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Abstract

Grid-forming inverters have gained significant attention for their ability to improve stability
in weak and islanded power systems; however, the full extent of their potential benefits for
the future bulk power system remains uncertain. One potential benefit is increasing stabil-
ity margins in regions affected by inverter-driven instabilities, such as series-compensated
areas within the ERCOT system. This thesis explores their potential in mitigating Wind
Sub-Synchronous Control Oscillations (W-SSCI) in series-compensated systems with Type-3
wind plants when a grid-forming configured battery plant is co-located with the wind plant.
A novel frequency-dependent virtual impedance (FDVI) controller is proposed to improve
the performance of grid-forming battery energy storage systems (BESS). Comparative anal-
yses of grid-forming and grid-following inverters are performed to evaluate their damping
capabilities.

This thesis includes the development and verification of models in EMTDC/PSCAD,
incorporates impedance scanning, eigenvalue analysis, and time-domain simulations, with
the objective of quantifying the minimum capacity of grid-forming BESS needed to provide
stability. The results indicate that grid-forming BESS can provide substantial damping to
mitigate W-SSCI, even under severe series compensation scenarios. The FDVI controller
further reduces the required BESS capacity by up to 45%, demonstrating improved stability
through targeted conductance tuning.

Conversely, grid-following BESS inverters are found to be unsuitable for W-SSCI miti-
gation because of their low admittance at sub-synchronous frequencies and susceptibility to
instability under high gains or large BESS ratings. The findings strongly support the adop-
tion of grid-forming inverters as a cost-effective solution for stability-constrained regions,
offering superior damping performance compared to conventional technologies.
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Chapter 1

Introduction

1.1 Background and Motivation

As the trend of renewable inverter-based resources (IBRs) displacing synchronous generation
continues, the inertia and voltage-stabilizing services previously provided by synchronous
generation will need to be provided by IBRs [1], [2]. The vast majority of IBRs connecting to
the grid today use grid-following (GFL) technology. Conventional grid-following technology
seeks to maintain a near-constant current output immediately following a system change.
This involves fast measurement of system voltage using a phase-locked loop (PLL) and fast-
acting current regulation loops. For this control strategy to remain stable, a relatively "stiff"
AC voltage at the connection point is required to prevent excessive sensitivity of voltage to
current injection by the inverter [3]. The PLL and current regulation loops together present
a current-source-like characteristic to the grid. Consequently, in high-impedance networks
(i.e., weak systems), the ride-through and stability performance of grid-following technology
deteriorates as system voltage becomes overly sensitive to current injection.

An alternative control scheme involves maintaining a near-constant voltage magnitude
and phase at the inverter terminals in the time-frame immediately following a system change

(sub-transient), where the phase is constant relative to the voltage phase at some remote lo-
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cation (or an ideal voltage waveform formed at the pre-event frequency). This type of control,
commonly referred to as grid-forming (GFM), is usually defined by functional capabilities and
desired device terminal characteristics in the linear operating range (non-current-saturated),
rather than by a specific topology. The NERC White Paper [4] defines grid-forming controls
as those aimed at maintaining an internal voltage phasor that is constant or nearly con-
stant in the sub-transient time frame. After the sub-transient time frame, the grid-forming
inverter adjusts the internal voltage phasor to synchronize with the grid through various
controllers. Grid-forming controllers exhibit voltage-source-like characteristics, offering re-
silience in high-impedance networks [5]. Historically, grid-forming inverters were primarily
used in microgrids, islanded systems, and specialized HVDC applications such as offshore
wind plants. However, since approximately 2018, there has been growing interest in adopt-
ing grid-forming technology in bulk power systems [6]. This potential widespread adoption
in bulk power systems, not limited to regions of weak system strength and inertia, invites
exploration of additional stabilization benefits grid-forming inverters could provide. One
such capability is stabilizing unstable or poorly damped system modes—a task traditionally
handled by power system stabilizer (PSS) controllers on synchronous machines. Conven-
tional power systems, dominated by synchronous resources, typically exhibit well-defined
electromechanical modes in specific frequency ranges (e.g., 0.7-2.0 Hz for local modes and
0.1-0.3 Hz for inter-area modes) [7|. By contrast, power systems with increasing IBR pene-
tration may experience oscillatory modes over a broader frequency spectrum, requiring faster
and more dynamic mitigation solutions.

A notable example of sub-synchronous oscillations (SSO) involving inverters is the in-
teraction between Type-3 Doubly Fed Induction Generator (DFIG) [8] wind turbines and
series-compensated transmission networks, as observed in the ERCOT system [9]. These
oscillations, characterized by rapid growth and frequencies between 6 Hz and 30 Hz in phase
currents, have been documented in multiple real-world events [10]. The frequency and damp-

ing of such oscillations vary significantly depending on network and operating conditions.
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This specific instability, termed Sub-Synchronous Control Interaction (SSCI) in [11] and
more recently as Wind-SSCI (W-SSCI) in [12], imposes significant commercial constraints
in regions with series compensation. W-SSCI represents an ideal challenge for testing grid-

forming controls due to the frequency variability and potential instability of involved modes.

1.2 Thesis Focus and Scope

This thesis examines a practical scenario involving a new Battery Energy Storage Sys-
tem (BESS) co-located with a grid-following Type-3 wind plant connected to a stability-
constrained, series-compensated network. Such hybrid plants, which share a connection
point, are becoming increasingly common [13|. They allow generator owners to shift energy
output to better align with load curves, enhancing project profitability, and bypass long
interconnection study queues when maximum net power injection ("interconnection rights")
does not increase, as observed in the MISO system [14].

We propose implementing grid-forming controls for the battery inverters as a robust, cost-
effective approach to mitigate stability constraints. While alternative mitigation strategies
for W-SSCI and SSO exist—such as control tuning, supplementary damping controllers,
FACTS devices [12] [15] [16], or implementing grid-forming controls on Type-3 wind turbines
[17]—a comprehensive comparison of these methods is beyond the scope of this thesis. If grid-
forming inverters can relax stability constraints, they may represent the most cost-effective
option since the cost difference between grid-following and grid-forming inverter technology
is smaller than the costs of modifying existing wind plants, the grid, or supplemental FACTS
devices. Battery inverters were specifically selected for this analysis because grid-forming
technology is commercially available for these systems. Additionally, battery inverters avoid
challenges faced by other resource types, such as DC-side energy availability constraints in
PV systems and mechanical stress concerns in wind turbines.

Conventional power systems rely on power system stabilizers (PSS) to mitigate prob-
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lematic modes at relatively low frequencies. Grid-forming inverters have the flexibility to
replicate PSS behavior, as demonstrated in [18], but are not constrained by the typical PSS
structure, as their controls operate nearly instantaneously. However, PSS schemes often in-
fluence the inputs to the power synchronization loop of grid-forming inverters. The power
synchronization loop typically has a strong impact on performance of the inverter at low
frequencies, and does not have much effect at higher sub-synchronous frequencies. This lim-
itation reduces the effectiveness of PSS-based schemes in mitigating W-SSCI oscillations,
which tend to occur at higher frequencies.

An alternative to traditional PSS schemes for improving sub-synchronous perfor-
mance is enhancing the device’s frequency-domain impedance characteristics through vir-
tual impedance. Virtual impedance schemes for inverter-based resources (IBRs) are well-
established and are primarily applied to improve current sharing in microgrids or distributed
generation systems [19] [20] [21], as well as to limit fault currents in grid-forming inverters
[21]. However, there has been limited investigation into the use of virtual impedance for
damping sub-synchronous phenomena, such as W-SSCI, in bulk power systems. The virtual
impedance method proposed in this thesis introduces a frequency-dependent characteris-
tic to the virtual impedance using band-pass filters. This approach modifies the inverter’s
impedance over targeted frequency ranges, enabling more current headroom for the inverter
to supply other grid services. Additional details about virtual impedance and its application
in this study are provided in Chapters 2 and 4.

This thesis explores the damping capabilities of grid-forming inverters and provides a
benchmark comparison with the performance of a grid-following inverter. While the com-
parison offers useful context, it is not exhaustive, as the primary focus of the study is on grid-
forming inverters. Although several modifications could potentially enhance the performance
of the grid-following inverter model used in this analysis, implementing such improvements
was beyond the scope of this research.

The primary focus of this thesis is on the small-signal performance of the system. Small-
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signal performance was assessed using eigenvalue analysis, where the system’s state-space
model was obtained through impedance-scanning techniques. Additionally, a limited Electro-
Magnetic Transient (EMT) time-domain analysis was conducted in PSCAD to verify the
small-signal analysis and to assess potential large-signal impacts introduced by controller
modifications. However, this was not a comprehensive time-domain analysis, as fault-

recovery dynamics were not the main focus of the research.

1.3 Organization of Thesis

The remainder of the thesis is organized into the following chapters. Chapter 2 discusses
the development and parameterization of the device models used in the analysis, including
the virtual impedance modifications. Chapter 3 introduces the test system which was used
to assess the performance of the grid-forming inverters. In Chapter 4, an overview of the
impedance-scan methodology is provided. This chapter also includes a description of the
optimization technique which was used to parameterize the virtual impedance controller.
Chapter 5 covers the methodology and results pertaining to the full system analysis, including
the eigenvalue analysis and time-domain simulations. Chapter 6 present the conclusions of

the thesis and suggestions of future work in this research area.
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Chapter 2

Model Development

The analysis performed in this thesis utilized three different device models. First, a grid-
forming BESS model was developed in PSCAD program to test the performance of the
proposed control changes. Next, a grid-following variation of the BESS model was developed
to benchmark the performance of the grid-forming BESS. Finally, a Type-3 wind turbine
generator (WTG) plant model was used as part of the test network. This model, developed
by the PSCAD software authors and available on the PSCAD website [22|, was utilized with
minor modifications for this analysis. Further details regarding the development and use of
these models are provided below. For each of these three models, time-domain simulation

tests were performed to verify the basic fault response of the devices.

2.1 BESS Inverter Electrical Model

The single-line diagram of the BESS electrical representation considered in this analysis is
shown in Figure 2.1. The same electrical representation is used for both the grid-forming and
grid-following BESS models. An average-value method [23] was employed to interface the
inverter with the system. This method ignores the effects of high-frequency power electronic
gate switching but runs much faster than a full switching model. This approximation was

deemed acceptable, as the primary focus is the behavior of the BESS at sub-synchronous
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frequencies.

The inverter is connected to the system through an LCL filter, parameterized as shown
in Table 2.1. The LCL filter was designed approximately following the process described
in [24]. The switching frequency assumed for the calculation was 4 kHz, and the resonant
frequency of the LCL filter was set to 2.5 kHz. The per-unit capacitance of C'y was set to
0.015 pu, while the inverter-side inductor L was set to 0.12 pu. The resistor in series with
the capacitor, Ry, was set to 0.42 pu to provide damping at the resonant frequency. The
inverter transformer forms the grid-side inductor R¢ of the filter and is set to 0.058 pu. The
inverter transformer is a scalable device, enabling the rating of the aggregate BESS model
to be adjusted as needed.

On the DC side, the battery is modeled as an ideal voltage source behind an equivalent
internal resistor, where the resistor was rated so that the full-load voltage drop across the
resistor is limited to 3%. This represents a simple model of a direct-connected battery, which
is common for grid-scale BESS plants, without any additional DC-DC converters between the
battery and the inverter. A DC capacitor rated to store 5 kJ per 1 MW inverter was included
in parallel to the equivalent battery model. Battery constraints, such as state of charge and
any DC current limitations, were not modeled. These assumptions are considered acceptable
for a direct-connected battery system because the primary focus in this thesis is the small
signal performance of the BESS when it is not operating at or near an SOC limit. Given
that the storage durations of grid-scale BESS plants is typically on the scale of hours, it is
reasonable to assume that SOC would have negligible impact on the phenomena considered
in this research. Investigation into performance of the BESS when operating at the limits is

left for future work.
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Figure 2.1: BESS Inverter’s Electrical Representation

2.2 Grid-Forming Inverter Control Design

Grid-forming inverter control is an active research area, which has produced many proposed
control topologies. Multiple different approaches are described in [25], [26], and [27]. The
control diagram of the grid-forming BESS inverter considered in this thesis is shown in
Figure 2.2. A key component of the grid-forming inverter is the primary control loop, which
synchronizes the inverter internal angle/frequency and voltage magnitude with the external
grid without the use of a phase-locked-loop. The active power component of the primary
control loop determines the phase angle of the desired terminal voltage phasor #. This is
achieved using a virtual machine approach, which incorporates a simplified swing equation
with an added damping term to compute the virtual machine’s speed and rotor angle. The
acceleration constant, T,, and damping coefficient, D, of the swing equation were selected
based on time-domain trial-and-error testing which showed the values of 2 s and 66.67,
respectively, to provide stable results in both a weak grid and a stiff grid. Note that the
value of 66.67 for the damping coefficient results in a power-frequency droop of 1.5%. This
is less than the typical power-frequency droop requirement of 5%. To correct for this, a slow
outer-loop plant-level controller was added to control to a droop of 5%.

The reactive power portion of the primary control loop is responsible for generating

the magnitude of the desired terminal voltage phasor. It does this through a direct droop
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Figure 2.2: Control Diagram of Grid-Forming BESS Inverter, Including the Frequency-
Dependent Virtual Impedance
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control method, which multiplies the error between the reference reactive power Q* (which
was nominally set to 0) and the measured reactive power () by the voltage-droop constant
K, which is set to 0.05 pu. The result is then passed through a single-pole lag function (time
constant T},) in order to make the reference voltage magnitude less sensitive to fast changes
in reactive power, which was found to increase stability. Additionally, an external voltage
reference V* is injected at the end of this loop to allow for a slow outer-loop plant controller
to adjust for reactive losses. It is important that the primary control loop response time
is longer than the sub-transient period, so that they do not interfere with the grid-forming
inverters ability to maintain a constant or near-constant internal voltage phasor during that
time-frame.

The primary control loops result in a reference voltage phasor (magnitude and angle) for
the voltage at the midpoint of the LCL filter. The magnitude of this phasor becomes the
D-axis voltage reference (V;), and the Q-axis voltage reference is set to 0. These V', Vi
reference signals are then used as inputs to a cascaded controller structure which controls
the voltage and current outputs of the converter in the D@ domain. The cascaded control
structure includes voltage and current feed-forward terms, and may include D@ decoupling
terms. The outputs of the PI controllers are then transformed into the instantaneous voltage
v; which is applied at the inverter average value source interface. The cascaded control
structure allows for the control of the magnitude of the output current by applying limits
to the current reference commands. The current control loop was tuned by applying a step
change in current reference and optimizing the current output response for minimal response
time, settling time, and overshoot. Selecting 2.0 and 30.0 for the Kpce and Kice gains,
respectively, resulted in a rise time of 0.4 ms, pct overshoot of 15%, and settling time of
10 ms, which was considered acceptable. The frequency of oscillation was 380 Hz and the
damping ratio was 0.09. Note that the rise time and settling time could have been further
reduced, at the expense of higher overshoot and reduced an increased region of negative

damping in the sub-synchronous frequency impedance characteristic. The voltage control
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structure was tuned so to have a response time 10 times slower than that of the current
control loops, with some further adjustments made to the PI gains based on time-domain

performance and sub-synchronous frequency impedance.

2.2.1 Grid-Forming Inverter Frequency-Dependent

Virtual Impedance

In an effort to improve the sub-synchronous damping of the grid-forming inverter, a modified
virtual impedance approach was implemented. Virtual impedance has many different uses, as
described in Chapter 1. The concept of virtual impedance is explained in Figure 2.3. Virtual
impedance methods typically calculate the voltage drop across a fictitious series impedance,
Zyirtual, caused by the output current. This calculated voltage drop is then subtracted from
the original reference voltage v to produce a new reference voltage v*. The inner voltage
and current control loop then works to implement the desired modified reference voltage at
the inverter terminals. This effectively causes the inverter to act as if there was an additional
impedance Z,;.a between the device terminals and the grid.

The modified virtual impedance loop considered in this thesis consists of passing the
currents used in the virtual impedance loop through a band-pass filter before calculating
the new voltage reference, resulting in a frequency-dependent virtual-impedance (FDVI)
characteristic. The benefit of applying a band-pass filter (BPF) is that the control response
resulting from the FDVI is constrained to a specific frequency range, leaving more current
capacity available for additional services provided by the grid-forming BESS, such as voltage

support, frequency support, energy arbitrage, etc. The BPF is of the form noted in Eq. (2.1).

Y(s)  Gprrg
X(s) 1+52+27

We

(2.1)

The BPF of the virtual resistance path was configured differently from the BPF of the

virtual reactance path, however a quality factor, (), of 3 and a gain of 1 was common between
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Figure 2.3: Concept of Virtual Impedance/Admittance

the two filters. The quality factor of 3 was selected because it was found to strike a balance
between a wide filter that will affect the inverter impedance at a wide range of frequencies,
which is undesirable, and a filter that is tightly tuned to a particular frequency, whose
performance would be sensitive to small changes in the frequency of critical system modes.
Further optimization of the quality factor is left for future research. The values of the BPF
center frequency (w.), virtual resistance, and virtual reactance were determined as part of
optimization method outlined in Chapter 4. Figure 2.4 shows an example of the frequency

response of the filter with quality factor of 3, gain of 1, and center frequency set to 30 Hz.
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Figure 2.4: Band-Pass Filter Frequency Response

2.2.2 Grid-Forming Inverter Current Limiting

Appropriate current limiting in grid-forming inverters should stop current flow from ex-
ceeding ratings of switching devices, and maintain the stability of the grid-forming inverter
internal quantities during and after the fault. In this thesis, the primary focus was the
small-signal behavior of the grid-forming inverter, however a current limiting strategy was
included for completeness of the model. There are many possible ways to implement current
limiting, including virtual impedance, switching-level limiting, current reference saturation,
and direct modification of the output voltage phasor [28|, [29]. The current limiting strategy

used in the grid-forming model was the virtual impedance method outlined in [21]. This
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method implements an adaptive virtual impedance, whose magnitude is determined by the
magnitude of output current that is above a certain threshold, as shown in the bottom of
Figure 2.2. The virtual impedance is then applied by subtracting the voltage drop across
the impedance from the voltage references. Values of control parameters for this controller

are provided in Table 2.1.

Table 2.1: Table of Grid-Forming BESS Inverter Control Parameters

Description Symbol Value
Primary Control Acceleration Constant T, 2s
Primary Control Damping Coefficient D 66.67 pu
Primary Control Voltage Droop K, 0.05 pu
Primary Control Voltage Time Constant T, ls
Inner Voltage Control Proportional Gain Kpye 0.3 pu
Inner Voltage Control Integral Gain Kiye 1.5 pu
Inner Voltage Control Feed-Forward Gain Girve 1.0 pu
Inner Current Control Proportional Gain Kpce 2.0 pu
Inner Current Control Integral Gain Kice 30.0 pu
FDVI Band Pass Filter Gain Gppr 1
FDVI Band Pass Filter Q QBpF 3
FDVI Virtual Resistance Rp, 0.088 pu
FDVI Virtual Reactance Xxo -0.128 pu

FDVI Virtual Resistance BPF Center Frequency We Ru 41 Hz
FDVI Virtual Reactance BPF Center Frequency We X 49 Hz
Virtual Impedance Over-Current Gain Koc 1.75 pu
Virtual Impedance Over-Current Current Limit IlimOC 1.2 pu
Virtual Impedance Over-Current X by R Ratio XRRoc 2.5
L. 0.058 pu
LCL filter values (per-unit on 1 MVA base) Ly 0.015 pu
Cy 0.12 pu
Ry 0.42 pu
DC Capacitor Chc 10 mF
DC Resistor Rpc 0.05 ohm

2.2.3 Outer-Loop Voltage and Frequency Controllers

Outer-loop voltage and frequency controllers were added to the BESS inverter model such

that the plant-level output can be precisely controlled at slower time-frames. These con-
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trollers approximately follow the renewable energy plant controller model developed by
WECC [30], however for the purposes of the grid-forming BESS model, the voltage con-
troller outputs a voltage reference for the inner voltage-control loop rather than a Q refer-

ence. Figure 2.5 shows these control loops. Values of control parameters are provided in

Table 2.2
Veoc Ki,
sy ey s |® V* (GFM)
POGTN N i; (GFL)
Kp,
K.,
5
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P N s + P*(GFM)
roc ; i (GFL)
F* Kp,
F7on — ( > 1
POC D
Figure 2.5: Control Diagram of BESS Plant Controller
Table 2.2: Table of BESS Plant Controller Control Parameters
Description Symbol  Value
Plant Controller Voltage Proportional Gain Kp, 0.1 pu
Plant Controller Voltage Integral Gain K, 1.0 pu
Plant Controller Voltage Droop K. 0.05 pu
Plant Controller Frequency Proportional Gain Kp, 0.01 pu
Plant Controller Frequency Integral Gain K, 2.0 pu
Plant Controller Frequency Droop D 0.05 pu
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2.2.4 Grid-Forming Inverter Time-Domain Verification

Time-domain tests were performed for all dynamic models in PSCAD to verify that the
models can initialize correctly, can recover from a 3-phase fault in a stable manner, and
that fault current is limited. These tests were performed with the models operating into a
simple single-machine-infinite-bus (SMIB) system which is configured to be relatively weak.
This type of isolated model testing provides a degree of confidence in the model’s robustness
and performance when used in more complex systems. The test system contains a fault
component and a configurable AC source whose voltage magnitude and phase could be
adjusted. The SMIB source strength was configured with a short-circuit-ratio of 2.5, and an
X/R ratio of 5 to represent a typical relatively weak system.

In addition to fault ride-through testing, the grid-forming inverter’s voltage-source behav-
ior was verified by applying step changes to the SMIB source voltage phase and magnitude,
which is one of several ways to verify this behavior. Figure 2.7 shows the response to a 10
degree increase in source voltage phase angle at 5 s, and a 0.1 pu decrease in source voltage
magnitude at 6.5 s. The inverter has an immediate reduction in active power in response
to the phase angle jump, indicating that the internal phase angle is held constant in the
transient time frame. Likewise, the reactive power out of the inverter immediately increases
upon grid voltage magnitude decrease, indicating a constant inverter voltage magnitude.

Figure 2.7 shows the response of the inverter to a low-impedance 3-phase fault. The
current during the fault was limited by the current limiting strategy, however the post-fault
recovery dynamic could be improved. During the fault, the active power primary control
loop is winding-up because the measured power output is much less than the reference, which
results in the internal phase angle advancing past the system phase angle. This causes the
swing in active power when the fault is removed. There is also a dip in reactive power
at fault clearing which leads to an under-voltage. This dip was determined to occur due

to wind-up effects introduced by the current-limiting virtual impedance. Avoiding these
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types of fault wind-up / re-synchronization issues is currently an active research area and
many solutions have been proposed. As this paper focuses on the small-signal aspects of the
inverter, optimizing the primary control loop and current limiting strategy to avoid wind-up
effects was left for a future effort. These tests verify that the grid-forming inverter model

initializes correctly, limits the fault current, and recovers from the fault in a stable manner.
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Figure 2.6: Grid-Forming BESS Inverter: Voltage Source Phase and Magnitude Step Re-
sponse
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Figure 2.7: Grid-Forming BESS Inverter: Fault Response

2.3 Grid-Following Inverter Control Design

A conventionally-controlled grid-following BESS model was also developed in order to bench-
mark the performance of the grid-forming BESS. The same current control loops and slow
outer-loop voltage and frequency control loops were used in the grid-following model, how-
ever the outputs of the outer loop controls were used directly as current references in the

current control loops. Additionally, a phase-locked-loop (PLL) [31] was used to track the
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grid voltage angle, which was then used to transform all ABC quantities into DQ quantities

and vice-versa. The PLL used in the model was a stationary-frame PLL. The full control

diagram of the grid-following inverter is shown in Figure 2.8, and the control parameter

values and descriptions are shown in Table 2.3.
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Figure 2.8: Control Diagram of Grid-Following BESS Inverter

The impedance of the grid-following BESS inverter was virtually modified using a similar

approach as was used for the grid-forming inverter. Since the grid-following inverter does

not include an inner voltage control loop where a virtual voltage drop could be applied

across a fictitious series impedance, a virtual admittance approach was adopted instead.

This method incorporates the current flowing through a fictitious shunt admittance, driven

by the measured voltage, into the current reference supplied to the inner current control
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loop. This controller is referred to a frequency-dependent virtual-admittance (FDVA). This
concept is shown in Figure 2.3.

This grid-following BESS model developed for this thesis is relatively simple. It does not
have all of the control functions found in modern inverters, such as low-voltage ride-through
and power-frequency controllers. It was designed primarily to provide insight into the general

small-signal performance of the grid-following topology.

Table 2.3: Table of Grid-Following BESS Inverter Control Parameters

Description Symbol  Value
Phase-Locked-Loop Proportional Gain Kpprr 1.5 pu
Phase-Locked-Loop Integral Gain Kiprr, 6.0 pu
Inner Current Control Proportional Gain Kpee 2.0 pu
Inner Current Control Integral Gain Kice  30.0 pu
FDVA Band Pass Filter Gain GBpFr 1
FDVA Band Pass Filter Q QppF 3
FDVA Virtual Conductance Gaw 2.42 pu
FDVA Virtual Conductance BPF center

Weao  34.5 Hz
frequency

2.3.1 Grid-Following Inverter Time Domain Verification

A fault response test was performed for the grid-following inverter to verify the ride-through
and recovery behavior in PSCAD. The test system is the same SMIB system which used
to test the grid-forming inverter. Figure 2.7 shows the response of the inverter to a low-
impedance 3-phase fault when the SMIB source was configured with a short-circuit-ratio
of 2.5. The current during the fault was limited by the current controller, and there is a
transient at fault clearing as the inverter PLL re-synchronizes. This test verifies that the
grid-following inverter model initializes correctly, limits the fault current, and recovers from

the fault in a stable manner.
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Figure 2.9: Grid-Following BESS Inverter: Fault Response

2.4 Wind Plant Model

The wind plant is using generic Type-3 wind turbine model. The model which was used
in this analysis is publicly available [22]. A thorough discussion of the model development
and verification process can be found in [32|, where the model authors particularly mention
that the model is suitable for W-SSCI study. The model ratings were modified to match

the test system, otherwise the model was not substantially changed from the public version.
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Note that this model did not have any sub-synchronous damping controllers included, which
are commonly employed by commercial-grade turbines to mitigate instability risk in series-
compensated systems. The full details of the wind turbine model can be found online [22].
The electrical model of the WTG and a simplified control diagram are shown in Figure 2.10.
The full model contains many ride-through features that are not detailed here for brevity.

Table 2.4 lists the values of key model control parameters.

Table 2.4: Table of Type-3 WTG Model Key Control Parameters

Description Symbol
GSC PLL Proportional Gain 500 pu
GSC PLL Integral Gain 2000 pu
GSC DC Voltage Control Proportional Gain 2 pu
GSC DC Voltage Control Integral Gain 100 pu
GSC Converter Q Control Proportional Gain 1 pu
GSC Converter () Control Integral Gain 10 pu
GSC i4 Current Control Proportional Gain 2 pu
GSC 74 Current Control Integral Gain 100 pu
GSC i, Current Control Proportional Gain 2 pu
GSC i, Current Control Integral Gain 100 pu
RSC PLL Proportional Gain 200 pu
RSC PLL Integral Gain 2000 pu
RSC WTG P Control Proportional Gain 2 pu
RSC WTG P Control Integral Gain 50 pu
RSC WTG V Control Proportional Gain 0.5 pu
RSC WTG V Control Integral Gain 20 pu
RSC WTG Q Control Proportional Gain 2 pu
RSC WTG Q Control Integral Gain 20 pu
RSC i4 Current Control Proportional Gain 2 pu
RSC i4 Current Control Integral Gain 40 pu
RSC ¢, Current Control Proportional Gain 2 pu
RSC i, Current Control Integral Gain 100 pu
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2.4.1 Wind Plant Time-Domain Verification

A fault response test was performed on the wind plant to verify the ride-through and recovery
behavior in PSCAD. The test system is the same SMIB system as was used to test the grid-
forming inverter. Figure 2.11 shows the response of the wind plant to a deep fault when the
SMIB source was configured with a short-circuit-ratio of 2.5. This test verifies that the wind

plant model initializes correctly, and recovers from the fault in a stable manner.
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Chapter 3

Test System

3.1 Test System Selection

The test system considered in this analysis consists of an aggregate BESS inverter connected
in parallel with a 450 MW wind plant, where the wind plant is using generic Type 3 wind
turbines. The rating of the BESS is varied as part of the analysis. The plant is connected
into a 345 kV system through a long transmission line which contains a series capacitor at
its midpoint, with a system equivalent at the remote end. This system is characteristic of a
remotely-located wind farm which is transferring power over a long distance to a load center.
Figure 3.1 shows this test system. Note that Source 2 in the figure is only considered to be
connected when initializing time-domain simulations. The test system was developed using
the PSCAD software.

This test system was selected because the wind turbines and the series compensated
network have an unstable interaction when the wind plant operates radially into the series
compensated line. The interaction is primarily a control driven phenomena - the fast action
of the rotor current control loop increases the rotor-side resistance, leading to negative re-
sistance as seen from the stator. This is different but related to the traditional induction

generator effect (IGE) due to the fast-acting nature of the Type 3 wind turbine controls
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[33] [15]. The inductance of the wind turbine and the transmission system form a series
resonance with the series capacitor, and if negative damping produced by the wind turbines
overcomes the positive damping produced by the system at the resonant frequency, the in-
teraction results in an unstable mode. This type of interaction has been observed a number
of times in real world events [10], most famously in the South Texas event of 2009 [34], and
continues to result in enforcement of expensive generation curtailment by system operators
in present-day to avoid instabilities. Note that Type 3 wind plants are not the only types of
IBRs which can become unstable due to a series system resonance, any device which is not
purely passive at sub synchronous frequencies can become unstable if it provides negative
damping to a network resonance. The type 3 wind plant is particularly prone to involvement
in this sort of instability because of the induction generator effect resulting from the direct
stator connection, which can lead to very poor damping characteristics across a wide range
of sub-synchronous frequencies.

If the influence of the co-located BESS/wind plant is ignored, the resonant frequency of
the radial network is primarily governed by the combined inductance of the transmission line
and network equivalent, as well as the compensation level of the series capacitor, as described
in Eq. (3.1). Consequently, higher levels of series compensation (i.e., reduced capacitance,
(') and greater system strength (i.e., reduced inductance, L) both result in an increase in

the system’s resonant frequency.
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Wres = —— (3.1)

3.2 Test System Details

The test system considered in this analysis consists of a grid-forming battery inverter con-
nected in parallel with a 450 MW wind plant. The plant is connected into a 345 kV system
through a long transmission line which contains a series capacitor at its midpoint. The series
capacitor was configured to compensate the reactance of the transmission line at fixed levels
of 25%, 50%, and 75% . The remote end of the transmission line is connected to an equiv-
alent voltage source (Equivalent Voltage Source 1 in Figure 3.1), which has a short-circuit
MVA (SCMV A) of 1350 MVA, and an X/R ratio of 10. A voltage source with the same pa-
rameters is also connected at the wind plant POC, however this is only used to initialize the
time domain simulation. The transmission line is modeled as a frequency-dependent model.
When the transmission line and a series capacitor with 50% compensation are considered,
the resultant SCMV A at the wind plant Point of Connection (POC) is approximately 1060
MVA with an X/R ratio of 8.6. The network equivalent on the remote end of the trans-
mission line is relatively weak, which results in an Short Circuit Ratio (SCR) of 2 when
the line is not series compensated and 2.35 when the line is 50% series compensated. This
configuration was chosen to represent a transmission line which is loaded near the maximum
practical power transfer limit, and would substantially benefit from series compensation.
SCR is defined according to Eq. (3.2), where SCMV A is the short-circuit current at the
wind plant POC and MWy r¢ is the wind plant rated power (450 MW). Parameters relevant
to this calculation are provided in Table 3.1 below, in per-unit on 100 MVA base.
SCMV A

SCR = ——— 3.2
MWwra (32)
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Table 3.1: Test Grid Parameter Values

Description Value (per-unit on 100 MVA, 345 kV base)
T-line R 0.0035

T-line X 0.039

T-line B 0.671

Series Capacitor Xc (50% comp.) 0.01805

System Equivalent R 0.0074

System Equivalent X 0.0741
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Chapter 4

Impedance Scan Analysis

This section describes the impedance scan analysis used to verify the FDVI controller and
to parameterize the FDVI controller. This was done by performing impedance scan analysis
of the BESS and wind plant in isolation. The complete system model is investigated in

Chapter 5.

4.1 Impedance Scan Methodology

The frequency-domain impedance of the BESS and the wind plant was determined using the
DQ reference frame frequency scan methodology described in [35] and [36]. This method
involves perturbing an ideal voltage source with voltages across a range of frequencies and
then calculating the impedance (or admittance) based on the Fast Fourier Transform (FFT)
of the device voltage and current at the connection point. Performing this scan in the
DQ reference frame (as opposed to the sequence reference frame) is advantageous because
inverters are commonly time invariant when modeled in the D) under certain assumptions,

but not necessarily in the phase/sequence frame, as described in [36]. Time invariance means

(4.1)

Alp(jw)  Alp(jw)

. AVp(jw AV (jw
Ypo(jw) = [AIQD((j]‘w)) Azg((ﬁw))]
AVp(jw) AV (jw)
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that the state-space model of the inverter can be expressed without any time-dependent
terms in the state-space matrices. The property of time invariance is necessary to frequency
scanning because frequency-domain transfer functions are not valid for time varying systems.
Time invariance also entails that when a signal of a certain frequency is injected into the
system, it elicits a response only at that frequency and no other complementary frequencies.
This is explained in detail in [37].

Scanning a device in the D@ frame involves perturbing the D-axis and Q-axis volt-
ages separately in order to calculate all elements in the D@ domain 2x2 admittance matrix
Ypg(jw), as shown in in Eq. (4.1). One can calculate the impedance across a range of
frequencies by injecting a perturbation signal which contains a multitude of frequency com-
ponents (multi-sin signal), or one frequency can be scanned at a time. In this process,
care was taken to ensure that the magnitude of the perturbation signal only triggers the
small-signal response of the device being scanned, without triggering non-linear modes of
operation. The D() reference frame admittance can be transformed to the sequence refer-
ence frame admittance (Ypn(jw) and vice-versa following the process shown in Figure 2 of

[35].

4.2 Wind Plant Impedance Scan

The positive-sequence impedance of the type-3 wind plant in the medium wind generation
scenario is shown in Figure 4.1. The resistance of the wind plant considered in this analysis
is negative starting at 5 Hz, indicating that the plant will be prone to unstable interaction
with system series resonances occurring across a wide range of sub-synchronous frequencies
because the magnitude of negative resistance will be greater than any positive resistance
offered by the grid impedance. Note that the model used in this analysis is a generic repre-
sentation that was not specifically designed or tuned for operation in a series-compensated

network. Consequently, it represents a conservative case compared to modern Type-3 WTGs,
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which typically include control enhancements, such as damping controllers, to improve per-
formance in this frequency range. These enhancements have been implemented over the

years in response to the well-known challenge of W-SSCI.
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_50 1 1 1 1 1 1 1 1 1 1
5 10 15 20 25 30 35 40 45 50 55

frequency (Hz)

Figure 4.1: Positive Sequence Impedance of Wind Plant

4.3 FDVI Verification

The FDVI controller was verified by applying a virtual resistance of 0.05 pu at 30 Hz in
the grid-forming BESS and comparing the positive-sequence impedance to the unmodified
grid-forming BESS. A virtual reactance of 0.05 pu at 30 Hz was also applied and tested.
These scans are shown in Figure 4.2. It can be seen that the virtual resistance appears at
the expected frequency and magnitude, and that there is some cross-coupling impact on the
reactance as well due to the complex nature of the band-pass-filter transfer function. For

the grid-following BESS, the FDVA controller was verified in a similar way.

4.4 Grid-Forming FDVI Parametrization Process

The center frequency of the BPFs and values of virtual resistance / reactance in the grid-

forming inverter’'s FDVI controller were determined through an optimization process which
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Figure 4.2: Positive Sequence Impedance Verification of FDVI Controller

had the objective of using the admittance of the BESS to make the combined BESS plus
wind plant admittance appear passive (i.e. positive conductance) to the network over the
critical frequency range. If the conductance of the combined plant is positive, the system will
be passive and will therefore be stable. The concept of passivity concept can be expanded
to more complex systems involving many more devices, as discussed in [38]. A Genetic
Algorithm numerical optimization method was used for this parametrization because the
analytical relationship between the conductance characteristic and the parameters of the
FDVI loop was found challenging to realize. The details of the optimization method are
explained later in this chapter.

The optimization process aims to minimize the total negative conductance resulting from
the combined behavior of the grid-forming inverter, Ggras(s), and the wind plant, Gyra(s).

To achieve this, the magnitude of virtual resistance and reactance, as well as the center
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frequencies of the associated band-pass filters, were adjusted to shape the overall conductance
profile. A more straightforward approach would involve directly modifying the conductance
shape of the inverter using a virtual admittance controller, however this method did not
yield the anticipated results. The exact cause remains unclear, but it is likely linked to the
influence of the current feed-forward terms in the inner voltage control loop.

An impedance scan analysis approach in the PSCAD simulator was used to perform the
optimization, following a similar approach described in [35]. Figure 4.3 describes the op-
timization process. In this process, the positive-sequence admittance was calculated based
on positive-sequence voltage injection, instead of the D() method described in Section 4.1.
Scanning for admittance in the sequence reference frame for the optimization is computa-
tionally efficient, which was important due to the relatively slow simulation speed in the
PSCAD simulator, but is not as accurate as scanning in the D(Q) reference frame. However,
for this case, a comparison of the resulting admittance difference between D(@) and sequence
reference frame was performed and was not substantial in the frequency range of interest.

Using only the positive sequence component of admittance ignores the effect of the
positive-negative sequence cross-coupling components of Ypq(jw), which was acceptable in
this case because these components were relatively small in the frequency range of interest.
The negative sequence component of Ypq(jw) was also ignored for computational efficiency,
but could have been incorporated to make the process more complete.

The positive-sequence admittance of the wind plant (Gwra ave(s)) was determined ex-
ternal to the optimization loop. Because the admittance of the wind plant was found to
change significantly depending on the operating point, the admittance used in the optimiza-
tion process is the average admittance of the wind plant across a low, medium, and high wind
scenario. Since the wind plant and BESS plant are connected at the same point, the total
admittance can be found by simply summing the admittance of the two devices together in
the frequency-domain. The BESS was assumed to be rated at 200 MW (44% of the wind

plant rating) for the purposes of the parameter optimization, however the rating of the BESS
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was changed as part of the analysis in following chapters. The sum of the total negative
admittance from 5 to 45 Hz formed one component of the objective function, as shown in
Eq. (4.2).

Optimizing the BESS solely based on its admittance characteristics is not recommended,

as doing so may result in significant transient performance issues due to the influence of the
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Figure 4.3: Optimization Process to Determine Virtual Resistance / Reactance Parameters
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2mw45

OF(T) = Y Wi(s)|Garm(s, T) + Gwre ava(s)| (4.2)
OFy(T) = /O (Prhs(t) — Popss(t, )’ dt (4.3)
OF01al(T) = OF((T) + OF2.eak(T) + OF3 strong (T) (4.4)

FDVI. To account for this, a second objective function was introduced which calculates the
cumulative time-sequence error in active power when a step-change in active power reference
is given to the BESS. This check was applied in a weak system and a strong system to account
for the potential stability sensitivity to system strength. This second objective function is
shown in Eq. (4.3), and the total objective function in Eq. (4.4). The weighting function
Wi(s) in Eq. (4.2) was configured to heavily weigh the frequency range from 5 to 35 Hz and
then decay from 36 Hz to 45 Hz, because it is less likely to encounter W-SSCI at higher
frequencies. Wi (s) was also used to weigh the total objective function towards OF; so that
changes in the total conductance are favored over changes in dynamic stability.

Multiple optimization methods were tried, including Simplex [39] and Genetic Algorithm
[40]. Despite having only four parameters to optimize, Simplex repeatedly settled to local
minima, so the Genetic Algorithm optimization was used in the final optimization. The
Genetic Algorithm was configured with an initial population of 100, surviving generation of
80, mating pool population of 40, elite population of 10, and a 5% mutation rate.

The proposed parameter optimization method outlined above focuses on enforcing pas-
sivity of the combined BESS and wind plant over a specific frequency range, which does not
require any grid information. Additionally, it does not require specific control implementa-
tion details from the co-located wind plant, which may be considered intellectual property.
Therefor, this method could be used by plant developers to tune control loops of co-located
BESS inverter to provide damping in series-compensated system, with the only input re-

quired being the conductance curve of the wind plant.
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4.5 BESS Parameter Optimization Results

4.5.1 Grid-Forming FDVI Optimization Results

In order to minimize the negative conductance of the wind plant, the conductance of the
BESS needs to be maximized. Since the conductance is impacted by both the resistance
and reactance, the optimization function included both a virtual resistance and a virtual
reactance term. Comparisons of the resulting conductance of the wind plant by itself, and
the wind plant in parallel with the grid-forming BESS (with and without optimized FDVI)
are shown in Figure 4.4. The introduction of the grid-forming BESS reduces the frequency
range of negative conductance of the combined system due to the natural large positive
conductance of the grid-forming BESS, and the addition of the optimized FDVI provides
even more positive conductance. The optimal virtual impedance parameters are shown in
Table 2.1. Adding the grid-forming BESS without virtual impedance reduced the objective
function from 1.64 to 0.89, and adding the FDVI with the optimized parameters further

reduces the objective function to 0.55.
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Figure 4.4: Comparison of Positive Sequence Conductance of only Wind Plant, and Wind
Plant in parallel with 200 MW Grid-Forming BESS (With and Without FDVT)
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4.5.2 Grid-Following FDVA Optimization Results

The parametrization of the FDVA controller in the grid-following BESS model was optimized
following the same process described for the grid-forming FDVT loop in Figure 4.3, however
only virtual conductance was considered for the grid-following BESS to limit complexity
and because virtual susceptance would only impact the conductance via the cross-coupling
effect observed in Figure 4.1. Comparisons of the resulting conductance of the wind plant by
itself, wind plant in parallel with grid-following BESS (with and without FDVA) are shown

in Figure 4.5.

or ]
,w/‘
“‘ 7“/1
002F | — .
(0]
2
S -0.04 - -
g
>
2
8 0087 % —+—— Wind Plant only (no BESS) |
/ ——— Wind Plant + 200 MW GFL BESS - no Yv
\ Wind Plant + 200 MW GFL BESS - Gv
-0.08 - b/ .
01 1 1 1 1 1 1 1 1 1
5 10 15 20 25 30 35 40 45 50

Frequency [Hz]

Figure 4.5: Comparison of Positive Sequence Conductance of only Wind Plant, and Wind
Plant in Parallel with 200 MW Grid-Following BESS (With and Without FDVA)

The 200 MW grid-following BESS was not able to substantially shift the conductance of
the wind plant even with the optimized FDVA controller. This is because the grid-following
BESS naturally has a much lower admittance than the grid-forming BESS. Figure 4.6 shows
the comparison of the grid-following conductance, grid-forming conductance, and the wind
plant conductance. Because of the inherently low admittance, the FDVA controller of the
grid-following BESS would require very large gains to significantly influence the wind plant.
However, time-domain tests showed that such large gains are prohibitive as they destabilize

the grid-following BESS. The optimized FDVA parameters are provided in Table 2.3.
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Chapter 5

Full System Analysis

The full test system was analyzed using eigenvalue analysis in MATLAB and time-domain
simulations in PSCAD to determine the minimum BESS rating required for system stabi-
lization. The BESS was evaluated in various configurations, including grid-forming with
and without the FDVI controller, as well as grid-following with and without the FDVA
controller. Series compensation levels were tested at 25%, 50%, and 75%, while wind gen-
eration scenarios were assessed at low (30%), medium (50%), and high (100%) levels. To
manage complexity, the analysis was limited to these specific cases. Consequently, interme-
diate conditions that might yield more favorable or less favorable stability outcomes were
not examined. When the rating of the BESS is changed in this analysis, the full BESS
plant is scaled up or down. This means the absolute ratings of the BESS electrical elements
(transformer, LC'L filter), as well as the BESS inverter current limits, change in proportion

to the scaling factor.

5.1 Eigenvalue Analysis

The full test system was first analyzed using an eigenvalue-based approach. The eigenvalue
approach, despite its complexity, was chosen over other stability assessment methods, such

as advanced impedance-based techniques [41] [42], due to its comprehensive nature and
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because we can clearly track trajectory of the various modes involved. This approach involves
obtaining the state-space model of individual parts of the system, combining all the parts
into a single state-space matrix, and then extracting the eigenvalues. The state-space models
of the BESS and wind plant were obtained by performing a D() reference frame frequency
scan analysis in PSCAD in order to extract the frequency-domain D@ admittance Ypg(s)
of each device, as outlined in Section 4.1. The frequency scan was performed one time for
a specific rating of BESS, which could then be easily modified to represent a BESS plant
of a different rating by applying a scaling factor to the BESS D() admittance curves. This
allows for analysis of many different rating values without re-performing the frequency scan,
which is a time-consuming process.

The resultant D@ admittance curves were vector-fit [43] to obtain the state-space rep-
resentation of the BESS (Apgss, Bprss, Cerss, Dprss) and wind plant (Awrae, Bwra,
Cwra, Dwrg). Care was taken to select an appropriate order of fit for each model. The state-
space model of the BESS in parallel with the wind plant was found according to Eq. (5.1).
D@ impedance curves of the series-compensated network were obtained through network
reduction methods available in the PSCAD program. These were also curve-fit to determine
the network state-space model (Ag, Bg, Cg, Dg). The combined system state-space model
Ar was then calculated as shown in Eq. (5.2). The system considered in the Eigenvalue

analysis is the radial system, with Voltage Source 2 from Figure 3.1 disconnected.

Ap— Apgss 0  Ba— BgEess
0 Awra Bwra (5.1)
Cp = [CBESS CWTG] , Dp= |:DBESS + DWTG:|
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AG — BgNDpOG —BgNCp
=
BpMCy Ap — BpMDgClp
(5.2)
N = (I + DpDg)~?

M = (I+ DgDp)_l

5.1.1 Stage-Space Model Development Discussion

The method used to obtain the state-space model of the full system described above does
not involve deriving analytical models of the various devices, relying rather on frequency
scanning and curve fitting techniques. The primary advantage of the frequency scanning
method is that it allows for the characterization of arbitrarily complex black-boxed models,
while the analytical method requires full insight into the structure and parameterization of
all relevant control loops. This level of information is not disclosed by inverter vendors to
external model users in most cases due to intellectual property concerns, leaving frequency
scanning as the only option in many real-world study scenarios. However, there are a number
of possible sources of inaccuracy in the frequency scanning and curve fitting process, par-
ticularly related to inappropriate choice of perturbation magnitude, number of frequencies
to perturb simultaneously, curve-fitting parameters, and improper filtering of input data.
These were accounted for by performing various sensitivities and validations, and the end

result was ultimately verified by time-domain testing.

5.1.2 Eigenvalue Analysis without BESS

First, an analysis of the system without the BESS was performed. The wind plant was tested
at three different generation levels, with three different levels of series compensation. The
resulting eigenvalues are shown in Figure 5.1.

The eigenvalue analysis identifies two primary modes of interest, with the W-SSCI mode

occurring between 25 and 45 Hz. Table 5.1 presents the frequency and damping ratio of
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Figure 5.1: Eigenvalues of the Test System Before Addition of BESS

the W-SSCI mode under various conditions. The damping and frequency of this mode are
highly influenced by the series compensation level: The 25% compensation scenario remains
stable, while the 75% scenario is highly unstable across all levels of wind generation. Higher
series compensation levels result in a more unstable W-SSCI mode due to their effect on the
system’s series resonance frequency.

In the sequence frame of reference, increasing compensation level also increases the reso-
nance frequency, which, as shown in Figure 4.1, amplifies the negative resistance behavior of
Type-3 wind plants at higher frequencies which further destabilizing the system. Addition-
ally, Table 5.1 highlights that wind generation levels also affect the W-SSCI mode. For the
75% compensation scenario, the damping ratio worsens from -13.8% at high wind generation
to -16.3% at low wind generation. This variation arises because the wind plant’s operating
conditions influence its impedance, leading to reduced damping at lower generation levels.
The W-SSCI mode also shows significant sensitivity to the rotor-side current control gains.

By reducing the proportional and integral gains (K, and K;) of the current control loop by
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50%, the eigenvalues, plotted in Figure 5.2, indicate a substantial improvement in stability

across all levels of wind generation.

Wind Level | Series Comp. Level | Frequency (Hz) | Damping Ratio (%)
25% 41.2 1.2%
Low Wind 50% 33.4 -5.5%
75% 28.0 -16.3%
25% 41.2 1.3%
Mid Wind 50% 33.4 -5.2%
75% 27.8 -15.8%
25% 41.3 1.4%
High Wind 50% 33.5 -4.6%
75% 27.9 -13.8%

Table 5.1: W-SSCI mode details for Different Wind and Series Compensation Levels
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Figure 5.2: Eigenvalues Before and After Reducing WTG Rotor-Side Converter Current
Controller Gains

The mode occurring between 5 and 15 Hz exhibits significant sensitivity to the effective
system impedance and the gains of the wind plant’s AC voltage controller (within the Q-

axis of the rotor-side controller). Figure 5.3 illustrates the eigenvalues for the high wind
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scenario with default controller gains, compared to a sensitivity case where the proportional
gain of the AC voltage controller was doubled. This increase in gain shifts the mode to the
unstable region of the eigenvalue plot across all three compensation levels, demonstrating
strong sensitivity. Higher series compensation levels reduce grid impedance, which stabilizes
this mode, whereas increased wind plant generation levels raise power transfer through the
network, leading to destabilization. With the default voltage controller gains, this mode
remains stable in all scenarios. Due to its pronounced sensitivity to voltage control gains,
system impedance, and active power transfer, this mode is referred to as the "weak system

mode" throughout the remainder of the thesis.
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Figure 5.3: Eigenvalues Before and After Increasing WTG Voltage Control Gain

5.1.3 Eigenvalue Analysis with BESS

The impact of the BESS on the series compensated system was assessed by scaling up the

MW rating of the BESS until the system is marginally stable. The BESS was tested in
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: . BESS marginally stable power rating (% of wind plant ratin
Wind | Series Comp. |-y o F%)VI T GFM, FDVI GFE,<no FDVA | GFL, FD\%)A
Low 50% 33% 19% none found 444%
75% 51% 38% none found 944%
Med 50% 32% 18% none found none found
' 75% 51% 36% none found none found
High 50% 30% 18% none found none found
5% 49% 36% none found none found

Table 5.2: Minimum BESS Rating Needed to Stabilize Unstable Modes in Eigenvalue Anal-
ysis, Expressed as % of Wind Plant Rating

grid-forming and grid-following configurations, with and without the frequency-dependent
impedance / admittance controllers. The rating of the BESS is expressed as a percentage of
the rating of the wind plant.

Figure 5.4 shows the locus of the sub-synchronous eigenvalues as the MW rating of the
grid-forming-configured BESS is increased from 0 MW to 66% of the wind plant rating (300
MW) for all three wind scenarios, and for all three series compensation levels. The figure
includes plots with the grid-forming BESS configured with the FDVI controller (RvXv) and
without (no Zv). In the most severe case (75% series compensation, Low Wind), the grid-
forming BESS was able to stabilize the system when rated at 51% (230 MW) without FDVI,
and 38% (170 MW) with FDVI. In the more moderate 50% series compensation case, a
BESS rating as small as 19% (85 MW) was found to stabilize the W-SSCI when FDVI was
enabled. The ratings of the grid-forming BESS at which the W-SSCI mode crosses from
unstable to stable for all cases are reported in Table 5.2. It can also be seen that the weak
system mode (occurring at 10-15 Hz) becomes increasingly well damped as the rating of
the grid-forming BESS is increased, even with very small BESS ratings. Additionally, the
new modes introduced by the FDVI controller are visible in the eigenvalue plots, occurring
between 35 Hz and 50 Hz. These modes are reasonably well damped and appear to be

starting to move in the stable direction at the 66% (300 MW) rating.
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Figure 5.4: Locus of Critical Eigenvalues of the System when Rating of Grid-Forming BESS
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95



When the BESS is configured as grid-following, the marginally stable points occur at
much higher BESS ratings, and in some cases, a stable condition is not achievable. Figure 5.5
shows the locus of sub-synchronous eigenvalues as the MW rating of the grid-following BESS
is increased from 0 MW to 1100% of rating of the wind plant (5000 MW) across all wind
generation and series compensation scenarios. Without FDVA, the W-SSCI mode shows
minimal movement, and even a 5000 MW BESS does not stabilize any of the 50% or 75%
series compensation cases. This is due to the characteristically low admittance of the unmod-
ified grid-following BESS. However, when FDVA is enabled, the W-SSCI mode eventually
stabilizes for a very large BESS rating. Specifically, a 944% (4250 MW) BESS is required to
stabilize the 75% series compensation / low wind case.

When the BESS was configured as grid-forming, the weak system mode was stabilized
with a small BESS rating and became more stable as the BESS rating was increased. In
contrast, when the BESS is configured as grid-following, the weak system mode became less
stable as the BESS rating increased. In many instances, the weak system mode destabilized
before the W-SSCI mode stabilized, meaning that the system could not be stabilized with
any rating of BESS (as indicated by the 'none found’ entries in Table 5.2). Additionally, the
presence of the FDVA controller accelerates the destabilization of the weak system mode.
In the worst-case weak system scenario (high wind, 25% series compensation), the grid-
following BESS with FDVA destabilizes the weak system mode at a 56% (250 MW) rating,
compared to 78% (350 MW) without FDVA.

Due to the extreme BESS capacity required to stabilize the W-SSCI mode, along with the
exacerbation of the weak system mode, the grid-forming BESS offers a clear advantage over
the grid-following BESS for this application. It should be noted that control modifications,
such as implementing fast inverter-level voltage and frequency control, could significantly
increase the admittance of the traditionally-controlled grid-following inverter. However, it
could be argued that there is limited benefit in modifying grid-following BESS inverters to

resemble grid-forming inverters when grid-forming BESS inverters are already commercially

26



available.

The significant difference in the minimum BESS ratings required to stabilize the sys-
tem when configured as grid-forming versus grid-following can largely be attributed to the
inherent admittance differences between these devices. The grid-forming inverter behaves
like a voltage source with low impedance (small admittance), while the grid-following in-
verter behaves as a current source in parallel with high impedance, or as a voltage source
behind a large impedance (small admittance). Therefore, the results from the grid-following

benchmark are not wholly unexpected.
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5.2 EMT Time-Domain Analysis

An EMT time-domain analysis was performed using EMTDC/PSCAD to verify the results
of the eigenvalue analysis, as well as investigate potential large-signal impacts. The test
system is initially configured with Switch 1 from Figure 3.1 closed, which allows the system
to find a stable initial operating condition. At 5 s after the start of the simulation, a fault
is applied at at the Equivalent Voltage Source 2, and at 5.1 s Switch 1 is opened to clear
the fault. The resultant system has a radial path between the wind plant / BESS and the
series capacitor, which is the same system analyzed in the eigenvalue analysis. The change

in network topology also creates a change in the system voltage phase angle.

5.2.1 Grid-Forming BESS Time-Domain Simulation

Figure 5.6 shows plots of several POC measurements for the fault and line outage when
the BESS is grid-forming-configured and is rated to 28% of the wind plant (125 MW), with
and without FDVI. A 50% compensation level and a medium wind generation level was
assumed. The behavior during the fault is nearly identical, however short after fault clearing
there is a clear difference in damping. The grid-forming BESS without FDVI is not able
to damp the W-SSCI mode, with voltage oscillations quickly growing to 5% within 0.7 s of
fault clearing. When the grid-forming BESS has the FDVI controller enabled, the W-SSCI
mode is well damped within the 0.7 s following the switching event. This result is in-line
with the eigenvalue analysis reported in Table 5.2, which predicts that the grid-forming
BESS with FDVI is stable when rated to at least 80 MW, and that without FDVI the BESS
will be unstable if rated less than 145 MW. The frequency of oscillation and damping factor
were approximated from the time-domain simulation based on logarithmic decrement. When
compared to the eigenvalue analysis, the frequency of oscillation compared to within 0.1 Hz,
and the damping factor to within 0.01%, which indicates a very good match. This was true

for the case with and without FDVI enabled.
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The inherent grid-forming voltage-source response is also demonstrated in these time-
domain simulation results. During the fault, the grid-forming plant immediately responds
by injecting some active current and significant levels of reactive current into the grid. At
fault clearing there is a large active power response to the the phase-angle change in the
system. These responses are not due to dedicated LVRT controllers, but rather due to the
constant voltage phasor maintained at the grid-forming inverter terminals. Due to the near
overlap of the results with and without the FDVI controller in this period, we can conclude
that the FDVI controller does not inhibit or decrease the voltage-source characteristic of the

grid-forming inverter for this event.

5.2.2 Grid-Following BESS Time-Domain Simulation

The same event was simulated with the BESS configured as grid-following and rated to 555%
of the wind plant (2500 MW). The simulation plots for this case are shown in Figure 5.7. The
grid-following BESS without FDVA is not able to provide any significant damping benefit,
leading to the wind plant becoming very unstable and tripping offline within 0.3 s. When
FDVA was enabled, the W-SSCI mode is stabilized within about 0.5 s; however, the 8 Hz
weak system mode is slowly growing. The frequency of oscillation and damping ratio of
the W-SSCI mode in the time-domain simulation was approximated and compared to the
eigenvalue analysis. With and without FDVA enabled, the frequency of oscillation compared
to within 0.8 Hz, and the damping factor within 0.5%. These differences are likely a result of
the grid-following BESS inverter either triggering various non-linear controllers in the wind
plant or substantially changing the operating point of the system due to its very large rating
compared to the capacity of the system and wind plant, both of which can result in changes
to the oscillatory modes of the system. Additionally, there may be inaccuracies in use of
the logarithmic decrement method to determine damping factor due to presence of multiple
oscillatory modes. Despite these differences, the time-domain and eigenvalue analysis results

are still generally in agreement, and the study conclusions do not change.
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During the fault, the grid-following inverters don’t output substantial amounts active
or reactive current because there are no LVRT controllers included, however there is an
oscillation present in the reactive output that is more severe when FDVA is enabled, leading
to larger voltage fluctuations during the fault and at fault clearing. This result suggests that
there is a trade-off between the damping provided and the transient performance for the
grid-following inverter, which does not appear to be the case for the grid-forming inverter in

this situation.

1.15 , , , : 280
11t 260
= 105[ 2 240
=t =
o 1 Q 220F
o) £
a S
% 0.95 & 200 f
g o
o
> o9} S 180
0.85 | U\J 1 160 |
0.8 ‘ ‘ ‘ ‘ 140
5 52 5.4 56 5.8 5 5.2 5.4 56 5.8
@ (0)
100 : , , , 150 , ,
50 f 100
— "3 L
s o0 Z 50
= o =
s ® o
; :
100 F % sof
-150 1 -100 r
-200 ‘ ‘ ‘ ‘ -150

5 5.2 5.4 5.6 5.8 5 5.2 5.4 5.6 5.8
(©) (d)

Figure 5.6: Plots of PSCAD Simulation Results at the Wind Plant POC in Response to the
Fault Event with Grid-Forming BESS Configured With and Without the FDVI Controller,
and Rated to 125 MW. 50% Series Compensation, Medium Wind Scenario.
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Chapter 6

Conclusions and Future Work

This thesis investigated grid-forming technology in battery inverters as a mitigation to sub-
synchronous oscillations (W-SSCI) between series-compensated systems and wind plants
using Type-3 turbines. A new frequency-dependent virtual-impedance method was proposed
in order to further elevate the performance of the grid-forming inverters. A comparative
analysis of grid-forming and grid-following inverters was performed to provide a performance
benchmark. To do this, models of the inverters and the series-compensated test system were
first developed in PSCAD. Next, an impedance scan approach was used to parameterize
certain inverter control loops and to gain understanding of the sub-synchronous behavior of
the inverters. Finally, the full test system, including battery inverters, wind plant, and series
compensated network was analyzed in an eigenvalue analysis and time-domain simulations.

The conclusions of this study, as well as potential future work ideas, are presented below.

6.1 Conclusions

The overall research objective of investigating grid-forming damping behavior in the presence
of W-SSCI and testing the proposed FDVI controller was achieved. Throughout this work,

the following conclusions were drawn in support of this objective.
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6.1.1 Grid-Forming BESS Performance

Through the impedance scan analysis and the eigenvalue analysis, it was found that the
grid-forming BESS inverter was able to provide strong levels of damping to the W-SSCI-
prone test system. With the research models used in this analysis, the grid-forming BESS
inverter rated to 150 MW without modification was able to marginally damp the W-SSCI
of a 450 MW wind plant in the moderate 50% series compensation scenario, and a 230 MW
BESS was needed in the more severe 75% series compensation scenario. This was primarily
due to the relatively high admittance characteristic, and more specifically the conductance
characteristic, of the grid-forming inverter in the sub-synchronous frequency range. This
high conductance is able to off-set the negative conductance introduced by the Type-3 wind
plant, which allows for the overall resistance of the system at the resonant frequency to
become positive. An added advantage of the grid-forming inverter was that the weak-system
mode present in this test system, which was modestly damped in some scenarios, is well
damped by even a very small BESS.

The benefit of the FDVI controller was exemplified through the reduced BESS rating
needed to provide stability. In the eigenvalue study, it was found that the minimum BESS
rating could be reduced by 25% to 45%, depending on the study scenario, when the FDVI
controller was enabled. The primary benefit that the FDVI controller provided was that the
conductance of the grid-forming inverter in critical frequency ranges can be substantially
increased without compromising the overall stability of the inverter. These results verified
that the impedance scan based optimization technique presented in Chapter 4 was successful

in parameterizing the FDVI loop for improved performance.

6.1.2 Grid-Following BESS Performance

The performance of a grid-following BESS inverter was provided as a benchmark to the grid-

forming. The analysis showed that the grid-following BESS, with the modeling assumptions
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outlined in Chapter 2, was not able to provide adequate damping to the W-SSCI mode for
reasonable BESS ratings even when the conductance of the inverter was biased using an
FDVA controller. Depending on the scenario, the required BESS rating needed to stabilize
the W-SSCI mode would be 4-10 times the rating of the wind plant, which is not an econom-
ically feasible solution for a number of reasons. The primary reason for this outcome is that
grid-following inverters inherently exhibit very low admittance across the sub-synchronous
frequency range. To enable the FDVA controller, or a similar controller which does not fun-
damentally change the operating characteristic of the inverter, to significantly increase the
effective admittance, it would require applying a very large gain in the control loop. How-
ever, large gains were found to destabilize the inverter in other frequency regions or under
large-signal disturbance conditions in this analysis. Additionally, the grid-following inverter
BESS was problematic at large MW ratings because the weak system mode would become

unstable, which meant that no overall stable system was found for most of the scenarios.

6.1.3 Grid-Forming BESS as W-SSCI Mitigation

The conclusions drawn from this thesis provide a strong argument for the use of grid-forming
inverters for battery plants in regions which are stability-constrained due to W-SSCI. A
thorough cost-benefit analysis of W-SSCI mitigation options was not performed, however
the performance comparison with grid-following inverters shows the clear benefit of using
grid-forming inverters and demonstrates the drawbacks of grid-following inverters for use in
newly interconnecting BESS plants. Given the minor cost difference, if any, between these
technologies, it is likely that choosing grid-forming inverters would be the most cost-effective
W-SSCI mitigation option for the wind plant, when compared to the cost of conventional

mitigation options.
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6.2 Future Work

There are many opportunities for further development of the concepts presented in this

thesis. These include:

e Increased complexity of test system. The relatively simple radial system consid-
ered in this thesis was appropriate for demonstrating and testing the basic concepts
presented, however a more complex system with multiple sources of negative damping
(i.e. wind plants), multiple series capacitors, and multiple grid-forming BESS plants
is likely to provide further insight into the proposed concepts and potentially increase

the confidence of conclusions.

e Location of grid-forming BESS. In this analysis, the BESS was assumed to be
located with the same connection point as the wind plant. This is likely the best
location for the BESS because it offsets the of negative damping at the source, however
the effectiveness of the BESS at different locations in the series compensated system

would provide further insight.

e Further refinement of the FDVI controller and parameterization. A numeri-
cal optimization technique was used to determine the FDVI controller parameters due
to the complex relationship of the frequency-dependent resistance, impedance, and
resulting conductance. This process may be reduced to an analytical method if the
relationships between the parameters and the resultant conductance is better under-

stood.

e Cost-benefit analysis of GFM BESS as W-SSCI mitigation. A cost-benefit
analysis comparing classical W-SSCI mitigation solutions (or other forms of sub-
synchronous instability) to new grid-forming-enabled solutions, including the BESS

application mentioned here and other options such as a grid-forming STATCOM.
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e Improvement of grid-forming fault ride-through. The grid-forming model used
in this analysis was susceptible to wind-up of internal variables during the fault, leading
to poor post-fault recovery performance. This portion of the model could be reviewed

and improved by making use of the wealth of research on this topic.
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