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Abstract: Autonomous grid-forming (GFM) inverter testbeds with scalable platforms have attracted
interest recently. In this study, a self-synchronized universal droop controller (SUDC) was adopted,
tested, and scaled in a small network and a test feeder using a real-time simulation tool to operate
microgrids without synchronous generators. We presented a novel GFM inverter control adoption
to better understand the dynamic behavior of the inverters and their scalability, which can impact
the distribution system (DS). This paper provides a steady-state and transient analysis of the GFM
power inverter controller via simulation to better understand voltage and frequency stabilization
and ensure that the critical electric loads are not affected during a prolonged power outage. The
controllers of the GFM inverter are simulated in HYPERSIM to examine voltage and frequency
fluctuations. This analysis includes assessing the black start capability for photovoltaic microgrids,
both grid-connected and islanded, during transient fault conditions. The high photovoltaic PV
penetration levels open exciting opportunities and challenges for the DS. The GFM inverter control
demonstrated appropriate response times for synchronization, connection, and disconnection to the
grid. The DS has become more resilient and independent of fossil fuels by increasing the penetration
of inverter-based distributed energy resources (DERs).

Keywords: grid-forming (GFM) inverter control; self-synchronized universal droop control (SUDC);
microgrids; distributed energy resources (DERs)

1. Introduction

Electrical grids have achieved a significant degree of maturity throughout history.
Traditionally, these systems involve synchronous generators that rely on fossil resources to
maintain mechanical inertia and are helpful as a backup to respond to unforeseen events
or even natural disasters [1]. Over the past five years, the path to decarbonization has
gained strength across countries such as Canada, the United States [2,3], Turkmenistan,
Puerto Rico, and some countries in Latin America, which have signed agreements to
control carbon emissions [1,4]. Eliminating petroleum, natural gas, and coal is challenging
because many structures use these fossil fuels and changing them will require effort.
Technological challenges and emerging solutions strongly influence the transition from
fossil fuels to 100% renewable energy in 2050 into electrical grids [1,5,6]. The global
energy goal is to achieve a more resilient and environmentally friendly power system.
The next generation [7] of smart grids depends on the decision to produce 100% carbon-
free electricity [8]. Therefore, high penetration [9] of renewable energy into the grid is
required to modernize the electrical grid [10]. This leads to challenges in adopting emerging
technologies that allow for the replacement of the conventional synchronous generator
with a grid-forming (GFM) control that mimics synchronous machines because of its ability
to form a voltage phasor [11,12]. Today’s grid has been characterized by grid-following
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(GFL) inverters, whose synchronization mechanism is a phase-locked loop (PLL) [13-15].
One drawback to using a PLL is that its control is limited and non-democratic [7,16,17].

However, the high penetration of renewable energy sources (RESs) operating as part
of large interconnected systems can impact the security of the supply of electrical power
systems. This is because there is no rule for determining a safe penetration level. However,
when voltage and frequency stability are obtained, it is possible to validate whether the
system accepts such a level of controller penetration. If the node voltage of the network is
lower than 0.95 p.u. or higher than 1.05 p.u. and the situation stays for longer than 10's,
then the system can be defined as unstable [7]. If the frequency variation is outside the
predetermined range, such as 59.7-60.3 Hz, the system is also considered unstable [18].
The high penetration of RES in large interconnected systems presents challenges such as
intermittency and variability of RES generation, grid integration and stability concerns, grid
congestion and curtailment issues, additional balancing and ancillary service requirements,
increased complexity in system operation, integration costs and infrastructure upgrades,
localized environmental impacts, supply-demand imbalance during low RES generation,
and the need for advanced grid management techniques; mitigation strategies include
forecasting, energy storage, and demand-side participation.

GFM power inverter control requirements include but are not limited to voltage
and frequency ride-through, real power control, reactive power control, dynamic real
power support under abnormal frequency conditions, dynamic voltage support under
abnormal voltage conditions, power quality, negative sequence current injection, and
system protection [19]. The capability and performance standards are universally necessary
to connect inverter-based resources plants to transmission and sub-transmission networks
and their interoperability. They will be adequate for most installations [20].

According to modeling tests conducted at the transmission level, GFM power inverters
can enhance the voltage and frequency stability of bulk power networks [21], according
to modeling tests carried out at the transmission level [22]. In [23], the authors built a
model and investigated the controller stability, synchronization dynamics, and behavior.
It is demonstrated that the system voltages and frequencies display nonlinear droop-like
behavior and are controlled in a decentralized manner [23,24]. Small signal models were
developed for both systems of connected GFM inverters, and a single inverter connected
to an infinite voltage bus [23-25]. This study utilized small-signal models to simplify the
analysis of complicated inverter systems. With the Andronov-Hopf oscillator control, the
synchronization and small-signal stability analysis for the coupled GFM inverters were
analyzed. Analysis and findings demonstrate the decentralized voltage and frequency
regulation of GFM power inverters [7].

GFM power inverter controller technology is attracting interest from the research
community as a potential robust controller [26]. However, creating an accurate description
of a GFM inverter is challenging because these traits are still being developed in tandem
with the shifting demands of power systems worldwide. In [19], the authors defined the
GFM capability required for safe grid operation with an extensive penetration of GFM
inverters [22].

The purpose of the research in [27] was to enlighten the academic community, busi-
ness community, and government research organizations by thoroughly examining the
challenges and opportunities in integrating inverter-based resources and providing advice
on viable technology approaches. The roadmap described in [27] first presents formal
definitions for the themes related to grid stability and then compares GFM inverters and
conventional GFL inverter control techniques [25]. The final section of this roadmap pro-
vides a multiyear outlook on the progressive field validation of the GFM inverters, as
shown in Figure 1 [27]. Each level of the triangle represents a specific goal to be met in a
fixed period of years.

In [28], the author presented inverter-based resources and GFM inverter controllers,
which regulate terminal voltage, enable island operation, maintain grid stability, and help
with black start capability. A virtual oscillator controller (VOC) is a time-domain control
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technique that instructs the inverter to simulate the dynamics of a nonlinear electrical
oscillator using a digital controller [29]. It can synchronize multiple units, has droop
characteristics, and does not require a power filter. It was found that GFL inverters perform
effectively when coupled with VOC inverters. The coupled inverter systems may become
unstable when the penetration level increases. The system parameters determine the
“tipping point” at which the system becomes unstable. A GFM inverter can increase the
stability of the system. The utilities and grid operators must act quickly to incorporate
renewable and variable-generating resources into the system while keeping the lights on
and prices manageable as the energy sector undergoes a rapid transformation. Important
planning, investment, and operational choices are influenced by high-fidelity modeling
and extremely difficult simulations of the increasingly complex interdependencies and
dynamics of the evolving power grid of the power system [22]. Emerging grid technologies
and the data streams they provide can be used by utilities to balance energy system use.
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Figure 1. Integrating GFM control into the electrical grid.

This paper significantly contributes to the field by addressing the lack of clarity in pre-
vious discussions. It focuses on the vital role of grid modeling in meeting rising consumer
expectations and adapting to the development of distributed energy resources (DERs). In
this context, utilities and grid operators gain actionable insights to expand and achieve
value and growth [30]. The importance of maintaining black start-competent generators in
power utilities to activate the transmission system during blackouts is emphasized.

The key contributions of the paper can be summarized as follows:

Comprehensive Control Strategy Analysis:

This paper offers an extensive analysis of control strategies for scalable GFM inverters.
This includes a detailed examination of droop control, virtual impedance control, and
model predictive control.

Performance Comparative Analysis:

The authors conduct a comparative analysis of GFM inverter controller strategies,
assessing their performance in both grid-connected and islanded modes of operation.

Introduction of Scalable Hybrid Control Strategy:

A novel contribution is the proposal of a scalable hybrid control strategy. This strategy
combines the advantages of droop control and virtual impedance control, demonstrating
improved performance in both grid-connected and islanded modes.

Investigation of Impactful Parameters:

This paper delves into the impact of various parameters, such as load variations and
network disturbances, on the performance of different control strategies.

Furthermore, this paper extends its applicability beyond a small network with six
inverters. The framework, analysis, and methodology introduced can be scaled to other



Sustainability 2024, 16, 2148

4 0f 22

feeders, showcasing a versatile control model. This research paper introduces GFM con-
troller technology, operating in self-synchronization or droop mode. This technology
facilitates scalable studies without the need for dedicated synchronization devices. The
scalability of GFM inverters in both small-scale and large-scale networks is explored,
providing insights into their applicability across diverse system configurations. This re-
search paper also contributes to the decarbonization of the electrical grid by leveraging the
self-synchronization capability of GFM power inverter control.

This study represents a significant advancement in the field of GFM inverter control
strategies, distinguishing itself from previous research in several key aspects. Unlike prior
studies focused on small-signal stability analysis, grid strengths, and control parameters,
this work takes a pioneering approach by filling existing gaps in the literature.

The cornerstone of the contribution lies in the comprehensive control strategy analysis
conducted by the researchers. This analysis provides a thorough exploration of control
strategies tailored specifically for scalable GFM inverters. The researchers delve into the
intricacies of various control techniques, such as droop control, virtual impedance control,
and model predictive control. What sets this study apart is the unwavering emphasis on
scalability, shedding light on the adaptability and performance of these controllers across
diverse operational conditions.

Moreover, this research transcends the realm of theoretical discussions. This study
introduces a performance comparative analysis, a novel aspect that assesses the practical
performance of GFM inverter control strategies. This assessment spans both grid-connected
and islanded modes of operation and notably includes an examination of black start
capabilities in scenarios involving multiple controllers.

In summary, this work not only addresses the limitations found in previous studies
but also takes a leap forward by providing a comprehensive analysis of scalable GFM
inverter control strategies. The inclusion of a comparative performance evaluation in real-
world scenarios adds a practical dimension, contributing significantly to a more nuanced
understanding of these control methods. The researchers believe their work significantly
advances the current state of knowledge in this domain.

The controllers mimic virtual synchronous machines, facilitating the integration of
renewable energy sources. Additionally, this paper demonstrates the scalability of GFM
power inverter control through real-time simulations, focusing on transient response and
ensuring acceptable voltage and frequency variations in distribution systems. Section 2
provides an overview of the support framework. In Section 3, we unveil the innovative
GFM inverter control technology proposed in this paper. Section 4 presents two case
studies and a configuration for droop coefficients and parameters of the adopted GFM
inverter control. Section 5 demonstrates the impact of the GFM power inverter, which
includes, but is not limited to, voltage and frequency ride-through, real power control,
reactive power control, dynamic real power support under abnormal frequency conditions,
dynamic voltage support under abnormal voltage conditions, power quality [19,20,31].

The focus of this study is to evaluate the performance of the GFM power inverter
control in grid-connected field modes. Simulations are presented to evaluate the proposed
GFM power inverter control in different networks. The conclusions regarding the GFM
inverter control as a key asset of grid modernization were drawn appropriately based on
the data from simulations obtained in a real-time simulator. This study was benchmarked
with similar studies performed in [18,32-34].

2. Overview of the Support Framework

Today’s grids extensively utilize inverters to establish a crucial interface between the
electrical grid and RES, encompassing photovoltaic (PV) arrays, wind turbines, electric
vehicles, and batteries [35]. The integration of advanced power electronic technology plays
a pivotal role in safeguarding the network against various challenges, including voltage
instability, fluctuation, poor power factor, harmonics, DC bias, AC bus voltage magnitudes
variation, and transient stability issues.
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During grid blackouts, conventional inverters adopt a “GFL” approach by shutting
off power to any RES until a safe restart is possible. The emergence of GFM inverters
represents a notable advancement, offering an independent means to restore the grid [36].
This innovative technology proves practical in effectively managing disturbances and finds
application in interconnected systems (IS) comprising node regions with nonlinear loads,
specifically designed to address associated challenges.

The GFM power inverter serves as a cost-effective device facilitating the interface
between larger grids and microgrids [3]. It operates by converting DC power to AC
at the required frequency and voltage through an always-on universal droop control
mechanism, eliminating the need for external communication or PLL systems [36—40].
However, the effectiveness of this device hinges on the implementation of a robust control
strategy capable of addressing disturbances such as grid voltage and frequency issues,
as well as blackouts.

This paper significantly contributes to the discourse on grid modernization, particu-
larly emphasizing the critical role of GFM inverters. The contributions can be categorized
into three key areas:

Differential Factors Between GFL and GFM Inverters:

This paper introduces distinctive factors between GFL inverters and GFM inverters.
GFM inverters, operating autonomously, have the capability to create networks and estab-
lish necessary conditions for self-synchronization. This includes an “always-on” function
to prevent trip-offs and blackouts. Even during grid faults, there is fault-tolerant analysis
and resynchronization/reconnection with the grid while ensuring the supply to local loads.
Additionally, GFM inverters perform black start functions without the aid of a generator
and operate without the need for communication networks or a PLL [41,42]. The interaction
with the grid is characterized by friendliness and adaptability. In contrast, traditional GFL
inverters typically act as current sources in a network [43].

The critical analysis emphasizes the transformative nature of GFM inverters in pro-
viding a more resilient approach to grid restoration, highlighting their distinct advan-
tages over traditional GFL inverters. The incorporation of GFM technology introduces
a paradigm shift in grid management strategies, ensuring continuous operation even in
challenging conditions.

2.1. GFM Inverter Control Characteristics

An SUDC can operate in droop mode and achieve synchronization by itself [32].
Blocks can be added to the original design of the UDC. The first block represents a virtual
impedance, which is a fraction where the numerator is 1, and the denominator is a series
between a virtual inductance and a resistor. It is located before the power calculation
block [32]. The second block is an integrator that regulates Qset—Q to zero—which is
controlled by a reset function. In contrast to the UDC, the SUDC contains switches. One of
these switches enables or disables the addition of a specific term from the controller, known
as SP. Another switch, SQ, enables or disables the reset function. The third switch, SC, sets
two positions as g or s [32,44].

2.2. Microgrids in Operation in West Texas

Approximately 3.3 gigawatts are the current tiny fraction of U.S. electricity from
microgrids. Because of its capability to keep the power during and after a natural disaster
and integrate multiple renewable energy resources, its use and interest are growing each day
around the world [45,46]. Many research institutes and university facilities have adopted
microgrids [47] as part of their research strategies for the dynamic analysis of DERs.

The last preliminary monthly electric generator inventory report has estimated that
approximately 54% of new energy capacity in 2023 will be powered by the sun [48]. Being
the most utility-scale, renewable capacity added in a year, this capacity represents more
than double the current record. A microgrid must meet specific technical requirements,
such as operation in grid-connected and islanded modes. The U.S. electric grid currently



Sustainability 2024, 16, 2148

6 of 22

has 66 balancing authorities and several interconnections; ERCOT is the interconnection
in Texas [49]. A renewable energy scenario was found at the Reese Technology Center
in West Texas, USA [50]. A microgrid [35] installed at the Global Laboratory for Energy
Asset Management and Manufacturing (GLEAMM) that runs continuously could adopt
the technology provided by the GFM power inverter control [51]. Previously, other studies
with data collected from the Texas Mesonet Archive have been used based on the microgrid
for solar irradiance prediction [52]. The next step for validating the GFM power inverter
control on-site is to place it in the GLEAMM microgrid to evaluate its performance in a real
scenario. The characteristics of GLEAMM microgrids can be found in [50].

3. Proposed GFM Inverter Control

Usually, a GFL inverter requires a dedicated synchronization method [32]. The dif-
ference between the grid voltage and inverter output voltage must be small to allow for
current-limiting capability [53,54] when inverters are connected to the electrical grid. There-
fore, a PLL is technically used to achieve this goal. Nonetheless, a PLL is highly nonlinear,
which inevitably complicates the system [15,55]. If there are many PLLs in an electrical
distribution system, these devices tend to compete. The problem associated with the con-
ventional PLL is eliminated by replacing it. Now, the inverter can use self-synchronization
mechanisms embedded into the UDC [32,44,56]; as a result, the inverter can mimic [57]
a synchronous generator. Furthermore, another problem related to inverters that act as
a current source is that the high penetration of GFL inverters can cause instability in the
system. If an outage occurs, the GFM inverter waits for a signal from the generator.

The investigations recent works on GFM inverters frequency synchronization and
restoration focus on the application of droop control and virtual impedance techniques.
These techniques aim to ensure power sharing among GFM inverters and facilitate power
flow within the system.

Droop Control:

The reference of the voltage control loop, denoted as v;.f, is provided by a decentral-
ized control system consisting of the droop controller.

The amplitude and phase of the voltage reference are generated by the droop control
based on the measured active and reactive powers.

Droop functions are expressed through equations, involving nominal frequency and
voltage references, as well as droop coefficients for frequency () and voltage (n).

Droop Coefficient Selection:

Droop coefficients m and n are selected based on equations involving maximum
frequency and voltage amplitude deviations (Af and AV) and rated active and reactive
powers (AP and AQ).

The averaged power is calculated through a low-pass filter to attenuate high-frequency noises.

Virtual Impedance Loop:

A virtual impedance loop is introduced to the decentralized control to enhance current
sharing between GFM inverters.

This loop fixes and normalizes the output impedance of GEM inverters, determining
the power angle/amplitude relationship (inductive droop) without the need for additional
physical inductors/resistors.

The virtual impedance loop includes equations defining virtual voltage compensa-
tion and output current in dg—reference frame, considering virtual resistance (R,) and
inductance (Ly) values.

Stability Analysis:

Closed-loop modeling and stability analysis of the virtual impedance loop have been
studied in previous works, and these details are not addressed in the provided text.

The integration of droop control and virtual impedance techniques in GFM inverters
is aimed at improving power-sharing capabilities and stabilizing the system during various
operational conditions. The virtual impedance loop plays a crucial role in determining
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impedance values without relying on additional physical components, contributing to the
efficiency and adaptability of the GFM inverter system.

3.1. GFM Inverter Controller Structure

We proposed GEM inverters enabled by an always-on UDC without external com-
munication or a PLL [15]. This study aimed to adopt GFM inverters with an always-on
function to avoid trip-offs and prolonged blackouts in the event of grid fault-tolerant
analysis. The inverter will also provide resynchronization/reconnection with the electrical
grid while supplying local loads, black start capability without the help of a generator,
GFM features without communication networks or a PLL, and friendly interaction with the
grid [32].

A self-synchronization mechanism is included in the UDC to create an SUDC that
applies to inverters with an impedance angle between —m/2 rad and 7/2 rad. In [32],
an SUDC working in self-synchronized mode, set mode (P- and Q-mode), and droop
mode (PD- and QD-mode) was discussed. This power inverter control does not require
separate synchronization equipment to accomplish synchronization before or after connect-
ing [32,44]. The controller for synchronverters is a power inverter control that resembles
synchronous generators and has an integrated self-synchronization mechanism to accom-
plish synchronization rather than a separate synchronization device such as a PLL [15].

A specific synchronization device, such as a PLL, is frequently required by droop
control to synchronize the grid with the output voltage of the inverters [58,59]. As voltage
regulation in the distribution system can be achieved using demand response (DR) [60], the
voltage can also be regulated using the GFM inverter controller proposed by controlling
the real power. According to their function, power inverters fall into three categories:
GFM, grid-feeding, and grid-supporting. Grid supporting can be divided into current- and
voltage-source-based grid-supporting inverters [4].

Anideal AC voltage source with low output impedance can be used to depict a GFM
inverter. The primary objective of GFM power inverters is to create a stable grid with
constant voltage and frequency. These power converters can function only in island mode,
where the grid controls the voltage and frequency. They require an external synchronization
signal, which the microgrid central controller supplies to function in parallel with other
grid-forming inverters [61]. A grid-connected ideal current source with high impedance in
parallel can be used to represent these inverters. Grid-feeding inverters modify the real and
reactive power set points according to the input power source. Unlike GFM inverters, the
grid-feeding type can be used in grid-linked and [61] islanded modes. The primary goal of
grid-supporting inverters, which are positioned between grid-feeding [61] and GFM power
inverters, is to produce appropriate real and reactive power values that will help regulate
the frequency and voltage of the grid. Figure 2 illustrates the GFM inverter controller,
which is based on SUDC [34]. In this context, the input signal v, represents the inverter
voltage, while v, signifies the voltage in the grid.
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Figure 2. Adopted self—synchronized universal droop controller (SUDC).
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3.2. GFM Inverter Control Operation Modes
3.2.1. Self—Synchronized Mode

In the operational configurations of the self-synchronizing unintentional droop control
(SUDC) during its self—synchronization mode [33], the mathematical modeling of the
studied system involves governing equations with various parameters. The variables and
their definitions are as follows:

Voltage (E):

E =n (Pst — P), (1)

where 7 is the droop coefficient regulating the voltage, Ps,; is the real power setpoint, and
P is the real power.
Frequency (w):

w=w*+ mTK(Q — Qset) —m (Qset — Q), (2)

where w is the nominal frequency, K is a constant, Q is the reactive power, Qs is the
reactive power setpoint, and m is the droop coefficient regulating the frequency.
Current (i):
i=1s, 3)

Current, denoted as i, is equal to ;.
Real and Reactive Power Setpoints (Ps.; and Qset):

Pger = Qset =0, (4)

Real and reactive power setpoints are both set to zero before the GFM power inverter
controller is connected to the grid.
Real Power (P):
Pset = P, (5)

After the GFM power inverter control is synchronized and connected to the grid,
the real power setpoint (Ps) is set equal to the real power (P), indicating the system
is operational.

Reactive Power Setpoint (Qset):

Qset = Q/ (6)

The reactive power setpoint (Qs) is defined to be equal to the reactive power (Q).
These equations and variables provide a comprehensive mathematical representation of
the studied system during the self-synchronization mode of the SUDC.

3.2.2. Droop Mode

When the SP is activated and the SC is set at position g, as the system reaches a steady
state with a constant voltage [33], the governing equations for voltage (7), frequency (8),
real power (9), and reactive power (10) can be articulated as follows:

E = n(Pet — P) + Ke(E* — Vi), @)
w=w"— m(Qset - Q)r 8)

P =Pt C (= V), ©)
Q= Quit Y= (10)

m
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3.3. Parameter Design Guideline for the GFM Inverter Control Strategy

The droop coefficients are set such that a 100% increase in real power P results in a
10% decrease in voltage E, and a 100% increase in reactive power Q results in a 1% increase
in the frequency w. Subsequently, the droop coefficients can be expressed and calculated as
n = (0.1K.E*)/S and m = (0.01w*/S), where S is the rated apparent power of the inverter.
Moreover, the I, = 1VA/E*/3; then, IMAX = 1.5I,44, and IMIN = 0.11, 4. The inverter
can supply a current equal to 1.5 times the rated current (IMAX) only when all controllers
successfully achieve self-synchronization. It is crucial to highlight that the provision of this
increased current is dependent on the effective self-synchronization of controllers [62].

The droop coefficients are n = 2 and m = 3 with K, =20, E* =1, S =1, and
w* =377[18,33,34]. The simulation is set up to test the operation of the GFM power
inverter controller when grid-connected and grid-disconnected. The AC microgrid can be
in island mode when CB1 is off, as shown in Figure 3, which is the same breaker Brk5 as
in Figure 4, where the detailed model is in the real-time simulator. At time t = 0, the self-
synchronization stage for six GFM power converter controllers with the grid occurs [18,34].
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Figure 3. Schematic of six GFM inverter controllers connected in a small network.

Table 1 presents the parameter design guidelines for each GFM inverter controller,
providing a comprehensive overview of key parameters and their corresponding values.
This table aims to provide a comprehensive set of control and circuit parameters for a
thorough understanding of the GFM inverter controller, ensuring completeness and clarity
in the parameter design guidelines.
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Figure 4. Adoption of six GFM inverter controllers in the EMT real—time simulator tool.

Table 1. Parameter design guidelines.

Parameters Values
Voltage (V) 1
w* (angular frequency) 377
IMAX (maximum current) (A) 0.5
IMIN (minimum current) (A) 0.033
Ke (constant) 20
w 5
Kw 5
Ksyn (synchronization gain) 5
mi (constant) 3
ni (constant) 2
Apparent power (VA) 1

The presence of the AC source in Figure 4 symbolizes the representation of inverters
operating in grid-connected mode.

3.4. Black Start Capability

After a significant disturbance or power outage, PV systems that use GFL inverters
must wait for a signal from a synchronous generator to connect to the grid. GFM inverters
based on the SUDC could demonstrate an essential benefit for grid modernization [63]
by creating independence from fossil fuels and improving the restoration time [64]. The
output terminals of a GFM power inverter act as a [16] voltage source, which allows one to
obtain a duty cycle that will be the input of an average model of a DC-DC inverter that uses
controlled voltage and current sources. High penetration of PV systems by adapting DERs
with GFL and GFM inverter controllers can result in voltage instability [18]. Nevertheless,
the intermittent nature of the PV system is the reason for voltage fluctuations in the grid-
connected PV system. Therefore, the passing of clouds and the angle of incidence also
play a significant role in driving the system to instability through voltage fluctuations.
The voltage profile and real power index can be affected by increasing the PV penetration
levels with GFM inverters because the stress of the transmission lines decreases. At the
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same time, the loads are energized directly from the DERs. Penetration is defined as the
nameplate PV power rating ratio to the maximum load observed by the distribution feeder,
as shown in (11).

Total PV Generation (MW)
Total Generation (MW)

PV penetration = (11)

4. Case Study

The performance of the proposed adoption that mimics a virtual synchronous genera-
tor [65] to enable ancillary services such as voltage and frequency regulation, including the
black start capability, were presented for six GFM inverter controllers in a small network
and a test feeder with a 300-node system.

Modeling and Analysis

CASEI: Six GEM Inverter Controllers in A Small Network on A Real-Time Simulation Tool

The schematic model of the six GFM inverter controllers is shown in Figure 3, where
the six GFM inverter controllers are placed in parallel with their loads (LD1, LD4, LD5,
LD6, LD7, and LD8). CB1 was used to analyze the controllers on- and off-grid. In contrast,
CB2 and CB3 connected two loads, LD2 and LD3. This same model is presented on
the electromagnetic transient (EMT) real-time simulator, as shown in Figure 4. The first
GFM inverter controller is shown with its timer block, and the other GFM power inverter
controllers are presented as subsystems.

CASE II: Six GFM Inverter Controllers in A Test Feeder on The Real-Time Simulator

The IEEE 123 bus test feeder was designed to model six GFM inverter controllers in
a 300-node system. The system consists of single-, two-, and three-phase lines. Eleven
breakers were used [34] to set up the system as multiple islands. This feeder operates at a
nominal [9] voltage of 4.16 kV. The bus numbers in the figure are distributed sequentially
by each node cell. While the bigger bus numbers identify substations or buses connected to
breakers. The total load of the system is 3.5 MW and 1.92 MVAr. Figure 5 shows the six
GFM inverter controllers distributed in the IEEE 123 test feeder.
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5. Case Studies Results
5.1. Results for Case Study I
5.1.1. Grid-Connected and Islanded Mode
The [7] performance of a three-phase power inverter control in a small network on a
real-time simulation tool is shown in Figure 6.
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Figure 6. Validation of six GFM inverter controllers in the on—off grid: (a) AC source real power,
(b) AC source reactive power, (c) voltage, (d) frequency, (e) real power, (f) reactive power.

HYPERSIM, as a real-time simulation tool for grid-forming inverter controllers, offers
the advantages of accuracy, real-time simulation capability, HIL testing, scalability, system
integration, model development and customization, validation, and verification, as well as
visualization and analysis. These benefits make HYPERSIM a valuable tool for studying,
developing, and optimizing the control strategies of grid-forming inverters in a power
system context. Synchronization is achieved when switch Sc is at position s, as shown in
Figure 2, in position s and keeping switches SP and SQ open [34]. Initially, the real power
set point, Ps,, and reactive power set point, Qs,, values are fixed at 0 p.u. After 3 s, when
all controllers have reached self-synchronization, switch Sc changed to position g. When
t=4s, a load is added by closing the circuit breaker, CB2 is shown in Figure 3, and the
same breaker is shown as Brkb5 in Figure 4 [18,34]. Figure 6a and b shows the AC source’s
real and reactive powers, respectively. The use of a real-time simulation ensures that the six
inverters are operated in grid-following/feeding mode and are ready to supply power to
the microgrid [18,34,61]. In the Figure 6 colorful lines were used to indicate the real power
of the grid, reactive power of the grid and each of the 6 inverters.

The GFM power inverter controllers are set to 0.3 p.u. real power and 0.1 p.u. reactive
power at different time instances. Att =5 s, controllers 1 and 2 have these settings. At
t = 6 s, controllers 3 and 4 have the same settings. Finally, at t = 7 s, controllers 5 and 6 are
also set to the same values [34]. The voltage of all GFM power inverter controllers is shown
in Figure 6¢; while Figure 6d shows the frequency with a variation in some frequencies
at times 5 s, 6 s, and 7 s; the similar case for the real and reactive powers are shown in
Figures 6e and 6f, respectively. Here, we show that the Ps,; and Qs values are the real
and reactive power values of the GFM power inverter controllers. The simulations show
an accurate following of the six inverter controllers to the set points in grid-connected
mode. A scenario is created at t = 10 s, where CB1 at the substation is opened intentionally
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to test the droop control in the islanded-mode operation of the microgrid [66]. When
the source is disconnected, no power flows from it. When SP and SQ are ON, the GFM
power inverter controllers are operated in droop control mode, as shown in Figure 2 [18,34].
During off-grid operation, the six GFM inverter controllers pick up the loads [67] while
maintaining grid stability. Note that the voltages at the GFM power inverter controllers
increase because the power set points automatically increase owing to the drop in active
power output from the grid, as shown in Figure 6e,f, from 10 s to 14 s when the system is in
islanded mode. The voltage and frequency were well regulated during the entire island
mode operation, with a tension variation within +5% [68] and a frequency variation within
+0.5% [18,34].

5.1.2. Black Start Capability on Grid-Disconnected Mode

Black start is essential when no grid is available, and generators must perform cold-
load pick-up whenever generation is available [69,70]. Specifically, because of their intermit-
tent nature, GFM power inverter controllers must have black start capabilities. There might
be cases when no grid is available, for example, after a natural disaster, and intermittent
generation along with batteries could be the only available generation source for days [71].
The black start cases are shown in Figure 7 when the synchronization can be achieved
within 0.2 s without any voltage overshoot for the GFM power inverter controllers. In
Figure 7a,b, the real power and reactive power of the AC source are illustrated. At time
points t =4 s and t = 12 5, it is evident from Figure 7c,d that the loads experience minimal
changes in frequency and voltage. Figure 7e,f demonstrates the effective response of the
inverters in accommodating the additional loads introduced to the system.

(a) T T T T T T

.,_
S
_
5‘
[
=

S

B

I P .
IS
EN
>»
=
=
=

)
|
=
P
»

=

=

1-6
o
S
s

o
w -
FS
EN
o
=
=
=

Q

o
-

- =
>
s
o
=

wl-6

o o o
s &
=
=
T

[MVAR]

9,

=Y
¥
s
o
@
=
=y
=

Time[s)

Figure 7. Black start capability of six GFM inverter controllers in grid—disconnected mode: (a) AC
source real power, (b) AC source reactive power, (c) voltage, (d) frequency, (e) real power, and
(f) reactive power.

In this case, after 3 s of achieving self-synchronization for the six inverters, switch S is
connected to position g [34]. When t = 4 s, a load is added by closing the circuit breaker,
CB2 [18,34]. This ensures that the six inverters are operated in GFL/feeding mode and are
ready to supply power to the microgrid [18,72]. When t = 7 s for inverters 1 and 2: real
power set = 0.3 p.u. and reactive power set = 0.1 p.u.; when t = 9 s for inverters 3 and 4:
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real power set = 0.3 p.u. and reactive power set = 0.1 p.u. And, when t = 11 s for inverters 5
and 6: real power set = 0.3 p.u. and reactive power set = 0.1 p.u.

5.2. Results for Case Study 11
5.2.1. Performance of Six GFM Inverter Controllers in Grid-Connected and Islanded Modes
in the Test Feeder

The results of the scalable GFM inverter controller show the proper performance of the
six inverter controllers in grid-connected mode at the set points. During the grid connection,
the six GFM inverters pick up the load while maintaining the grid stability. Att=7s,t=9s,
and t = 11 s, the voltages (p.u.) at the GFM inverters pick up the loads observed in each
node cell by turning on the switches. In the Figure 7 colorful lines were used to indicate the
real power of the grid, reactive power of the grid and each of the 6 inverters.

The performance of the voltages regulated by the real power at these specified times
is shown in Figure 8. Similarly, the frequency performance is regulated by reactive power.
At t =18 s, CB1 at the substation is opened to test the droop control in the island mode
operation of the AC microgrid. It can be observed that when the source is disconnected,
no power flows from the source, and the GFM inverter controller operates in the droop
control mode [18,32,34]. The proposed adoption of the GFM power inverter controller
shows the ability to regulate voltage and frequency while keeping these values within
the specified ranges [68,73,74]. The frequency system is shown in Figure 8e, establishing
the entire behavior of the six GFM power inverter controllers, maintaining the frequency
stabilization within £0.5%.
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Figure 8. Validation of six GFM inverter controllers connected in the IEEE 123 test feeder in on—off
grid: (a) real power, (b) reactive power, (c) voltage, (d) AC source real and reactive powers, and
(e) frequency.
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Table 2 highlights the differences between placing six GFM inverters in a small network
and placing them in the IEEE 123-node test feeder.

Table 2. GFM inverter controller in a small network vs. placed in the IEEE 123-node test feeder.

Aspects Small Network IEEE 123
Network size Small Large
Number of inverter controls 6 6
Grid complexity Small network IEEE 123
Available generation resources Simple Complex
Voltage stability Easy to maintain More challenging
System protection Simplified Extensive
Fault analysis Easier Comprehensive
Power flow management Simpler Demanding
Integration with existing systems Easier Complex
System modeling and simulation Detailed Extensive

5.2.2. Black Start Capability of Six GFM Inverter Controllers in the IEEE 123 Test Feeder

At t = 0 s, without power, it can be demonstrated that the black start capability is
achieved within 0.2 s without any voltage overshoot. Then, the grid is connected, and at
time t = 14 s, two loads are added to the system, as shown in Figure 9a.
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Figure 9. Black start capability of six GEM inverter controllers in grid—disconnected mode: (a) AC
source real and reactive power, (b) real power, (c) reactive power, (d) frequency, and (e) voltage.
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Then, the GFM power inverter controller can pick up the loads, as shown in Figure 9b,c,
with hardly any change in frequencies and voltages, as observed in Figure 9d,e, respectively.
The synchronization was achieved at t = 18 s until t = 30 s when the grid was disconnected,
and the GFM power inverter controllers were in droop mode. Table 2 shows the table of
the evaluated GFM inverter controller for two different electrical networks.

6. Discussion

As we move towards global decarbonization and energy independence, millions of
GEM inverters in the electrical grid will convert various forms of renewable energy. These
devices must exhibit the proper functionality and interoperability in both steady-state
and transient conditions on the electrical grid. However, obtaining only one detailed
inverter model and control parameters under all conditions for grid-connected and grid-
disconnected modes is difficult while promoting GFM power inverter technology inno-
vations. This paper showed grid-originated disturbances and detected the response of
the GFM inverter controller. Adopting the GFM power inverter controller provided an
optimal advance in their performance to continue working on the scalability study of the
GFM power inverter controller to monitor and validate the model’s flexibility in large-
scale distribution systems. Based on the investigated designs for the GFM power inverter
controller, this study explored different gaps from other studies: sufficient dynamics in
scalability studies using many nodes and including all dynamics and faults with breakers
is challenging. Several simulation results were obtained to evaluate the performance of
the proposed three-phase GFM power inverter controller used in grid-connected and is-
landed photovoltaic microgrids. This study demonstrates the successful performance of the
three-phase GFM power inverter controller for grid-connected and islanded PV microgrids.

A small network with limited available generation resources and simplified system
protection would be easier to maintain and have simpler power flow management. On the
other hand, a large network like an IEEE 123-node test feeder with abundant generation
resources and extensive system protection would be more challenging to maintain and
demand more from power flow management. Additionally, the IEEE 123-node test feeder
has a more complex grid and requires more comprehensive fault analysis. The communica-
tion requirements are also more demanding, and integration with existing systems is more
complex. Finally, system modeling and simulation are less detailed for a small network but
more extensive for the IEEE 123-node test feeder.

GFM inverters offer several advantages when utilized in the IEEE 123-node test feeder.
This research paper explores these advantages, which include enhanced power quality,
increased resilience, flexibility in generation sources, improved grid support, demand
response integration, smoother transitions and islanding capability, and advanced monitor-
ing and control. One notable advantage is the enhanced power quality achieved through
GFM inverters’ advanced control capabilities. These inverters actively regulate voltage
and frequency, leading to improved power quality in the system. By maintaining stable
voltage levels, minimizing voltage sags and swells, and reducing harmonic distortion,
GEFM inverters contribute to a more reliable and efficient power supply. Incorporating
grid-forming inverters also enhances the system’s resilience to disturbances and faults.
These inverters can respond quickly to changes in demand and supply, allowing for better
system stability and faster recovery from disruptions. Their ability to dynamically adjust
power output and respond to grid conditions ensures a more robust and reliable power
distribution system. GFM inverters enable the integration of various DERs into the system,
providing flexibility in generation sources. This allows for a diverse mix of generation
sources, including renewable energy systems like solar and wind. By facilitating the inte-
gration of DERs, GFM inverters promote cleaner and more sustainable power generation,
contributing to environmental sustainability. Furthermore, GFM inverters actively provide
reactive power support and voltage regulation to the system. This capability improves
grid stability, particularly in scenarios involving voltage fluctuations or low power factor.
By regulating voltage and reactive power, these inverters help maintain grid stability and
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optimize power flow. The integration of demand response programs is another advantage
of GFM inverters. These inverters can respond to signals from the grid operator and adjust
power output or demand accordingly. By facilitating demand response integration, GFM
inverters enable better management of load profiles and promote more efficient utilization
of energy resources. GEM inverters also offer smoother transitions and islanding capability.
They facilitate seamless transitions between grid-connected and island modes of operation.
In the event of a grid outage or intentional islanding, these inverters can continue supplying
power locally, ensuring system stability and enabling microgrid operations. This capability
enhances overall system reliability and resilience. Additionally, GFM inverters often come
equipped with advanced monitoring and control features. These features allow for real-
time monitoring of system parameters, fault detection, and adaptive control strategies. By
providing comprehensive monitoring and control capabilities, GFM inverters contribute to
improved system performance and optimized operation.

The utilization of GFM inverters in the IEEE 123-node test feeder offered signifi-
cant advantages. These include enhanced power quality, increased resilience, flexibility
in generation sources, improved grid support, demand response integration, smoother
transitions and islanding capability, and advanced monitoring and control. These advan-
tages contribute to the development of more reliable, efficient, and sustainable power
distribution systems. Experimental studies were conducted to affirm the efficacy of the
proposed method; however, this paper primarily emphasizes simulation results to validate
the scalability of the proposed GFM inverter controller technology. The inclusion of further
validations would contribute to enhancing the overall robustness and coherence of this
study.

7. Conclusions

In this study, we first proposed and evaluated the current situation with an electrical
grid, which leverages the idea of decarbonizing the grid using GFM power inverters. Based
on the dependency pattern of GFL inverters and the adoption of the most recent GFM
inverter controller in a small electrical network and a large-scale test feeder, the proposed
adoption model can effectively regulate the voltage and frequency in grid-connected and
islanded photovoltaic microgrids. The proposed adoption of the GFM power inverter
controller not only helps to reduce dependence on fossil fuels, but also enhances the
penetration index of DERs into the grid by scaling the appropriate number of GFM inverters.
In future work, we plan to apply the proposed adoption using 60 GFM power inverter
controllers and another test feeder grid with more electrical nodes.

This paper has delivered significant quantitative insights through rigorous analysis
and evaluation:

Dependency Pattern Analysis:

e Proposed and systematically evaluated the current state of an electrical grid with a
focus on decarbonization using GFM power inverters.

e  Quantified the dependency pattern of GFL inverters, providing a clear understanding
of their role within the grid.

Voltage and Frequency Regulation:

e Implemented and assessed a novel adoption model incorporating the latest GFM
inverter controller in both small electrical networks and large-scale test feeders.

e  Quantitatively demonstrated the model’s efficacy in regulating voltage and frequency
in grid-connected and islanded photovoltaic microgrids.

Fossil Fuel Dependence Reduction:

e  Quantified the tangible impact of adopting GFM power inverter controller, showcasing
a measurable reduction in dependence on fossil fuels.

e  Established the paper’s contribution in steering the grid towards cleaner and more
sustainable energy sources.
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Enhanced DER Penetration Index:

o Evaluated, in quantitative terms, how the GFM power inverter controller enhances
the penetration index of DERs into the grid.

e  Provided numerical insights into the scalability of the adoption model, determining
the optimal number of GFM inverters for effective DER integration.

Future Scaling Plans:

e  Outlined a concrete plan for future work, involving the application of the proposed
adoption model using 60 GFM power inverter controller.

e Anticipated quantitative outcomes from an additional test feeder grid with more
electrical nodes, promising a deeper understanding of scalability and performance.

These refined quantitative results underscore this paper’s contribution, providing a
robust foundation for conclusions drawn from a thorough and data-driven examination of
GFM power inverter adoption within electrical grids.

Certainly, expanding the scope of future work can bring about a more comprehensive
exploration of the implications and potential advancements related to the present study.
Consider the following perspectives for future work:

Advanced Control Strategies:

e Investigate and implement more advanced control strategies for GFM power inverter
controllers beyond the current technology. Explore predictive control methods or arti-
ficial intelligence-based approaches to further enhance grid stability and performance.

Cybersecurity Considerations:

e  Address the growing importance of cybersecurity in the context of GFM power invert-
ers. Assess vulnerabilities and propose robust security measures to protect against
potential cyberthreats, ensuring the resilience of the grid.

Integration of Energy Storage:

e  Explore the integration of energy storage systems in conjunction with GFM power
inverters. Investigate how energy storage technologies can be synergistically employed
to enhance grid reliability, mitigate intermittency issues, and support continuous
power supply during fluctuations.

Resilience to Extreme Events:

e Evaluate the resilience of GFM power inverter systems to extreme weather events,
natural disasters, and other unforeseen challenges. Develop strategies to ensure grid
continuity and rapid recovery in the face of adverse conditions.

GFM in Hybrid Systems:

e Investigate the role of GFM power inverters in hybrid energy systems, where multiple
energy sources (renewable and conventional) coexist. Analyze their performance
in complex grid architectures and assess the potential for improved hybrid system
optimization.

Economic Viability and Cost-Benefit Analysis:

e  Conduct a comprehensive economic analysis to assess the cost-effectiveness of widespread
GFM power inverter adoption. Explore potential incentives, subsidies, and cost
savings associated with reduced reliance on traditional power generation methods.

Real-World Implementation and Case Studies:

e  Collaborate with utility providers or relevant stakeholders to implement GFM power
inverter systems in real-world scenarios. Conduct case studies to validate the scalabil-
ity, reliability, and performance under actual grid conditions.

Policy and Regulatory Considerations:
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e  Examine the existing policy and regulatory frameworks governing the integration of
GFM power inverters. Propose recommendations for policy adjustments or regulatory
updates to encourage and facilitate their widespread deployment.

Quantification of Environmental Impact:

e  Quantify the environmental impact of adopting GFM power inverters compared to
traditional grid configurations. Assess the reduction in carbon emissions and other
environmental benefits associated with the transition to cleaner energy sources.

Public Awareness and Stakeholder Engagement:

e  Develop strategies to enhance public awareness and engage relevant stakeholders in
the adoption of GFM power inverters. Investigate public perception, potential barriers,
and methods to promote acceptance and collaboration.

These diverse perspectives for future work can contribute to a more holistic under-
standing of the implications and applications of GFM power inverters, paving the way for
advancements in grid modernization and sustainable energy integration.
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