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SUMMARY

The increasing demand for electricity and the proliferation of Inverter Based
Resources (IBR), such as wind and solar power, have signi cantly exacerbated issues with
transmission line congestion and bus voltage stability. As more IBRs are integrated into
the highly interconnected grid, uncontrolled power ows can lead to overloading of
critical components. Additionally, replacing the high-inertia Synchronous Generator (SG)
with the low-inertia IBRs causes substantial uctuations in power system frequency and
voltage, which can disrupt normal grid operations. The state-of-the-art Grid-Following
(GFL)-controlled IBRs face several challenges. They often suffer from control con icts
among different manufacturers, tend to degrade overall voltage stability and may lose
synchronization in some grid conditions. Additionally, they lack the capability to establish
a stable voltage and restart the grid during faults.

Over the past two decades, Flexible AC Transmission System (FACTS) have been the
leading Grid-Enhancing Technologies (GET) for managing grid power ow and bus
voltage in a meshed grid. However, most FACTS devices, such as Static Synchronous
Compensator (STATCOM) or Static Synchronous Series Compensator (SSSC), are
limited to providing either shunt or series support, and while the Uni ed Power Flow
Controller (UPFC) can provide both, it comes with high installation costs due to the high
fault current rating of its series transformer. Additionally, UPFC raises reliability concerns
due to oating series transformer winding, particularly under fault conditions. These
factors, along with lengthy installation times, restrict the rapid deployment and expansion
of FACTS within existing grid infrastructure. Furthermore, FACTS typically rely on GFL
control, which can lose synchronization to the grid and lack of grid-forming capability to
rapidly support the grid and damp transients during a grid event. Addressing these
challenges requires advances in IBR technology and control strategies, including

improved Grid-Forming (GFM) capabilities and enhanced compatibility between various

XX



IBR systems.

Although the future grid is expected to include more GFM-controlled IBRs alongside
currently existing GFL-controlled IBRs, it may take 15 to 20 years for GFM standards and
technologies to mature and become market-ready. In the meantime, the widespread
deployment of GFL-controlled IBRs will continue to present signi cant operational
challenges. To address this gap, a cost-effective, reliable, and easily deployable solution is
needed to enhance grid utilization, improve voltage and frequency stability, and strengthen
the grid in the face of high IBR penetration.

This thesis introduces the concept of a utility-owned grid-enhancing shunt-series
compensator, called GridFormer, which is designed to integrate with existing Large Power
Transformer (LPT)s and enhance both steady-state grid control and dynamic grid support.
The GridFormer consists of a shunt transformer rated at 6% to 8% of system base power, a
Back-to-Back Converter (BTB) converter of the same rating, a small energy storage unit
connected to the converter's DC link capacitor, and a protection relay with high
fault-current capability that allows safe bypassing of the device and restores normal LPT
operation in case of internal faults or external grid disturbances.

Under normal operating conditions, the BTB converter regulates line power ow and
bus voltage, similar to an UPFC. However, the GridFormer offers improved reliability due
to its high fault-current tolerance and grounded converter neutral point. Additionally, with
its internal energy storage and GFM control, the GridFormer can inject both shunt current
and series voltage to quickly stabilize frequency and voltage during grid events.

The thesis begins by outlining the challenges of managing power systems in future
grids with high IBR penetration. This is followed by a literature review of existing grid
management solutions, their limitations in both steady-state and dynamic support, and the
need for the GridFormer. Next, the thesis describes the GridFormer's requirements derived
from a given power system, its schematic, speci cations, and operating modes. It also

proposes various steady-state control algorithms and dynamic grid-support strategies that

XXi



are validated with MATLAB and Hardware-in-the-Loop (HIL) simulation results.

A prototype of the GridFormer concept has been designed and assembled as part of a
DOE-funded project called MCT. This prototype has been tested at Clemson University's
eGrid testing facility and has been validated for its ability to control power ow up to
800 kVA in a 24 kV network under steady-state conditions.

In conclusion, the GridFormer offers a reliable, cost-effective, and easy-to-install
solution that strengthens both steady-state and dynamic grid operations. Its capabilities
make it a promising option for addressing the challenges faced by large-scale, meshed,

and IBR-dominated grids, positioning it as a viable solution for the near-term future.
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CHAPTER 1
INTRODUCTION

1.1 Problem Statement and Background

1.1.1 IncreasingenergyDemandandBoostingElectric TransmissiorPlanning

Over the past few decades, the U.S. has experienced a signi cant rise in total electricity
consumption across residential, commercial, and industrial sectors, largely driven by
population growth, technological advances, and economic expansion [1]. Additionally, the
rising popularity of Electric Vehicle (EV) and data centers is expected to further boost
electricity demand in the transportation and data sectors. The electricity generation
landscape is also shifting, moving away from coal towards natural gas and renewable
resources, primarily wind and solar, due to environmentally friendly policies and the
gradual depletion of traditional energy sources [2].

New energy sources, frequent extreme weather events, and increasing electricity
demand are driving the government and utilities to expand interconnection lines [3]. As
indicated in Figure 1.1, the U.S. total generation capacity has been nearly tripled from
2010 to 2023. However, while the number of interconnection requests has been rising, the
rate of new operational interconnections has declined in recent years. There were nearly
2,600 GW of generation and storage capacity in U.S. interconnection queues at the end of
2023 which is twice as much capacity as is currently installed in the U.S [4]. Nearly all of

the new generation in the queue is IBR such as wind, solar, and battery storage.

1.1.2 NetworkCongestioron the TransmissiorSystem

The increasing integration of renewable energy sources and pending interconnection lines

presents signi cant challenges for real-time control of power ow in the meshed



Figure 1.1: U.S. Installed Generation Capacity vs. Generation Interconnection Queue,
2010 and 2023 [4].

transmission system. Without proper management by system operators, uncontrolled
power ows can lead to reduced transfer capabilities, network bottlenecks, loop ows, and
instabilities in voltage and angle. These issues can result in generator outages, line trips,
and even system blackouts. For example, in 2003, the Northeast blackout began with a
failure in a transmission line, which initially caused a localized blackout in Ohio. This
failure led to overloading of transmission lines connected to neighboring states. At the
time, the only response mechanisms available were either to automatically disconnect the
affected line through its protection system or for system operators to manually adjust load
distribution. However, no alerts were sent to operators in neighboring states to prompt
them to adjust their load distribution. As a result, the overload caused a chain reaction of
transmission line failures, ultimately leading to a widespread blackout across the Eastern
United States. This blackout affected more than 50 million people and caused billions of

dollars in damages. Another example is the 2012 India blackouts, where the utilities had



taken multiple parallel transmission lines out of service for scheduled maintenance,
leaving few transmission circuits connecting the Western and Northern grid regions. Due
to unusually large electrical demand across these transmission links and due to ineffective
measures of the grid operators to reduce loading, the protection system mistakenly
removed them from service and thus resulted in a cascaded black-out for nearly 15 hours,

affecting over 400 million people [5].

1.1.3 NetworkManagemen$olutionsandTheir Limitations

To address these risks, operators must consistently monitor bus voltages and power ows
using technologies like Supervisory Control and Data Acquisition (SCADA) and
Wide-Area Measurement Systems (WAMS), which are equipped with Phasor
Measurement Units (PMU) [6] [7]. Additionally, they need to apply operational limits in
regions where there is excessive generation or demand, a process known as enforced
congestion, to ensure grid security and stability. While these restrictions help maintain
reliability, they also introduce economic costs for both energy consumers and producers,
as limiting generation can reduce energy prices but increase retail costs [8]. Furthermore,
power ow optimization and restrictions are typically updated every 15 minutes, which
does not address real-time balancing requirements. As the number of IBR grows, the
system power ow becomes more unpredictable, increasing the computational challenges
for system operators.

While constructing additional interconnection lines can alleviate network congestion,
the process is slow and complicates real-time operations, further reducing the already poor
utilization of existing transmission lines. To enhance grid capacity and exibility without
extensive infrastructure changes, various GET have emerged. These include advanced
power ow control, dynamic line rating, and topology optimization, with FACTS gaining
popularity due to their technological advances and cost-effectiveness [9]. FACTS are

power-electronics based grid-management devices that are deployed in shunt or in series



with transmission lines and can provide reactive power support for bus voltage regulation
and/or power ow management on the line. Combined with WAMS, FACTS can
signi cantly improve control over existing transmission lines.

While FACTS enable quick local grid management, most of them use GFL control,
which relies on a Phase-Locked-Loop (PLL) for grid synchronization. This PLL
introduces negative impedance to the power system, weakening its overall stability and
increasing the risk of small-signal or transient instability during certain grid events [10]
[11]. Additionally, many FACTS lack energy storage, making them unsuitable for
black-start operations to restore the grid. Another drawback of series-connected FACTS is
the limited fault-current handling capability of their series transformer during short-circuit

scenarios [12].

1.1.4 Needfor DynamicGrid Ancillary Servicesn aHigh IBR-PenetratiorGrid

In addition to managing steady-state power ow, maintaining frequency and voltage
stability is essential for the effective operation of power systems. Instabilities can lead to
protection relays tripping or damage to sensitive equipment. Traditionally, frequency
instability is managed by using speed-controlling governors on generators or through
underfrequency load shedding, while voltage stability is addressed by adjusting generator
excitation [13]. Power System Stabilizer (PSS) are also used for voltage regulation to
damp local and inter-area oscillations. However, these control methods tend to be slow
due to the mechanical and electronic components involved, resulting in little interaction
with the rapid dynamics of transmission lines. Furthermore, control parameters of these
traditional schemes are usually optimized for speci c grid transient scenarios.

The increasing use of IBRs and changing loads is transforming conventional power

system infrastructure and introducing new stabilization challenges [14]:

* As traditional SGs are replaced by IBRs, the overall inertia of the grid decreases,

reducing its ability to manage frequency uctuations.
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* IBRs have fast power generation dynamics, operating in milliseconds. With many
such sources in the grid, traditional SG control loops, which are tuned for specic
generation and load patterns, become inadequate for regulating system frequency and
voltage. Additionally, the rapid dynamics of IBRs complicate their interaction with

transmission line behavior [15].

* Most IBRs utilize GFL control, which can introduce negative impedance, making
the grid more prone to oscillations and small-signal instability [16]. As more
devices depend on GFL control, disturbances can spread more easily, potentially
causing widespread outages. GFL-controlled IBRs typically do not contribute to
frequency regulation or voltage support, and they usually cannot initiate grid
restoration without external power, making them less effective during emergencies.
Moreover, coordinating responses from multiple IBR sources from different

manufacturers can be challenging, complicating overall system management.

The emerging GFM-controlled IBRs synchronize to the grid and share power using P-f
(active power-frequency) and Q-v (reactive power-voltage) droop methods. Unlike GFL,
GFM-controlled IBRs do not depend on PLL for synchronization, resulting in improved
overall system stability under some operating conditions. They can optionally provide
virtual inertia, helping to limit the Rate-of-Change-of-Frequency (ROCOF) and stabilize
system frequency during grid transients [16]. Thus, GFM-controlled IBRs are seen as a
potential solution for delivering dynamic grid ancillary services in future grids dominated
by IBRs.

However, current IBR standards (illustrated in Figure 1.2) primarily focus on GFL
technologies, which may not guarantee adequate performance with GFM resources and
could hinder their deployment [17]. The Universal Interoperability for Grid-Forming
Inverters (UNIFI) Consortium is working on addressing the fundamental challenges and
speci cations of the GFM-controlled IBRs, but it may take 15 to 20 years for GFM

standards and technologies to mature and become market-ready [18].
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Figure 1.2: Evolution of IBR standards [17].

During this transitional period, a signi cant number of GFL-controlled IBRs will be
deployed, complicating both steady-state controllability and dynamic stability of the
power system. Therefore, there is a pressing need for grid management solutions with
grid-forming capabilities that not only manage steady-state properties (such as power
ow, bus voltage, and line impedance) but also handle dynamic voltage and frequency

uctuations.

1.2 Research Scope and Outline of Chapters

This work introduces the concept of GridFormer, a utility-owned, low-cost, reliable, and
easily deployable grid-controlling device that is designed to be fed into existing LPTs. The
GridFormer aims to improve grid utilization, enhance small-signal stability margins, and
provide transient support for voltage and frequency.

The structure of this research is as follows:

» Chapter 2 reviews current GET technologies, highlighting their features and

limitations, and outlines expectations for next-generation solutions.

» Chapter 3 presents an overview of the GridFormer concept, detailing its system

derived requirements, schematic, speci cations and operating modes.

» Chapter 4 focuses on the principles and control schemes of the GridFormer's

steady-state functionalities, including power ow control, bus voltage control and
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line impedance control.

Chapter 5 discusses the dynamic control principles and modes necessary for
handling various grid transients, such as frequency and voltage uctuation after load

step change, inter-area oscillations, blackout, or use of highly uctuating loads.

Chapter 6 provides the detailed implementation of the control platform for the
GridFormer concept and presents HIL simulation results in preparation of the actual

hardware testing.

Chapter 7 showcases the hardware prototype of the GridFormer concept, the

hardware testing schematic and some power ow testing results.

Finally, Chapter 8 summarizes the research ndings, outlines the contributions of this

work, and offers suggestions for future research.



CHAPTER 2
LITERATURE REVIEW

As stated in the introduction chapter, the future grid is expected to see a signi cant
increase in IBRs to meet growing energy demands. These GFL-controlled IBRs with fast
power dynamics tend to cause network congestions and bus voltage variation in
steady-state conditions. They can also cause small-signal and transient voltage and
frequency instability during dynamic grid events. While existing power electronics
devices can manage steady-state conditions, they rely on GFL control, which does not
support frequency regulation or voltage stability during dynamic situations, and typically
cannot restore the grid without external power, reducing their effectiveness in
emergencies.

In contrast, emerging GFM-controlled IBRs share similar power-sharing characteristics
with SGs and offer better synchronization and support in dynamic conditions. However, the
relevant standards and technologies are still in development. To address both steady-state
and dynamic challenges posed by the increasing number of GFL-controlled IBRs during
this transitional period, this thesis explores the concept and implementation of GridFormer,
a cost-effective and scalable power ow controller with grid-forming capabilities.

This chapter will rst detail the challenges in managing the steady-state properties
(power ow, bus voltage, line impedance) of the grid, as the number of deployed IBRs
massively grows. Then, the state-of-the-art grid-enhancing solutions to manage these
steady-state properties are enumerated, including their functions and limitations. Next,
this chapter explains the dynamic network challenges resulting from the growing presence
of GFL-controlled IBRs. Finally, the state-of-the-art implementation of GFM control will
be discussed, illustrating its potential to mitigate dynamic network issues. The section will

conclude with an overview of how GridFormer is expected to address both steady-state



and dynamic challenges effectively.

2.1 Challenges in Managing the Grid Steady-State Properties in a High
IBR-Penetration Grid

Traditionally, power systems and power ows have been controlled using a centralized
approach [19]. This method relies on a central controller that collects real-time data (such
as power ows, voltage levels, and system conditions) from sensors and monitoring
equipment throughout the network, including generation units, substations and loads. The
central controller uses optimization algorithms to determine the most ef cient way to
distribute power while maintaining voltage levels within acceptable limits. This can
involve adjusting generation levels, switching operations, and managing storage systems.
The system operator is required to continuously monitors the system performance and
implement control actions every 1520 minutes to respond to disturbances, such as
changes in demand or generation. This may include adjusting generation outputs or
deploying demand response strategies. A robust communication infrastructure is essential
for transmitting data between the central controller and the various components of the
power system, ensuring timely and accurate decision-making.

However, as power systems grow larger with a massive number of new IBRs
geographically dispersed and interconnected, both computing time in power system
optimization and communication delay between the central controller and units increase
signi cantly. Various solutions emerged to locally manage the steady-state properties
(power ows, bus voltages and line impedances) of the grid, which relieve the burden of
the central controller and are necessitated for a stable power system operation in the future

grid. These grid-managing solutions are enumerated in the following section.



2.2 State-of-the-art Solutions to Manage Steady-State Properties of the Grid

2.2.1 Phase-Shifting Transformer (PST)

A PST is a electro-mechanical device used in power systems to control power ow

without using power electronics. It comprises a delta-connected excitation transformer
and three regulating windings connected in series with the grid, all wound on the same
phase core limb as the excitation transformer. The circuit and phasor diagrams of the PST

are illustrated in Figure 2.1.

Figure 2.1: Schematic and voltage phasor of a PST [20].

The excitation unit connects to the grid and energizes the regulating windings, which
include On-Load Tap Changer (OLTC)s that can inject a variable quadrature voltage into
the grid voltage, effectively shifting the phase angle [21]. This capability allows for the
regulation of line power ow.

While PSTs are considered a cost-effective and reliable solution for power ow control,
they may not offer the same level of exibility or dynamic response as power electronics-
based devices, and the interphase connections can lead to complex fault conditions [22].
Moreover, PSTs primarily in uence active power ow and may not effectively manage

reactive power, potentially requiring additional equipment.
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2.2.2 Variable Frequency Transformer (VFT)

The VFT functions as a continuous PST that achieves variable phase shifts using a rotary
transformer [23]. As shown in Figure 2.2, the stator and rotor of the runkle machine connect
to both sides of the AC system. The phase shift between the stator and rotor is managed by
a torque control machine, which adjusts the line power ow. This torque control machine

is powered by a drive system that operates in parallel with the grid.

Figure 2.2: Schematic of a VFT [23].

The VFT does not generate high-frequency harmonics and avoids adverse interactions
with neighboring generators on the grid. It can also adjust output frequency, allowing for
better integration with renewable energy sources and variable loads of different frequencies.
However, its rotor time constant, measured in seconds, limits its ability to provide rapid
power ow control, and the moving rotor adds operational risks. Additionally, the rotary
transformer must be rated for full power to manage fault currents, making the practical

implementation of VFT complex and costly.

2.2.3 FACTSDevices

Over the past two decades, advances in power electronics and converter applications have
led to the increased popularity of FACTS based on power electronics converters. These
systems enhance grid controllability and power transfer capability in electrical transmission

networks [9]. FACTS devices are generally categorized into three types: shunt-connected
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compensators, series-connected compensators, and combined shunt-series compensators.
The STATCOM is one type of shunt-connected compensators, illustrated in
Figure 2.3a [24]. It features a shunt transformer (MC1) that reduces the line voltage and is
followed by a bidirectional Voltage Source Converter (VSC). The DC side of the system
maintains a unipolar voltage through a capacitor. One key feature of STATCOM is that the
voltage at the Point of Common Coupling (PCC) of the VSC is independent of the line
voltage, allowing for comprehensive reactive power support up to the converter current
rating. One limitation of the STATCOM is on its GFL control manner for grid
synchronization, which may introduce small-signal or transient stability challenges.
Additionally, due to its relatively low DC link capacitance, STATCOM is primarily
effective for reactive power support rather than active power. By integrating an energy
storage unit with the DC link, an Energy Storage Static Synchronous Compensator
(E-STATCOM) can be created, enabling the exchange of active power and providing

transient frequency support to the grid [25].

(a) Simpli ed scheme of a STATCOM. (b) Voltage-current characteristics of a STATCOM.

Figure 2.3: STATCOM [24].

The SSSC is a series-connected device designed to inject voltage and regulate power

ow in transmission lines. Its diagram and voltage-current characteristics are illustrated in

12



Figure 2.4 [9].

Figure 2.4: Schematic and V-I characteristic of a SSSC [12].

The SSSC consists of a series-coupling transformer controlled by a VSC. The winding
inductance of the transformer helps to damp sub-synchronous resonances. When the VSC
injects voltage in quadrature with the line current, the SSSC can effectively alter the
imaginary component of the line impedance.

However, this adjustment alone does not allow for independent control of active and
reactive power ow. To modify the real part of the line impedance, the SSSC requires either
an energy storage system or a DC voltage source to facilitate active power exchange with
the grid. This need for additional components raises installation costs, complicating the use
of the SSSC as a standalone controller. Another concern is that during fault conditions, the
fault current can exceed the ratings of the SSSC transformer and cause damage on the line,
leading to cascaded power system failure. Hence, the series transformer must be designed
with very high voltage (1 pu) and current ratings (5 pu to 10 pu) to handle potential fault
currents. This can signi cantly increase installation and maintenance costs, making the
technology less economically viable. The isolation of the SSSC converter from the ground
is another challenge, since the converter neutral point oats with the line voltage. Similar to
STATCOM, SSSC also applies GFL control for grid synchronization, which may introduce
small-signal or transient stability challenges.

One application of the SSSC is the SmartValve, a product developed by SmartWires.

The SmartValve is a patented, award-winning, modular Static Synchronous Series
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Compensator that injects voltage in quadrature with the line current. This allows it to
create either capacitive!(s) or inductive (+s) reactance, enabling it to transfer power
from overloaded lines or to boost power onto underused lines. Additionally, the
SmartValve enhances voltage and transient stability through its dynamic services and
limits the dynamic fault current during a fault [26].

UPFC is a combined shunt-series compensator that manages both PCC voltage and
line power ow. It comprises a shunt transformer, a series transformer, and two inverters

connected back-to-back, as depicted in Figure 2.5.

Figure 2.5: Schematic of an UPFC [12].

The series inverter injects voltage into the grid via the series transformer to control
power ow. The UPFC can independently regulate both active and reactive power,
necessitating an exchange of active power with the grid, which is provided by the shunt
inverter and shunt transformer. Additionally, the shunt inverter can supply reactive power
to the grid. A bypass switch is included at the output of the series inverter to manage any
fault currents from the inverter. The UPFC offers extensive grid enhancement capabilities.
However, the series transformer winding can fail during short circuit faults, limiting
UPFC reliability. Additionally, UPFC requires isolation for the series converter, making it
less economically attractive for practical applications. UPFC also applies GFL control for

grid synchronization, which may introduce small-signal or transient stability challenges.
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2.2.4 Hybrid TransformeDevices

In recent years, hybrid transformer concepts have been introduced to address some of the
challenges mentioned earlier. A hybrid transformer is a line transformer enhanced with
power electronics, which may or may not include a tap changer. It can support bus voltage
and independently control both active and reactive power in the line. One key advantage
of hybrid transformers is their ability to retrot existing line transformers and utilize
fractionally rated converters, resulting in signi cantly lower installation costs.

Controllable Network Transformer (CNT) was initially designed to manage power
ow in medium-voltage meshed grids [22][27]. Over time, various topologies have been
developed to adapt the CNT for medium and high voltage applications [28]. The CNT
consists of a two-tap transformer (respectively with a turns ratio 1:1+n and 1:1-n) and a
bi-directional, direct AC-AC fractionally rated converter that links the two taps to the
output voltagevy,: through AC chopper$; andS,, as illustrated in Figure 2.6. In fault
conditions, the AC choppers can be bypassed using a fail-normal switch, allowing the
CNT to function as a standard transformer to manage fault currents. CNT signi cantly
saves installation costs by using fractionally rated AC choppers and eliminating the need
for bulky, expensive, and unreliable DC link capacitors.

However, the CNT has several limitations, including (i) a lack of a freewheeling path
due to the four-quadrant switches, necessitating an AC diode bridge snubber or active
snubber [29], (ii) oating voltage on the AC chopper, which complicates compliance with
insulation coordination standards [30], (iii) potentially unreliable operation under complex
fault modes, and (iv) GFL control for grid synchronization, which may introduce
small-signal or transient stability challenges.

The Fractionally-Rated Back-to-Back Controller (FR-BTB) was introduced as a
variation of the CNT by replacing the AC chopper with a back-to-back converter [31]. A
single-phase version of the FR-BTB is illustrated in Figure 2.7. This back-to-back

converter includes a Transformer Side Converter (TSC), a Line Side Converter (LSC), and
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Figure 2.6: Schematic of an CNT [22].

a common capacitor that connects the two. The TSC input is linked between the taps 1+n
and 1-n of an auto-transformer. A fail-normal switch is placed across the converter to
revert the FR-BTB to standard transformer operation during fault conditions.

As the line voltage increases, the FR-BTB offers a wider range of power ow control
than the CNT and can lower implementation costs by decreasing the ratings of the the
auto-transformer and the number of switches [31]. Despite these advantages, the FR-BTB
has some drawbacks, such as the expenses associated with the DC link capacitor and
issues related to oating line voltage on the converter, which pose challenges for
achieving adequate ground isolation. FR-BTB also applies GFL control for grid

synchronization, which may introduce small-signal or transient stability challenges.

Figure 2.7: Schematic of a FR-BTB [31].
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2.2.5 Summaryof the state-of-the-argrid-enhancingolutions

Table 2.1 provides an overview of the existing grid-enhancing solutions.

Table 2.1: Summary of the state-of-the-art grid-enhancing solutions

-

th;

Good scalability at high voltage

Device Pro Con
Cost-effective and reliable Slow dynamic resp(_)nse';
PST . Complex fault condition;
solution for power ow control. | . .
Limited voltage support.
Power ow control without Slow dynamic response; o
. o Large transformer power rating;
VFT high-frequency harmonics; : :
: Drive system increases costs and
Adjustable output frequency. ;
control complexity.
No power ow controllability;
Comprehensive reactive power Energy storage needed for
STATCOM . , :
support up to converter rating. | active power support;
Grid-following control instability.
No reactive power support;
Inherent damping for Coupled PQ control;
SSSC sub-synchronous resonances; | Poor fault current handling;
Fast line reactance control. Challenging converter isolation;
Grid-following control instability.
Poor fault current handling;
Independent power ow control; . ) .
UPFC Reactive bower Support Challenging converter isolation;
P pport. Grid-following control instability.
Need of a passive or active snubbe
_to manage current freewheeling pa
Independent power ow control; ) : :
) . Potentially unreliable operation
CNT Reactive power support; ,
, under complex fault modes;
Cost saving at low voltage. . : .
Challenging converter isolation;
Grid-following control instability.
Independent power ow control Challenging converter isolation;
FT-BTB Reactive power support; ging '

| Grid-following control instability.

It highlights that non-power electronic solutions typically exhibit slow dynamic

responses to changes in power ow commands or voltage transients. Meanwhile, FACTS

power ow controllers face challenges with fault current handling and converter isolation

requirements. Additionally, their grid-following control may struggle with small-signal or

transient stability under certain conditions, limiting their ability to dynamically support
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grid frequency and voltage during disturbances. Hybrid transformers can reduce
installation costs by using lower-rated converters and transformers, but they lack

grid-forming capabilities and cannot provide active support during signi cant grid events.

2.3 Dynamic Network Challenges with Growing IBRs

The massively growing amount of IBRs will not only affect the steady-state grid operation,
but also introduces dynamic voltage and frequency uctuations in the grid. Additionally,
most deployed IBRs are grid-following, its grid synchronization may experience small-
signal or transient instability depending on the grid condition. These phenomenon are

explained in this section to highlight the dynamic network challenges with growing IBRs.

2.3.1 Small-Signalnstability Issueof GFL-controllediBRs

The analysis and conclusion of this section are mainly based on [10]. The general
schematic, control, and grid connection scheme of a GFL-controlled IBR are illustrated in

Figure 2.8a. The parameters of the IBR under study are given in Table 2.2.

Table 2.2: Parameters of the GFL-controlled IBR under study [10].

Description Value
Inverter input dc voltage 270V

D channel grid voltage 99.6V

Q channel grid voltage oV

D channel current reference 11A

Q channel current reference 0A

Line frequency 2 400 rad/s
Inductance of inverter output inductor 970 uH
Resistance of inverter inductor self-resistgr120m
Switching frequency 20kHz
Proportional gain of current controller 0.023
Integrator gain of current controller 25.59
Natural frequency of signal conditional lter 1.23e6 rad/s
Time delay due to digital control and PWM 1.5 switching cycle

When the IBR operates in the constant power mode (which is usually the case), the
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control scheme consists of the following components [10]:

A PLL unit that estimates the frequency and angle of the PCC voltage.

A dg-abc transformation unit that projects the measured IBR output current and PCC

voltage into the dg-frame that is synchronized with the grid.

An output power controller that determines the IBR current reference to meet the

expected output power.

A current controller that determines the modulation index of the converter to meet

the IBR current reference.

The dg-domain small-signal model, including the converter plant and the control units,

is illustrated in Figure 2.8b [10].

(b) DQ-domain small-signal model with PLL,
(a) Schematic, control and grid connection. current and power control.

Figure 2.8: General GFL-IBR control and small-signal modelling [10].

Based on the small-signal model and the given inverter parameters, the converter output

impedance can be derived and plotted in the bode plot, which is shown in Figure 2.9 [10].
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This plot includes four output impedances, respectively for the d-d-cha#gg), (d-g-
channel Zq4), g-d channelZqq), and g-q channelyg). It can be noted that the magnitude

of Z4q is relatively large with a phase angle close th80 at low frequency, as marked in

red in the gure. This indicates thal,q behaves as a negative impedance to low-frequency
voltage disturbances happening on the grid. This phenomenon is caused by the use of
PLL, and the negative impedance affects a wider frequency range with increasing control

bandwidth of the PLL.

Figure 2.9: DQ domain output impedances of the GFL-controlled IBR under study with an
outer power control loop and an inner current control loop [10].

The ratio of the grid impedance to the IBR output impedance is used as a criterion to
determine the small-signal stability of the IBR in the presence of grid voltage disturbances
[32]. Itis found in [10] that IBRs with higher PLL bandwidth are more prone to small-
signal instability when interfacing with large grid impedance (weak grid). Typically, if a
IBR is small-signal unstable at a certain operating point, even a small grid transient will

destabilize the PLL frequency, causing the IBR to inject distorted current to the grid and
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degrade the overall system voltage quality. The overall system stability will be further
degraded with increasing amount of GFL-controlled IBRs in the system, each with different
negative impedance characteristics. This is also a major control challenge when massively

deploying IBRs to the grid.

2.3.2 Transientinstability Issueof GFL-IBRs

According to IEEE standard 1547-2018, IBRs connected to the grid need to have Low
\oltage Ride Through (LVRT) capability, namely to remain connected to the grid and
continue operating during short periods of low voltage conditions, typically caused by
disturbances like faults or sudden changes in load [33]. During the low voltage transients,
IBRs should provide reactive power support, helping to stabilize voltage levels. However,
as reported in [11], the PLL unit in a GFL-controlled IBR may lose grid synchronization

in certain low voltage condition. This phenomenon can be explained using the quasi-static
PLL model that is illustrated in Figure 2.10, where the variablgs., Vg, K4, Kc and
represent the actual grid phase angle, the converter estimated phase angle, the grid
voltage, the grid voltage participation factor on the PCC voltage, the converter current

participation factor on the PCC voltage, and the converter load angle, respectively [11].

Figure 2.10: Quasi-static PLL model by considering converter interaction with the grid
[11].

In steady-state, the g-component of the PCC voltagehould remain at zero to ensure
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that the IBR is synchronized with the grid. There are two control loops, respectively the
grid synchronization loop (blue-colored) and self synchronization loop (red-colored), that
impact the value of,,. During a grid voltage transient, the grid synchronization loop,

acts as a feedback control to regulageto zero, while the self synchronization loop,,

adds disturbance to this feedback control. In the presence of a transient low voltage with
high IBR reactive current support in response to this eventmay largely exceed |,

which results in no equilibrium point of; for v, to be zero. If this happens, the PLL will

lose synchronization, injecting distorted current and degrading the overall system voltage
qguality. The transient stability criterion depends on grid impedance, IBR reactive current
support and grid voltage during the transient. Typically, higher reactive current injection
through weaker grid at lower grid voltage will more likely cause PLL transient instability.

It is hence more likely to see PLL instability with increasing amount of IBRs with LVRT
capability, as the effective grid strength becomes weaker and the total current injection

becomes higher.

2.3.3 System\voltageandFrequencyFluctuation

Conventionally, the power system voltage and frequency are regulated by the SG. The
functional block diagram of power generation and control is illustrated in Figure 2.11
[13]. The Automatic Generation Control (AGC) helps maintain the system frequency by
adjusting the generation output in response to changes in load. It determines the reference
rotor speed based on its power sharing droop. The speed governor compares the reference
speed and the measured speed, and adjusted the valves or gate of the turbine. Higher gate
setting indicates more input power for the SG. The turbine as prime mover rotates the
generator and generates power to the electrical system, supplying loads or interfacing with
transmission system. Due to slow reaction time of the valve and large rotor time constant,
the response time of the speed control is in the range of seconds. As more IBRs are

integrated into the power system, the generation and load pro le become more uctuated
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and unbalanced. Along with the decommissioning of SGs, the total system inertia gets
reduced, causing higher rate of frequency change under the state-of-the-art GFL controls,
which cannot be stabilized by the slow-reacting AGC. Finally, abnormal grid frequency
outside of the nominal operating region will trip generators and IBRs, causing cascaded
blackout events [33]. Since most existing IBRs operate in the constant power mode and do
not have dynamic grid-supporting functionality, the issue of power unbalance will

exacerbate with increasing IBR penetration.

Figure 2.11: Functional block diagram of power generation and control [13].

The functional block diagram of a synchronous generator excitation control system is
illustrated in Figure 2.12 [13]. In this system, the regulator adjusts the eld excitation
through the exciter circuit to maintain the terminal voltage of the SG at a level de ned by
the Automatic Voltage Regulator (AVR), based on measurements from a transducer.
Additionally, the PSS provides extra input signals, such as rotor speed deviation,
accelerating power, and frequency deviation, to the regulator to help damp power system
oscillations.

In future power grids, as SGs are replaced with IBRs that do not provide dynamic
reactive power support, system voltage may uctuate beyond the control capabilities of
the AVR. Additionally, PSS and AVR designs are typically based on a limited number of
power oscillation scenarios within a xed power system regime. However, as the number

of IBRs increases, the power system regime can change rapidly, complicating the tuning of
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Figure 2.12: Functional block diagram of a synchronous generator excitation system [13].

the traditional power system controllers and potentially rendering them ineffective.

2.3.4 Dynamiclmprovementvith Grid-FormingResources

As mentioned earlier, most existing GFL-controlled IBRs lack dynamic grid support for
voltage and frequency. In contrast, GFM-controlled IBRs can inherently provide active
power support during grid frequency deviations and reactive power support during voltage
deviations due to their power-synchronizing nature [17].

The simplest GFM controller is the rst-order droop controller, as illustrated in
Figure 2.13(a). This controller includes an Active Power Control (APC), which sets the
reference frequency | of the converter based on the active power-frequency droop curve,
and a Reactive Power Control (RPC), which establishes the reference output voltage
magnitude Vy.r ) according to the reactive power-voltage droop curve. The converter
reference control angleis the time integral of .

By incorporating a Low-Pass Filter (LPF) into both the APC and RPC, the second-
order droop controller, as illustrated in Figure 2.13(b), can mimic inertia, similar to that of
a SG. This feature helps to limit the ROCOF and voltage uctuations in response to sudden
changes in power set points or power measurements.

During a grid transient that causes a change in the PCC voltagg, (whether in
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Figure 2.13: Commonly used GFM control schemes [34].

magnitude or phase angle, GFM-controlled IBRs initially keep their internal voltage
phasor E) constant aVy..; € . The difference between the internal phaBoandvycc,
generates an output current that inherently compensates for this changg.inin
contrast, GFL-controlled IBRs maintain a constant output power or current during the
transient, which means they cannot immediately address the voltage mismatgh at
Even with a secondary droop controller, their adjustments to the output current reference
occur slowly, delaying the compensation process in GFL-controlled IBRs. The voltage
source behavior of GFM-controlled IBRs is fundamentally different from the current
source behavior of GFL-controlled IBRs, resulting in a better dynamic grid support. As
more IBRs are integrated into the grid, system voltage and frequency become increasingly
unstable. Consequently, GFM sources with energy storage are gaining attention for their
potential to address these dynamic challenges in the future [16][17].

Additionally, a key advantage of GFM control over GFL control is the absence of a
PLL for grid synchronization. This avoids the small-signal and transient instability issues
often associated with PLLs [35][36][37]. GFM resources, as the name suggests, can form
a grid and supply local loads during a blackout or serve as a source for black-starting the
grid [38]. GFM control also exhibits better small-signal stability and voltage disturbance
damping at high level of IBR penetration [39], which can potentially replace PSS of SGs

for power oscillation damping purposes [40].
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2.4 Need for GridFormer to Address Steady-State and Dynamic Network

Challenges

The analysis in the previous sections highlights that current state-of-the-art grid-enhancing
solutions primarily address steady-state grid properties and fall short in tackling dynamic
challenges. Due to their reliance on GFL control, these existing solutions may not perform
effectively under all grid conditions. Moreover, they face practical limitations and
reliability concerns, including high installation costs, inadequate fault-handling
capabilities, and stringent isolation requirements. As IBR penetration increases, these
devices struggle to scale effectively due to economic and technical constraints.

In contrast, integrating GFM capabilities into the grid can address the dynamic
challenges associated with higher IBR penetration. However, current IBR standards focus
mainly on GFL technologies, which may not provide suf cient performance for GFM
resources and could impede their implementation [17]. The UNIFI Consortium is working
with system operators, system regulators and IBR manufacturers to identify key
challenges and establish speci cations for GFM-controlled IBRs [18]. However, without
established standards, manufacturers are hesitated to invest in developing GFM-controlled
IBR products which may not be widely adopted or could become obsolete if standards
change. Utilities and system operators, on the other hand, may be reluctant to adopt GFM
technologies until standardized products are available, since they want assurance that
these technologies will function correctly and meet regulatory requirements. The absence
of standards also limits the ability to test and validate GFM technologies effectively.
Without a clear framework, it becomes challenging to assess the performance and
reliability of different solutions, further delaying their deployment.

During this interim period, given the rapid pace of the energy transition, there will be
a massive deployment of GFL-controlled IBRs on the grid, exacerbating the steady-state

and dynamic network challenges. Hence, there is an urgent need for a cost-effective and
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reliable hardware and software solution for grid enhancement during this period. This
solution should be fast, easily scalable, and adaptable to various voltage levels within the
existing grid to effectively manage steady-state properties while also incorporating GFM

capabilities to address dynamic network issues in the presence of transient grid events.

2.5 Conclusions

This chapter has rst explored the challenges associated with managing the steady-state
properties of the grid. The state-of-the-art grid-managing solutions, including their
functions and inherent limitations, are examined. Additionally, the dynamic network
challenges posed by the growing presence of GFL-controlled IBRs are discussed,
including degraded overall small-signal and transient stability and more uctuated voltage
and frequency property under grid transients.

Furthermore, we presented the latest advances in GFM control, showcasing its
potential to effectively mitigate these dynamic network issues. In conclusion, we provided
an expectation on the GridFormer to address both steady-state and dynamic challenges,

positioning it as a crucial solution for the evolving energy landscape.
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CHAPTER 3
THE GRIDFORMER CONCEPT

The literature review chapter indicates that future power grids, which will heavily rely
on GFL-controlled IBRs, are likely to experience network congestion and variations in
bus voltage during steady-state conditions. Additionally, dynamic conditions may lead to
frequency and voltage uctuations, as well as power distortions, due to control instabilities
associated with GFL sources. In light of this, there is an urgent need for a device designed
to manage the grid effectively, to stabilize steady-state conditions and address dynamic
uctuations as IBR usage increases.

The GridFormer is a candidate for such need. It is a hybrid transformer-based device
featuring a back-to-back connected, fractionally rated converter (with one converter in
shunt and the other in series with the line), along with energy storage for active power
management and dynamic support. It also includes a protection mechanism that allows it
to bypass the series converter during grid faults.

This chapter rst presents the principle of operation of the proposed GridFormer
concept. Then, this chapter outlines GridFormer's general system derived requirements
for grid support, followed by the its converter and energy storage speci cations. This
chapter concludes with the operating modes of the GridFormer and its expected

functionality in each mode.

3.1 Principle of Operation of the GridFormer

The GridFormer concept is based on an existing LPT with open neutral terminal for each
phase, that connects a primary netwggkto a secondary networnk [41]. As shown in
Figure 3.1, the GridFormer module (indicated by the red dashed frame) includes a shunt

transformer (rated & 8% base power) that is Y- connected to the secondary network,
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a fractionally rated BTB converte6( 8% base current or voltage), an energy storage
connected to the converter's DC link, and a protection device, called Fail-Normal Switch
(FNS) [42]. The BTB converter consists of a shunt converter, called TSC, and a series
converter, called LSC. The TSC connects to the shunt transformer, while the LSC
connects its phase terminals to the LPT's open neutral terminals and its neutral terminal to
the ground. The FNS is placed at the LSC output, allowing it to bypass the converter
during internal or external faults, effectively reverting the GridFormer to a standard LPT.
In fault conditions, the energy storage is disconnected from the DC link via a contactor,

and the DC link is discharged to ensure the safety of the BTB converter.

Figure 3.1: Schematic of the proposed GridFormer.

Note that retro tting existing LPT requires accessible neutral for each phase. The LPT
carries the line voltage and power while the GridFormer only outputs fractional voltage
and current for steady-state and dynamic grid management purposes. This con guration
offers two key advantages over series FACTS devices: (i) It eliminates the need for an
additional series transformer, which would otherwise need to be overdesigned to handle
grid fault conditions, resulting in lower installation costs; (ii) The converter neutral can be
easily grounded, simplifying insulation and reducing isolation challenges.

As an utility-owned asset, system operators can remotely adjust the GridFormer control

parameters and control schemes to respond to various grid transients. Both the TSC and
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LSC can operate in either GFL or GFM control modes. In steady-state conditions, the TSC
manages the State of Charge (SOC) of the energy storage by exchanging active power with
the grid through the shunt transformer. Meanwhile, the LSC aligns its control reference
angle with that of the TSC, providing line power ow control or bus voltage regulation by
injecting a series voltage,. The total voltage at the sending end of the secondary network

IS Vout, Which combinews. andv,. This voltage transmits power to the secondary network
receiving endsy through the line impedanag, as illustrated in Figure 3.1.

The GridFormer detects grid transients using measurements like TSC voltage, TSC
current, LSC current, and estimated frequency. During a grid transient, both converters
shift their operating modes. The TSC injects shunt damping current, while the LSC injects
series damping voltage to help stabilize system frequency and voltage. The energy storage
may draw from its SOC to support the grid during this time. Once the grid transient has
passed and all GridFormer measurements return to normal ranges, both converters revert to
steady-state mode, allowing the energy storage to recover its SOC from the restored grid.

The detailed schematic of the BTB converter is presented in Figure 3.2. Both TSC and
LSC consist of four legs. In addition to the three-phase legs, the TSC includes an extra
leg equipped with braking resistoRy;) to discharge the DC link in the event of either an
internal converter fault or an external grid fault. Meanwhile, the LSC features a neutral leg
designed to control the neutral voltage and mitigate unbalanced output currents. The TSC
uses an L-type input lIter, while the LSC employs an LC-type output Iter. To enhance

harmonic damping, a lter resistor is placed in series with the Iter capacitor.

Figure 3.2: Schematic of the BTB converter in the GridFormer.
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The TSC connects to the low-voltage winding of the shunt transformer through two
contactors: the main contactoByi» ) and the precharge contactd,(). The main
contactor, which facilitates shunt current injection from the TSC, is manually controlled
by the user. It remains engaged during normal operation and disengages only in the event
of a fault. The precharge contactor (also referred to as the bypass contactor) is used to
bypass the precharging resistoRs,¢), which limit the inrush current when precharging
the DC link with the diode recti er on the TSC. The precharge contactor remains off when
the DC link voltage V) is below a speci ed precharge threshol,t) and turns on
whenVy. exceeds this threshold. After the precharging state, the TSC control is enabled,
regulatingVy. to the battery terminal voltage. Then, the TSC engages the batteB¢yia
and controls the SOC of the battery. Meanwhile, the LSC control is enabled, managing the
steady-state properties of the grid.

The BTB converter includes a total of 8 voltage measurements and 9 current
measurements. The voltage measurements comprise three line-to-line volkagesrf
the low-voltage winding of the shunt transformer, two DC link capacitor voltageartd
V), and three line-to-ground LSC output voltages.(c). The current measurements
include three TSC input currentgqfnc), three LSC inductor currents, (), and three
LSC output currents §.anc), Which correspond to the line currents.

An exemplary waveform of this principle of operation is illustrated in Figure 3.3. The
DC link voltage, TSC current amplitude, LSC voltage amplitude and the LSC current
amplitude are depicted from top to bottom.

Att=0.5s ( rst dashed line), user closes the main contactors, allowing the converter DC
link to precharge. Att=3.1s (second dashed line), the DC link voltage reaches its preset
level and the precharge bypass contactors are commanded to turn on. A 0.5s duration
is reserved for the contactors to fully turn on. At t=3.6s (third dashed line), the TSC is
enabled to regulate the DC link voltage to the battery terminal voltage. After that the

battery is engaged and the FNS contactors are commanded to turn off. A 0.5s duration
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Figure 3.3: Exemplary waveform illustrating GridFormer's principle of operation.

is reserved for the contactors to fully turn off. At t=4.1s (fourth dashed line), the LSC
is enabled and outputs voltage for different control purposes. The LSC voltage injection

enables current and power ow on the line.

3.2 System Derived Requirements for Grid Support

This section explains the system derived requirements for grid support, which helps to
de ne the requirements for a GridFormer device. In general, for a given power system, this
procedure begins by determining the installation location and number using an optimization

algorithm that accounts for several key factors:

» Optimal Power Flow Analysis. A steady-state optimal power ow analysis can
identify the desired line power ow to minimize congestion, reduce ohmic losses,
ensure the most economical dispatch, or maximize total power transfer, as discussed
in [43][44][45]. GridFormers can then be placed on selected branches to achieve

these targeted power ows.
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« Critical Buses and Stability: Based on the generation and load conditions of the
power system, certain buses may experience signi cant load angle and voltage
discrepancies. GridFormers can be deployed at these buses to support the PCC
frequency and voltage, improving transient stability margins [46]. Additionally,
weak tie-lines with high impedance could contribute to small-signal instability in
GFL-controlled IBRs located near these lines [10]. Deploying GridFormers on these
critical branches enhances the system stability by increasing passivity in response to

PCC voltage disturbances.

* Response to Load Fluctuations GridFormers can stabilize system frequency and
voltage during large load changes. The optimal location for deployment is near
uctuating loads, where the minimal line impedance allows for direct support,

isolating the load variation from the rest of the system.

Once the GridFormer locations are determined, the next step is to de ne the power
rating and con gure the circuit parameters, such as DC link voltage, lters, sensors, cooling
systems, busbars, contactors, and protection schemes. The power rating is based on the
steady-state power ow control requirements, expected grid support, and the operating
environment, including critical buses or uctuating loads.

The energy storage system for the GridFormer must also be designed to match the
power rating and expected duration of grid disturbances. A careful comparison of different
energy storage options is necessary to minimize operating costs while ensuring long-term
reliable operation and maximum ef ciency. Systems with highly uctuating loads will
require a larger energy storage capacity capable of handling a high number of charge-
discharge cycles.

The nal step is to validate the design through both steady-state power system
simulations and transient grid simulations. The control diagrams and parameters can be
re ned based on the speci ¢ case under study. Since the GridFormer relies on sensing

various parameters to switch between operating modes, these sensing variables and
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transition conditions must be carefully designed to suit both the power system and the
GridFormer. Sensing variables must be sensitive enough to trigger the appropriate mode
switch, and suf cient observation time should be allocated to ensure the grid fully

recovers from disturbances before any transitions.

3.3 Speci cations of the GridFormer Under Study

3.3.1 PowerandVoltageRatingof the GridFormer

The application under consideration involves deploying the GridFormer on an existing
5MVA LPT that connects a 24 kV primary network to a 13kV secondary network. The
GridFormer is intended to provide grid control and enhancement services for this
medium-voltage system. Both the shunt current injection and series voltage injection
capabilities of the GridFormer are designed at 0.08 pu. Consequently, the power rating
(Sconv) and voltage rating\ony) for both the TSC and LSC are 400kVA and 1KkV,
respectively.

The shunt transformer is designed with a turns ratio of 13kV to 1kV and a power
rating of 400 kVA. A three-level Neutral-Point-Clamped Converter (NPC) topology is used
for the BTB converter to reduce switching voltage stress and minimize the Total Harmonic
Distortion (THD) of the output voltage and current. The DC link volt&ges setat 1.5kV,
in accordance with the voltage modulation range of a VSC, as shown in Equation 3.1. This
ensures proper modulation performance for the converter.

P~ 2

Vdc 3 §Vconv = 1414V (3.1)

3.3.2 Filter Ratingof the GridFormer

Both the TSC and LSC converters operate at a switching frequéggy ¢f 5SkHz. As

previously shown in Figure 3.2, the TSC is equipped with an inductive input Ltgksc ,
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which serves to damp line current harmonics and reduce the di/dt of input inrush currents.
In contrast, the LSC utilizes an LC- lter to ensure smooth output current and voltage
injection.

The TSC-side L- Iter is designed to limit input current ripple to 30% of the nominal

current {nom ) that is de ned in Equation 3.2.

r _ r_
A 2 Sconv _ 2 400 kVA

om =3 T 3 T1kv

=326 A (3.2)

The maximum input current ripplé&() occurs when the TSC modulation index is zero
and the tertiary winding input voltage is at 1 pu. Under these conditighsand the

inductance of the L- lter L+.rsc ) can be calculated using Equation 3.3.

q

2
Virli 3 Virli

= -— " =30% Ly = =1:65mH 3.3
! fsw Lf;TSC ’ nom) frse fsw 30% 1\nom ( )

win |

The LSC output current ripplé4) depends on the modulation inder(sc ), the output
inductive lter (Lt.sc ), andfg,. The LSC-side L- Iter is designed to limit, to 15% of

Trom - Hencel: sc can be calculated using Equation 3.4.

_ Ve Mise (I myse)

, V.
t, = dc

15% inom Ltisc = A =0:7mH
) ' 8fsw 0:3 Thom
( " )

The parasitic resistanc®(s..sc ) for Lt sc is assumed to b&:1 . To design the

2 fsw Ltisc

lter capacitance Cr..sc ), the power factor reduction is limited to a maximum of 3% at

rated capacity [47]Cr..sc is then calculated using Equation 3.5.

0:03 0:03
Crisc = | =

- (1kv) 2
'g Zb 2 60Hz 200 KVA

=33 F (3.5)

A lter resistor (Rcrsc ) IS added in series with the capacitor to damp resonance

caused byt sc , Crisc , and the line inductancky. Assuming a line impedance of
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0.2 pu and an X/R ratio of &cr. sc IS calculated using Equation 3.6-Equation 3.7.

02 V2 02 (13:08kV)?
= = =7:61 L,=20mH: R, = 0:95 3.6
P, 5MVA ) Lo MA. R (3:6)

Ls. + L 1
fLSC 9 =6:7kHz) Rcrisc = e — =15 (3.7)
f;.LSC * res

Zg

S

res —
Litsc Lg Crisc

3.3.3 EnergyStorageRatingof the GridFormer

Given that the time constants of the SG swing equation and the rotor mechanical
dynamics are on the order of several seconds, the total duration for frequency stabilization
following a load step change is estimated to be less than one minute. The maximum DC
current and the minimum energy storage capacity can be calculated using Equation 3.8
and Equation 3.9, respectively. To prolong the life cycle of the energy storage, it is

recommended to operate within a SOC range of 20% and 80%, resulting in a Depth of
Discharge (DOD) of 60%. A more practical estimate of the required energy storage

capacity is provided in Equation 3.10.

_ Scon _ 400KVA

o= T Tegy - 266A (3.8)
. 1

Cbat;min = lgc tbat =266 A a)h =4:43 Ah (39)
Coatmin _ 443 Ah

Chat:bob 60% = S"";’S” = oo = 7:38AN (3.10)

For the GridFormer application, where the capacity requirement is relatively low but
frequent recharging is needed, Lithium Iron Phosphate (LFP) is preferred over other types
of batteries due to its higher charging/discharging ef ciency, improved safety, longer cycle
life and better temperature performance, all of which are essential for long-term stationary

services [48] [49]. The parameters for the selected LFP battery are shown in Table 3.1

36



[50]. To match the rated DC-link voltage of 1.5kV, 32 modules (each with 48V, 8 Ah)
are connected in series. The cell voltage of the selected module ranges from 45.55V to
46.79V as the SOC moves from 20% to 80% [50]. Scaling this up to 32 modules, the total
voltage ranges from 1457.6 V to 1497.3 V.

Table 3.1: Parameters of the selected LFP battery pack for the GridFormer [50].

Battery model Serial No. Rated Capacity/Energy
Al23 Systems, LIFePOR 55 5705\04c17G1800022  8AN/384Wh
UltrapPhosphate
Size (L*W*H) Mass Topology
304mm*180mm*96mm 8kg 14S1P

Given the nearly linear voltage pro le of the LFP battery between 20% and 80% SOC,
it can be modeled as an RC circuit for the purposes of this discussion. The internal series
resistancdRs of a single module is approximateGm |, resulting in a total resistance of

around0:2 [50]. The equivalent capacitan€, can be estimated using Equation 3.13.

Q= Cpy DOD =8Ah 60% = 4:8 Ah; (3.11)

V =1497:3V 14576V =39V (3.12)
_ Q _ 48Ah 3600sh _

) Ceq= — = 39V = 443F (3.13)

3.4 Operating Modes of the GridFormer

The operational modes of the GridFormer are shown in Figure 3.4. These include a steady-
state mode that manages the grid steady-state properties, as well as four dynamic modes
designed to stabilize the grid during transient events.

In steady-state mode, the TSC controls the DC link voltage or the SOC of the energy
storage by managing the exchange of active power with the grid through the shunt
transformer. The LSC uses the control reference angle from the TSC to regulate bus
voltage, line impedance or the line power ow. The GridFormer detects grid transients by

monitoring uctuations on the PCC voltage, output current and internal reference
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Figure 3.4: The operating modes of the GridFormer.

frequency.
Four grid transient modes are addressed in this thesis: Voltage and frequency

stabilization, Power Oscillation Damping (POD), black-start, and voltage icker damping.

» Voltage and frequency stabilizing mode The system transitions to this mode
when GFM control internal frequency or the PCC voltage amplitude of the TSC
exceeds the safe operating range, indicating grid transients such as voltage sag/swell
or frequency overshoot/undershoot. Once in this mode, the TSC applies GFM
control to support grid frequency and voltage. After the AGC and AVR loops of the
SG stabilize the grid, the GridFormer will return to steady-state mode once its
internal reference frequency and its measured PCC voltage amplitude remain within

safe limits for a set period. The control scheme is detailed in section 5.1.

« POD mode Power system oscillations, such as local mode (0.7 Hz-2Hz) and
inter-area mode (0.1 Hz-0.8 Hz), occur due to electromechanical swings among SGs
after a disturbance [13]. The GridFormer can counteract inter-area mode
oscillations by leveraging its inherent positive output impedance at low frequencies.

In this mode, the TSC maintains GFM control while the LSC injects reactive power

38



to damp oscillations on the TSC internal reference frequency. The transition to this
mode occurs when the band-passed (0.1 Hz-2 Hz) component of the LSC output
current amplitude exceeds a threshdli@,, and it reverts to steady-state mode
when the band-passed component drops b&lidjy . Detailed control for this mode

is explained in section 5.2.

Black-start mode: This mode activates when the GridFormer detects islanding,
signaled by a sudden drop in line current, internal frequency, or bus voltage [51].
These indicators are combined to prevent false detection during normal transients
[52]. The black-start process includes energizing the LPT, restoring the voltage in
islanded mode, synchronizing the micro-grid with the main grid upon grid
restoration, and recover the GridFormer's steady-state functionality. The control

scheme and sequence are detailed in section 5.3.

Voltage icker damping mode: When large Electric Arc Furnace (EAF)
equipment operates in constant power mode, the arc current can uctuate due to
random changes in the arc resistance. These uctuations in arc current lead to
variations in both active and reactive power on the EAF secondary circuit, which
then spread to other parts of the power system through line impedances. This, in
turn, causes variations in the PCC voltage amplitude, leading to light ickers if the
voltage changes are signi cant and within a frequency range sensitive to human
vision (6 Hz 10Hz). Upon detecting such voltage ickers, the GridFormer
switches to voltage icker damping mode. In this mode, the TSC is used to
effectively compensate for the line uctuating current, while the LSC is used to
compensate for the ickered voltage on the EAF bus. Details on the control scheme

and simulation results for this mode are provided in section 5.4.
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3.5 Conclusions

This section began by introducing the principle of operation of a GridFormer device.
Then, this section outlined the GridFormer’s general system derived requirements for grid
support, including its optimal deployment location, power rating, and storage capacity
based on the speci ¢ power system. Following that, the speci cations for the GridFormer
being studied were presented, including power and voltage ratings, Iter ratings, and
energy storage capacities. Finally, the various operating modes of the GridFormer were
discussed, highlighting that the steady-state mode manages the grid steady-state
properties, while the dynamic modes address grid uctuations. In conclusion, this
comprehensive overview provides a clear understanding of the GridFormer's
requirements, speci cations, and operational capabilities, emphasizing its critical role in

enhancing grid stability.
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CHAPTER 4
STEADY-STATE CONTROL OF THE GRIDFORMER

In the previous chapter, a high-level overview of the GridFormer was provided, covering
its general requirements, schematic, the role of each component, and its operating modes.
The GridFormer is designed to manage line power ow, bus voltage, or line impedance in
steady-state mode, while addressing grid uctuations during dynamic operating modes.
This chapter delves deeper into the steady-state control mode, detailing the control
strategies for both the shunt and series converters to fulll various steady-state
management tasks. Additionally, simulation case studies are presented to validate the

control performance in command tracking and during grid disturbances.

4.1 TSC Control Scheme

In steady-state operation, TSC serves to exchange active power with the grid to maintain the
converter DC link voltage or the energy storage SOC balanced. The schematic of the TSC
is illustrated in Figure 4.1, with its input side connected to the line via-# connected
shunt transformer. The input line-line voltage is denoted,aswhile the input current is

denoted as; . The DC link capacitor voltages are respectively denoted,andV,.

Figure 4.1: Schematic of the TSC in the GridFormer.
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The TSC can apply either GFL or GFM control methods. In the GFL control mode, a
PLL is applied tovy, , to determine the line voltage phase angle, which is also the LSC
control reference angle,sc. Due to the Y- connection of the shunt transformer, the
TSC control reference anglersc, lags the line phase angle 139 . The total DC link
voltage vy, which is the sum of the upper and lower DC capacitor voltages, is used for DC
voltage balancing control of the TS, is transformed into its dq componemSsc.dq,
using sc, while the TSC currenty , is converted to dq formysc.qq, USING Tsc.

The main goal of the TSC control is to maintain the DC link voltagg,, or
equivalently, the SOC of the energy storage, by regulatiRg.q. The reference value,
irscq, is determined by a PI controllekyq., which processeqvy)®  Vvi, or
SOC SOC. iygcyqis setto zeroin this study since there is no reactive power needed to
balance the DC link voltage. If LVRT capability is expectegs.., can be set accordingly
to regulate the PCC voltage. The reference DC voltageor the SOC referenc§OC ,
should be adjusted gradually to limit the rate of change gf .

Next, the error betwee'nrsc;Olq andirsc.aq IS passed through a current Pl controller,
ktsc.cc, Which generates the modulation ind@gsc;dq. To mitigate inrush current during
start-up, Vrsc.aq IS fed forward intomTSC;dq. ktsc.cc has anti-windup and an output
saturation limit of 1.15 pu to constrain the TSC output voltage.

In cases of unbalanced input current or overmodulation in the TSC, a neutral current
may arise, causing an imbalance between the positive and negative DC capacitor voltages,
vp andv,. A slow PI controller,krsc.vc, is employed to generate the zero-sequence
modulation indexmy s¢.q, from the voltage difference betwegpandv,. Finally, the dq0
modulation indicesm;gc.q4q0, are transformed back to the abc-frame and applied for
modulation. The aforementioned TSC GFL control scheme is illustrated in Figure 4.2.

When the TSC is controlled in GFM mode, it employs a second-order droop controller
with alow-pass lter, as described in subsection 2.3.4, to limit the rate change in the internal

control reference of the frequency(sc) and the voltagewsc.4). To protect against
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Figure 4.2: TSC GFL control scheme in the steady-state mode.

excessive output curreifsc.qq, a current-limiting virtual impedance is subtracted from
Vrsc.q @Nd the resulting value is used to calculate the TSC modulation imagxs. 4,
through a scaling facto@{’;;%, whereV, is the measured battery terminal voltage. The
implementation of this current-limiting virtual impedance is well documented in [53]. The

control scheme of the TSC in GFM mode is illustrated in Figure 4.3.

Figure 4.3: TSC GFM control scheme in the steady-state mode.

4.2 LSC Control Scheme and Controllability

In steady-state operation, the LSC aims to manage line power ow, regulate grid voltage, or
adjust line impedance under both balanced and unbalanced network conditions through its
series voltage injection. Note, an unbalanced line current may arise due to an imbalance in
voltage on either the primary or secondary side of the network. If not properly addressed,
this can introduce a 120 Hz component into the line current and power ow, which can

negatively impact power system performance. To mitigate this issue, the neutral leg of the
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LSC is modulated to trap the unbalanced current, ensuring that only the balanced portion
of the current feeds into the secondary network. This helps maintain stable and ef cient
operation of the power system.

The schematic of the LSC is illustrated in Figure 4.4, where its phase outputs are
connected to the phase neutrals of a Y-Y congured LPT. The current on the Iter
inductor L+.sc ), the voltage on the lter capacitoC¢ sc ) and the current output to the
grid are respectively denoted &sipen, Vo.abe @Ndig.ane. This section covers the line power
ow control, grid voltage control and line impedance compensation of the LSC in the

steady-state operation.

Figure 4.4: Schematic of the LSC in the GridFormer.

4.2.1 Line PowerFlow Control

To understand how LSC controls the power ow and its controllability, a voltage phasor
diagram is illustrated in Figure 4.5, which is derived from Figure 3.1 and illustrates the
relationship between voltages and currents in the power system under study. The LPT
primary and secondary side voltage are respectively denoteg @advs.. The range

of the converter voltage, forms a circle with radiud/|'s. equal to the converter voltage
rating. The sending-end voltage,, is the vector sum ofs. andv,. Let ; represent the
phase angle betweeg,; andvs. and let , represent the phase angle betwegrand the

grid voltagevy. The phase angle; can be controlled by adjusting the LSC injected voltage
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Vo, but , is unaffected by,. The line impedance and current are respectively denoted as

zy andig.

Figure 4.5: \oltage phasor diagram of the GridFormer application under study.

As a result, the grid currenf and the line power owP Q between the primary and
secondary networks are made up of two components: a xed Ba@yx , which is
determined by the power system, and an adjustableP&¢r , which is controlled byv,.
The calculation foiig, P andQ are provided in Equation 4.1-Equation 4.3. From these
equations, it is clear that the power ow range of the GridFormIQgk |, is directly

proportional to%. This implies that a higher converter voltage rating and lower
line impedance increase the GridFormer's ability to control a wider range of power ow.
Given the valuesy = vpr = 1pu, V'sc = 0:08puy zg = 0:1 pu, the power ow range is

approximately 0.8 pu.

o . Ve Vg V.

Ig = lgfix +liger = Sczg ? + Z—: (4.1)
P = Ref A Gg = Ref Vg (ig;fix + ig;GF)g = Psix + Pgr (42)
Q=1Imfvy igg= Imfvy (igsix *+ iger)d= Qrix + Qor (4.3)

Equation 4.2 and Equation 4.3 can be rewritten in the LSC control reference dg-frame:

P = Vga Iga* Vgq lgg (4.4)

Q= Vg4 igqt+ Vgq igd (4.5)
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Given a line power ow operating poir® Q , rst, this power ow command is slew
rate limited to minimize overshoot in the line current control performance. Then, the

reference grid current is derived from Equation 4.4 and Equation 4.5, with the result

g;do’
shown in Equation 4.6. Notey,.qq can be equivalently replaced with the TSC input
voltage, Vrsc.aq, When both are normalized. To remove the unbalanced component,

VTsc.dq, IS ltered using a notch lter at 120 Hz.

2 3 2 3
QVg;d Vaoiq % 5 3 QVTsc;d VTscyq g 5 3
9 Vgid Viscqg  Vrscd
g g"% = #9 £ = 6" 4.6
Voa+ Vag Q Visca + Viscy Q (4.6)

qu
To control both the positive- and negative-sequence components of the LSC current,
the following voltage and current control loops operate in the abc-frame. This requires

transforming .4, into i using the control reference anglesc . The error between the

g;abc

Ig:anc @Ndig:anc IS passed through a Proportional-Resonant (PR) contrétiByg, which
generates the LSC output voltage referengg,.. Next, the error in the output voltage is
processed by another PR controlleRR,,, which produces the inductor current reference,
io.ane 1he reference for the neutral curreny,, is calculated as described in Equation 4.7.

Finally, the inductor current error is sent through a PR contrdid®;,, to determine the

modulation indicesm, s, for the a,b,c and neutral leg of LSC.

io;n = (io;a+ io;b+ io;c) (4-7)

4.2.2 Sending-endsrid VoltageControl

According to the voltage phasor diagram shown in Figure 4.5, any sudden voltage change
in the primary network will re ect on the LPT secondary side voltage causing a shift
in Voue. Similarly, a transient voltage change in the secondary netwpukll result in a

sharp disturbance iy, Vo, andvoy.
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Hence, in the output voltage control mode, the goal is to modulate the LSC to maintain
a desired target voltage,,.,, at the sending-end of the primary network. Fingt,.q, is
slew rate limited, to prevent abrupt changes in line current and power ow. Then, based on
the voltage phasor diagram, the LSC voltage referengg,, is calculated as shown in
Equation 4.8. NoteVscanc Can be equivalently replaced with., when both are

normalized. Nextyv Is processed through the same output voltage controller and

0;abc
inductor current controller used in power ow control mode, ultimately generating the
modulation index. The grid voltage control range is equal to the LSC voltage range, which

is 0.08 pu.

Voiabe = Voutabe  Vscabc = Voutabe — Virll (4-8)

4.2.3 Line Impedance&Compensation

Most existing IBRs are operating in the GFL mode. As noted in [10], GFL-controlled
IBRs with high PLL bandwidth and signi cant current injection can become unstable when
connected to a weak grid. Once an IBR is in place, the system operator can only modify
its operating point, not its control parameters. Hence, once the grid condition triggers PLL
small-signal instability, the system operator needs to either disconnect or reduce the IBR
power output. This results in reduced power generation and may lead to a large unbalance
between generation and load, resulting further in power system transient instability.

One way to address this operational challenge is to implement the GridFormer at the
IBR interconnection point. By using LSC of the GridFormer, the operator can adjust line
impedance and strengthen the grid, helping to prevent instability in GFL-IBRs. The optimal
line impedance adjustment uctuates with changes in grid strength and the IBR operating
conditions. The line impedance compensation begins by converting the line agrient
into its dg componentg;.qq, Which is Iltered using a notch lter at 120 Hz to decouple

the effect of a potential grid current unbalance. Next, the LSC reference valiages

47



calculated by multiplyindq.qq by the desired compensating impedaigg,,,.., and then
converting this back to the abc-frame. This reference voltage is then processed through the
same output voltage controller and inductor current controller used in power ow control
mode, ultimately producing the modulation index.

The maximum line impedance compensation ranf&ompmaxj, IS de ned by
Equation 4.9, whergV/sc] represents the LSC voltage rating a’r\gj indicates the
real-time grid current magnitude. Therefore, controllability improves with a higher LSC
voltage rating and a lower grid current.

. Ve
JZ comp:max ) = JE\—SCJ (4.9)
g

The control schemes of the aforementioned power ow control, sending-end voltage

control and the line impedance compensation, are illustrated in Figure 4.6.

Figure 4.6: LSC control scheme in the steady-state mode.

4.3 Simulation Validation of the GFL-Controlled GridFormer with Balanced DC

link Voltage

The following subsections present the Matlab simulated steady-state performance of a

GFL-controlled GridFormer across ve scenarios, including (i) GridFormer operating
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under power ow control, tracking command3Q , (ii)) GridFormer operating under
power ow control during grid voltage transient, (iii) GridFormer under power ow
control with a 2% voltage imbalance in the grid, (iv) GridFormer operating under
sending-end voltage control, tracking the reference output vol¥4gg,,, and (v)
GridFormer under sending-end voltage control during grid voltage transients.

The power system under study has been depicted in Figure 3.1, with a single
GridFormer positioned between a controllable primary and secondary network. The
power system parameters, GridFormer control parameters and the dynamics of the ve
simulated scenarios are provided in Table 4.1, with the variables that have been de ned in

Figure 3.1, Figure 4.2 and Figure 4.6.

Table 4.1: Matlab simulation parameters to validate the GridFormer steady-state
functionalities

Power system and GridFormer parameters in the Matlab simulation

Vpr Vg Zyg Line X/R ratio Ve
0.9 pu 0.9pu 0.1pu 8 0.96 pu
I<vdc;PI kTSC;cc;PI I(LSC;ig;PR kLSC;vo;PR kLSC;io;PR
(1,D)pu (5,5)pu (3,30)pu (0.5,10)pu (1,D)pu
Case 1: Power ow control tracking poinBsQ with v, = Vgig = 0:9 pu
t=3s t=7s t=13s t=22s t=29s
(0.2, O)pu (0, 0.2)pu (0, -0.2)pu (-0.2,-0.2)pu (0, 0)
Case 2: Transienvg;; Vgrig ) under power ow control withP Q =(0.2,0)pu
t=6s t=8s t=13s t=16s t=21s

(0.9,0.93)pu| (0.9,0.87)pu| (0.93,0.9)pu| (0.87,0.9)pu | (0.9,0:9\ 3 )pu
Case 3: Power ow controlf =0.1 puQ =0) with 2% unbalance ifg;iq
Case 4: Bus voltage control tracking poiMg,.,, With vpr = vgig = 0:9 pu

t=0s 12s 27s 43s
(0.93, 0.05)pu (0.87, 0.05)pu (0.87,-0.05)pu (0.9, O)pu
Case 5: Transient/f;; Vgria ) Under voltage control witN,..4,=(0.9,0)pu

t=8s t=20s t=40s t=53s t=62s
(0.95,0.9)pu| (0.85,0.9)pu| (0.9,0.95)pu | (0.9,0.85)pu| (0.9,0.9)pu
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4.3.1 Casel: GridFormerPowerFlow CommandlrackingPerformance

The Matlab simulation results for power ow command tracking in a balanced network are
shown in Figure 4.7. The top to bottom plots display the DC link voltage, the phase A
current of the TSC, the phase A current of the LSC, and the line power ow, respectively.

Five sets of power ow control reference, as de ned in Table 4.1, are simulated.

Figure 4.7: GridFormer power ow reference tracking performance.

Initially, the DC link capacitor voltages ramp up from 0 to the precharge level of

2e = 607V during the precharging phase, and then reach the steady-state value of

<

-« = 720V. Thanks to the voltage balancing controller in the TSC, there is no voltage
mismatch between the upper and lower capacitors. The zoomed-in view revealg.that
overshoots by up to 20V when the power ow reference changes, but this is fully

corrected within approximately 3s. The TSC current and LSC current increase linearly
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with the rising power ow command. The line power subplot compares the power ow
command with the measured power ow, showing that all power ow references are
accurately tracked, with a control settling time of around 1s. The slew rate of the line

power reference in this study is 500 kVA/s or about 0.1 pu/s.

4.3.2 Case2: GridFormerPowerFlow Control Dynamicsat Grid VoltageTransients

Figure 4.8 illustrates the GridFormer power ow control performance when the power ow
is set to a xed value of (1 MW, 0 MVAr), but the primary or secondary network voltages
deviate from their nominal value of 0.9 pu. The plots from top to bottom show the DC link
voltage, bus voltage, LSC output voltage, LSC output current, and line power ow.

The sequence of voltage transients and control responses are as follows:

Initially, at t=5s, after the DC link voltage stabilizes, the LSC injects 0.02 pu voltage,
enabling a 1 MW power ow. The output voltage at the sending eng,js = 0:92 pu
Att=6s,Vyiq rises to 0.93 pu, whilg,, remains at 0.9 pu, temporarily reducing the power
ow to 0.5 MW. To restore the power ow to 1 MW, the LSC gradually increases its output
voltage to 0.05 pu, bringing,,; to 0.95 pu and fully regulating the power ow by t=8s.

Next, vgrig drops to 0.87 pu whiley,, stays at 0.9 pu, causing the power ow to rise
to 2MW. In response, the LSC reduces its output voltage to 0.01 pu, loweringto
0.89pu, and by t=13 s, the power ow is regulated back to 1 MW.

Following this, v, increases to 0.93 pu whilgyiq drops to 0.9 pu, resulting idoy
stabilizing at 0.92 pu, maintaining the desired power ow with no further adjustments
needed. At t=16 sy, drops to 0.87 pu whilegyiy remains at 0.9 pu, which reduces; to
0.9 pu and temporarily drops the power ow to zero. The LSC gradually increases its
output voltage to 0.05 pu, restoring, to 0.92 pu and the desired power ow by t=20s.

Finally, bothvy,, andvyiq return to the nominal 0.9 pu, withiq laggingv,, by 3 .

This causes the line power ow to jump to 1.5MW and reactive power to 1 MW, but

the LSC gradually regulates it back to 1 MW. Throughout the process, the TSC maintains
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Figure 4.8: GridFormer power ow control dynamics at grid voltage transients.

stable control of the DC link voltage, and power ow is consistently regulated within 5s
following each voltage transient.
These steady-state and transient results con rm the proposed control scheme's ability

to maintain fast, stable, and independent power ow control.
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4.3.3 Case3: GridFormerPowerFlow Control Performancavith 2% Unbalancen v,

The unbalance ofy is de ned by the ratio of the negative sequence compowerib the

positive sequence componeft, as described in Equation 4.10-Equation 4.12.

Vg.a = ¥ cos(t ) + ¢ cos(t) (4.10)
2 2

Vgb = ¥ cos(t ?)+ ¢ cos(t + E) (4.11)
2 2

Vgc = ¥ cost + ?) + ¢ cos(t ?) (4.12)

The goal of the control system is to balance the grid current and regulate the line
power ow to a target value ofP ;Q ) = (500 kW ;0) while minimizing second-order
harmonics. Before t = 9s, the LSC neutral leg is inactive, meaning there is no mitigation
of the voltage unbalance. After t = 9s, the proposed control is activated to reduce the
unbalanced current. The results are illustrated in Figure 4.9 , showing the DC link voltage,
LSC voltage, LSC current, line power, and grid voltage from top to bottom.

By t=2s, the precharging phase is complete, and the TSC regulates the DC link voltage
to its reference value. Att = 9s, when the neutral leg is activated, neutral current injection
causes a deviation between the upper and lower DC link capacitors. This deviation is
gradually corrected by the TSC zero-current control. The LSC voltage initially shows a
transient DC offset, which is compensated in steady-state. The LSC output current starts
out unbalanced, with, 1. > 1., but becomes balanced once the neutral leg current
control is activated. Initially, the line power ow shows signi cant second-order harmonics,

which are greatly reduced after the unbalanced current control is applied.

4.3.4 Case4: GridFormerSending-end/oltageReferencdrackingPerformance

The performance of the GridFormer in tracking the primary network sending-end voltage
reference is shown in Figure 4.10. The DC link voltage, LSC voltage, and both the

reference and measured valuesgf.qq are presented from top to bottom in the gure.
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Figure 4.9: GridFormer power ow control performance with 2% unbalancg.in

After the precharge phase, the initial GridFormer output voltage is
Vourdq = (0:9pu;0). The command,,.q, starts at (0.93pu,0.05pu) and sequentially
changes to (0.87 pu,0.05pu), (0.87 pu, 0.05pu), (0.9pu,0) at t=12s, t=27s and t=43s,
respectively. The LSC output voltage referenge..q, has a slew rate of 0.008 pu/s, and
the measuredsc.qq closely follows the command. The DC link voltage experiences
transients with a maximum overshoot of 40V after changipg. Both the upper and
lower capacitor voltages remain well-regulated at 720V during steady-state operation.

The power ow through the line also adjusts according to the diffevgptvalues.
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Figure 4.10: GridFormer sending-end voltage reference tracking performance.

4.3.5 Caseb: GridFormerSending-end/oltage Control Dynamicsat Voltage Transients

Figure 4.11 illustrates the GridFormer's sending-end voltage control dynamics during
voltage transients. Th/:.q; Vgria.a ) Values change sequentially through (0.95 pu, 0.9 pu),
(0.85pu, 0.9pu), (0.9pu, 0.95pu), and (0.9pu, 0.85pu). The control objective is to
maintainvot.qq at (0.9 pu, 0) during these uctuations. The DC link voltage, LSC voltage,
both the reference and measured valueg,@fi,, and the grid voltage are shown from top
to bottom in the gure.

It is observed that,.qq deviates from the steady-state value (0.9 pu, 0) after each
voltage transient. In response, the LSC adjusts by setting a reference compensation voltage

to bringveutdq back to its target value, As with steady-state control, the settling time

ut;dqg *
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Figure 4.11: GridFormer sending-end voltage control dynamics at voltage transients.

of the output voltage is determined by the slew rate of the LSC reference voltage. Both the
steady-state tracking and dynamic control results demonstrate the stability and precision of

the GridFormer's output voltage control scheme.

4.4 Simulation Validation of the GFM-Controlled GridFormer with Balanced SOC

and Line Impedance Compensation in a IBR-Dominated Weak System

This case study validates GridFormer's enhancement on the grid strength that is crucial to
maintain the interconnected GFL-controlled IBRs stable. In this case study, the GridFormer

is positioned between a weak grid and a GFL-controlled IBR, as illustrated in Figure 4.12.
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Figure 4.12: Power system under study with the GridFormer deployed between a weak grid
and a GFL-controlled IBR.

The weak grid consists of a 24 kV stiff voltage source followed by a line impedance of
Z,=(0.32+j0.96)pu. The IBR bus injects 0.6 pu active power into the system with a PLL
bandwidth of 300 Hz. The GridFormer's TSC operates in GFM control mode, regulating
the SOC of the energy storage at 80%, while the LSC compensates for 0.1pu line
inductance. Note, the GFL control mode also enables the TSC to regulate the energy
storage SOC and allows the LSC to control line impedance. However, GFL control may
lead to instability in the GridFormer converters under weak grid conditions, degrading the
PCC voltage strength. In contrast, GFM control can naturally strengthen the GridFormer's
PCC voltage, enhancing the stability margin of the adjacent GFL-controlled IBRs.
Therefore, applying GFM control on the GridFormer is more appropriate than using GFL
control in weak grid scenarios.

To demonstrate the individual grid-enhancing capabilities of the TSC and LSC, the

following simulation scenario is executed:

* Initially, both TSC and LSC are disabled — no shunt current is injected by the TSC,

and no series voltage is injected by the LSC.

* Att = 2:55 only the TSC is activated, injecting shunt current to balance the SOC

under GFM control.
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 Att = 17:55 the LSC is enabled, injecting series voltage to compensate for 0.1 pu

of line inductance, while the maximal compensation can be calculated through

Equation 4.9, which i& compmax = %?68&“ =0:13pu

First, the IBR control dynamics are illustrated in Figure 4.13a, where the IBR reference
current, measured current and PLL frequency are shown on the left, and the three-phase
IBR current at each simulation stage are displayed on the right. The control dynamics
of the TSC and LSC are shown in Figure 4.13b, where TSC output power, PCC voltage
magnitude and energy storage SOC dynamics are illustrated on the left, and the LSC output
voltage, modulation index and equivalent line impedance are shown on the right.

Figure 4.13a shows that the IBR current gradually increases to 0.6 pu. However, at
2:46 swheniq reaches 0.6 pu and the GridFormer is disabled, the PLL frequency estimated
by the IBR becomes unstable, leading to divergence and large harmonic distortion in the
IBR three-phase current. At 2.5 s, when the TSC is activated, it starts injecting power into
the grid to compensate for the IBR harmonic currents, which reduces the voltage ripple
at the PCC of the IBR. This marginally stabilizes the PLL frequency between 53 Hz and
80 Hz, though not completely. The current harmonics of the IBR are signi cantly reduced.

At 17.5s, when both the TSC and LSC are enabled, the LSC reduces the equivalent
line impedance by 0.1 pu through impedance compensation control, stabilizing the PLL
frequency at 60 Hz. The LSC output voltage tracks its reference, and the modulation index
reaches 1 pu, indicating that it has reached its voltage injection limit. With a higher voltage
rating, the LSC could provide greater impedance control and more grid support in an IBR-
dominated grid. Throughout the simulation, the SOC of the energy storage is well regulated
at the target level of 80%.

This study demonstrates the grid-strengthening effect of both shunt and series
compensation in the GridFormer when placed near GFL-controlled IBRs in a weak
system. Both shunt current and series voltage compensation help improve the PCC

voltage stability and thus the PLL small-signal stability of the GFL-controlled IBR.
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(a) Dynamics of the GFL-IBR.

(b) Dynamics of the GridFormer (TSC and LSC).

Figure 4.13: Simulation results of the GridFormer's grid strengthening effect in a weak
grid penetrated by a GFL-controlled IBR.
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However, shunt compensation alone can only bring the PLL from instability to marginal
stability. In contrast, series compensation with line impedance control offers greater

voltage damping, fully stabilizing the PLL.

45 Conclusions

In conclusion, this chapter has demonstrated the GridFormer's capabilities for steady-state
grid management, including power ow regulation, bus voltage control, and line
impedance adjustment. Through a detailed exploration of the control mechanisms,
schemes, and controllability of both the shunt and series converters, along with Matlab
simulation results, we have validated the control accuracy in command tracking and
resilience to disturbances in the proposed control schemes. Furthermore, the GridFormer
has shown its capacity to strengthen PCC voltage in weak grid scenarios with IBR
penetration, achieved by shunt current compensation from the TSC and line impedance
adjustment from the LSC. With the ability to measure grid impedance and adapt its line
impedance control parameters autonomously, the GridFormer demonstrates signi cant

potential to enhance the IBR interoperability across varying grid conditions.
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CHAPTER 5
DYNAMIC CONTROL OF THE GRIDFORMER

The previous chapter explained the steady-state operation of the GridFormer, including
power ow control, bus voltage control and line impedance compensation. Apart from the
steady-state grid management, the GridFormer can also serve to stabilize or recover the
grid in different grid events, including frequency and voltage stabilization after load step
change, intra- or inter-area power oscillation damping, black-start, and voltage icker
damping when using uctuating loads. The control schemes of these dynamic
grid-supporting functionalities are explained in this chapter followed by Matlab

simulation validation.

5.1 Voltage and Frequency Stabilizing Mode

This section explains the GridFormer's voltage and frequency stabilizing mode during a
large load change, where the grid voltage or frequency may drift outside of its stable
operation region. In this mode, the TSC provides shunt damping while operating in GFM
mode, and the LSC continues controlling the line power ow based on the TSC internal
reference angle. The stabilizing effect of GFM-controlled converters has been detailed in
[34] and [35], with the primary stabilizing factor being the instantaneous current and
power compensation.

In terms of frequency stabilization, when a load undergoes a resistive step change,
the total electrical poweP. in the system changes suddenly. This triggers the AGC of
the SG to adjust the turbine valve and align the mechanical input pBwer with the
electrical output poweP.. However, the AGC response typically takes a few seconds
to fully balance the power, depending on the mechanical time constants of the turbine

and its control settings [13]. During this time, the mismatch between input and output
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power causes the SG rotor to accelerate or decelerate. The rate of its frequency change
is in uenced by this power imbalance and the SG inertia time congkanThe resulting

frequency overshodtsg is represented by Equation 5.1.

4 Z
1

1
l'sg = E (Pmech Pe)dt= E t (Pmech  Pload) dt (5.1)

t

In future power grids, as more SGs are decommissioned and replaced with IBRs, the
overall system inertia decreases. This reduction in inertia leads to a more rapid and
uctuating grid frequency, which can result in critical load shedding or even cascading
grid failures. Therefore, it becomes crucial to minimize frequency overshoot during load
step changes. In the frequency stabilizing mode, the GridFormer's TSC compensates by
injecting power up to its maximum power rating to balafewith Ppech. This output
power limiting functionality is realized by both current-dependent transient droop
coef cients and current-limiting virtual impedances, which will be explained in the
remainder of this section. Unlike the slower response of the AGC, the TSC provides much
faster power compensation due to its lower inertia. The GFM control of the TSC allows
for seamless grid synchronization and instantaneous power adjustment.

With the TSC power compensation, the frequency overshoot is given by Equation 5.2,

wherePrsc represents the power injected by the GridFormer into the grid.

Z Z
1 1
l'sg = E (Pmech Pe) dt = E (Pmech Pload + I:)TSC) dt (5-2)

t t

WhenP,,,q decreases,sg tends to rise and the grid phase angle tends to lead the TSC
internal angle, causing a negati®gsc from the TSC. With decreasinBrsc, the APC
loop (introduced in subsection 2.3.4) gradually increases the control reference frequency
(! 1sc) and angle (;5c) to stay synchronized with the grid phase angles§. As the
AGC respondsPnech slowly adjusts to matcPR.q, bringing the power system back into

balance, at which poirRrsc returns to its steady-state value.
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It is assumed that the TSC initially operates in steady-state mode where a PI controller

is applied as the power set point of the APC loop to regulate the battery SOC. Then, load
transient happens and the system transitions to the supporting mode when the TSC control
internal frequency or the PCC voltage exceeds the safe operating rahgj&(or v™M®).
Once in this mode, the power set point of the APC loop is set to zero to let the TSC only
support the grid without balancing the SOC during load transient. After the load transient
is balanced by AGC and AVR in steady-state, GridFormer will return to steady-state mode
once frequency and voltage remain within safe limit§ ™ or v™") for a set period.

Additionally, during the grid-supporting mode, adaptive droop coef ciemig are
applied based on the power magnityfQrscj to optimize the TSC transient power
support. Right after a grid disturbance, when theg. is slightly mismatched fromsg,
jP Qrscj is low, smaller droop coef cients are used to enhance transient power sharing
and better compensate for frequency or voltage overshoot$P Bsscj approaches the
converter maximum rating, the droop coef cients increase to limit power sharing and
prevent virtual impedance saturation. This adaptive droop mechanism ensures the TSC
delivers maximum support while maintaining safe power sharing during transients, which
is crucial for fractionally rated TSCs. Note, large droop coef cients can cause power
system instability when connecting with other GFM sources [54]. If this is the case, the
APC loop can be extended by a PSS-resembled supplementary control with proper tuning
of gains and wash-out Iter time constants to ensure stability while increasing the droop
coef cients [54]. The droop coef cientsn, and mq used in this study are given by
Equation 5.3 and Equation 5.4, Whengg” represents the minimum droop coef cient at
zero power andng™ is the maximum coef cient at the GridFormer's full power rating.

m, = mp™ + jPrscj(mp™  mp™) (5.3)

mg= mg"™ + jQrscj(mg™  mg™") (5.4)
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The values ofmlo’“qin match the steady-state droop coefcients to ensure smooth
transitions between the steady-state and transient mode, mfjffe is determined using
the converter power rating¢sc), the system ratingS,s), and the SG droop coef cients

(mpg:sc), as expressed in Equation 5.5, to ensure proper load sharing.

= Moa- 55
Pq Pq;SG Srsc (5.5)

The control diagram of the voltage and frequency stabilizing mode is shown in
Figure 5.1. It focuses on the TSC because the LSC control remains unchanged from the

steady-state mode that has been described in Figure 4.6.

Figure 5.1: Control diagram of the GridFormer voltage and frequency stabilizing mode.

A resistive load step change causes a frequency overshoot, while a reactive load step
change leads to an overshoot in the SG terminal voltage. Both types of transients are
common in real-world power system operations, and the GridFormer can assist in
stabilizing both scenarios. However, since the AVR responds in milliseconds, much faster
than the AGC, which operates over several seconds, the GridFormer voltage stabilization
impact is less noticeable compared to its frequency stabilization effect.

In the following section, resistive and inductive load step changes are modeled to
speci cally analyze the GridFormer's role in frequency stabilization. The power system
setup is illustrated in Figure 5.2. This system consists of a SG, a load and two parallel
lines connecting both. A GridFormer is installed on one of the two lines to control its line

power ow, while the other line carries the remaining load power. Each line has its own
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transformer, rated at 1 pu system power rating, to simplify the analysis. The parameters

for the system are provided in Table 5.1.

Figure 5.2: Power system under study with the GridFormer in the GFM control mode.

Table 5.1: Parameters of the power system under study in the GridFormer application.

SG: round rotor
Impedances kq; X3; X3 Xq; Xg; X39x]=[1.8,0.3,0.25,1.8,0.55,0.25,0.2] p
Time constants [T{; e, Toy Tog= [8,0.03,0.4,0.05] s
Stator resistance:Rs = 0:025 pu Inertia: H = 2s, Pole pair: p=4
Power System Stablizer:Disabled
Governor (AGC): Tandem-compound (single mass)
Regulator gain: k, = 1 pu, Droop: R, = 0:02 puy, RPM: n=900 r/min,
Valve speed Ygmin ; Vgmax (PU=9); Gmin ; Omax (PU)]= [0.1,0.1,0.4.496]
Steam turbine time constant [T; T3; T4Ts]=[0,10,3.3,0.5] s
Turbine torque fractions [ F,; F3; F4; Fs]=[0,0.36,0.36,0.28]
Excitation system (AVR):
Low-pass lter time constant: T, = 20 ms, Regulator gain: K, = 200,
Regulator time constant: T, = 1 ms, Exciter: K¢ =1;Te =0,
Initial terminal voltage: V;o = 1pu, Initial eld voltage: Vo = 1:06 pu
TSC control parameters:
Detection f™" =0:01py f™* =0:02pu

vmin =0:02py  v™* =0:04pu
Droop: mi™ = mi™ =0:05pu my* = my = 0:25puy,
Kp:soc = Kisoc =10pu;! cpoupr =20 ;v =1pu,
Current-limiting : iTsc = 1pu;iTt =1:2py;! cyinpr =4
R% =0:07pu Xy =0:07pu —% = 2;kpni =1:84pu
LSC control parameter&y..c = 3 pu; Kice = 3pU; P Qgrine = (0:2 pu; 0)

=

Figure 5.3 depicts the simulation result wHeg,y steps down fron®:5 puto 0:3 pu at
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t = 5s, without the GridFormer enabled. To illustrate the potential compensation effect of
the GridFormer, it is assumed in this study that neither the load, SG, nor the GridFormer
will trip due to abnormal system frequencies. However, in real-world operation, these

elements may disconnect with frequency deviations of 0.02 pu to 0.05 pu, as noted in [55].

Figure 5.3: Simulation result whét,,q Steps down fron®:5 puto 0:3 puatt = 5 s without
enabling the GridFormer.

In the upper plot, the SG dynamics are displayed, while the lower plot shows the power
ow on the two parallel lines. At =5s, the SG output powel) drops by 0.2 pu, which
causes the SG frequendysi) to rise. In response, the SG input power,n) decreases
slowly, attempting to align witlP.. ! sg reaches its rst peak of:16puatt = 10:74s
However, the AGC overreacts to the signi cant frequency deviation, causing instability in
both Phech @and! sg. This instability also affects reactive power outpd and system
voltage, leading to abnormal peaks in b&hand! sg aroundt = 38s. This indicates
that, under this speci c load step change, the SG cannot maintain stable frequency control,
resulting in system instability.

The frequency support functionality of the GridFormer is illustrated through the
simulation results presented in Figure 5.4. Prior to the load step charige ats, the

GridFormer operates in steady-state mode, maintaining a SOC of 80%. Following the load
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Figure 5.4: Matlab simulation result wh&p,4 steps down fron@:5puto0:3 puatt =5s

with the GridFormer in the voltage and frequency stabilizing mode. The initial increase in
P Qrsc att = 5s occurs due to the voltage-source behavior of the GFM-controlled TSC in
response to a load step change. The subsequent juR+3c att = 12 sis caused by an
angle mismatch betweerg. and sg, which results from the 0.08 pu rated TSC trying to
compensate for a 0.2 pu load step change.

step change, the frequency estimated by the TSC exceeds 0.02pu, prompting the
GridFormer to switch to frequency stabilization mode. After the GridFormer and the
SG-AGC loop successfully damp the frequency transient to below 0.01pu for a
continuous duration of 5 s, the GridFormer transitions back to steady-state mode.

The rst plot in Figure 5.4 depicts the characteristics of the SG. With active power
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