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Executive Summary

At the heart of the transition towards a more sustainable electric power system is a paradigm shift
from conventional bulk generation using synchronous machines to decentralized renewable
generation integrated through power electronic converters. Control strategies for grid-connected
power converters can be broadly categorized into (i) grid-following strategies that may provide
grid-supporting services but require other devices to form a stable ac voltage waveform, and (ii)
grid-forming strategies that impose a stable ac voltage waveform at their point of connection and
are commonly envisioned to replace synchronous machines as the cornerstone of tomorrow’s
power system. Due to their comparatively low current limits, power converters cannot emulate the
fault response of synchronous machines and the resulting fault-response strongly depends on the
converter control and protection.

In this context, this research focuses on control and protection of grid-forming converters under
unbalanced faults and load(s), the interaction of grid-forming converters with system protection,
and distributed cold-start methods for unbalanced distribution feeders.

Notably, state-of-the-art grid-forming control provides a balanced voltage reference (i.e., angle
and magnitude) to the converters’ inner voltage and current control. However, under unbalanced
conditions (i.e., faults or loading), the inner control loops cannot track a balanced voltage reference
at the converter terminal. Moreover, for common converter topologies such as two-level voltage
source converters, the current limits need to be enforced for every phase. However, state-of-the-
art controls do not have this capability. To address this challenge and fully leverage the degrees of
freedom of grid-forming converters, this project developed a generalized three-phase grid-forming
control. The developed control combines a signal processing algorithm that extracts phasors for
every phase signal of a three-phase converter with a generalized control architecture that applies
state-of-the-art grid-forming controls and current limiting separately to every phase. In addition, a
phase-balancing feedback is developed to synchronize the controls of every phase and adjust
tradeoffs between voltage unbalance, power unbalance as well as the sharing of unbalanced load
by multiple converters.

A steady-state analysis reveals how the tuning parameters of the generalized three-phase grid-
forming control can be used to adjust tradeoffs between voltage unbalance and power unbalance,
as well as how much load unbalance is picked up a grid-forming converter. Moreover, we will
briefly review results of an analytical small-signal stability analysis that highlights that small-
signal frequency stability of the generalized three-phase droop control can be ensured under mild
conditions that are comparable to those required to ensure small-signal stability of standard
(positive sequence) grid-forming controls.

This approach also allows us to apply standard current limiting methods to each phase. We first
investigate applying two widely used methods (i.e., reference current saturation and threshold
virtual impedance) to every phase of a grid-forming converter. Notably, both approaches inherit
well-known advantages and disadvantages from their balanced implementation. In particular,
reference current saturation limits the current exactly and is easy to tune but suffers from a loss of
synchronism for prolonged faults (i.e., short critical clearing time). In contrast, threshold virtual
impedance largely avoids the loss of synchronism (i.e., long critical clearing time) but is ineffective
if the difference between the converter phase angle and phase angle the point of interconnection is



large (i.e., after clearing a fault or tripping a line). To address this challenge, we developed a hybrid
threshold virtual impedance method that can effectively limit the converter current under large
phase angle jumps.

Finally, we developed an initial method for distributed cold-start methods for unbalanced
distribution feeders that do not require centralized coordination and leverage the capabilities of
distribution connected grid-forming converters and advanced load relays. Instead of energizing an
entire distribution feeder at once, this approach relies on autonomously sequencing the
energization of loads at a more granular level during a cold-start process initiated by grid-forming
converters.

The effectiveness of the control algorithms developed in this project and study the interactions of
grid-forming converters with the system protection, we developed two benchmark systems. The
first benchmark system models a segment of a system consisting of a medium voltage feeder and
a high voltage double circuit transmission line and is used to study transmission faults and
interactions of the converter control and protection with distance relays. The second benchmark
model is based on the IEEE 13-bus feeder and is used to study (i) the impact of loads (i.e.,
unbalanced loads, induction machine startup) on grid-forming converters and current limiting, (ii)
interactions of grid-forming converters with protection (i.e., inverse time relays), and (iii) cold-
start of unbalanced distribution systems.
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1. Introduction

1.1 Background

At the heart of the transition towards a more sustainable electric power system, there is a paradigm
shift from conventional bulk generation using synchronous machines to decentralized renewable
generation interfaced by power electronic converters. Several countries and US states, such as
Minnesota and California, aim to complete the transition to a 100% renewable system by 2040
to 2050, and large-scale converter-dominated power systems are quickly becoming a reality. Dur-
ing the first half of 2020, the share of instantaneous wind and PV generation in South Australia
peaked at 85% (median 55%), while it reached a maximum of 58% (median of 38%) in the Texas
Interconnection. In contrast to synchronous machines, most renewable generation deployed today
does not contribute to stabilizing power system, does not provide reliable fault-ride through, and
can trigger adverse interactions with protection systems. These shortcomings jeopardize system
reliability and resilience and, together with a sharp increase in severe weather-related equipment
outages [3], have already resulted in large-scale service interruptions [4], system outages [5], and
separation events [6]. Control strategies for grid-connected power converters can be broadly cat-
egorized into (i) grid-following strategies that may provide grid-supporting services but require
other devices to form a stable ac voltage waveform to lock on to and are highly sensitive to distur-
bances [4,5], and (i1) grid-forming strategies that impose a stable ac voltage waveform at their point
of connection and are envisioned to replace synchronous machines as the cornerstone of tomorrow’s
power system [7]. However, due to their comparatively low current limits, power converters can-
not emulate the fault response of synchronous machines. Consequently, the fault-response of a
converter-dominated power system vastly differs from the response expected by today’s system-
level protection [8,9] and strongly depends on the converter control and protection. Therefore,
a comprehensive approach that accounts for converter control, converter protection, and system-
level protection is required to ensure reliability of tomorrow’s power system. While most faults are
unbalanced [10], state-of-the-art grid-forming control strategies are designed assuming a balanced
grid and have significant architectural shortcomings that cannot be overcome by minor modifica-
tions. Therefore, this proposal aims to develop a framework that explicitly accounts for unbalanced
conditions and faults, converter protection (i.e., current limiting), and system-level protection re-
quirements in the grid-forming control design to provide a reliable and resilient foundation for
tomorrow’s converter-dominated power systems.

While large-scale converter-dominated bulk power systems have been a theoretical concept until a
few years ago, they are rapidly becoming a reality. One of the critical obstacles for transitioning
to a sustainable zero-carbon power system is reliable and resilient control of power converters.
Typically, control strategies for grid-connected power converters can be broadly categorized into (i)
grid-following (GFL) controls that assume a stable AC voltage (i.e., magnitude and frequency) and
(i1) grid-forming (GFM) strategies that form a stable AC voltage (i.e., magnitude and frequency)
at the converter terminal [11]. As a consequence of relying on a stable AC voltage, GFL control



may fail due to voltage disturbances [4] or if insufficient GFM units (i.e., synchronous generators
or GFM converters) are online to ensure frequency stability.

In contrast, GFM power converters can form a stable grid and are envisioned to be the cornerstone
of future power systems. While originally developed in the context of microgrids, grid-forming
power converters are commonly envisioned to as cornerstone of future bulk power systems [12].

At the same time, several systems around the world are already facing challenges due to massive re-
newable integration that can be traced back to a lack of reliable fault-ride through [4,5] and adverse
interactions of power converters and protection algorithms designed for the legacy system [6]. To
overcome these issues, we envision a future power system with 100% converter-based renewable
generation that consists of a mix of grid-following and grid-forming power converters. In such a
system, grid-forming units need to ensure that the system rides through any fault and that frequency
remains well-defined so that legacy grid-following units can synchronize to a converter-dominated
system and respond to changes in frequency.

Recent works have shown that, from a frequency stability perspective, state-of-the-art grid-forming
converter control has the potential to replace synchronous machines. However, power converters
cannot replicate the fault response of machines, and new paradigms are required to ensure reliable
operation in the presence of faults. To this end, this report aims to

* extend the design of grid-forming controls to unbalanced conditions to unlock its flexibility
for unbalanced operation both during faults and on longer time scales,

* design current limiting strategies that enable reliable and predictable fault-ride through of
grid-forming converters and retain their positive impact on system-level stability when feasi-
ble,

 provide a path towards closing the gap between converter control and protection systems.

1.2 Literature review

State-of-the-art grid-forming (GFM) control generates a balanced terminal voltage reference [13,
14] (i.e., phase angle and magnitude) that is tracked by the converters’ inner cascaded current and
voltage control.

Key advantages of GFM control include its fast response to contingencies [7] and potential for fast
fault current injection. However, due to their comparatively low current limits, they cannot emu-
late the fault response of synchronous machine [15]. In contrast, synchronous generators provide
a fault response that is constrained solely by the electromechanical limits of synchronous genera-
tors [16, 17]. Consequently, the fault-response of a converter-dominated power system may vastly
differ from the response expected by today’s system protection [9]. For example, GFL converters
leverage constant current injection to ride through faults [18]. However, the (self-synchronizing)
voltage source characteristics of GFM converters are not amenable to this approach. Crucially,



common GFM controls that generate a balanced voltage reference cannot fully control the con-
verter current injection or terminal voltage under unbalanced output current. Therefore, common
grid-forming controls cannot actively mitigate imbalances on the system, even if unbalanced set-
points are provided by secondary or tertiary controls. Similarly, common strategies for current lim-
iting in GFM voltage source converters (VSCs) such as limiting the reference of the inner current
controller [15], threshold virtual impedance [15, 19,20], and projected droop control [21] assume a
balanced system and balanced faults. At the same time, the vast majority of faults in high voltage
systems are unbalanced [10].

Moreover, distribution systems typically exhibit significant unbalance that (1) is typically not ac-
counted for in the literature on design and analysis of GFM controls, and (ii) can be mitigated
by deploying GFM converters in distribution systems. The few works that consider GFM control
under unbalanced conditions [22,23] and faults [23] typically leverage symmetrical components,
e.g., implementing separate GFM controls for positive and negative sequence. This approach is
motivated by prevailing analysis methods for unbalanced systems using symmetrical components
and can effectively control the VSC terminal voltage under unbalanced conditions. However, the
relationship between the converter phase currents and symmetrical components is highly nonlin-
ear [23] and limiting the phase currents through control of symmetrical components results in
challenging control design and analysis problems. A noteworthy exception is the work in [24]
that combines dispatchable virtual oscillator control [25] with proportional resonant inner control
loops and threshold virtual impedance current limiting to directly control the converter voltage and
current in of3-frame to enable unbalanced fault-ride through capabilities. While this approach re-
sults in a low complexity control architecture, the performance of proportional resonant controls is
often limited, and the method does not allow to directly impose the phase current limits typically
encountered in three-phase voltage source converters through the control in o 3-frame.

Finally, the vast majority of studies on fault ride through of GFM converters does not model the pro-
tection system and hence does not provide an understanding of interactions between GFM converter
controls, converter protection, and system protection. A notable exception is the work [26] that
studied various GFM controls and current limiting schemes and concluded that virtual impedance
current limiting results in reliable operation of distance protection.

Overall, we conclude that there is a need for GFM control architecture that enable GFM converters
to fully control their terminal voltage under severely unbalanced conditions and faults, limit the
converter phase currents, and actively contribute to mitigating phase unbalance through sharing
load unbalance.

While the integration of distributed energy resources into distribution systems challenges conven-
tional protection paradigms, it also offers increased controllability of distribution feeders. In this
context, a crucial feature of GFM control, applied to power converters with sufficient overcurrent
capability, is the ability to cold-start a system. By leveraging GFM converters, recent developments
highlight the bottom-up restoration of a complete blackout system with no energization from the
upstream network [27]. Opportunities for advanced protection and cold-start mechanisms tailored
to the cold-start capabilities of grid-forming have only recently been investigated in [28] without



traditional communication or overlaid control. However, these results do not consider unbalanced
loading typically encountered in distribution systems and also do not fully account for the sig-
nificant impact of current limiting schemes in GFM controls. The cold-start capability of GFM
converters in unbalanced systems is explored in [29], leveraging symmetrical components with
current limiters to limit the currents in the abc frame. Nonetheless, this method requires the calcu-
lation of the Root Mean Square (RMS) value for each phase current, a process introducing delays
and potentially leading to significant overcurrent occurrence for durations exceeding one cycle.

1.3 Outline

This report is structured as follows. Chapter 2 introduces the problem setup, converter model
used throughout this report, and reviews common representations for unbalanced signals. Next,
Chapter 3 reviews standard GFM control architectures and presents the generalized three-phase
GFM control architecture developed in this project. Chapter 4 extends two common current limiting
approaches (i.e., reference current limiting and threshold virtual impedance) to facilitate limiting
of phase currents and presents a hybrid threshold virtual impedance method that improves upon
the performance of threshold virtual impedance methods. A theoretical analysis of the properties
of the generalized three-phase GFM control dynamics and its steady-state response is presented in
Chapter 5. Chapter 6 briefly introduces a conceptual solution for distributed cold-start methods for
unbalanced distribution feeders that does not require centralized coordination. Case studies using
benchmark systems with explicit models of system-level overcurrent protection are presented in
Chapter 7 and Chapter 8. Finally, Chapter 9 provides conclusions and directions for future work.



2. Preliminaries and Problem Setup

The ability of a grid-connected power converter to control its terminal voltage and/or current injec-
tion under unbalanced load or unbalanced faults crucially hinges on both its controls and internal
converter topology. In this section, we first review different representations of converter currents
and voltages that will inform our control design. Moreover, we briefly discuss the model of a
three-phase voltage source converter used throughout this report.

2.1 Coordinate frames

The three-phase ac signals generated by a three-phase power converters are often represented in
two forms. First, for the purpose of control, signals are commonly represented through their in-
stantaneous value at a given time. In other words, if x(¢) € R is real-valued signal at time r € R
and may capture a phase current or voltage. In addition, if x(¢) is sinusoidal with constant time
period / frequency and magnitude ||x(z)|| := £ where || - || is euclidean norm, then considering the
total time period as 2xrad, a phase angle 6 € [0,2x]rad and magnitude £ can be associated with
every time ¢. This results in the well-known phasor representation of a sinusoidal signal, i.e.,

%e/® = %(cos O + jsinB), where j = /—1.

2.1.1 Synchronous reference frame

When the GFM converter 1s operating under balanced conditions, it is customary to apply the so-
called dq0 transformation. This transformation is composed of Clarke and Park transformation. Let
xp(t) =%, cos(wyt+6,) € R be a time domain ac signal of phase p € & := {a, b, c} with amplitude
%p € R at time r € R. Assuming the signal has a constant frequency @ = @, € R for every phase
p € 2, then the sinusoidal three-phase signal (x,(t),x,(¢),x.(t)) € R? can be transformed into a
constant signal using the dq0 transformation

xq(1) > cos(ot)  cos(wf — 2?) cos (wt—k%ﬂ) Xa(2)
xg(0) | = \/j —sin(wr) —sin ((ot— %”) —sin (wt-i—%”) xp(1) ] . (2.1)
xo(t) o |2 |2 (1)

If the voltage or current are balanced, then xo(7) € R is zero and x4(f) € R, x,4(¢) € R are constant.
However, if the system is unbalanced, xo(f) € R is zero and x4(¢) € R, x4(t) € R, and xp(t) € R
are not necessarily constant and will, generally, contain a double frequency component. Notably,
in studies of grid-connected converters the zero sequence components xo(¢) € R of voltage and/or
current are typically neglected because no zero sequence current can flow in three-wire systems
and grid-forming converters are controlled not to apply any zero sequence voltage to the system.



2.1.2 Symmetrical components

Unlike dg-transformation applied to instantaneous signals, the symmetrical components make use
of the phasor £,(cos 6, + jsin6,) :=x, € C where p € &?. Symmetrical components of a three-
phase system can be represented as

x" (1] [xa
X =3 1 a o |x]. (2.2)
x° 1 a? ol |x

Here, o = ¢/ 2% and x* € C, x~ € C, and x° € C denote the positive, negative and zero sequence
components of the three-phase signal modeled by the phasors x, € C, x;, € C, and x. € C. Assum-
ing a balanced three-phase system, the negative and zero sequence components are zero. However,
in contrast to the dg0 transformation, the representation of an unbalanced signal through symmet-
rical components still remains insightful for unbalanced signals and is commonly used in fault
analysis and for protection design and studies. Nonetheless, two challenges are associated with the
use of symmetrical components in the context of grid-forming control. First, the transformation
(2.2) crucially hinges on modeling the phase currents or voltages as phasors that have to be esti-
mated from their instantaneous values. Second, the relationship between phase currents and their
representation in symmetrical components is highly nonlinear and makes the problem of limiting
converter phase currents challenging from both practical and theoretical perspectives.

2.1.3 Hilbert transform

As seen in the previous subsections, a balanced three-phase system is easily represented by instan-
taneous values of current and voltage. However, for analysis of unbalanced systems the represen-
tation in symmetrical components is the prefered tool but cannot be applied using instantaneous
values. Thus, obtaining a phasor representation of instantaneous sinusoidal signals is a key prob-
lem. A common approach in power electronics to resolve this challenge is the so-called Hilbert
transform that estimates the quadrature component of every phase signal by applying a time shift
that corresponds to a 90° phase shift.

To formalize this approach in the context of GEM control, assume that @, € R denotes a reference
frequency for each phase p € & that is provided by a GFM control. Then, for all p € & and any
ac signal x,(¢), we estimate the quadrature component xl% (1) e Rofx,(t) e Ras

xt,f (1) =xp(t — %wpl([)). (2.3)

In other words, under the assumption that x,(¢) is a sinusoidal signal with slowly changing fre-
quency m,(t), the time shift in (2.3) approximates a 90° phase shift. Notably, the Hilbert transform
can be interpreted as representing o3 components of an ac signal (i.e., (Xp, ¢, X g) = (xp,xﬁ)). Let
R(-) denote the 2D rotation matrix (Park transformation). Then, any ac signal x,(¢) € R for any



phase p € & can be represented in a dg frame with reference angle 0,(¢) € S as

)= [0 = R0, |20 24

Xpgll

where %Op(t) = w,(¢) is an arbitrary frequency. Moreover, for any ac signal x, () € R we can
construct a corresponding phasor x,(7) € C, i.e.,

Xp(1) =xpa(t) + jxpq(t). (2.5)

2.2 Power converter model

The most prevalent grid-connected power converter topology is the so-called two-level three-phase
dc/ac voltage source converter (VSC) shown in Figure 2.1. For brevity of the presentation, we will
focus on this topology throughout this report. Moreover, for analytical studies and control design
we will consider an averaged converter model (i.e., neglect switches and modulation schemes) and
assume that the converter dc terminal is connected to a constant dc voltage. When necessary to en-
sure validity of the results, our case studies will include a simulation of the switches and modulation
strategy. We emphasize that, while the assumption of a constant dc voltage is commonly made in
the design and analysis of GFM controls, it is only fully justified for IBR resources with signif-
icant energy storage (e.g., battery energy storage systems) and needs to be revisited for common
renewable sources (e.g., PV and wind turbines) in future studies.

Additionally, throughout this report we assume that the midpoint of the dc source is grounded
(midpoint grounding scheme) as shown in Figure 2.1. This arrangement can be understood as an
equivalent model of a dc/ac voltage source converter with dc-link capacitor and grounding of a
midpoint that is created using resistors or capacitors between the positive and negative dc pole. We
note that several other grounding schemes (e.g., floating dc side) are possible. For the purpose of
this report we chose to focus on the setup as shown in Figure 2.1 that allows zero sequence current
flow. If, e.g., a floating dc side is used, zero sequence current cannot flow and the control degrees
of freedom of the converter are reduced. In this case, the controls have to be adapted to account
for this fact. For instance, for the generalized three-phase GFM control presented in Section 3.4,
voltages and currents have to be transformed to a coordinate frame that eliminates zero sequence
components (e.g., aff coordinates) and separate GFM controls can be used for the remaining two
components (e.g., & and f3) instead of separate GFM controls for every phase.

Finally, VSCs are interconnected to the grid via an LCL filter to remove the switching ripple in-
troduced by the modulation scheme. The filter capacitors are typically either configured in A or
configuration. For two-level VSCs with grounded neutral point as shown in Figure 2.1, the filter
capacitors are commonly : configured and the dc neutral point is connected to the ground of the
Y. configured filter capacitors. This closes the path for the zero current ot flow. We have chosen
this arrangement because it allows the VSC to fully control each phase voltage and/or current and
showcase the features of the controls developed in this project. In contrast, a A configured filter is
commonly used with a floating DC bus and hence removes the zero sequence current path. In this



case, the controls developed in this project can be implemented in, e.g., @ coordinates as outlined
above.

in Contol logic

A

AN T

V— Vg
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Figure 2.1: GFM converter consisting of a 2-level VSC with grounded midpoint. Moreover, we assume that
the output filter is = configured and that a A¥: transformer is used to connect the VSC to the grid.

Finally, we assume that converter is connected to the grid through a A% transformer where A is on
the primary side and the % is on the secondary. The advantage of this arrangement is to provide
solid grounding of the grid that provides a pathway for zero sequence fault current. We emphasize
that, in addition to the dc grounding and filter arrangement, different transformer configurations
may also require implementing the controls presented in Chapter 3 and Chapter 4 on different
coordinate frames than those used in Chapter 3 and Chapter 4.



3. Grid-forming control

This chapter first reviews our basic control objectives for GFM converters and reviews existing
controls from the literature in more detail. Subsequently, we present the generalized three-phase
GFM controls developed in this project.

3.1 Control objectives and architectures

The key motivation for common GFM control designs is to enable VSCs to provide reliable grid-
support functions that allow GFM resources to largely replace synchronous generators in bulk
power systems. To this end, a GFM VSC should meet the following key control objectives.

1. Impose an ac voltage waveform with well-defined frequency and amplitude to the grid and
self-synchronize with other GFM resources and synchronous generators through the power
network.

2. During nominal steady-state operation, the converter needs to be controlled to the nominal
operating point (i.e., voltage, frequency, and power) periodically prescribed by a system-level
controller.

3. The converter should autonomously respond to variations in load or generation and con-
tingencies to support the system through, e.g., primary control functions, and contribute to
stabilizing the system frequency and voltage.

4. The converter control needs to ensure operation within the converter hardware limits (e.g.,
rated current of the semiconductor switches).

Notably, these high-level objectives align with the high-level functions of synchronous generators
except for the response to faults. In particular, synchronous generators have significant overcurrent
capabilities (i.e., up to 6 p.u. for a short period of time) while the semiconductor switches of power
electronic converters are typically only sized to withstand currents of approximately 1.4 p.u. for one
or two cycles and are typically limited to approximately 1.2 p.u. otherwise. We emphasize that, by
oversizing the converter relative to its power source, the current limits can be increased. However,
this comes at a significantly increased cost and is usually avoided for economic reasons. Hence, a
key question is how to limit the converter output current and while providing GFM functions and
ensuring availability of sufficient fault current to reliably trip protective relays.

The standard cascaded dual-loop control structure for GFM controlled grid-connected voltage
source converters is shown in Figure 3.1. Specifically, the aforementioned control objectives are
commonly met through a hierarchical control structure consisting of an outer GFM control that pro-
vides references for the dynamic response at the converter terminal to inner cascaded controls that



stabilize and control the converter. In this context, the converter overcurrent protection is typically
either implemented at the switch level (not shown in Figure 3.1) through, e.g., blocking of switches
if the current across the switch would exceed its limits, or at the level of the current controller as
shown in Figure 3.1.

current e current voltage (K v* GFt‘Ml
control | —x limit | 5* |control | —x contro
pos. seq. reference
, instantaneous dqO0 signals 0 P ,Q
| abc/dq0 transform with positive sequence GFM voltage angle |
vE
SW‘L i instantaneous 3-phase signals i
VSC —AA/N /5500 >
(3-phase)| _T_ + +
A%
Vs T o U

Figure 3.1: Standard dual-loop GFM control with inner controls tracking a positive sequence voltage refer-
ence provided by an outer GFM control (e.g., droop control [1], VSM [2]).

3.2 Positive sequence droop control

The most prevalent grid-forming control strategy is droop control and computes a balanced positive
sequence reference voltage with voltage magnitude V™ € R and angle 68™ € S that is tracked by
underlying proportional-integral controls implemented in a dg frame with angle 68™ € S as shown
in Figure 3.1.

Positive sequence droop control is realized as

498™ = @y +mp(P* - P), (3.1a)
VEM — V¥ (0% - Q), (3.1b)

where, @y € R+ is the base frequency, mp € R and mg € R+ are the active and reactive power
droop coefficients. Moreover, V*, P* and Q* are references for the voltage, active power and
reactive power, and P and Q are the measured active and reactive power.

We emphasize that, the outer GFM control can be combined with various methods for current
limiting such as reference current limiting as shown in Figure 3.1 or virtual impedance current
limiting [19]. This aspect will be discussed in detail in the next chapter.

Finally, we note that the inner controls are commonly implemented in a dg-frame with reference
angle 6&m je.. the instantaneous signals vy, € R3, ieR3, v e R? and i, € R3 for all three-
phases are converted into a dg frame for the purpose of implementing the inner controls and current
limiting. We emphasize that, for a balanced system, limiting the current in the dg frame to its
maximum also limits the phase currents to their maximum.

10



While this overall approach significantly simplifies the control design in for a balanced system,
it precludes leveraging all degrees of freedom of the convert during unbalanced operation. In
particular, in this case, the signals in dg-frame will not correspond to constant signals even in
steady state and, e.g., limiting the filter current to its maximum in dq frame can result in severe
distortion in the original abc coordinates (see, e.g., [21, Figure 7]).

Ultimately, during severely unbalanced conditions such as faults, positive sequence droop control
aims to impose a balanced voltage at its terminals. However, under the converter current limits the
underlying controls may not be able to impose the balanced reference at the terminal resulting in
distorted waveforms and, ultimately, a lack of reliable and resilient fault ride through capabilities.

Loosely speaking, the limitations of positive sequence droop control can be overcome by imple-
menting the GFM control and inner controls in symmetrical components [23,30] or for every phase.
This allows to leverage the degrees of freedom of the VSC. Next, we will briefly discuss imple-
mentations using symmetrical components. Then, we will present a generalized three-phase droop
control that implements GFM control and inner loops for every phase.

3.3 Positive-negative sequence droop control

To illustrate the main features of positive-negative sequence droop control, we focus on an imple-
mentation similar to the positive-negative sequence synchronverter presented in [30]. We empha-
size that more involved approaches exist that may result in increased performance (see, e.g., [23]).
However, for brevity of the presentation we focus on positive-negative sequence droop control to
highlight the main conceptual challenges of positive-negative sequence GFM control.

Positive-negative sequence droop control generates a positive and negative sequence reference volt-
age with angle and magnitude given by

407 = wp+mf (P —PT), (3.22)
40 =wp+mp(P*—P7), (3.2b)
VE=VTmy(0T - 0"), (3.2¢)
Vo=V my (0T - 00). (3.2d)

We recall that the superscripts () and (-)~ denote the positive and negative sequence voltage
phase angles, magnitudes, powers, and control gains. This control is typically implemented by first
estimating the positive and negative sequence components of the converters’ power injection, using
(3.2) to obtain positive and negative sequence voltage references, and underlying cascaded controls
for positive and negative sequence current and voltage that track the references. Alternatively,
the positive and negative sequence voltages can be converted into abc coordinates and tracked by
underlying controls (e.g., proportional resonant controls) for every phase.

11



A key challenge with this approach is estimation delay of the filter used to obtain the associated
positive and negative components of the converter currents and voltages. Moreover, the relationship
between positive and negative sequence currents and phase currents is highly nonlinear. This makes
the design of current limiters and analysis of the system a challenging problem.

However, the main problem with the aforementioned approach is that it does not autonomously
trade off power and voltage unbalance. In particular, assuming a balanced nominal operating point,
ie., letting V"* =0, Q™* =0, and P~* = 0, always results in V~ = 0 unless the current limit is
active. In particular, if no current limit is active, the inner loops will perfectly track the reference
vV~ =0and hence 9" =0, and P~ = 0, even if the converter current injection i, € R> is unbalanced.
Consequently, V~ will remain at zero and the converter will impose a balanced voltage.

An alternative solution is to directly droop on the output current. To this end, we note that the
negative sequence phasors can be represented through a dq frame aligned with the phase angle of
the negative sequence voltage phasor v~ € C. Then, the negative sequence powers are given by

B

P :E(vdld—kvqlq), (3.3)
B

0 :E(Vqld_vdlq)' (3.4)

Moreover, the coordinate frame is typically aligned such that v, = 0 and hence

3

P =2 0gip), (3.5)
3

Q" =3 (=vaig). (3.6)

Implementing the negative sequence droop equations using negative sequence current results in

L0 =wp+mp (i —iy), (3.72)
Vo=V mg (i) (3.7b)

While this approach may appear more intuitive from a power system point of view and avoids the
problems associated with the fact that v, = 0 during nominal operation, its interpretation may not
be straightforwards. In particular, the reformulation from power to current only results in a similar
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response if v, ~ 0. However, in most scenarios, v, will be small and hence the control (3.7)
will trade off negative sequence voltage and current as expected (i.e., an increase in mg results in

a decrease of i,)). However, the same is not true for negative sequence voltage and power. An
example for a GFM converter feeding an unbalanced load can be found in Section 7.2.2.

3.4 Generalized three-phase droop control

Because of the challenges associated with positive-negative sequence GFM control, this project
instead explored GFM controls that can control each converter phase. To this end, this project
developed a generalized three-phase GFM control architecture shown in Figure 3.2 that implements
the GFM control, inner controls, and current limiting separately for each phase. A phase-balancing
feedback synchronizes the outer GFM control and thereby ensures a controlled trade-off between
power unbalance, voltage unbalance, and also allows to control the converters’ contribution to
mitigating unbalance.

To be able to control the phase voltages and/or currents individually, we estimate a phasor for every
phase signal using the Hilbert transform described in Section 2.1.3. This allows us to represent the
signals for every phase in a separate dg-frame and implement the standard inner current and voltage
controls for every phase (see Chapter 4 for details) to obtain the phase powers P, € R and Q) € R.

To apply the Hilbert transform, we require a reference frequency w,g,fm € R for every phase. This
is obtained from the GFM control for every phase that also provides a phase angle Ggfm € S and
voltage Vpgfm € R for every phase p € Z.

The inner voltage controller then tracks the voltage reference phasors for every phase by calcu-
lating corresponding current reference. The resulting current reference for every phase can then
be limited individually as shown in Figure 3.2 and tracked by individual inner current controllers.
Alternatively, virtual impedance current limiting can be applied to every phase instead of reference
current limiting (see Chapter 4). We emphasize that, analogously to positive sequence GFM con-
trol, the gains of inner and outer loops need to be coordinated and chosen relative to the network
circuit dynamics to ensure performance and stability [31, 32].

Finally, the outer GFM control combines GFM droop control for every phase with a phase balancing
feedback that (i) ensures balanced reference voltages VE™ € R and phase angles 65 € S if the
system is balanced, and (ii) allows trading off voltage and power unbalances under unbalanced
conditions and faults.

To implement the control, the Hilbert transform (2.3) is applied to the voltages v,(f) and current
ip(t) for each phase p to estimate their quadrature components. Then, the average active power P,
and reactive power Q,, over one cycle can be computed using their corresponding current phasor
i,(¢) and voltage phasor v, (t) as follows

13
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Figure 3.2: Generalized three-phase GFM control with inner control for every phase tracking a voltage
reference provided by the outer GFM control (3.9) with phase balancing feedback.

P(t) == L Re(v,i,) = (vp(t)ip(t) +v;(t)i;(z)) , (3.82)

0y(1) = FIm(v,y) = (v (in(6) = v (1) (3.8b)

[
—
~
~—
N———

Because of controller sampling rate limits, the time-shift operation in (2.3) cannot be implemented
to arbitrary accuracy in a digital controller. This results in a frequency component at two times
the converter frequency @), in the measurements of P, and Q). This component is removed using
a notch filter with center frequency 2w,. The average phase powers P, and Q,, are then used to
compute the reference frequency w,(¢) and voltage reference (i.e., phase angle and magnitude) for
every phase through the three-phase GFM control presented in the next section. In other words,
the Hilbert transform and GFM control are in a feedback interconnection, i.e., at every sampling
time the reference frequency @, () for every phase is used in the Hilbert transform and compute
updated phase powers P,(¢) and Q,(t) obtained from the Hilbert transform are used to compute an
update for the reference frequency w,(¢). In the remainder, we omit the time variable ¢ to simplify
the notation.

3.4.1 Three-phase droop control

The main contribution of this project is a generalized GFM droop control that combines single-
phase droop control for every phase p € & with a phase balancing feedback. The equation (3.9)
is employed as outer control that generates references to be used by subsequent voltage and cur-

: 1 1 gbal gbaly . 2 2 :
rent inner control. Considering (62 ,9,';3 ,0%) = (0, 57, —57) and voltage setpoints V7 € R>o,

the GFM voltage angle and magnitude references 5" = 5™ + 6% and V5™ = V(ng;n +V; are
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determined by the outer GFM control (all signals are assumed to be in per unit)

d5em — gy — Y kp(8E™ — 8E™) £ mp(P; — Pp), (3.92)
le?\p
TaVET = —VEM Y ko(VE —VET) +mo(Q) — Op). (3.9b)
leZ?\p

Here, P; € R and @, € R are the active and reactive power setpoints and @y € R is the nominal

frequency. Moreover, a)p =wy+ g ngm € R is the GFM reference frequency for each phase
pE P, mpeRisthe P— f droop coefﬁ01ent mo € R is the Q —V droop coefficient, T € R+
a lowpass filter time constant, and kp € R>¢ and kg € R>( are the phase-balancing feedback gains.

We emphasize that (3.9) reduces to three individual single-phase droop controls if kp = kg =0, 1.e.,
the GFM phase to neutral voltage frequency reference for each phase p € & only depend on the
active power measurements of phase p € &. In contrast, if kp > 0, the phase balancing feedback
trades off phase voltage frequency unbalance and deviations from the active power setpoints for
each phase. If kp > 0, the phase balancing feedback trades off phase voltage magnitude unbalance
and deviations from the reactive power setpoint.

Finally, for large kp and kg, the phase voltage frequency balancing is stiff and the response of
generalized three-phase droop control converges to the response of standard GFM droop control
as kp — oo and kg — oo. This observation will be formalized in Chapter 5. A block diagram of
the generalized P — f droop is shown in Figure 3.3a and a block diagram of the generalized Q —V
droop is shown in Figure 3.3b.
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(a) Generalized three-phase P — f droop. (b) Generalized three-phase Q —V droop.
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Figure 3.3: Droop control structure of the generalized three-phase GFM control.
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4. Inner controls and current limiting

This chapter presents generalizing standard inner converter controls and current limiting methods
to the generalized three-phase control framework developed in this project. First we discuss an
extension of the common cascaded dual loop current and voltage control with current reference
limiting to the unbalanced case. Then, we discuss threshold virtual impedance current limiting and
show how it can be applied to limit phase currents. Finally, a hybrid threshold virtual impedance
algorithm is developed that improves upon the performance of threshold virtual impedance current
limiting.

4.1 Generalized dual-loop current/voltage control and current limiting

As discussed previously, the generalized three-phase GFM control (3.9) is combined with standard
proportional-integral (PI) inner control loops implemented in a synchronous reference frame with
reference angle 6, € S for every phase p € & (see Figure 3.2). This generalizes the standard
cascaded dual-loop structure (see, e.g., [31]) to allow control of individual phases.

In particular, a voltage controller is used to compute a current reference based on the objective of
tracking the GFM reference voltage vfj?q expressed in a synchronous reference frame with refer-
ence angle 6, € S. The control is combined with standard feedforward terms to compensate the
impact of the grid current injection i, , € C and is given by

. . f]
l;ae,ilq = lo,p.dq + YfVp.aqg+ Gpi(s) (Vi,gq —Vpdq)> 4.1

with a PI controller Gpy(s), filter admittance matrix Yr e R2%2, and voltage reference vf;f?q e R2

i i i i
(where Hvi?q“ =Vy" and évlg?;lq =65").

To limit the current reference provided by the voltage control, a common approach in (positive
sequence) GFM control is to apply a so-called circular limiter that limits the magnitude of the
reference current i;fg q for all p € &2. This approach is generalized to each phase p € & as follows

) sref if sref <]
i.II;m = l'p sref 1 ||1fef|| 0 ) (42)
lmaxélp if ||1p H > Imax

16



where Inax € R+ is maximum phase current magnitude. Then, the limited reference igm is provided
as a reference to an inner PI current control to track. Notably, the current limiter (4.2) does not
clip the current waveform, but adjusts the magnitude of the sinusoidal reference current for every
phase to avoid introducing harmonics into the system. Moreover, because it acts on an estimate
of a phase current phasor that is obtained without significant delays, it can limit the phase current

within a cycle. Finally, for each p € &2, the inner PI current control is given by

Vow,pdg = Vpdg+ Zfip.aq+ Gei(s) (in, — ipdq), (4.3)

where Zy € R%2*2 denotes the filter impedance matrix and Vsw,p.dg € IR? is the phase voltage modu-
lated by the VSC.

4.2 Threshold virtual impedance

This section briefly reviews the threshold virtual impedance method for the balanced and critically
reflects on its limitations. Then, we illustrate that threshold virtual impedance current limiting can
be applied to each phase separately.

To begin with, Figure 4.1 depicts a simplified quasi-steady-state model of a GFM converter with
threshold virtual impedance, where the dynamics of the inner-loop control and the LC—filter are
neglected [33]. The threshold virtual impedance is designed to limit current magnitude ||is|| :=
\ /if 4t iiql at Inmax under a three-phase bolted fault at the point of common coupling (PCC) and

can be tuned by adjusting its threshold current /;, and the X /R ratio ny /r [19]. For a three-phase
bolted fault, the magnitude of the voltage drop across the threshold virtual impedance, ||v&™ —v||,
is equal to the nominal voltage V,, (i.e., V,, = 1 p.u.) of the converter. The equations for the threshold
virtual impedance are given by

0 if 1l I
Ry = . 1 ”l.s|| <lIip 4 4a)
ke (sl — L) i [igl > L
Xty = ny gRrvi (4.4b)
with
Vi
k= 4.5)

Imax (Imax - Ith)\ / n)Z(/R + 1

I The most common choice is to limit the filter current i, ie., iy =1I.

17



Rrvi +j Xrwi
> —

IS v

<+> y&fm Grid

Figure 4.1: Simplified quasi-steady-state model of a GFM converter with threshold virtual impedance (TVI),
where a bar denotes the quasi-steady-state of a time domain signal.

Based on Figure 4.1, the magnitude of the quasi-steady-state current ig can be calculated by

e =l [

s = = ;
2 2 2
VRt Xe Rrviy/ng et

where X denotes the quasi-steady-state of a time domain signal x(¢).

(4.6)

Under quasi-steady-state conditions, when the threshold virtual impedance is active, by substituting
(4.4a) into (4.6), the relationship between ||78™ — || and ||is|| can be derived as

97 =¥l = ke /5 g+ 1N = il 1] &7

where ||is|| > I;,. The control diagram of the threshold virtual impedance (TVI) is shown in the
gray dotted box in Figure 4.2.

In this project, a variable transient virtual resistance (VTVR) is implemented to dampen the re-
sponse of the grid current during transients [20]. The damping factor and the cut-off frequency
of the high-pass filter (HPF) are denoted by D and wp, respectively. The damping factor D is
calculated by

s TVIer
A - D > stwp

il »— kg

sulIn 9RTVI,sum

Rrvr
Iip, NX/R XTvI

Figure 4.2: Threshold virtual impedance current limiting.
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nx /R

D= -1, (4.8)

X /Rtr

where ny /g ;, represents the transient X /R ratio. It should be noted that the VTVR only activates
during transients, and does not assist the quasi-steady-state current limiting. Next, we briefly il-
lustrate the response of the threshold virtual impedance under large phase angle differences for
the parameters provided in Tab. 4.1. Specifically, using (4.7), the quasi-steady-state current mag-
nitude ||i|| under threshold virtual impedance current limiting can be computed as a function of
||78™ —5||. The corresponding results are illustrated in Figure 4.3. It is important to note that the

impedance magnitude of the threshold virtual impedance, |Zrvi| == 4/ R%VI +X%VI, solely depends

on the magnitude of the current i; without considering any information on the phase of the filter
voltage v. Consequently, the threshold virtual impedance is unable to limit the current to Ip,ax When
||[v&™ —v|| > V,, [34], which can be observed in Figure 4.3. This scenario typically occurs due to
fault clearing after phase angles have significantly deviated or after phase jumps due to, e.g., con-
necting or disconnecting a line. In this case, the impedance magnitude calculated using threshold
virtual impedance is too small based to effectively limit the current.

Description Symbol Value
Threshold current 1, 1.0 p.u.
Maximum current  Iax 1.2 p.u.
X /R ratio ny /R 5

Table 4.1: Parameters of Virtual Impedance.

T
1
1
1

1
1
1
|
'V, =1pu.
[th:1 1 1 p-u 1
0 0.5 1 1.5
w8t — 9| (p-u.)

Figure 4.3: The current magnitude ||i;|| for different voltage difference magnitudes ||7™ — ||, when the
threshold virtual impedance is active (i.e., ||is|| > I;). It can be seen that threshold virtual impedance with
standard tuning becomes ineffective when ||7&™ — || > V.

4.3 Generalized three-phase threshold virtual impedance

Using the representation of the phase signals in a dg-frame with angle 6, € S, threshold virtual
impedance current limiting can be applied to every phase p € & by computing the voltage drop
over the virtual impedance
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\%
Vpdg V1 = { MVI} : (4.9)

Vp,q,VI
_ |Rtvisum X7V lo.p.d (4.10)
—X1vi  Rrvisum| |lopyg

Here, Rrvisum € R0 and Xtvi € R+ are computed for every phase using the threshold virtual
impedance calculation shown in Figure 4.2. As discussed in [20], the remaining parameters, e.g.,
kg € R~ and D € R~ are determined by the X /R ratio ny /R € R>0, Imax and I, Then, the voltage

gfm

b da’ i.e., the reference passed onto inner

Vp.dg V1 € R? is subtracted from the voltage reference v
current control is

<l e fm
ipdg = lo.p.dg +YVpdg+Gei(s) (Vs g = Vpdg N1 = Vp.dg)- @.11)

The overall control algorithm including generalized three-phase droop control and the threshold
virtual impedance current limiting for every phase is shown in Figure 4.4.

current voltage GFM
control G—C)é— control — N1 control
(phase a)| T | |(phase a) ta DL Uq (phase a)
lq phasors & ~ balancing
complex power Sa Wy feedback
(for each phase) WV
Vsw,a

Estimate phasors for phase quantities (using GFM freq):

) Hilbert transform & double line frequency notch filter

vse i > instantaneous 3-phase signals ! T™ ALVI Ry
QI o
(3-phase) ;_ VVV '+ n
1 A%
VUsw -1 U - Vg

Figure 4.4: Virtual impedance Zy; .= Ry; + j wz%meVl in the GFM control structure and effective impedance
emulation.

4.4 Virtual Impedance Based on Voltage Information

To overcome the limitations of threshold virtual impedance current limiting discussed in Sec-
tion 4.2, a novel virtual impedance method based on voltage information (VIv) was developed
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in this project. The VIv method is specified by

1 0 if (1] < Iy

Ryiy = e (4.12a)
nff/R 1 (o il = I

Xviv = nx /grRv1y. (4.12b)

The Vv utilizes the same parameterization as the threshold virtual impedance, including the max-
imum current In,.x, the X /R ratio ny /R> and the threshold /;;, as the threshold virtual impedance.

Notably, the impedance magnitude of the VIv, |Zyyy| := 1/ R%,IV +X\2,IV, is calculated based on the

voltage difference ||v&™ — v||, making it effective in limiting the current for phase jumps, i.e., when
voltage phase information is crucial. The control diagram of the VIv depicted in Figure 4.5, incor-
porates the VT'VR similar to the threshold virtual impedance.

||is|e§%—¢
Ith 2 0 @ s RVIV,tr

s+wp
1 suIn 9RVIV,Sum

N
[vEm —v|| 2 2
i = \/nX/mLl Ry1y

]max -------------- ‘

nNx/r X Vv

Figure 4.5: Virtual Impedance based on voltage nformation (VIv).

Under quasi-steady-state conditions, when the VIv is active, the magnitude ||i || of the current in
Figure 4.1 is given by

e vl [

5] = = :
2
VR + X3 Rvivy/ny pt1

where ||iy|| > I,;,. Substituting (4.12a) into (4.13), it can be seen that ||7&™ — || cancels and ||i;|| is
always equal to In,x. Therefore, the VIv controls the quasi-steady-state current magnitude to Ipax.-

(4.13)

Notably, (4.12) generalizes the approach in [35], which calculates a virtual admittance solely based
on voltage magnitude difference (i.e., |[v&™ || — ||v||). This approach requires an additional PI con-
troller to compensate for missing phase information. In contrast, the proposed VIv approach ac-
counts for both the phase and magnitude differences. To the best of the authors’ knowledge, no
results on the performance of the virtual admittance in [35] for phase jumps have been reported in
the literature.

4.4.1 Comparison of TVI and VIv

Under quasi-steady-state conditions, the impedance magnitude of threshold virtual impedance for
different voltage difference magnitudes ||78™ — || can be derived using (4.4) and (4.7). On the
other hand, the impedance magnitude of VIv increases linearly with the voltage difference mag-
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nitude based on (4.12). Using the parameters listed in Table 4.1, the impedance magnitude of
threshold virtual impedance (TVI) and VIv for different voltage difference magnitudes ||7&™ — 7|

are illustrated in Figure 4.6.

The quasi-steady-state current magnitude ||, || is inversely proportional to the impedance magnitude
as shown in (4.6) and (4.13). The VlIv is specifically designed to control the quasi-steady-state
current magnitude ||is|| to Inax, effectively limiting the current for phase jumps. However, the
threshold virtual impedance is unable to limit the current to I, for phase jumps when [|v&™ — || >
Vy, as depicted in Figure 4.3. Therefore, the VIv provides a larger impedance magnitude when
||[v&™ — v|| > V,,, as shown in Figure 4.6. Conversely, the threshold virtual impedance limits the
current below Inx during short circuit faults when ||[v&™ — v|| < V,,, as illustrated in Figure 4.3,
while the VIv limits the current to Iy, With a smaller impedance magnitude. When |[v&™ —v|| =V,
both threshold virtual impedance and VIv limit the current at I,x, resulting in the same impedance
magnitude.

—TVI
Viv
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Figure 4.6: Under quasi-steady-state conditions, the impedance magnitude of threshold virtual impedance
(TVI) and Vlv for different voltage difference magnitudes ||78™ — ||, when ||;|| > I;,.

4.5 Hybrid Threshold Virtual Impedance (HTVI)

This section presents a hybrid threshold virtual impedance method for GFM converters to effec-
tively limit current under balanced phase jumps and short-circuit faults. To this end, a virtual
impedance method based on voltage information (VIv) is proposed to improve the current limiting
capability of the standard threshold virtual impedance method for phase jumps (e.g., due to fault
clearing or open circuit faults). To leverage the strengths of both threshold virtual impedance and
VIv methods, an integrated hybrid threshold virtual impedance method is proposed, which enables
reliable current limiting capabilities for both phase jumps and short-circuit faults.

To combine the features of the threshold virtual impedance and the Vv, a hybrid threshold virtual
impedance method shown in Figure 4.7 is proposed. During overcurrent situations, both threshold
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virtual impedance and VIv are continuously evaluated using the same threshold. The hybrid thresh-
old virtual impedance then uses the maximum impedance magnitude obtained from the threshold
virtual impedance and V1v, i.e., | Zgrvi| = max(|Zrvi|, |Zviv|)- In this way, the hybrid threshold vir-
tual impedance limits the current to Iy for phase jumps when ||v&™ — || > V,, with the help of the
VIv. Additionally, when ||[v&™ —v|| < V,,, the hybrid threshold virtual impedance limits the current
below Inhax similar to the threshold virtual impedance. As a result, the proposed hybrid threshold
virtual impedance method enhances the FRT capability of the converter under phase jumps and
short-circuit faults by fully leveraging the advantages of both threshold virtual impedance and VIv
methods.

i @ Rrvrg VI
| S ,tr :
| ]
! A ) sum PRTVI sum |
Ul G - |
| Iin nX/R XTvI i
| ]
oo ISIIIIIIIEIISIISIISIISIISIISIISIISIITSCoSISIIIIIIIIIIIIIIIIIis
= D] [ Vi
i of \/ 1 $¥Wp suIm QRVIv,sum i
VeI _y g I
i ” . ” \/nx/R+1 Ryr1y \
i NX/R XViv i
o e T T T T
RTVI,sum% is,d >< 5vd
max %RHTVI ‘S
Ryivsum— Ryrvi | XuTVI B X
Xrvi—3) X
max —>Xurvi i \

XVIV% 54 >< 5’Uq

Figure 4.7: Control diagram of the hybrid threshold virtual impedance (HTVI).

4.6 Discussion

The generalized three-phase droop control proposed in this section has three key features. First,
the balancing gains kp and k¢ adjust the trade-off between phase voltage frequency unbalance vs
active power unbalance and phase voltage magnitude unbalance vs reactive power unbalance at the
converter ac terminal. For example, kp allows to adjust the contribution of a dc/ac VSC to mitigat-
ing angle unbalances in a distribution system. Second, even for large values of kp and ko, a key
feature of generalized three-phase droop control is that it (i) tracks voltage frequency/magnitude
references for every phase, and (ii) can control and limit the phase currents individually through
reference current limiter (4.2), virtual impedance (4.11), or hybrid threshold virtual impedance (see
Figure 4.7) (iii) the control explicitly addresses sub-cycle overcurrent by continuously estimating
and controlling phase current phasors and limiting their magnitude. Finally, from a theoretical
point of view, the proposed control reduces to standard GFM control if the system is balanced.
Simulations performed to compare (positive sequence) performance and stability to standard GFM
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control only identified significant differences when using negligible phase-balancing gains kp and
ko.
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5. Stability and steady-state analysis

In this chapter we present results on small-signal stability and the steady-state response of the
generalized three-phase droop control. We first summarize results on small-signal stability that
highlight that the generalized three-phase droop control ensures small-signal frequency and volt-
age stability under mild assumptions that are identical to those of regular grid-forming droop con-
trol. Subsequently, we analyze the impact of the control gains on the trade off between voltage
unbalance and power unbalance at the converter terminal in more detail and establish that (i) the
average response of generalized three-phase droop control across the three phases is identical to
(positive sequence) grid-forming droop control, (ii) generalized three-phase droop control reduces
to (positive sequence) grid-forming droop control in a balanced system.

5.1 Small-signal stability analysis

We begin by briefly summarizing results on small-signal frequency and voltage stability in unbal-
anced three-phase power systems [36]. To this end, we note that graph-theoretic models commonly
used in stability analysis of power systems assume a balanced three-phase network. In this setting,
frequency stability is commonly analyzed for balanced systems of grid-forming converters. In par-
ticular, small-signal frequency stability of grid-forming converters using (positive sequence) droop
control (3.1) interconnected through a quasi-steady-state model of a balanced network is guaranteed
if the network is connected. This immediately raises the question if similar small-signal guarantees
can be obtained for the generalized three-phase droop control (3.9) and unbalanced three-phase
systems.

To answer this question and enable our stability analysis, the work in [36] extends standard graph
theoretic models to model unbalanced three-phase networks and standard three-phase transformers.
In particular, we model the power system as a connected graph whose nodes represent three-phase
buses and edges represent branches such as transmission lines and standard (i.e., AA, YY, %%, XA,
and YA transformers). For brevity of the presentation we skip the detailed mathematical exposition
and refer the reader to [36] for further details. An example for a three-phase system is shown in
Figure 5.1. To facilitate the analysis, we partition the system nodes into exterior nodes (i.e., buses
with grid-forming converters) and interior nodes (i.e., buses with load). To establish stability for
a general unbalanced three-phase network with common three-phase transformers we require the
following assumption.

Assumption 1 (interior-exterior node connected network) The network is interior-exterior node
connected, i.e., for any interior node, the subgraph consisting of 2 transformers, A transformers,
and three-phase lines contains a path to an exterior node that traverses all edges from their primary

terminal to their secondary terminal.

Broadly speaking, interior-exterior node connectivity in the sense of Assumption 1 ensures that in-
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Figure 5.1: The network (a) is interior-exterior node connected because, for every interior node (i.e., 3, 4,
and 5), there exists a path to the exterior node 1 containing only three-phase lines and/or a YA transformers
in the correct orientation. The network () is not interior-exterior node connected because the paths from the
interior nodes 4 and 5 to the exterior nodes 1 or 2 either traverse a AA transformer or a *A transformers from
its secondary to its primary terminal.

terior node voltages can be recovered from exterior node voltages and bus power injections. Thus, if
a network is interior-exterior node connected the interior nodes can be eliminated from the stability
analysis through a generalization of Kron reduction. Moreover, interior-exterior node connectivity
is related to the notion of an effectively grounded three-phase system encountered in the literature
on protection systems that ensures a low impedance path for fault current [37]. Specifically, if the
network consisting of the aforementioned branches (i.e., three-phase lines, AA, YY, %%, %A, and YA
transformers) is effectively grounded, then it is interior-exterior node connected. This highlights
that assuming the graph to be interior-exterior node connected is not overly restrictive. Similar
assumptions have been made in the literature to, e.g., ensure the existence and uniqueness of power
flow solutions in three-phase distribution systems with constant power sources and the substation
transformer modeled as a slack bus [38, Section IV-C].

The following assumption is required to rule out connections with inconsistent phase shifts or
voltage ratios along different branches.

Assumption 2 (Well-posed network) We assume that
1. the network is connected and interior-exterior node connected,

2. the number of transformer branches of a specific type, voltage ratio, and orientation tra-
versed by any path between any two nodes is identical.

Under Assumption 1 and Assumption 2, it can be shown that the overall system with three-phase
converters using either positive sequence droop control (3.1) or generalized three-phase droop con-
trol (3.9) with kp = kg = k and m, = m,/7 is asymptotically stable with respect to a balanced
trivial (i.e., nominal voltage and no power flow) solution if one of the following holds: (i) at least
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one converter uses positive sequence droop control, (ii) at least one converter uses generalized
three-phase droop control with a positive balancing gain kg, (iii) between any two exterior nodes,
there exists at least one path that contains at least one A branch and all %A branches are traversed
in the same orientations.

Notably, this result contains the well-known result for networks of (positive sequence) droop con-
trolled converters connected through three-phase lines as a special case. Crucially, it extends the
result to establish that generalized three-phase droop controlled converters with zero phase balanc-
ing gain kg synchronize positive sequence droop controlled converters through three-phase lines,
YYs transformers, and %A transformers. Moreover, it establishes small-signal frequency and voltage
stability of networks of converters using generalized three-phase droop control with positive phase
balancing gain k. This result shows that, from the viewpoint of small-signal frequency stability,
generalized three-phase droop control with ks € R~ does not impose stricter requirements than
standard (positive sequence) droop control. Finally, the last condition highlights that networks of
generalized three-phase droop control without phase balancing feedback (i.e., ks = 0) synchronize
to a balanced solution through specific transformer branches. This result explains the experimental
observations in [39] and clarifies the class of three-phase network topologies for which autonomous
phase-balancing of three single-phase droop controlled converters connected to a three-phase bus
occurs.

5.2 Average dynamics and steady-state analysis

In this section we analyze how the droop coefficients and phase balancing gains and droop gains
influence the trade-off between power unbalance and voltage unbalance at the terminals of the GFM

converter. To make the notations less verbose, we use Vs » for Vagf;n and 5p for 5§fm forall p e &.

5.2.1 Q—V droop equation

Vectorizing the generalized three-phase droop control equation (3.9b) and defining Q5 , := 0}, — O,
for all p € & results in

d V5,a VS,a 2 -1 -1 VS,a Q5.,a
Ty |Vop| =— |Vep| —ko|—1 2 —1| [Vsp| +mg |Osp| - 5.1)
ngc ngc -1 -1 2 Va’c Q5,c
=L

Where L = LT is a Laplacian matrix that is used to rewrite the phase-balancing feedback in a
compact form. Moreover, we define the transformation matrix
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QW=

1

1
3
- (5.2)
1

~
I
O =W

—1

that is used to compute average values across phases as well as the differences between phase a and
phase b and phase b and phase c. Applying the transformation 7', we obtain

V5,a VS,a QS,a

T [Vow | = —(U+koL) | Vs | +mg | Qs | (5.3a)
_V57C_ V5,c QS,C
V&a V5,a QS,a

3T Vs | = —TU+koL)T'T Vs | +moT | Q5| - (5.3b)
_V57C_ V&c Q5,c

Simplifying (5.3b), we get

Vs 1 0 0 Vs Os
T8 Voo | =— |0 3ko+1 0 Via| +mo | Qp_al - (5.4)
Vep 0 0 3ko+1| |Vep Ocp
N——
:VA,p

WherE we used.Vb_a = V57a:V57b = V; ~Va=(VF—=Vp), Op—a=054— 055 =0 — Qu— (0} —
Qb). V=3 Lpep Vo and Q5 = 3 ¥jpc » s

Assuming that the references V; and Q7 are the same for all p € &, we can simply write Vj,_, =
Vi, =V, and Qp_, = Qp — Q4. Upon closer inspection of (5.4), we see that the dynamics of the
average Vs only depend on the droop gain m¢ and average reactive power deviation Qg, i.€., they
are identical to the standard (positive sequence) droop control discussed in Section 3.2. On the
other hand, the voltage magnitude difference between phases (not to be confused with line-to-line
voltages) such as Vj,_, are dependent on their corresponding reactive power magnitude difference
(e.g., Op—4) and the phase-balancing gains kp. To determine the steady state response, we let
%VA, » — 0in (5.4) to obtain

Vs "o %Q 0 05

Vap| =| Y T3 O 10,1 (5.5)
0

Vi—¢ 0 0 _W Qb—c
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It is evident form (5.5) that as V,,_,, — 0 as kg — oo, establishing that the phase voltage magnitudes
will be more balanced for increased k.
5.2.2 P — f droop equation

Similar arguments can be applied to the P — f droop dynamics of generalized three-phase GFM
droop equation in (3.9b). Letting Ps , := P, — P, for all p € & and vectorizing (3.9a) results in

S 2 -1 —1]7T6&, Ps,
A48 =wol —kp |—1 2 —1| |8 | +mp|Pss| . (5.6)
5. -1 -1 2|6 Ps.

Defining @s , = %51, — @y, it follows that

wﬁ,a 6& Pﬁ,a
a5 p = —kpL | 6| +mp Pg,b , (5.7a)
05 O, _Pa’c
W5 4 6a _PS,a—
T |wsy,| = —kpTLT'T |8, | +mpT | Psy| - (5.7b)
w57c 50 _P6,C_

Assuming that P} is identical for all p € &2, (5.7b) reduces to

of 0 0 0 s Ps
Oup| =0 3kp O | |8up| +mp|—Pus], (5.8)
Wp—_¢ 0 0 —3kp 5b—c —P,_.

where w,_p =@, — wp, P,_p =P, — Py, O5 := %Z;eﬁ o5 ; and Ps = %Z;:egz Ps ;. Following the
same steps as in the analysis of the Q —V droop, (5.8) shows that the average frequency deviation
@ is only dependent on average active power deviation Pg, i.e., is identical to (positive sequence)
droop control in a balanced system. However, the frequency difference between phases such as
®,_p is dependent on its corresponding active power difference such as P, . Using @,_j = %Sa_b
it follows that

484 =—3kpSu_t, —mpPy_p, (5.9)

which can be explicitly solved for constant P,_; to obtain

Sup(t) = e 0§, (0)— ;%Ppa_bu e 3ke(0)y), (5.10)
P
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In other words, the dynamics of the phase angle differences are input-to-state stable and will con-
verge to ,_,(f) = 0 in the absence of active power phase imbalance (i.e., P,_;, = 0).

Moreover, e 3ke(t) 5 0 ast — oo, Hence, in steady state it follows that
mp
Oy_p(t) = ——P,_ 5.11
a—b () 3 Fa b (5.11)

and the same argument holds for the solution of &,_.(7).

Therefore, in steady state, (5.8) simplifies to

55 = mpI_J(g, (5123.)
=— . 5.12b
|:5b—c] { 0 ;,nTI; Pb—c ( )

From (5.12b) it can be inferred that as kp — o, §,_;, — 0 suggesting that the phase voltage angles
tend to be balanced as well. Therefore, along with the results in Section 5.2.1, we conclude that
increasing the balancing gains kp and kp will decrease voltage unbalance and, for kp — oo and
kg — o we expect the voltage magnitude and angle to converge to that of positive sequence droop
control.

5.3 Unbalance factors

Next, we analyze the impact of the control gains and load and/or system unbalance on the unbalance
factor of the converter terminal voltage. To this end, let V' and V~ denote the magnitude of
the positive and negative sequence voltage and let P := %Zpe;@ P, and Q = %Zpe@ Q) denote
the average phase power of the VSC. The voltage unbalance factor is given by Vyg ==V~ /VT.
Moreover, for P, and Q) in p.u., we define the power unbalance factors Pup = max e » |P, — P|,
and QuF ‘= max ¢ » |0, — Q| that resemble standard current unbalance factors commonly used in
analysis of electric machines. In this section we establish that, for GFM converter connected to
a load and an unbalanced infinite bus, the voltage unbalance Vyr of the GFM converter terminal
voltage can approximately be bounded based on the power unbalance factors of the load and voltage
unbalance factor of the unbalanced infinite bus.

5.3.1 Linearizing voltage unbalance factor

Because Vyr is a highly non-linear function with respect to V,, and 6,,, we use a second order Taylor
series expansion to approximate Vyr as a function of V,, and 6, with p € 2. To this end, consider
the transformation
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VI [T LT [Vae®
VT = 3 1 o o [Vyel® (5.13)
I 1 o o |Vel
—\2
and the function f(x) = V2, = % with x = (84,8, 8.,V4,Vs,Ve) and f: R® — R. Also recall

from the Section 3.4.1 that 6, = 6, — 91'32‘1. For v € (0, 1), the second order Taylor approximation
of f(x) developed at a balanced operating point is given by

1
Vsur = F(0) +{Vf(x0),y = %0) + 5 (y = x0) ' V2£ (0 + Yy = %0)) (v = x0). (5.14)
Substituting xo = (13,03), we obtain f(xg) = 0 and V f(xg) = Og. Hence, we have that
> 1o T _ _
Vsur = 50 —=x0) " Vf (x0+¥(y —x0)) (v — x0)- (5.15)

Notably, we can omit the constant % and obtain the upper bound

Vs ur < (y—x0) TV2£(x0) (y — x0)- (5.16)

Next, we can use similar techniques to those used in Section 5.2.1 and leverage the transformation

. T Osx3
T = 5.17
[03x3 T ] .17)

Next, let ¥ := Tx. Substituting 7~ % = x in (5.16) we obtain
Vs ur < (&) (T~ V2 f(x0) T~ Ax, (5.18)

where Ax = T (y — xo). Simplifying H := (T~')TV?f(x0)T ' we obtain,

0 0 0 0 0 0

2 1 V3

0 P oo

0 -1 2 o -3 ¢

_ 9 9 9

H=19 9 0 0o 0o o (5.19)

V3 2 1

VR A

_O T 0 0 _§ §_

Also, note that Ax = (g, Su—t,0p—csV,Va_p,Vyp_c) and that H can be further simplified by omitting

31



the rows and columns from (5.19) that are zero. This is supported by the intuition that average
values do not affect the unbalance factor and results in

2 1 0o Y3
9 9 9
- 12 V3o
— |79 9 9
H = 0 Vi 2 il (5.20)
v 9 91 29
v 0 -5 3
(5.21)
and AX := (Sa—ba 5b—c7Va—b7Vb—c)-
Substituting A and A% in (5.16), we obtain the approximate bound
Viur < (A%)THAR. (5.22)

Summarizing, (5.22) is linearized version of Vg r Dear a balanced operating point xo with reduced
dimension of the state vector from R to R* with the help of coordinate transformation 7. Next,
we will further bound Vg yr as a function of load and grid voltage unbalance.

5.3.2 Standalone GFM converter with unbalanced load

When the GFM converter is connected to an unbalanced load as shown in Figure 5.2, the corre-
sponding voltage magnitude and angle unbalance is captured through (5.5) and (5.8).

N

VSC Ve ¢
PQ

Figure 5.2: GFM converter connected to an unbalanced load.

Using (5.22) and recalling the relationship between active power and power angle given in (5.12b)
and reactive power and voltage given in (5.5), we obtain

.
e R R I B
Po| |0 3% 0 - 3 O 1P

V2 < b—c P m H P m C , 523

SUPS 0., [0 0 % 0 0 0 w20 0 ||Qu,|" O
Op—c] [0 O Tl 0 0 0 58] 19—
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2m12,

T 81k

Pa—b m%,

< | Brec 813

- Qa—b 0

Op—c
¢ \/gmme
| 27kp(3ko+1)
Next, let

mp 2 -1
ni= Slgz[ab Pbc}[_l 2][

2

Pa—b
bec ’

o m%, 0 \/§mme ]
8]](1% 27kp(3kQ+l)
Zm%7 . \/§mme 0
81](12) 27kp(3kQ+])

27kp(3kQ+1) 9(3kQ+1)2 9(3/(%4-1)2
m2 2m
0 _ [Y [
9(3kQ+1)2 9(3kQ+1)2

Y= W [Qa—b Op—c] [_21 _211 [gz_i],

1 2k (3kg

L}mfl) [Qa—b Ob—c] {(1) _()l] {;;Z—lj.

Then, (5.24) can be equivalently be represented as,

V527UF <n+rt+uns.

(5.24)

(5.25)

(5.26)

(5.27)

(5.28)

The remainder of this section will maximize 7; through 3 for a given load unbalance factor to

: 2
determine an upper bound on Vé’ UF*

Since, the power imbalances are bounded by this their respective power unbalance factors, they
serve as the constraints for maximizing 1 + %> + ¥;. Recalling the definition of Pyr and Qur, we

obtain

Pyr > =

Y,
W | =
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0 1 1
0 -2 1 —
P
1jo 1 =2
> 3lo -1 —1 P,y . (5.31)
0 2 —1f e
0 -1 2]
By removing the average element out of (5.31) we get
SRR
-2 1
L1 =2| [P
Pyr > 311 -1 L')bc:| . (5.32)
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The reactive power unbalance power factor can analogously be used to bound phase power unbal-
ances as follows

S
2 1
11 -2 _
Qurz3|_ | _] [gbb} (5.33)
2 -1
__1 2 -

The set (5.32) is shown in Figure 5.3a for Pyr = 0.5. By observation, the constraints can be over-
approximated as shown in Figure 5.3b.

The over-approximation shown in Figure 5.3b results in the set

10
1o 1Py
L {Pb—c]' (5.34)
0 -1

Similarly, the constraint set (5.33) can be over-approximated by
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(a) Constraint set for Pyr = 0.5. (b) Over-approximated constraint set for Pyr = 0.5.

Figure 5.3: Constraint sets for the maximization of power unbalances for a given power unbalance factor.

1 0
1
Qur = 5 _01 (1) [gZ:j' (5.35)
0 -1

Let 2 denote the constraint set given in (5.32) and (5.33) as shown in Figure 5.3a. Then, we can
bound V32 yr as follows

Vsur < max(n + %+ 1) (5.36)

Moreover, it holds that
V2 < max max max V3. 5.37
S,UF _xE%YI +x€%’yz+x€%’}/3 ( )

Next, le~t 4 denote the set given in the (5.34) and (5.35) as depicted in Figure 5.3b. Because
2 C 2, it holds that
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Finally, analytically solving the maximization problems in (5.38) results in the bound

2m2 2mg 167/ 3mpm
0 2 PO
4 — + . 5.39
U6UF—27k2 UF+3(3k 0290t 27k, Bhg + 1) PurQur (5.39)

This bounds the voltage unbalance factor of the GFM converter through power unbalance factors
of the load in a standalone GFM converter with an unbalanced load system. This result highlights
that increasing the droop coefficients m;, € R~ and m,; € R~ increases the impact of unbalanced
load on the converter terminal voltage unbalance. At the same time, increasing the phase-balancing
gains kp € R+ and kg € R~ decreases the impact of unbalanced load on the converter terminal
voltage unbalance.

5.3.3 GFM converter connected to unbalanced grid

Next, we investigate how grid voltage unbalances impact the voltage unbalance at the converter
terminal. To this end, we consider the connection of a GFM converter to an unbalanced infinite bus
depicted in Figure 5.4.

4 P.Q

Vid o V8

VSC

Figure 5.4: GFM converter is connected to an unbalanced grid.

In particular, we will derive conditions under which the voltage unbalance factor at the converter
terminal can be related to the voltage unbalance factor at the infinite bus and the converter control
gains. It is expected that the voltage unbalance at the converter admits a direct relationship with the
infinite bus unbalance and the balancing gains kp € R~ and kg € R-(. For the system shown in
Figure 5.4 it holds that

|:Vl,a—b:| — 3]:;3_1 0 |:Qa b:| (5 403)
Vl,h—c 0 3kQ+] Qb c '
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By linearizing the reactive power flow across the inductor shown in Figure 5.4 at the nominal
operating point V* and 8*, we obtain

mo
Via—b| _ _ | 3kgtT n? b(Via—b—V2a—b) (5.41a)
Vib—c 0 3,@% b(Vip—e—Vap—c)]|’ '
bmg
Via—b| _ | 3kgtbmgtT 0 Vaa—b (5.41b)
Vip—c 0 3kb’"—Q Vap—c| '
o+bmp+1
Similarly, linearizing the active power results in
61 a—b ;nT[; 0 b(51 a—b — 62 a—b)
: — ; , , 5.42a
[mc 0 22| |b(8) c—Brp o) (.42
bm
[f&ab} I E T {Qb] (5.42b)
m, : *
51,19—6 0 m 52,19—6
Combining (5.41b) and (5.42b) results in
__bmp 0 0 0
51.a7b 62,617[7 3kp+bmp )
81 2 O 3gtbm 0 0
bl _ g |92b-c| p.— bimg (5.43a)
Via-b Vaaob 0 0 sigTomgrT 0
Vip—e Vap—ec 0 0 0 bmg
3ko+bmo+1
Using (5.43a) to bound the voltage unbalance factor, we obtain
Vs ur =2 Hr, (5.44)

where Hp := FTHF and 7, = (62,015 02.—c V2,a-b, V2,p—¢). Moreover, for a given value of Vs , /¢
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we have

V62,2,UF = %Zgﬁa- (5.45)

Our goal is to bound V52,1,U # as a function of V82,1,U p- This requires bounding z;I:IFzg in terms
of z;H@. However, if there exists z, such that zp € kerH but z5 ¢ .4 (HF), then V522 yp = 0 but
V52 Lur 7 0. It follows that the GFM converter terminal voltage unbalance cannot be bounded based

on the grid voltage unbalance factor. In other words, the desired bound can only be obtained if H
and Hr have the same null space. This is true when

me bm P

= . 5.46
3kg+bmg+1  3kp+Dbmp ( )
In this case, the bounds on the GFM voltage unbalance factor can be directly computed as
2 oo bme "2
V5,1,UF > 3kp + bmp V5727UF> (5.47)

which again illustrates that increasing the phase balancing gains kp € R>¢ and kg € R>( decreases
the voltage unbalance at the converter terminal.
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6. Distributed cold start under unbalanced conditions

This chapter introduces a strategy for distributed cold starts of distribution feeders under unbal-
anced conditions, obviating the necessity for centralized coordination. To begin with, an advanced
load relay is introduced, serving as a crucial component in achieving this goal. Moreover, a cold
start methodology employing GFM converters for unbalanced conditions is outlined.

6.1 Advanced load relay

To enhance the cold start capability, an advanced load relay is modeled in this study. The load relay
combines frequency and voltage relay functionalities and is designed to trip/reset the breaker based
on predefined operating ranges and specified delay times. By utilizing individual reset delay times
for load relays, the system operator can achieve a gradual energization/connection of loads during
the cold start process, thereby mitigating the risk of Cold Load Pickup [28] associated with inrush
currents. The load relays continuously measure the frequency and voltage as indicators of the
grid’s state, eliminating the need for additional communication with the inverters during the cold
start process. For example, when the frequency stays within a predefined deviation range (+0.9Hz)
from the nominal frequency for the connection waiting time Tireq con, the load relay will connect the
load. Conversely, if the frequency deviates from this predefined range for the disconnection waiting
time Tfreq dis» the load relay will disconnect the load. During the cold start process, these waiting
times are initialized to avoid simultaneous switching on/off of all loads, and can be modified based
on the priority of operation.

6.2 GFM cold start logic

The GFM converter, equipped with the generalized three-phase droop control, emerges as a promis-
ing solution for cold start operation under unbalanced system. Subsequent to a blackout event, the
first GFM converter initiates a gradual increase in its terminal voltage by ramping up its voltage
magnitude setpoints. This method achieves soft transformer energization and eliminates the in-
rush current. To prevent power oscillation among different GFM converters, a PLL is used before
connecting the second GFM converter. The PLL initially synchronizes with the voltage at the
connection point of the second converter. Following a suitable synchronization period, the angle
measured by the PLL is used to initialize the GFM control of the second GFM converter.

With the synchronization and connection of all GFM converters in the system, the advanced relays
are activated. As a result, the gradual reconnection of loads occurs based on local voltage and
frequency information. Importantly, throughout the cold start process, the active power can be
effectively shared by GFM converters.
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7. Case study: MV/HV system

This chapter describes a benchmark system developed in this project to illustrate and verify the
unbalanced fault ride through capabilities of the controls developed in this project. Moreover,
the system is used to study the interactions of GFM converters with distance protection typically
encountered in transmission systems.

7.1 Benchmark system

To illustrate the results, we use a high-fidelity EMT simulation of a two-level dc/ac VSC connected
to an infinite bus through a 1 km medium voltage line, a 40 km double circuit high voltage trans-
mission line, and step up transformers. The system parameters are provided in Table. 7.1. Unless
noted otherwise, an averaged converter model is used and the control is implemented at a sampling
rate of 10 kHz. The system is shown in Figure 7.1. For reasons of space, the converter output filter
is not shown explicitly. An unbalanced load of 1 MW is placed at the inverter bus and used to eval-
uate the response to unbalanced load. Moreover, faults are simulated on the upper transmission line
of the double transmission line and cleared by opening a breaker on this line. Lastly the system is
connected to an infinite bus through an impedance computed based on the desired equivalent short

circuit ratio (SCR) of the overall system.
: f=60 Hz
+ H _/ 0

480 V/4.16 kV 4.16 kV /230 kV

~n
— @0“ I1 A-G fault
I I1 |
Sy= 1 MW *1 MW  1km, R/X=0.327 40km, R/X=0.1
V.= 480 V o ' o '

Figure 7.1: Test system with a low-voltage VSC connected to a weak ac system through a distribution line,
double circuit transmission line, and a step-up transformer.

7.2 Unbalanced load

To validate the analysis in Chapter 5, we first illustrate the response of the converter to an unbal-
anced load for various controls and control parameters.

7.2.1 Generalized three phase droop control

To illustrate the role of the phase balancing gain kp and kg, Fig 7.2 shows the steady-state volt-
age and power unbalance factors at the VSC terminal for an unbalanced delta connected constant
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Table 7.1: Parameters used in the model illustrated in Figure 7.1

Description Value
Phase balancing gain kp leS p.u.
Phase balancing gain kg le5 p.u.
Phase balancing gain ks > kp = kg = ki 1eS p.u.
Inverter base power S, le6 W
Inverter base voltage V,, 480 V
Inverter filter capacitor 0.05 p.u.
Inverter filter inductor 0.1 p.u.
Inverter filter resistor 0.01 p.u.
Inverter active power set point per phase 0.1 p.u.
Inverter reactive power set point per phase 0p.u.
Inverter voltage set point per phase 1 p.u.
Threshold current limit 7, I p.u.
Absolute current limit /,x 1.2 p.u.
TVI constant kg 0.817

TVI constant D 15.66

TVI constant ny /g 5

TVI HPF cut-off frequency wp 100 Hz

P — f droop mp 0.05 p.u.
Q —V droop mg 0.05 p.u.
Base frequency 60 Hz
Medium voltage line resistance 0.21 Q/km
Medium voltage line inductance 17e-4 H/km
Medium voltage line capacitance le-8 F/km
Medium voltage line base voltage 4.16e3 V
Medium voltage line length 1 km
High voltage line resistance 0.03 Q/km
High voltage line inductance 7.95e-4 H/km
High voltage line capacitance 10e-9 F/km
High voltage line base voltage 230e3
High voltage line length 10 km

impedance load! at the VSC bus (see Figure 7.1). The results show the expected trade off between
voltage unbalance and power unbalance, i.e., increasing the phase balancing gain kp = kg = ki
reduces voltage unbalance Vyp but increases power unbalance Pyg and Qur.

I Relative to the load between phase a and b, the load between phase b and ¢ is 20% lower and the load between phase
a and c is 20% higher
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Figure 7.2: Steady-state unbalance factors for an unbalanced load at the VSC terminal as a function of the
phase balancing gain k;.

This result is consistent with equations (5.5) and (5.12b) obtained from analytical steady state
analysis. As kg increases, the voltage imbalance between the phases reduces irrespective of the
reactive power imbalance. Similarly, as kp increase the angle difference between different phases
also abets irrespective of the active power difference.

7.2.2 Positive-negative sequence droop control

To illustrate the droop response of the positive-negative sequence droop control, the positive-
negative sequence droop control (3.2a) and (3.2c) that implements droop based on negative se-
quence currents has been implemented in the system shown in Fig 7.1. In this implementation
the positive and negative sequence components of the voltage are added and converted to abc by
applying the Fortescue transformation and extracting the real part of the voltage phasors for each
phase. This reference is then tracked by the generalized three-phase cascaded inner current and
voltage loops. The steady state response to same unbalanced load as used in the previous section
are shown Figure 7.3.

As shown in Figure 7.3a, the negative sequence voltage increases linearly with the negative se-
quence droop gain mg and, as expected, the negative sequence current reduces linearly. However,
as shown in Figure 7.3b, the negative sequence power Q~ increases in magnitude as a nonlinear
function of the negative sequence reactive power droop gain m, increases. Similarly, the negative
sequence active power P~ increases as a function of the negative sequence reactive power droop
gain mg. This result highlights the nonlinear relationship of the power and current and its impact
on the positive-negative sequence droop control (3.2a) and (3.2¢).

Overall, we observe that, due to the aforementioned nonlinearity, the tuning of the negative se-
quence droop coefficients is not intuitive. Moreover, in simulation, we observe that large coeffi-
cients that would result in significant reduction in negative sequence current or power can result in
instability, particularly under weak grid coupling. These challenges have not been observed with
the generalized three-phase droop control.
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Figure 7.3: Steady-state response to an unbalanced load at the VSC terminal as a function of the negative
sequence reactive droop gain mél.

7.3 Balanced short-circuit faults and phase jumps

To compare the fault-ride-through capability of various virtual impedance methods under balanced
conditions, we again use the system illustrated in Figure 7.4. For this case study, the load at the con-
verter terminal is disconnected. To clearly illustrate the difference between the virtual impedance
current limiting methods presented in Chapter 4, we consider a balanced short circuit fault and
phase jumps and employ the standard (positive sequence) droop control with inner loops in a syn-
chronous reference frame as shown in Figure 3.1.

An aggregate model is used for the GFM converter, representing multiple converter modules with
lower power ratings. The GFM converter is connected to an infinite bus through a 1 km medium
voltage line and 40 km double circuit high voltage transmission line through step-up transformers.
The short-circuit ratio (SCR) at the PCC is 2.78. A switching model for the converter is used to
accurately capture the dynamic behavior of the system. The system and control parameters utilized
in the simulations are listed in Table 4.1 and Table 7.2.

480V /4.16 kV 4.16 kV /230 kV £=60 Hz
0
STI ST2 H
Y
N T HED
PCC Il

V,= 480 V SCR=2.78

Figure 7.4: Test system with a low-voltage GFM converter connected to a weak ac system through a distri-
bution line, double circuit transmission line, and a step-up transformer.
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Table 7.2: System and Control Parameters.

Description Symbol Value
Inverter base power S 1 MVA
Inverter base voltage V} 480V
Filter inductance Ly 0.156 p.u.
Filter capacitance Cy 0.023 p.u.
Switching frequency  f, 10 kHz
Transient X/R ratio  ny /g, 0.8
Cut-off frequency of

HPF for VITVR wp 1000 rad/s

PI coefficients of
voltage controller Kpyand K7,  0.83 p.u., 0.23 p.u.
PI coefficients of
current controller Kpcand K; . 1.11 p.u., 0.24 p.u.

7.3.1 Grid voltage phase jump

In the simulation results shown in Figure 7.5, a phase angle change of —110° is imposed at the
grid voltage. The responses of the filter current, filter voltage, ||v&™ — v||, virtual reactance X,
active power, and reactive power for the GFM converter operating with threshold virtual impedance
(TVI), Vlv, and hybrid threshold virtual impedance (HTVI) are analyzed. After the occurrence of
the phase jump, ||[v&™ — v|| > V,, holds, and the threshold virtual impedance (TVI) fails to limit the
fault current to 1.2 p.u., which persists for a duration of 364 ms. This result aligns with the analysis
presented in Figure 4.3. In contrast, the VIv effectively limits the fault current to 1.2 p.u. after the
phase jump, exhibiting a larger impedance magnitude compared to the threshold virtual impedance
(TVI). However, oscillations in current magnitude are observed during the initial 30 ms of the fault.

In contrast, the hybrid threshold virtual impedance (HTVI) effectively limits the current magnitude
under the phase jump, similar to the VIv. It also reduces the current below 1.2 p.u. faster than the
VIv when |[v&™ —v|| < V,,, with the help of the threshold virtual impedance (TVI). Additionally,
the hybrid threshold virtual impedance (HTVI) exhibits a well-damped current response, similar
to the threshold virtual impedance (TVI). This supports the intuition that the hybrid threshold vir-
tual impedance (HTVI) combines the advantages of the threshold virtual impedance (TVI) and
VIv. As a result, the hybrid threshold virtual impedance (HTVI) outperforms the threshold virtual
impedance (TVI) and VIv under phase jumps, offering improved performance and FRT capability.

When the phase jump occurs, a spike in the filter voltage is observed, reaching a peak value of
1.8 p.u., lasting for 1 ms. This spike is caused by the large phase shift in the grid voltage. After
the occurrence of the phase jump, the active and reactive power exhibits a brief but large transient
before returning to the normal operating point. This behavior is a result of the resynchronization
between the GFM converter and the grid. However, despite these transients, the system maintains
transient stability, and the current is effectively limited as desired.
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Figure 7.5: Response of filter current, filter voltage, vafm — ||, virtual reactance X,;, active power, and
reactive power for the GFM converter with TVI, VIv, and HTVI under a —110° grid voltage phase jump at
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7.3.2 Three-phase short-circuit fault

Next, a three-phase ground fault is imposed on the distribution line of the test system depicted in
Figure 7.4, causing a 0.8 p.u. voltage drop at the PCC. The fault is cleared after 400 ms. The
responses of the filter current, filter voltage, ||vgfm —v||, virtual reactance X,;, active power, and
reactive power for the GFM converter operating with threshold virtual impedance (TVI), VIv, and
hybrid threshold virtual impedance (HTVI) are shown in Figure 7.6.

The threshold virtual impedance (TVI) effectively limits the fault current at 1.16 p.u. (i.e., smaller
than the maximum of 1.2 p.u.) since the fault is not located at the PCC (i.e., ||[v&™ —v| < V).
In contrast, the VIv controls the steady-state fault current at 1.2 p.u. with a smaller impedance
magnitude compared to the threshold virtual impedance (TVI). During the fault-inception period,
the threshold virtual impedance (TVI) demonstrates better performance, while the VIv exhibits a
higher transient current with a peak value of 1.41 p.u. and oscillations during the first 15 ms of the
fault period.

Subsequent to clearing the fault at # = 1.90 s, the current limiting capability of the threshold virtual
impedance (TVI) is compromised again as ||v&™ —v|| > V,,. Consequently, the fault current remains
above 1.2 p.u. for a duration of 210 ms. In contrast, the VIv continues to limit the current at 1.2 p.u.,
providing a larger impedance magnitude. However, the VIv shows oscillations in the current for
30 ms and a slower response in reducing the current below 1.2 p.u. compared to the threshold
virtual impedance (TVI).

Notably, the hybrid threshold virtual impedance (HTVI) maintains the performance of the threshold
virtual impedance (TVI) during the short-circuit fault to limit the fault current at 1.16 p.u. with a
well-damped current response. Once the fault is cleared, the hybrid threshold virtual impedance
(HTVI) limits the current to 1.2 p.u., similar to the VIv. It also reduces the current below 1.2 p.u.
faster than the VIv when [|v&™ —v|| < V,,, with the help of the threshold virtual impedance (TVI).
These results demonstrate that the hybrid threshold virtual impedance (HTVI) method improves the
fault ride through capability of the GFM converter by leveraging the strengths of both the threshold
virtual impedance (TVI) and VIv methods.
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Figure 7.6: Response of filter current, filter voltage, vafm — ||, virtual reactance X,;, active power, and
reactive power for the GFM converter with TVI, Vlv, and HT VI during a three-phase ground fault at 1.5 s.
The fault is cleared after 400 ms.
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7.4 Single line-to-ground fault

To illustrate the impact of separate voltage/current control and current limiting for every phase on
unbalanced fault ride through, we disconnect the load at the VSC terminal and consider a zero
impedance line-to-ground fault for phase a of a transmission line (see Figure 7.1).

7.4.1 Current saturation algorithm (CSA)

Generalized three phase droop control

We first investigate the response of the generalized three-phase droop control with three-phase
cascaded dual-loop inner controls. Figure 7.7 shows the resulting VSC terminal voltage magnitude
V, = ||vp|l, VSC phase current magnitude I, = ||i,||, active power P,, and reactive power Q,, for
every phase p € Z.
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Figure 7.7: Response of the generalized droop control to a phase a to ground fault on a transmission line at
t = 1.5 s with CSA current limiting. The fault is cleared after ten cycles by disconnecting the faulted line.
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Because the magnitudes of phase currents and voltages are not well-defined within a cycle, the
maximum magnitude over one cycle is shown. We use ks = 10° p.u., i.e., the outer GFM control
is configured to resemble standard droop control (sec. 3.2), and the fault is applied at r = 1.5 s
and cleared after ten cycles by disconnecting the faulted line. Notably, due to the converters’
transformer connection, the fault applied to phase a of the transmission line, is effectively mapped
to phase b at the VSC terminal.

It can be seen that the current reference limiter (4.2) and PI current control (4.3) successfully limit
the current magnitude to I,x = 1.2 p.u. within one cycle. Notably, by controlling the current phasor
for every phase, the proposed control explicitly handles sub-cycle overcurrent. Once the fault is
cleared a significant resynchronization transient is observed that can be attributed to controller
windup in the voltage loop (4.1) and GFM angle dynamics (3.9a) and is a known challenge of
reference current limiting.

To further illustrate the positive impact of the generalized three-phase GFM control, the simulation
study has been repeated with standard droop control using the dual-loop inner control structure. In
this case, the current and voltage waveforms are severely distorted because the VSC aims to impose
balanced phase currents and a balanced voltage at its terminal. However, under its current limits,
the VSC cannot maintain a balanced voltage at the terminal during the unbalanced fault. Terminal
voltage waveforms for both controls are shown in Figure 7.8.

—Vo—V Ve

TR

1.5 1.52 1.54 156 1.58 1.6 1.62 1.64 1.66 1.68
t [s]

WAL

1.5 152 1.54 1.56 1.58 1.6 1.62 1.64 1.66 1.68
t[s]

Voltage [p.u.]
o

Voltage [p.u.]

Figure 7.8: VSC voltages during a phase a to ground fault using generalized three-phase droop control
with dual-loop current/voltage control for every phase (top) and standard droop control and dual-loop cur-
rent/voltage control (bottom).

It can be seen that the proposed control successfully imposes a sinusoidal ac voltage waveform at
the terminals of the VSC that is unbalanced to limit the current. In contrast, standard droop control
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results in a highly distorted voltage.

In the above simulations, once the fault is cleared it is observed that system returns to a stable
operating point. However, for longer fault durations the current reference limiting may preclude
resynchronization once the fault is cleared. To illustrate the impact of the balancing gain on the
clearing time of the GFM converter we determined the critical clearing time in simulation for
different values of kp = kg = ks. In addition, we also varied the SCR of the grid coupling to
observe the trend of critical clearing time from weak grid to strong grid. Figure. 7.9 shows that
the critical clearing time increases (measured in ac cycles at the nominal frequency) increases as k;
decreases. In other words, by allowing voltage phase angles for every phase to deviate from each
other, the critical clearing time is increased because a healthy phase can maintain synchronization
with the grid. Additionally, as SCR increases the critical clearing time increases.
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Figure 7.9: Critical clearing time as a function of the phase balancing gain kp = kg = k; for different grid
coupling strengths. The vertical axis shows critical clearing in ac cycles at the nominal frequency.

Positive-negative sequence droop control

Next, we discuss simulation results for the positive-negative sequence droop control (3.2a) and
(3.2¢) that again provides a reference to separate inner control loops for each phase.

The response of the GFM converter to the phase a to ground fault used in this section is shown in
Figure 7.10. Because the fault response is largely determined by the current limiter, the response is
very similar to that of the generalized three-phase droop control shown in Figure 7.7. The current is
again successfully limited during the fault. However, a significantly larger resynchronization tran-
sient and ringing are observed. This response is attributed to the nonlinear response of the negative
sequence droop and its predominantly balanced reference voltage even under severe unbalance.
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Figure 7.10: Response of positive-negative sequence droop control to a phase a to ground fault on a trans-

mission line at = 1.5 s, with CSA current limiting. The fault is cleared after ten cycles by disconnecting
the faulted line.
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7.4.2 Threshold virtual impedance (TVI)

Next, we investigate the response of the generalized three-phase droop control with threshold vir-
tual impedance current limiting (4.9) implemented separately for every phase. The response of the
GFM converter to a phase a to ground fault is captured in the Figure 7.1. Notably, Figure 7.11
shows that the fault current is limited more aggressively compared to that of CSA. Moreover, the
voltage overshoot after clearing the fault is significantly reduced. This can be attributed to the fact
that no integrator wind up occurs in the inner voltage loop when threshold virtual impedance is
used.
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Figure 7.11: Response of generalized droop control to a phase a to ground fault on a transmission line at
t = 1.5 s, with TVI current limiting. The fault is cleared after ten cycles by disconnecting the faulted line.

On the other hand, both active and reactive powers, exhibit significant ringing that can be attributed
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to transient stability challenges that are commonly observed with threshold virtual impedance cur-
rent limiting. Nonetheless, threshold virtual impedance current limiting results in improved fault-
ride-through capabilities.

Finally, we emphasize that using threshold virtual impedance current limiting results in a signif-
icantly increased critical clearing time that is several times longer than the critical clearing time
when using reference current limiting.

Finally, we compare the resynchronization time after the fault is cleared. Figure 7.12 shows the
resynchronization time to within 5% of the nominal operating point after the fault is cleared. Re-
sults are provided for both CSA and TVI as a function of the phase balancing gain kp = kg = kg
for various grid coupling strengths. Figure 7.12 shows that, while there is no obvious trend, with
respect to SCR and current limiting method, the resynchronization time reduces when the phase
balancing gain k; is increased. Therefore, along with the trade-off between phase power and phase
voltage imbalance, kp and ko can also be used to tune the resynchronization time.
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Figure 7.12: Resynchronization time as a function of phase balancing gain k; = kp = kg for TVI (dotted)
and CSA (solid).

7.5 Interactions with system protection

Finally, we investigate interactions of generalized three-phase grid-forming control with distance
protection.

7.5.1 Distance protection

In this study, we focus on the distance relay with quadrilateral characteristics. Figure 7.13 il-
lustrates the quadrilateral characteristic of the distance relay. This relay offers the advantage of
independently adjustable resistive reach and is recognized for its resilience against the impact of
fault resistance [40]. To streamline the relay model, we focus on the digital relay’s logic and mech-
anisms, omitting the inclusion of current and voltage transformers. These transformers typically
step down signals to fit within the operational scope of the relays. Moreover, to facilitate our anal-
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ysis, a Fourier analysis is used to estimate fundamental voltage and current phasors. Operating
based on the estimated voltage and current phasors from the Fourier analysis, the relay computes
the line impedance between the circuit breaker and fault points. All three line-to-line impedance
and three line-to-ground impedance are calculated by the relay. If any of the calculated impedance
values fall within a predefined zone, the relay initiates a trip signal after a defined operating time.

i< of the transmission line
25+ iR 1

-5 0 5 10 15 20 25
Figure 7.13: Quadrilateral characteristic of the distance relay.

Line-to-line (LL) faults have been recognized as critical scenarios leading to protection failures
[26]. Consequently, we have directed our attention towards examining a phase a to phase b fault
as an illustrative case study. It is important to note that the transient stability during fault recov-
ery under LL fault conditions is compromised when using the CSA. This is primarily due to the
occurrence of controller windup within the voltage loop. Consequently, in our simulations, the
TVI method is used as the current limiting strategy for the GFM converter to enhance the transient
stability.

The test system depicted in Figure 7.14 is equipped with four breakers, each paired with a corre-
sponding distance relay (%, %>, %3, and Z4).

These breakers are placed at both terminals of the 40 km double circuit high voltage transmission

480 V / 4.16 kV 416 KV / 230 kV f =60 Hz
n
N HAY)
- 10km, R/X=0.1
S;=1 MW lkm, R/X=0.327 40km, R/X=0.1 s
V,= 480 V

Figure 7.14: Test system with a low-voltage VSC connected to a weak ac system through a distribution line,
double circuit transmission line with four distance relays, and step up transformers.
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line. A phase a to phase b fault is simulated on the upper transmission line, occurring at a distance
p € (0,1) relative to the length of the upper transmission line. Notably, the impedance between the
fault location and relay % is given by pZ;, while the impedance between the fault location and
relay %, is (1 — p)Z;, wherein Z; represents the impedance of each transmission line.

In the case of a phase a to phase b fault involving a fault resistor, denoted as Ry, relays % and %»
evaluate the LL loop impedance by

a —Ib
R R
7% =pZ+Ry <1+1aszz) , (7.1a)
X 30
L, -1,
Z% = (1-p)Z+Ry <1+ﬁ) : (7.1b)
%)

Here, 1%’1 (1,222) and 1%1 (1%2) represent the complex current phasors of phase a and b received by
relay #; at the inverter-side (relay %, at the grid-side), respectively. It should be noted that the
calculated impedance obtained by the relays may differ from the actual fault impedance. Such
deviations can arise due to the presence of fault resistance Ry, as well as the differences between

the inverter-side and grid-side current phasors. For instance, an additional impedance is factored
%15 : ..

into the calculation made by relay 1, and this can be expressed as Ry Ifz ]fz . This additional
R 1 74 1

impedance is influenced by the value of fault resistance Ry and the ratio between the grid-side and

inverter-side current phasor.

Phase a to phase b fault with Ry = 0.001 Q

The distance relay parameters are given in Table. 7.3, including the percentage of the transmission
line length covered by each zone, the resistive reach of each zone, and the operation time.

Protection zone Percentage Resistive reach Operating time

Zone 1 100 % 10.5 Q@ 100 ms
Zone 2 150 % 13Q 250 ms
Zone 3 200 % 15 Q 400 ms

Table 7.3: Distance Relay Parameters.

Figure 7.15 shows the impedance diagram computed by relay %) and relay %, during a phase a
to phase b fault, with fault resistance Ry = 0.001 Q. Notably, the measured impedance from both
relays closely aligns with the actual fault impedance extending from the relay to the fault location.
Given the minimal fault resistance R, the additional impedance calculated by the relays becomes
negligible, ensuring the proper functionality of both relays for normal tripping operations in this
specific scenario.
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Figure 7.15: Phase a to phase b impedance diagram, Z,;,, computed by (a) relay %, and (b) relay %, during
a phase a to phase b fault with Ry = 0.001Q. The red square represents the actual fault impedance between
the respective relay and the fault location.

Phase a to phase b fault with Ry = 5 Q

In Figure 7.16, the impedance diagram measured by relay #; and relay %, are depicted for a

phase a to phase b fault with fault resistance Ry = 5 €. Observations in Figure 7.16b reveal

that relay %, effectively triggers a normal trip due to the close alignment between the impedance

measurement and the actual impedance. However, the impedance measured by relay % deviates

from the actual impedance and leads to a misoperation, as presented in Figure 7.16a. It is revealed

that the additional impedance calculated by relay & manifests as resistive, quantified as 15Q.
a b

Iy, 1%,
a

%1 L%l

Consequently, in compliance with (7.1a), the computed ratio

yields a value of 3.

Considering the distribution line and high voltage transformer, the electrical distance from the fault
location to the grid is significantly shorter in comparison to the distance to the GFM converter. Fur-
thermore, the output current of the GFM converter is limited by its current limiting strategy (i.e.,
TVI). As a result, the contribution of the fault current from the converter becomes inconsequential
when compared to the fault current originating from the grid. In this context, the fault current feed-
ing into both relay %, and relay %, predominantly arises from the grid under a short-circuit fault
in the double circuit transmission line. The fault current from the grid comprises two components.
The first component flows directly from the grid through relay %, to the fault location. The sec-
ond component follows a route through relay %, relay %3, and finally relay %) before reaching
the fault position. Both components have the same phase. Consequently, the ratio of the current
flowing through relay %, to relay #) becomes linked to the line impedance along this particular
route, equating to % = 3 when the fault position coincides with the midpoint of transmission line

1 (i.e., p = 0.5). Furthermore, the additional impedance calculated by relay %, is also resistive,

1-p

m) = % Q. As depicted in Figure 7.16b, the simulation results align

specifically measuring Ry <
with this analysis.
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Figure 7.16: Phase a to phase b impedance diagram, Z,;,, computed by (a) relay %, and (b) relay %, during
a phase a to phase b fault with Ry = 5Q. The red square represents the actual fault impedance between the
respective relay and the fault location.

An important consideration is that, following the tripping action by relay %,, the configuration
of the double circuit transmission line system changes to a single-ended network. As a result,
relay #; can precisely compute the impedance value, enabling it to initiate normal tripping op-
erations. This observation underscores the adaptability and reliability of the protection scheme.
Overall, it is imperative to closely pay attention to the interactions between GFM converters and
transmission system-level protection, particularly in future power systems with high penetration of
inverter-based resources. The fault current of the converter is restricted due to inherent limitations
in the current capacity. Additionally, the current response of the GFM converter is entirely contin-
gent on its control system, a characteristic that sharply contrasts with the behavior of synchronous
generators.
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8. Case study: distribution

This chapter describes a distribution system benchmark system based on the IEEE 13-bus feeder
that was developed in this project to illustrate and verify the unbalanced fault ride through capa-
bilities of the controls developed in this project. The system is used to study the impact of current
limiting strategies on the response of a grid-forming converter in a distribution system with inverse
time overcurrent relays and induction motor loads. Moreover, the system is used to illustrate the
unbalanced cold start method described in Chapter 6.

8.1 Benchmark system

The benchmark system is shown in Figure 8.1 and uses the network data of the IEEE 13-bus feeder.
Inverse time overcurrent relays, a grid-forming converter, and an induction motor load have been
integrated into the system.

————— Single Phase Distribution Line
-------------- Two Phase Distribution Line

Three Phase Distribution Line Grid
646 645 632 633 634
47 T 47 4ot L G— LI_@_W
) I I i ==
Relay 1 XFM-1
L646 L645 > L671 A16KVI480V L634
ABC-G fault\ 4.16kV/480V
611 671 [Relay 2 675 EM
cell 47 1 __IA ! L X J7 47 | = I " C675
Lé611 680 . L671 L692 L675

L652%7 @

Figure 8.1: IEEE 13 bus distribution system with GFM converter, induction motor load, and inverse time
relay (indicated in orange).

8.2 Overcurrent protection

We first study the impact of the grid-forming converter on overcurrent protection during a symmet-
ric fault between Relay 1 and Relay 2 (see Figure 8.1).

8.2.1 Inverse time overcurrent relay

The inverse time overcurrent relay is modeled in this study, which comprises two protection units:
a phase protection unit and an earth protection unit. The phase protection unit is activated when
the current value in any of the phases surpasses the predetermined pickup value. Similarly, the
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earth protection unit is activated when the value of the zero-sequence current exceeds the specified
pickup value. Upon activation of either protection unit lasting for the relay operating time, a trip
signal is generated and transmitted to the breaker.

The relay operating time is contingent upon the pickup value (/ickup) and the time multiplier set-
ting (t7)7s) of the relay. The relay operating time is calculated based on the IEEE standard [41],
expressed as

A
top =1TMS (W +B> . 8.1)

Here, M represents the current expressed in multiples of pickup current (fippy / Lyickup), While A, B, p
are constants selected to shape the desired curve characteristics. These constants are detailed in
Table. 8.1 [41].

Characteristic A B p
Moderately inverse 0.0515 0.1140 0.0200

Table 8.1: Constants for standard characteristics of the inverse time overcurrent relay.

8.2.2 Response to a symmetric ground fault

To investigate on the GFM converter performance on the existing protection relays, a symmetric
ground fault is simulated between Relay 1 and Relay 2. For our initial simulation, the settings of
Relay 1 and Relay 2 have been tuned based on the expected fault current contribution flowing from
the grid (modeled as infinite bus) to the fault, i.e., disregarding the GFM converter. This simulation
illustrates the implications for the fault response of the system when connecting a GFM converter
without updating the protection settings.

In this scenario, Relay 1 trips due to the fault current provided by from the bulk grid (modeled as
infinite bus). However, due to the limited GFM converter fault current Relay 2 does not trip, the
lower half of the system remains energized by the GFM converter, and the fault is not cleared. The
currents across the relay are shown in Figure 8.2a and Figure 8.2b, respectively. We emphasize
that the black dotted line indicates the trip limit of the relays and the blue and the pink dotted
lines indicate the magnitude of the current at which the relay trips after the time specified in the
figure. Notably, as the current magnitude increases the time taken for the relay to trip also reduces
depicting the inverse time relay characteristics.

Next we investigate two broad approaches to avoid misoperation of the protection system. First we
investigate lowering the thresholds of Relay 1 and Relay 2. An alternative solution is to increase
the current rating of the GFM converter.

To avoid the GFM converter feeding into the fault, the settings of Relay 1 and Relay 2 settings are

changed to 70% of their original rating to enforce tripping at lower current that is within the current
capability of the GFM converter. After this change, both relays trip as shown in Figure 8.2¢ and

59



Figure 8.2b. We emphasize that lowering the threshold further would risk tripping the protection
during startup of the induction motor load.

Finally, if the relay settings are kept at their original settings, the GFM converter current limit has
to be increase by 40 % to reliably trip Relay 1 and Relay 2 as shown in Figure 8.2e and Figure 8.2f,
respectively.

This result, highlights the need to investigate existing infrastructure and protection settings before
including the GFM converters into distribution systems in large numbers. In principle, lowering
the relay thresholds may be seen as a more economic alternative to oversizing the GFM converter
to increase its fault current capabilities. However, this option may not always be viable and the
expected inrush current of loads (e.g., induction machines) and transformers has to be well below
the thresholds of the protection system to avoid misoperation. Thus, if the system is already sig-
nificantly loaded, increasing the fault current capabilities of the GFM converter may be the only
viable options.
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Figure 8.2: Symmetric short circuit fault with inverse time relay. The subplots (a), (c), and (e) indicate the
response of Relay 1 while the subplots (b), (d), and (f) indicate the response of Relay 2.

8.3 Cold start of IEEE 13-bus system

Finally, the effectiveness of the generalized three-phase droop control and the impact of the phase
balancing gain kp = kg = ks and distributed cold start methods presented in Chapter 6 are investi-
gated through the restoration of the unbalanced IEEE 13-bus system from a complete blackout.
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The system configuration and parameters are shown in Figure 8.3. Two GFM converters with
different phase balancing gains are connected to the distribution system, and multiple breakers with
load relays in the system are marked in blue color. The simulation results depicted in Figure 8.4,
demonstrate the cold start capability of GFM converters for different phase balancing gains k; and
the gradual connection/energization of loads as controlled by the advanced load relays.

=== Breaker with load relays 4.16kV/480V

————— Single Phase Distribution Line GFM| me=5%
-------------- Two Phase Distribution Line 2 mg =5%
Three Phase Distribution Line ki=1
3IMW s
646 645 632 633 634
$ $ XFM-1
Lo L645 _|_|> L671 4.16KV/480V 1634
4.16kV/480V
GFM
611 684 671 692 675 1
¥ T LT TFI s
— LT - ' %; —— mp=5%
C611 ! C675 mqg=5%
Le11 652 680 L671 LEe2 s kfz 1050

Figure 8.3: IEEE 13-bus distribution system with two GFM converters and breakers with load relays (indi-
cated in blue) responses

GFM converter 1 initiates a soft start at # = 3 s with k; = 10°, and current limiting mitigating inrush
currents. In contrast, GFM converter 2 synchronizes and connects to the system at # = 5 s and
uses k; = 1. The unbalance factors for the terminal voltage and power of the two converters after
completing the system restoration are compared in Table. 8.2.

The results of Figure 8.4(c) and (d) and Table. 8.2 reveal that GFM converter 1 exhibits balanced
steady-state phase voltages but imbalanced active power dispatch across the three phases. In con-
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Figure 8.4: Simulation results for the cold start of the IEEE 13-bus system. Voltage magnitude (a) and
frequency (b) for each phase of GFM converter 1. Active power for each phase of GFM converter 1 (c) and
GEFM converter 2 (d). Total active power of GFM converter 1 and GFM converter 2 (e).
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trast, GFM converter 2 demonstrates a significantly improved balance in active power but exhibits
imbalanced phase voltages. Despite exhibiting imbalanced phase voltages or active power, the to-
tal active power is accurately shared between the two GFM converters as shown in Figure 8.4(e),
emphasizing the ability of the generalized three-phase droop control to adjust the sharing of load
unbalance through the phase balancing gain kp = kg = ks while addressing voltage and power
imbalances during cold start operations.

Description GFM1 GFM2
Voltage unbalance factor 0.08% 2.58 %
Active power unbalance factor 5.40 % 0.74 %

Table 8.2: Steady-state unbalance factors in %.
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9. Conclusion

This project developed a generalized three-phase grid-forming control that can control phase volt-
age with reliable unbalanced fault ride through capabilities. The generalized three-phase grid-
forming control applies grid-forming control and current limiting separately to every phase. In
addition, a phase-balancing feedback is developed to synchronize the controls of every phase and
adjust trade-offs between voltage unbalance, power unbalance as well as the sharing of unbal-
anced load by multiple converters. In this context, two common current limiting methods for
grid-forming control have been extended to enable unbalanced fault ride through and a novel hy-
brid threshold virtual impedance current limiting method has been developed that can effectively
limit the converter current under large phase angle jumps. Finally, we developed an initial method
for distributed cold-start methods for unbalanced distribution feeders that do not require centralized
coordination and leverage the capabilities of distribution connected grid-forming converters and ad-
vanced load relays. Instead of energizing an entire distribution feeder at once, this approach relies
on autonomously sequencing the energization of loads at a more granular level during a cold-start
process initiated by grid-forming converters.

The effectiveness of the control algorithms developed in this project and study the interactions of
grid-forming converters with the system protection, we developed two benchmark systems mod-
eling (i) a segment of a system consisting of a medium voltage feeder and a high voltage double
circuit transmission line used to study transmission faults and interactions of the converter control
and protection with distance relays, and (ii) a distribution system benchmark based on the IEEE
13-bus feeder used to study the impact of unbalanced loads interactions of grid-forming converters
with line overcurrent protection.

Interesting topics for future work include more detailed investigations of transient stability during
faults and after fault clearing as well as more in depth investigations of protection system settings
in converter-dominated systems. Moreover, further research is needed to evaluate the performance
and implementation of decentralized cold start methods for distribution feeders with significant
shares of grid-forming converters.

Finally, while the current limiting methods developed in this project enable a significantly improved
response to unbalanced faults, the topic of current limiting remains the subject of much debate. In
particular, the vast majority of current limiting methods are based on heuristic for specific cases
to some extent. As a result, their response to corner cases can be hard to predict. In this context,
the biggest challenge appears to be that to date no technology-agnostic functional requirements
for fault ride through of grid-forming converters exist that can inform the design and, ultimately,
standardization of current limiting controls and fault ride through strategies.
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