well as its own Pl section feeder line to characterize the feeder cables and
transformers in a real-world solar farm. The feeder cables are then connected together at the low
side of the step-up substation, which feeds solar power into the grid via the 35 kV point of
connection (POC) connected to the 200 MVVA main power transformer, the transmission line, and
step-up substation. These 200 MVVA main power transformer, the transmission line, and step-up
substation have the same parameters as those used in the solar PV test system I. It is worth noting
that the maximum power output of the solar generation facility is now three times larger than that

in the solar PV system I.
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Figure 69. Solar PV test system II.

5.3. Negative-sequence Current of Solar Inverters versus Synchronous Generators during
Grid Restoration Period
To illustrate the difference in the negative-sequence current characteristics between solar

inverters and synchronous generators during the restoration period following a grid disturbance,
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let us consider the solar PV test system I as shown in Fig. 66. In this test system, a balanced three-
phase fault is applied to the grid side at t = 6.12s and then cleared after 3 cycles. This fault causes
the voltage to drop to 0.5 p.u. at the grid bus and immediately triggers the solar PV inverter
blocking function to cease the current injection from the inverter. After the fault is cleared, 2 cycles
are delayed to restart the current injection from the solar inverter. Fig. 70 shows the magnitude of
the negative-sequence voltage and current magnitudes measured at POC bus in the time domain.
To show the negative-sequence current characteristics of synchronous generators under the same
fault, we replace the solar inverter in the test system | with a synchronous generator. Fig. 71 shows
the magnitude of the negative-sequence voltage and current magnitudes measured at POC bus in
the time domain. The data of negative-sequence voltage and current are fundamental frequency
values, which are resistant to harmonic content, and are used for relay operation. Fig. 72 and Fig.
73 show the angular differences between the negative-sequence current and voltage for the solar

inverter and the synchronous generator.
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Figure 70. Negative-sequence current and voltage magnitudes measured at POC bus in the solar
PV system | following a three-phase fault.
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Figure 71. Negative-sequence current and voltage magnitudes measured at POC bus in the solar
PV system | following a three-phase fault when the solar inverter is replaced with a synchronous
generator.

Figure 72. Angular difference between the negative-sequence current and voltage for the solar
inverter.

Figure 73. Angular difference between the negative-sequence current and voltage for the
synchronous generator.
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Comparison of Fig. 70 and Fig. 71, as well as looking at Fig. 72 and Fig. 73, reveals key

differences between the negative-sequence current characteristics of the solar inverter and

synchronous generator during the grid restoration period:

1.

Unlike the conventional synchronous generator, the solar inverter has a relatively high
magnitude of negative sequence current during the grid restoration period after the fault
is cleared. More specifically, during the grid restoration period, the peak value of the
negative-sequence current magnitude from the solar inverter is approximately 35 amps
and maintained for about 3.5 cycles; on the other hand, the peak value of the negative-
sequence current magnitude from the synchronous generator is just close to 3 amps.

The difference between the phase angle of negative-sequence voltage and current phasors
from the solar inverter is -53 degrees with the voltage lagging the current. This means the
solar inverter acted as a source during the grid restoration period to inject negative-
sequence current into the grid. By contrast, the synchronous generator has a phase angle
difference between the negative sequence voltage and current of 105 degrees with the
voltage leading the current, which means the synchronous generator behaves as a load
during the grid restoration period to absorb the negative-sequence current from the grid.

It should be noted that the three-phase fault at the grid bus causes a very high negative-

sequence current from the solar inverter during the grid restoration period after the fault is cleared.

This is different than what was anticipated since a three-phase fault is a balanced fault type and

would not be expected to produce negative-sequence currents or unbalanced currents. Moreover,

the high negative-sequence current is induced after the fault is cleared. The negative-sequence

current is of particular importance for negative-sequence-based protection elements. Traditionally,

these protection schemes have been designed assuming that negative-sequence quantities are
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present at significant levels during unbalanced fault conditions. We will discuss the impact of the

negative-sequence current of solar inverters on the negative-sequence-based protection schemes

in Section 5.5.

5.4. Characteristic Analysis of Negative-sequence Current Injected from Solar Inverters
during Grid Restoration Period

The previous section discusses the key differences in the negative-sequence current
characteristics between solar inverters and synchronous generators during the restoration period
following a grid disturbance. In this section, we will further investigate the characteristics of the
negative-sequence current of solar inverters using the RTDS simulator with the two solar PV test
systems described in Section 5.2.

5.4.1. Impact of Solar Inverter Number

To investigate the impact of solar inverter number on the negative-sequence current of
solar inverters, solar PV test systems Il constructed in Section 5.2 is used for RTDS simulation.
The same three-phase fault used in Section 5.3 is applied to the grid side in this test system. Fig.
74 shows the negative-sequence current measured at POC bus in the solar PV system Il following
a three-phase fault.

By comparing Fig. 70 with Fig. 74, it can be observed that the magnitude of the negative-
sequence current during the restoration period is increased with the number of solar PV inverters.
As shown in Fig. 70, the peak value of the negative-sequence magnitude during the restoration
period is 35 amps, but Fig. 74 shows that the peak value of the negative-sequence current
magnitude reaches 100 amps, which is almost 3 times higher than 35 amps as shown in Fig. 70.

The interaction between additional inverters and the power network in the solar PV test system I
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causes the increasing peak value of the negative-sequence current magnitude during the restoration

period following a grid disturbance.
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Figure 74. Negative-sequence current magnitude measured at POC bus in the solar PV system |1
following a three-phase fault.

5.4.2. Impact of Grid Strength

To understand the impact of grid strength on negative-sequence current of solar inverters
during the restoration period, we consider a weak grid operating condition in the solar PV test
system Il by increasing the impedance of the transmission line between POC and grid bus to three
times larger than the original value. In the solar PV test system Il under the weak grid condition,
the same three-phase fault used in Section 5.3 is applied to the grid side. Fig. 75 shows negative-
sequence current measured at POC bus in the solar PV system Il under the weak grid condition
following a three-phase fault.

By comparing Fig. 74 with Fig. 75, it can be observed that when the grid becomes weak,
the peak value of the negative-sequence current magnitude increases during the grid recovery
period after reinjecting the current from the solar inverters. As shown in Fig. 74, the peak value of
the negative-sequence current magnitude stays at 100 amps, while in Fig. 75 the negative-sequence
current magnitude is peaked at 140 amps. The comparison results imply that an improved grid

strength may reduce the severity of the negative-sequence current during the recovery period.
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Figure 75. Negative-sequence current magnltude measured at POC bus in the solar PV system I
under weak grid conditions following a three-phase fault.

5.4.3. Impact of Fault Types

Finally, we investigate how different types of faults at the grid side affect the negative-
sequence current of solar inverters during the grid restoration period in solar PV test system Il
under weak grid conditions. To this end, we compare the negative-sequence current induced by
the three-phase fault at the grid side (as shown in Fig. 75) with those induced by different
unbalanced faults, including the single line-to-ground fault, the double line-to-ground fault, and
the line-to-line fault. Similar to the implementation of the three-phase fault at the grid side in
previous subsections, each of these unbalanced faults is applied to the grid side at t= 6.12s and is
cleared after 3 cycles. Also, each of these unbalanced faults will trigger the inverter blocking
function to cease the current injection from the inverter; after the fault is cleared, 2 cycles are
delayed to restart the current injection from all inverters. Fig. 76-Fig. 78 show negative-sequence
current measured at POC bus in the solar PV system Il under weak grid condition following
different types of unbalanced faults.

By comparing Fig. 75 with Fig. 76—Fig. 78, it can be observed that the single line-to-ground
fault causes the most severe negative-sequence current during the grid restoration period than the
other types of faults. As shown in Fig. 76, the single line-to-ground fault causes the negative-
sequence current magnitude during the grid restoration period to peak around 180 amps, which is

higher than 140 amps induced by the three-phase fault as shown in Fig. 75, 170 amps induced by
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the double line-to-ground fault shown in Fig. 77, or 160 amps induced by the line-to-line fault as

shown in Fig. 78.
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Figure 76. Negative-sequence current magnitude measured at POC bus in the solar PV system I
under weak grid conditions following a single line-to-ground fault.
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Figure 77. Negative-sequence current magnitude measured at POC bus in the solar PV system |1
under weak grid conditions following a double line-to-ground fault.
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Figure 78. Negative-sequence current magnitude measured at POC bus in the solar PV system |1
under weak grid conditions following a line-to-line fault.

5.5. Impact of Negative-sequence Current from Solar Inverters during Grid Restoration
Period on Negative-sequence Quantities Based Protection Schemes
Section 5.4 has shown the negative-sequence current contribution from solar inverters
during the restoration period following grid disturbances. This negative-sequence current is

dependent on different operating conditions such as the number of inverters in service, grid
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strength, and fault types. This section will discuss how the negative-sequence current negatively
affect the performance of the protective relaying functions that are based on negative-sequence
quantities, including instantaneous negative-sequence overcurrent (50Q) [68] and directional
negative-sequence overcurrent (67Q) [69]. Also, this section will demonstrate such relay
maloperations using a hardware-in-loop simulation platform.
5.5.1. Maloperation of Instantaneous Negative-sequence Overcurrent (50Q)

The 50Q element operates when the magnitude of the negative-sequence current exceeds
a pre-specified threshold. This threshold is commonly referred to as the pickup setting and
specified by the protection engineer based on protection studies. The successful operation of 50Q
element relies on the assumption of negative-sequence current being present in substantial levels
during a non-symmetrical fault. When the source behind the 50Q element is a synchronous
generator, the magnitude of the negative-sequence current is typically large enough to exceed the
pickup setting of 50Q element. Therefore, these elements should assert. Nevertheless, due to the
high magnitude of the negative-sequence current injection from solar inverters during the grid
restoration period, the negative-sequence current may be also larger than the 50Q pickup threshold,
and the element may mistakenly operate during the grid restoration period, eve after the grid
disturbance is cleared.

To illustrate this maloperation, let us consider the response of the 50Q element of the
SEL relay on POC bus to different types of faults applied to the grid side in the solar PV test
system 11, as described in Section 5.2. The faults include the three-phase fault, the single line-to-
ground fault, the double line-to-ground fault, and the line-to-line fault. Each of these faults is
applied to the grid side at t= 6.12s and is cleared after 3 cycles in this test system. Each of these

faults will trigger the inverter blocking function to cease the current injection from the inverter;
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after the fault is cleared, 2 cycles are delayed to restart the current injection from all inverters.
Table Al in Appendix A presents the settings of 50Q. The negative-sequence pick-up current
I2pkp has been set at 80 amps, which is roughly 40% of the nominal current. This is a worst case
setting since the industry typically recommends 4-40% of the rated current. The element picks up
when it sees a negative-sequence fault current with an amplitude more than the pickup setting of
80 amps.

Fig. 79 — Fig. 82 show the amplitude of the negative-sequence fault current measured by
the SEL relay and the 50Q trip signals measured at POC bus in the solar PV system Il under weak
grid conditions following the different types of faults. As shown in the figures, the measured
negative-sequence fault current is 135 amps under the three-phase fault, 165 amps under the single
line-to-ground fault, 110 amps under the double line-to-ground fault, and 155 amps under the line-
to-line fault, respectively. Under each type of fault, the amplitude of the negative-sequence current
injected from the solar inverters during the grid restoration period is larger than the negative-
sequence pickup current l2pkp, and 50Q element picks up successfully. This example suggests that
solar inverters adversely impact the operation of the 50Q element during the grid restoration
period, after the fault is cleared at the grid side. Given that 50Q element are commonly used in
conjunction with other protective elements such as in a fault detector scheme supervising
directional negative-sequence elements [68], time overcurrent relays, and distance relays which
use negative-sequence current for remote backup protection [70]. Maloperation of these elements

may pose a risk to the reliability of the power system.
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Figure 79. Negative-sequence current magnitude and relay trip signal for 50Q element measured
at POC bus in the solar PV test system Il under weak grid conditions following a three-phase

fault.
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Figure 80. Negative-sequence current magnitude and relay trip signal for 50Q element measured
at POC bus in the solar PV test system Il under weak grid conditions following a single line-to-

ground fault.

93



120

100

80

60

40

20

Teer = 8:35:36.970000 AM

-6 cve -4 cvc -2 ove 0cve 2 cve 4 cve 6 cve 8 cve

TRIP —

Teer = 8:35:36.970000 AM

-6 cyc -4 cyc -2 ¢yc 0 cyc 2 cyc 4 cyc 6 cyc 8 cyc

Figure 81. Negative-sequence current magnitude and relay trip signal for 50Q element measured
at POC bus in the solar PV test system Il under weak grid conditions following a double line-to-
ground fault.
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Figure 82. Negative-sequence current magnitude and relay trip signal for 50Q element measured
at POC bus in the solar PV test system Il under weak grid conditions following a line-to-line
fault.
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5.5.2. Maloperation of Directional Negative-sequence Overcurrent (67Q)

The 67Q element determines the direction of a fault (forward or reverse to the relay) by
measuring the phase angle difference between the negative-sequence voltage and current phasors.
Fig. 83 shows a typical implementation and operating principle of the 67Q element [46]. The
concept is that a forward or reverse fault causes a phase angle difference of -90°/90° between the
negative-sequence voltage and current phasors. This assumption is based on the highly inductive
nature of the negative-sequence network in a synchronous generator dominated grid. The 67Q
element classifies a fault as forward if the measured phase angle of negative-sequence current lags
the polarizing negative-sequence voltage between 0 and 180 degrees. The 67Q element classifies
a fault as reverse otherwise. This assumption potentially causes the maloperation of the 67Q

element under solar inverters during the grid restoration period.

Im (Z>)

Reverse Fault

Re (Z2)

Forward Fault

Figure 83. Basic operating principle of 67Q element.

To show this maloperation, let us consider the response of the 67Q element of the relay on

POC bus to different types of faults applied to the grid side in the solar PV test system I, as
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described in Section 5.2. Similar to the previous case, the faults include the three-phase fault, the
single line-to-ground fault, the double line-to-ground fault, and the line-to-line fault; each of these
faults is applied to the grid side at t=6.12s and is cleared after 3 cycles in the test system. The faults
can be considered to be in the reverse direction since they are coming from the grid. Each of these
faults will trigger the inverter blocking function to cease the current injection from the inverter;
after the fault is cleared, 2 cycles are delayed to restart the current injection from all inverters. The
67Q element supervises both the phase and the negative-sequence overcurrent elements. There are
five settings required to fully implement the negative-sequence impedance directional element.
The first two settings are Zor and Zor, which are the forward and reverse negative-sequence
impedance settings, and they determine the direction of the fault. The next two settings are the
forward and reverse fault detectors, which are 50QF and 50QR, and they determine whether a fault
has occurred. The final setting is a2, which is the positive-sequence restraint factor, and it
supervises the directional element so that it trips only in instances of a fault. Table Al in Appendix
A presents the settings of 67Q.

Fig. 84 — Fig. 87 shows the oscillography data and the response of 67Q element for the
different types of faults. The phase angle has been measured at 100 ms into the fault, 1> and V2
stand for the amplitudes of the negative-sequence current and voltage, and Zor and Zr represent
the forward and reverse direction signals, respectively. As shown in Fig. 84, under the three-phase
fault, the relay sees a phase angle difference of approximately 19 degrees with V2 leading I, the
equivalent negative-sequence impedance vector falls within the forward zone of the impedance
plane, and the relay mistakenly issues Zor declaring forward direction during the restoration period
after the fault at the grid side is cleared. The operation is also successful under the other three types

of faults as shown in Fig. 85 — Fig. 87, where the apparent V> lags 1> by about -35 degree for the
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single line-to-ground fault, the apparent V2 leads 1> by about 44 degree for the double line-to-
ground fault, and the apparent V> lags I. by about -20 degree for the line-to-line fault. Under each

type of these faults, the element mistakenly declares fault direction and operates this relay.
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Figure 84. Negative-sequence current and voltage phasors and relay trip signal for 67Q element
measured at POC bus in the solar PV system |1 under weak grid conditions following a three-
phase fault.
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Figure 85. Negative-sequence current and voltage phasors and relay trip signal for 67Q element
measured at POC bus in the solar PV system Il under weak grid conditions following a single
line-to-ground fault.
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Figure 86. Negative-sequence current and voltage phasors and relay trip signal for 67Q element
measured at POC bus in the solar PV system Il under weak grid conditions following a double
line-to-ground fault.
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Figure 87. Negative-sequence currént and voltage phasors and relay trip signél for 67Q element
measured at POC bus in the solar PV system Il under weak grid conditions following a line-to-
line fault.
5.6. Summary

The chapter investigated the solar inverter dynamics with a focus on the negative-sequence
current during the grid restoration period and their impact on protection schemes by using RTDS-
based electromagnetic transient simulations with detailed inverter models that consider switching
dynamics and inverter blocking and deblocking modes. It is found that solar inverters can act as
negative-sequence sources after the inverter is deblocked to reinject energy into the power grid
during the restoration period following a grid disturbance. The amplitude of the negative-sequence
current can be affected by different operating conditions such as the number of inverters in service,
grid strength, and grid fault types. Such negative-sequence responses can negatively impact on the
performance of protection schemes based on negative-sequence components and potentially cause

relay maloperations in the power grid during the restoration period. Thus, the grid protection will

become less secure and reliable. A thorough review of negative sequence-based protection
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schemes may be important for the relays with exposure to IBRs to account for their impact during

the grid restoration period and ensure dependable and secure protection in the presence of IBRs.
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6. CONCLUSIONS AND FUTURE WORK

Here, the conclusions for the dissertation will be drawn. First, we proposed the new method
for evaluating the strength of power grids with the high penetration of IBRs taking into account
the impact on grid strength from both the interactions between capacitors in the grid and the
interactions among IBRs at different sites. This new method for evaluating grid strength will give
grid operators an accurate estimate of how stable a specific point in the network is. Validation and
efficacy of the proposed method was shown with numerical simulation case studies on the IEEE
39-bus system. It was shown that the ESDSCR accurately estimates grid strength in the presence
of multiple renewable energy resources and multiple shunt capacitor banks when compared to the
commonly used ESCR. The ESDSCR also doubles as a general form of the ESCR since if there
is only one IBR and one shunt capacitor bank being studied, the ESDSCR has the same form as
the ESCR.

Next, we investigated the impact of momentary cessation on sub-cycle transient
characteristics using RTDS-based real-time electromagnetic transient simulations with detailed
inverter models that consider switching dynamics and momentary cessation operation mode. It is
found that undesired sub-cycle overvoltage and overcurrent are induced by momentary cessation.
Moreover, the sub-cycle overvoltage and overcurrent become significant when increasing the
integration of solar PV inverters into the system. Furthermore, it is found that the grid operating
condition, which is normally considered as the initial or boundary condition of transient in the
grid, needs to be further investigated, especially during the system recovery and inverter fault-ride
through, where significant voltage sags or swells could be significant [13]. In addition, the

overvoltage and overcurrent during the restoration stage of fault-ride through process can be
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improved when considering the impact of the diversified recovery times for PV inverters to restart
current injection.

Finally, we investigated the solar inverter dynamics with a focus on the negative-sequence
current during the grid restoration period and their impact on protection schemes, such as
overcurrent elements and directional elements, by using RTDS-based electromagnetic transient
simulations with detailed inverter models that consider switching dynamics and inverter blocking
and deblocking modes. It is found that solar inverters can act as negative-sequence sources after
the inverter is deblocked to reinject energy into the power grid during the restoration period
following a fault in the transmission network or generation. The amplitude of the negative-
sequence current can be affected by different operating conditions such as the number of inverters
in service, grid strength, and different fault types, including unbalanced and balanced fault types.
Such negative-sequence responses can negatively impact on the performance of protection
schemes based on negative-sequence components and potentially cause relay maloperations in the
power grid during the restoration period. More specifically, the negative-sequence current during
the grid restoration period surpassed the threshold set in the relay, therefore operating the relay.
Also, the high negative-sequence current operated the directional element during the grid
restoration period. Thus, the grid protection will become less secure and reliable.

For further research, the ESDSCR can be further explored using a larger power system
network, such as using the IEEE 118-bus system or even using a real-world system that consists
of 10,000 or more buses. With the real-world system, there are multiple inverter-based resources
and multiple shunt capacitor banks that could be studied to further validate the strength assessment

metric. Another possible avenue to explore is to study the effects of energy storage sites to see
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how they affect system strength since battery storage is a prominent research topic and becoming
more prevalent in a modern power grid.

Momentary cessation and solar PV inverter fault response can be used to study the impact
of series compensation, since series compensation is known to have adverse effects on a power
system network. The interaction between the controls of the inverter and the series compensation
devices could potentially cause overvoltages and overcurrents, especially when the series
compensation devices are close to the inverter-based resources. Another route for future research
is to do a full hardware-in-loop design with a solar panel and an inverter to see how a real inverter
system will interact with the power system network. These ideas for future research can be
extended to study relay protection as well using other forms of relay protection such as fault type

identification, impedance-based protection, differential protection, and others.
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APPENDIX A. RELAY SETTINGS
Table Al presents the settings used for both the 50Q relay element and the 67Q relay
element for Chapter 5.

Table Al. Relay Settings.

ANSI Element  Setting Value

50Q 50Q1P — Instantaneous Negative-sequence pickup current lopp 80 A
Z2F — Forward negative-sequence impedance threshold 38Q
Z2R — Reverse negative-sequence impedance threshold 38.1Q

67Q 50QF — Forward negative-sequence current threshold 05A
50QR — Reverse negative-sequence current threshold 0.25A
a2 — Positive-sequence current restraint factor 0.07
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