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Abstract: Grid-forming inverters (GFMIs) have been identified as critical assets in ensuring modern
power system reliability. Their ability to synthesize an internal voltage reference while emulating
synthetic inertia has sparked extensive research. These characteristics have recently piqued interest
in their capacity to provide blackstart ancillary services. The blackstart of a bulk power system poses
significant challenges, namely the large transients from the energization of unloaded transformers,
rotational motor loads, and long transmission cables, which have been effectively studied using
conventional synchronous generators (SGs). The concept of an inverter-based resource (IBR)-based
blackstart continues to be an open research area necessitating further investigations due to the known
limitations of IBRs such as low short-circuit current capabilities. This paper presents a blackstart case
study of a bulk power system investigating the performances of a conventional SG to a GFMI when
utilizing hard switching methods. The paper qualitatively investigates the transient inrush currents
from the transformer and rotational load energization sequences. Additional examinations into the
significance of the GFMI’s current-limiting schemes and voltage control loop compensator gains
are presented. Furthermore, the harmonic distortions from the transformer energization sequence
are also evaluated. Finally, a full network energization case is presented to demonstrate how both
sources can provide blackstart provisioning services. The models are developed in EMTDC/PSCAD
using real-world transmission planning data.

Keywords: blackstart; grid-forming inverters; sympathetic inrush

1. Introduction

The use of inverter-based resources (IBRs) is significantly increasing, intending to meet
renewable integration and decarbonization targets within the bulk power grid. Currently
deployed grid-tied inverters are designed to follow the grid and are thus known as grid-
following inverters (GFLI) [1]. With the use of a phase-locked loop (PLL) controller to
synchronize with the grid, the GFLI can track the grid voltage; thus, they can be categorized
as current controlling sources [2]. In contrast, grid-forming inverters (GFMIs) can synthesize
an internal voltage phasor reference; therefore, they can be categorized as voltage sources
similar to synchronous generators (SGs). The abilities of GFMIs to emulate SGs have
sparked significant interest in the industry. One particular area of interest is their abilities in
providing blackstart ancillary services. The blackstart process establishes an electrical path
known as the cranking path, using a designated source known as the blackstart generator,
to restart the power plant auxiliary loads as illustrated in Figure 1. The importance
of blackstart provisioning and the closely related but more comprehensive problem of
bulk transmission system restoration were the subject of significant research in the late
1990s. The IEEE Power Systems Restoration Group prepared several key publications that
describe issues, solutions, and best practices [3]. Lately, with the introduction of GFMIs, the
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blackstart process has revived interest in the use of a GFMI. Due to the unique challenges
presented during the blackstart process, such as energizing unloaded transformers that are
larger than the blackstart resource capacities, as well as energizing rotating loads, which
are known to produce uncontrolled fast transients, additional research is necessitated,
since power inverters have limited capabilities such as generating inertia and short-circuit
currents. The community interest in this topic is evidenced by the extensive efforts of
industry and research institutions in developing appropriate GFMI models and defining
the GFMI requirements in this regard. Research institutions such as the Electric Power
Research Institute (EPRI) [4–6] and the National Renewable Laboratories (NREL) [7] have
begun initiatives into the development and simulation of GFMI models that also include
the exploration of GFMI capabilities in performing a blackstart. Furthermore, the North
American Electrical Reliability Corporation (NERC) mandates a restoration compliance
to all transmission owners. The Emergency and Operational planning (EOP-005-R5),
in particular, necessitates transmission planning to assess the viability of the blackstart
restoration strategy using simulation-based studies; therefore, further evaluation studies
investigating blackstart using IBRs are necessary to ensure their feasibility in restoration
and overcoming the complex energization transients.

The ability of an IBR-based blackstart using GFMIs in this regard has been studied
in [8]. Modifications to the GFM virtual synchronous machine (VSM) outer loop controls
are proposed to improve island synchronization and voltage support during a blackstart,
and the simulations are validated using power hardware in the loop (PHIL) tests. In [9,10],
the feasibility of deploying off-shore wind farm-based, multi-modular high-voltage direct
current (HVDC) converters (MMCs) for a blackstart application is studied. The transformer
inrush current issue was addressed by comparing a ramping voltage method, also known as
soft energization (SE), to the conventional hard-switching method. The presented analysis
neglects transformer magnetizing characteristics in the simulation models. In [11,12],
classical transformer inrush current mitigation strategies are investigated using a GFMI
resource. The studies investigate point-of-wave switching (POW), the use of pre-insertion
resistors (PIRs) in circuit breakers, and the soft energization (SE) method. The results
demonstrated that the SE method, which controls the system voltage using a ramp applied
at the inverter’s voltage controller, is the most effective method for minimizing inrush
currents. It should also be noted that employing the SE method requires the circuit breakers
that make up the cranking path to be in a closed state; therefore, all transformer assets
on the cranking path are energized at the same time. Furthermore, the studies neglect
detailed medium-voltage (MV) transformers that are coupled with inverters, and the
analysis is performed using a single loop voltage controller in the GFMI model without
any current-limiting schemes. In [13], blackstarting using a GFMI is explored, and the
SE method is evaluated against a current-limiting scheme, which serves as a reference
modifier; however, the transformer magnetizing models such as transformer residual flux
have not been accounted for.

Figure 1. An example of a blackstart cranking-path.
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The objective of this paper is to expand the understanding of an IBR-based blackstart
by presenting further comprehensive investigations that assess the abilities of GFMIs in
this setting. We focus namely on the transformer and synchronous motor energization
(that represents rotational load at the off-site power plant) followed by a full cranking path
energization study. The results of using the GFMI are evaluated against the conventional
blackstart results based on using the SG to demonstrate the performance of the GFMIs. The
contributions of this paper can be summarized as follows:

• A detailed study comparison between a GFMI and a conventional SG during a black-
start: Transformer and rotational motor load energization sequences were evaluated in
detail; as a result, the findings reveal differences between the GFMI and SG. Nonethe-
less, the studies demonstrate that the GFMI can blackstart a bulk power system using
conventional hard energization switching methods. (Sections 3 and 4).

• Evaluation of the current-limiting schemes: These schemes are employed to protect the
power inverter from the large inrush currents during the transformer and rotational
motor load energization sequences. Furthermore, our investigations revealed that this
current-limiting scheme behaves similarly to the SE method, which is executed by
modifying the references of the GFMI. (Section 3).

• Investigation of voltage and current harmonic distortions: The results demonstrated
that the sympathetic interaction between the inverter’s medium voltage (MV) and
plant step-up transformer generates extended inrush currents and over-voltages,
resulting in higher harmonic distortions, which may require the protection relays to
be adjusted. (Section 3).

• Proposing an alternative method of restoring frequency after load pick-up by integrat-
ing a closed-loop controller in a power plant controller module (PPC). This method
is beneficial, since it eliminates inverter-level control modifications. Communication
delays between the PPC and inverter are also considered. (Section 4).

2. Blackstarting Concepts
2.1. Blackstart Synchronous Generator

Blackstart generators are specially designated to be used for the cranking path ener-
gization and also assist in load pick-up during system restoration. Currently, these are
synchronous machine generators with gas turbine, hydroelectric, or diesel units [14]. It
is critical to monitor the blackstart generator closely, as restoration cannot start until the
blackstart unit can successfully provide cranking power to a larger off-site generator. The
blackstart generator must be able to maintain the voltage and reactive power as well as
maintain the frequency in the system during this time [15]. A governor maintains the speed
of the machine as the load changes by adjusting the prime mover inputs to increase or
decrease the power outputs based on frequency changes in the system. During normal op-
eration, the generators are in droop control; however, during the blackstarting process, the
blackstart generator must be on isochronous control to maintain nominal system frequency.
In this paper, the SG model uses the PSCAD synchronous machine model as the generator
model [14], the governor was modeled using the IEEE GGOV1 model, and an exciter model
was also added using the AC8B model. Details of the SG model are provided in Table 1.

Table 1. Case parameters.

Grid-Forming Inverter (GFMI) Parameters

Rating (MVA) 40

Current limit (P.U) 1.2

Voltage limit (P.U) 1.1

Voltage loop compensator gains (Kp, Ki
s ) 3, 10
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Table 1. Cont.

Grid-Forming Inverter (GFMI) Parameters

Synthetic inertia (J) 3.78

Active power limits (P.U), Min, Max 0, 0.8

Reactive power limits (P.U), Min, Max −1, 1

Synchronous Generator (SG) Parameters

Rating (MVA) 40

Inertia (J) 3.78

Voltage (kV) 13.8

GFMI Medium-Voltage (MV) Transformer Parameters

Voltage (LV, HV) 0.65 kV, 13.8 kV

Rating (MVA) 40

Residual flux (ϕr)abc (P.U) 0.1, 0, −0.1

Saturation voltage knee slope (P.U) 1.17

Blackstart Generator Step-Up (GSU) Transformer Parameters

Voltage (LV, HV) 13.8 kV, 230 kV

Rating (MVA) 80

Residual flux (ϕr)abc (P.U) 0.8, 0, −0.8

Saturation voltage knee slope (P.U) 1.17

CT Generator Step-Up (GSU) Transformer Parameters

Voltage (LV, HV) 18 kV, 230 kV

Rating (MVA) 280

Residual flux (ϕr)abc (P.U) 0.8, 0, −0.8

Saturation voltage knee slope (P.U) 1.17

Induction Motor Parameters

Rating (MVA) 1.8

Inertia (J) 0.49

Voltage (kV) 4.16

2.2. Transformer Energization Sequence

When a transformer is energized in an uncontrolled manner, it can manifest a large
magnetizing inrush current in order to satisfy the transformer flux requirements within
the core. The magnetizing inrush current will be determined by the characteristics of the
transformer’s non-linear saturation curve, the residual flux, the impedance between the
transformer and the voltage source, and finally the closing angle of the voltage waveform.
When the core flux exceeds a linear zone, the magnetizing current grows at a faster rate,
despite small flux increments. The transformers in this paper were modeled using the
PSCAD’s master library transformer models. To avoid inconsistencies, all the transformers
in the PSCAD model were modeled using the same magnetizing characteristics such as
hysteresis curves and voltage knee curves. Further details on the model data can be found
in Table 1; additionally, for further reference, details on the PSCAD transformer models can
be found in [16].

2.3. Grid-Forming Inverter Model

The baseline grid-forming inverter (GFMI) model for this study was developed by
the Electric Power Research Institute (EPRI). The model is based on a multi-loop design
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that supports both positive and negative sequence control (each sequence has its own
control loop), which is important for managing unbalanced power system conditions [17].
Furthermore, positive and negative sequence control is a requirement of many intercon-
nection standards, including IEEE 2800 [18], which requires IBRs to contribute to negative
sequence currents under unbalanced disturbances. Figure 2 illustrates the overall GFMI
architecture, which, contains a constant DC source. The sequence component extraction
block contains the transformations of the inductor current and capacitor voltage measure-
ments from abc-frame to dq-frame, which are then used in subsequent control schemes.
The outer loop controller block is responsible for power and voltage regulation as well as
synchronization of the GFMI with the electric grid. The model in particular comprises four
industry-standard GFM outer loop control strategies: virtual synchronous machine (VSM),
synchronous-reference frame-phase locked loop (SRF-PLL), droop and dispatchable virtual
oscillator control (dVOC). The VSM control strategy in particular emulates the classical
generator swing equation using inertia and the damping factor to derive the frequency
and VSM phase angle references, which are used to control active power exchange with
the grid similarly to an SG. The voltage references are generated by the Q-V droop loop,
which are assigned as voltage references used by the inner control loops for voltage control
and reactive power exchange with the grid. Due to its ability to emulate an SG, the VSM
control strategy was the preferred grid-forming control used for the analysis presented in
this paper. For a deeper theoretical understanding of the various GFMI control strategies,
please refer to [4,5]. Furthermore, references [19,20] also provide comparisons between
various GFM controllers during a blackstart.

Figure 2. Grid-forming inverter architecture, positive sequence loop in black, negative sequence loop
in red (used with permissions from [17]).
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The inner control loops are based on the cascade control loop architecture with a
voltage loop separating the inner current loop. A current-limiting scheme is implemented
between these control loops, allowing current references to be modified per the current-
limiting scheme logic when the currents generated by the voltage loop exceed the current
limit established. Further details on the current-limiting scheme are presented in subse-
quent sections. The results of the control loops are then passed onto the voltage modulation
scheme for voltage control. For these studies, an averaged model has been substituted from
the conventional switching model, which eliminates the need for a pulse-width-modulation
(PWM) scheme.

3. Comparative Network Case Studies
3.1. Study Assumptions and Methods

In this section, the transformer energization and motor starting analysis are compared
using an SG and the GFMI. Additional sensitivity studies investigating the current-limiting
scheme and impact of the voltage controller compensator gains are also presented based on
the transformer energization sequence. The simulation case is initialized with the electrical
system in a de-energized state with all circuit breakers in the open position. The circuit
breaker closing times for the transformer energization assessments in particular were also
studied, and the results presented in this paper are based on phase C voltage waveform
closing at 0◦ for the maximum inrush current in phase C. The simulation studies were
carried out in the EMT time domain using the EMTDC/PSCAD simulator version 5.0.1
software. PSCAD is an industrial simulation platform developed by Manitoba Hydro
that is used by research institutes, utilities, and academic institutions to conduct studies
assessing fast transient phenomena in the power system. The simulations performed in this
paper were initialized for 1 s to allow the EMT models to stabilize and also allow the control
schemes to be de-blocked. The general case parameters of the EMT model are presented in
Table 1; furthermore, Figure 1 represents the schematics of the electrical EMT model.

3.2. Transformer Energization Transients

In this subsection, the results of the inrush currents and voltages during the energiza-
tion of the GSU transformer are investigated. Measurements are captured at the low-side
terminal of the GSU transformer. The maximum remnant flux is modeled as +80% phase
A, 0% phase B, and −80% phase C. Also, note that the power inverter requires a medium-
voltage (MV) transformer that resides between the collector bus and the inverter terminal.
A fully detailed model of the MV transformer has been accounted for in this paper, and
magnetizing elements such as hysteresis curves and remnant flux are set accordingly as
the GSU transformer model. The phase currents from the GSU transformer energization
are presented in Figure 3a,b for the GFMI and SG, respectively. The first second of the
simulation involves the initialization transients as mentioned earlier. For this reason, time-
domain result plots begin after 1 s. Additional inset boxes are also provided to illustrate
the detailed waveforms captured during the first 6 cycles (1.1–1.2 s) and the last 6 cycles
(9.9–10 s). The initial inrush current peak from the GFMI in Figure 3a was significantly
lower than the SG (around 3.8 kA compared to 8 kA) due to the GFMI’s current limiter
being active, which is set to 1.2 P.U during this study. The SG (Figure 3b), in contrast,
provides a ∼8 kA inrush current peak, which is more than twice the amount of the GFMI
case. Inrush currents contain a DC offset as well as a large, distorted AC component that
decays to a steady state. The decay rate depends on the circuit X

R ratios. It is evident in the
SG case that the decay is fast due to the SG’s characteristics such as damper windings and
other internal circuit components. Consequently, the GFMI’s case indicates a slow decay
with sustained DC offset. Further investigations revealed that this behavior was caused by
a sympathetic interaction between the GFMI’s MV transformer and the GSU transformer.
Sympathetic inrush occurs when an incoming transformer is energized close to an existing
energized transformer. The DC component of the inrush current drawn by the incoming
transformer flows through the system resistances, producing a DC voltage component.
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This forces the existing energized transformers, in this case the inverter MV transformer,
to re-saturate, drawing high currents as the flux linkages develop an asymmetrical off-
set [21,22]. Additional sensitivity studies were performed by disabling the magnetizing
models (saturation and hysteresis) in the MV transformer. The results, not included here
because of space limitations, showed that the inrush currents at the GSU terminal decayed
significantly faster than those for the SG. This study also manifested less distorted voltage
waveform output from the GFMI, justifying the absence of sympathetic inrush.

Figure 3. Transformer energization transients: (a) 3-phase currents (GFMI), (b) 3-phase currents (SG),
(c) 3-phase voltage (GFMI), (d) 3-phase voltage (SG).
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Figure 3c,d shows the phase voltages during the transformer energization for the GFMI
and SG, respectively, with inset boxes displaying the waveform details. When comparing
the waveform details in the first set of inset boxes which capture the first six cycles of the
inrush, the GFMI voltages appear severely distorted and indicate overvoltages in certain
phases as compared to the SG case. This is the resulting impact from the asymmetrical fluxes
caused by sympathetic inrush. Similar case studies examining the impact of sympathetic
inrush between two transformers can be found in [23], which also revealed similar inrush
characteristics to those observed in this paper. As the sympathetic inrush decays gradually,
the impact on the voltage waveform is also reduced; for instance, the 2nd inset boxes
that illustrate the last six cycles of the voltage waveform show no distortions for the
SG. Moreover, the GFMI’s case also shows reduced distortions and overvoltages. The
observations during the transformer energization when using a GFMI reveal that the
sympathetic inrush between the MV and GSU transformers needs to be considered, since
the inrush currents are extended for longer durations compared to normal inrush currents
from using the SG. Furthermore, as the extended inrush currents are observed to decay at
a slower rate, the GFMI needs to be provisioned with current-limiting schemes that can
suppress the inrush currents to protect the power inverter from thermal damage caused
by overcurrents.

3.3. Impact of Voltage Loop Compensator Gains on Transformer Inrush

Various inverter control schemes have been proposed in the literature. The cascade
control scheme is commonly favored, since it separates the voltage loop and current loop
controllers, which are typically operated in a d-q axis reference frame. The decoupling of
these two control loops enables the user to fine-tune each control loop independently at
different bandwidths. The voltage loop in particular regulates the voltage at the capacitor
filter, while the current loop regulates the current at the inductor filter [24]. The cascade
control scheme is employed in this GFMI model, and the current references generated by
the voltage loop can be expressed as

Idre f = (Ere f − Vd)(Kp +
Ki
s
) + Ild − C f ωVq (1)

Iqre f = (Ere f − Vq)(Kp +
Ki
s
) + Ilq + C f ωVd (2)

where idre f and iqre f are the d-q axis current references, respectively, Ere f is the voltage
reference, and Vd and Vq are the d-q axis grid voltages. The C f is the capacitor voltage
that acts as the feed-forward input and Ild and Ilq are the d-q axis grid currents. The feed-
forward design is essential in simplifying the controller design, since the current inputs
from the grid aid in disturbance rejection [24]. Tuning the compensators is not the scope of
this paper, as several publications discuss compensator tuning; however, for completion
purposes, the compensator gains can be tuned by formulating the control loop transfer
functions and solved using pole-placement methods for the response time and damping
ratio. The voltage loop tuning in particular comprises the current loop transfer function
and the capacitor voltage (Vd, Vq) transfer function. Since the response time of the voltage
loop is higher, the current loop transfer function can be neglected [21,24]. Furthermore, it is
a common process for manufacturers to fine-tune compensator gains manually during a
plant commissioning phase. Several publications and literature are available that outline
the best practices to follow during manual compensator gain tuning.

To examine the impact of how compensator gains can influence the inverter response,
sensitivity studies were performed adjusting the voltage loop compensator gains during
the transformer energization sequence. A similar sensitivity study was performed in the
blackstart assessments referenced in [25]; however, the authors focused on the outer loop
P − f compensator gains and investigated the overall frequency responses according to the
sensitivities conducted. Similarly, in this paper, we evaluate the inverter response using
3 various voltage controller compensator gains as identified in Table 2.
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Table 2. Voltage compensator gain sensitivities.

Case Kp Ki/s Results

Basecase 3 10 Original basecase

Case 1 2 3 Low peak current, faster voltage response

Case 2 30 10 High peak current, slow voltage response

Figure 4a,b demonstrate the phase current and RMS voltage response at the GSU
terminal upon energization. Case 1 (Small PI gain) recovers to the nominal voltage (13.8 kV)
faster (Figure 4b) and with nearly half the current amplitude peak than case 2 (Figure 4a),
which results in a delayed voltage recovery. To further expand on this behavior, Figure 5
is provided to compare the current references generated from the voltage loop to the grid
inductor currents. The currents demonstrated in these plots are in the d-q frame for all
sensitivity cases during the transformer energization. Case 2 (Figure 5a) illustrates a close
coupling behavior between the current references and the inductor currents, which correlate
to the larger inrush current amplitudes observed in Figure 4a. This is expected, as the larger
PI compensator gains assigned allow the compensators to generate a higher proportional
gain coupled with tighter integral gains, which provide a faster response resulting in
close tracking of the control loop with the inductor currents. In contrast, when smaller
compensator gains are assigned, the current references as shown in Figure 5b lose the close
tracking with the inductor currents. The findings from these sensitivity studies indicate
that the control loop compensator gains can significantly impact the inverter responses
during a blackstart; thus, specific tuning efforts should be considered to achieve an ideal
balance and ensure that the inverter does not cause any instabilities.

Figure 4. Impact of PI compensator gains on the GFMI’s response: (a) phase A current, (b) RMS voltage.
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Figure 5. Current control loop response (Id ref, Id grid, Iq ref, Iq grid = D-axis current reference,
D-axis inductor current, Q-axis current reference and Q-axis inductor current, respectively)—(a) case
2—large PI gain, (b) case 1—small PI gain, (c) basecase.

3.4. Impact of Inverter’s Current-Limiting Scheme on Transformer Inrush Currents

In an IBR, current-limiting strategies are required to prevent the power inverters from
exceeding their current output, as the power electronic components are sensitive to heat.
An overcurrent condition may cause substantial thermal damage to the power inverter and
other various power electronic components, leaving the components inoperable. Several
types of current-limiting strategies have been compared in literature [26]. The scheme
employed in this model is known as the current saturation or reference modifier scheme [13],



Energies 2024, 17, 4067 11 of 23

which is placed between the voltage and current control loops and uses the abc-frame over
the conventional d-q-frame scheme. Current limiting imposed in the abc-frame ensures
that phase currents from unbalanced disturbances such as phase-to-ground faults are
restricted accordingly per phase. Furthermore, using the current saturation/reference
modifier liming scheme has several advantages. When the current limit is exceeded, the
scheme modifies the current references directly that were generated by the voltage control
loop. The current references are used by the current control loop to generate voltage
references for modulating the inverter terminal voltage. Another advantage is that the
placement of the limiter in a cascade control scheme couples it with the current control
loop dynamics. The current control loop is typically tuned at higher bandwidths than
the voltage control loop, and as a result, the current limitation process can restrict the
currents at faster speeds. Conceptually, soft energization (SE) also works by modifying
reference inputs into the control loops, in particular, SE modifies the voltage reference input
in the form of a progressive voltage ramp [12]. When we apply this concept to a cascade
control scheme, the voltage reference modification by SE constantly modifies the current
references similarly to what this current-limiting scheme does. The logic behind how this
current-limiting scheme operates is demonstrated in Equation (3) [17].

Ire f n =

{
1 · Ire f , for Ire f ≤ IMax

( IMax
IphMax

) · Ire f , for Ire f > IMax
(3)

IphMax = max(|Ia|, |Ib|, |Ic|) (4)

where Ire f n is the calculated current reference by the limiter, Ire f is the generated current
references from the voltage loop, IMax is the assigned current limit and IphMax is the
maximum phase current magnitude from (|Ia|, |Ib|, |Ic|) observed by the limiter. When the
assigned current limit (IMax) is breached, a ratio of the current limit to the maximum phase
current magnitude (IphMax) is used to multiply the current references (Ire f ) generating the
updated references (Ire f n), which are used by the current control loop. Analytically, we can
formulate the equations used to perform the current limiting. The first step is to convert d-q
current references generated from the voltage loop into positive and negative sequences
and its phase difference using Equations (5)–(7):

|I1| =
√
|I+qre f |2 + |I+dre f |2 (5)

|I2| =
√
|I−qre f |2 + |I−dre f |2 (6)

∠I1 −∠I2 = atan2

(
|I+qre f |
|I+dre f |

)
+ atan2

(
|I−qre f |
|I−dre f |

)
(7)

where I1 and I2 are the positive and negative sequence currents, respectively. I+dre f , I+qre f and

I−dre f I−qre f are the positive sequence and negative sequence dq-axis current references. The
next step is using Equation (8) below to convert the positive and negative sequence current
magnitude and phase acquired using Equations (5)–(7) into phase current magnitudes:

|A + B| =
√
|A2|+ |B2|+ 2|A||B|cos(∠A −∠B) (8)

An example of how phase a current magnitude can be achieved using Equation (8) is
demonstrated in Equation (9) (phase b and c current magnitudes are acquired similarly,
however, a +120◦ and −120◦ offset is added, respectively):

|Ia| =
√
|I2

1 |+ |I2
2 |+ 2|I1||I2|cos(∠I1 −∠I2) (9)
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The limiting scheme continuously monitors each phase’s current magnitude current ac-
quired using Equations (5)–(9). The logic as identified in Equation (3) is used to proportion-
ally scale down the current as required.

Figure 6 demonstrates how the limiter calculates the scaled current references using a
maximum phase magnitude observed at a particular time-point after the GSU transformer
is energized. The scaled output is illustrated as 0.7 P.U., when the phase magnitude is
observed to reach 1.86 P.U. The current limiter in this example is pre-set to 1.3 P.U. Using
the logic in (3) and finding the ratio between the max phase and the pre-set current limit,
the value calculates to 0.7 P.U., validating the model output.

Figure 6. Verification of current-limiting model.

To further expand on the limiter behavior during the energization of the GSU trans-
former, Figure 7a,b demonstrate the limiter activation frequency and the corresponding
calculated current scale. The plots demonstrate a ∼2 s duration after the transformer is
energized at 1.1 s. An interesting observation is that the limiter is scaling the current
substantially during the first few cycles into the inrush current when the transient current is
at the highest amplitude. The limiter continued to be activated (1 = On, 0 = Off) in Figure 7a
throughout the extended inrush currents as identified in prior sections, which was caused
by the sympathetic inrush. Observing Figure 7b, the peaks reduce in correlation with the
decay of the inrush current. It was also verified in the case study without the inverter MV
transformer magnetizing model (saturation and hysteresis) that the limiter was activated
only during the first half cycle of the transformer energization when the current amplitude
is at the maximum. The observations of the current limiter behavior suggest the follow-
ing. (1) The frequency of the limiter activation during the blackstart demonstrates that
current-limiting schemes are crucial in ensuring the inverter current outputs are controlled
below its threshold. (2) The frequency of the limiter activation also reveals the extent
of extended inrush currents generated by the sympathetic interaction between the MV
and GSU transformer, emphasizing the importance of GFMIs being provisioned with the
appropriate limiting schemes before being considered for blackstart applications.
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Figure 7. Current limiter during transformer inrush: (a) activation frequency (1 = on, 0 = off),
(b) current reference scaler.

3.5. Harmonic Distortions from Transformer Energization

Harmonics are components of periodic waves of voltage and currents at frequencies
that are integer multiples of the fundamental or base frequency [27]. Common sources of
harmonics are non-linear devices such as power electronic-coupled converters, variable
speed drives, loads, etc. The term ‘transient harmonics’ is used in the literature to describe
waveforms caused by transients in the power system, such as short-circuit faults and switch-
ing in network assets such as transformers, capacitor banks, and reactors. References [27,28]
provide an in-depth overview of power system harmonics. Upon energizing a transformer,
the inrush currents produce dominant 2nd to 5th harmonic for a few cycles that may sustain
to extended periods depending on the network and the extent of the inrush currents. As
such, harmonic restraints are routinely used in transformer differential protection. IEEE-
519 [29] provides suggested harmonic limits at various voltage levels that are used as a
guideline for utilities to ensure the harmonics present in the system are controlled and
below the suggested limits. With IBRs, harmonics are a rising concern due to the inverter
source’s contribution to harmonics. The IBRs contain filters to filter out high-frequency
harmonics from the high-frequency switching of the switches; however, depending on the
resonance levels of the network at certain frequencies, the harmonics can be magnified if
the harmonic frequencies of the inverters also align with the resonant frequencies of the
transmission network. The PSCAD simulator has the capability to convert the Fast Fourier
Transform (FFT) evaluating signals into the frequency domain, and a harmonic distortion
calculator can be added to extract the total and individual harmonics from the frequency
domain converted signals. In this paper, fundamental (60Hz) to 5th harmonic magnitudes
are presented for phase A currents and voltages captured at the generator terminal bus and
transformed using FFT in Figure 8a,b and c,d, respectively, during the GSU transformer
energization phase.
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Figure 8. Harmonic distortions during transformer energization: (a) currents (SG), (b) currents
(GFMI), (c) voltage (SG), (d) voltage (GFMI).

Figure 8a,b, demonstrate the inrush current harmonics for the SG and the GFMI,
respectively. As observed, the initial current magnitudes of the SG case are significantly
higher; however, similarly to how the inrush current decays, the harmonics also decay
faster in contrast to the GFMI’s cases, which show undamped and extended harmonic
magnitudes. This harmonic behavior is also a result of the sympathetic interaction of the
GSU and inverter MV transformers, which demonstrated a higher DC offset following
the same behavior of the inrush currents observed in Figure 3. An interesting observation
in the GFMI’s case is that a sustained 3rd harmonic is noticed in both the current and
voltage harmonics requiring further investigations as the harmonics are observed at the
primary winding of the GSU, which is in a ∆ configuration. In the literature, ∆ windings
are employed to trap zero sequence currents, which are commonly also known as the third
harmonic in an unbalanced system [30]. Further investigations indicated that the observed
third harmonic is not a zero sequence component, since the system is balanced, but rather a
transient harmonic with only positive and negative sequences present. Similar harmonic
behavior has been reported in [30] and has been attributed to sympathetic inrush flowing
into a ∆ winding of a transformer during its energization sequence.
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The harmonic observations suggest that the conventional harmonic restraint schemes
utilized in existing transformer differential protection schemes may require further modifi-
cations in order to successfully perform a blackstart using an IBR. Transformer protection
schemes utilize a harmonic restraint that allows the relay to distinguish the harmonics
produced from energizing transients from short-circuit fault transients to avoid relay misop-
eration. The 2nd harmonic is typically used as a percentage ratio to the fundamental to
distinguish the transformer energization inrush currents; in addition, the relays also contain
a time-delay function that monitors the time of the energization transients decaying. The
extended inrush currents from the IBR-based blackstart also reveal that modifications to
the time delays of the relay need to be considered to avoid misoperation. It should be
noted that if the sequence of the transformer energization is controlled such as adopting
the point-on-wave (POW) method which attempts to close the breaker at a certain angle,
the transient response from sympathetic inrush is minimized, resulting in a reduction of
harmonic distortion. The POW method, however, has drawbacks; for instance, it requires
advanced meters and breaker control schemes. Additionally, the breaker closing action
can still have delays, resulting in high inrush currents. The preferred method to blackstart
using an IBR is to employ the soft energization (SE) approach, as studied in [8,10,12],
which demonstrated that when performed effectively, inrush currents from transformer
energization are substantially reduced. It should be noted that SE depends on the ramp
time duration; that is, a faster ramp time can generate inrush due to the rapid flux-buildup
from a faster voltage ramp. Additionally, the present literature on SE neglects the MV
transformer. Therefore, some sympathetic interaction could potentially emerge as the
voltage ramp cycle approaches nominal voltage.

4. Motor Starting Transients

The auxiliary loads at the off-site power plant comprised compressors, pumps, etc.;
therefore, an aggregated synchronous motor can be used to represent the rotational load
dynamics. During the start-up sequence, the motor draws a large inrush current required
to rotate its stator/rotor, which can produce severe voltage dips that can impact the
source generator. As the motor approaches the desired speed (typically around 98%), the
transients from the starting sequence settle. Utilities typically follow a voltage dip criteria
when connecting and starting large rotational loads. It is critical to ensure the frequency
of the motor starting and the voltage dips do not impact the system or nearby customer
loads. Figure 9a,b demonstrate the start-up inrush currents of a synchronous motor sized to
1.8 MVA, and the presented plots capture the inrush at the motor terminals for both the SG
and GFMI cases, respectively. The inrush currents are lower from the GFMI’s case (peaking
to ∼±4.0 kA) as compared to the SG (peaking to ∼±5.8 kA) due to the current limitation of
the GFMI (the limiting schemes were observed during this sequence and found to have
been activated for a few cycles). Furthermore, Figure 9c demonstrates the motor speed
during the motor start sequence. As shown, using both generator sources, the desired
motor speed of around 98% can be achieved without any stalling, indicating that the motor
started up successfully. The frequency responses between the SG and the GFMI had a
∼0.3 Hz difference, with the SG’s case dipping to 59.3 Hz as compared to 59.7 Hz using the
GFMI, which was attributed to its faster frequency response. In contrast, the SG’s slow time
constants in the governor results in slower response and recovery. It is important to note
that the frequency dips observed are normal during the blackstart process as the system
is extremely weak, and it is a common process for utilities to reconfigure or even disable
protection schemes to avoid misoperation due to the lower-frequency dips. Additionally,
the frequency before synchronizing the off-site power plant with the cranking path should
be close to 60 Hz, since any deviations will result in large transients during synchronization,
which can potentially trip and black out the cranking path. This would be undesirable, as it
would require the cranking path to be re-established again. Regarding the GFMI, the VSM
control uses a frequency droop to regulate the frequency; however, since the active power
reference (Pre f ) is set to 0 during the initial stages, it was observed that during load-pick
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up, the frequency never recovers to 60 Hz. The SG, in contrast, uses an isochronous control
mode, which ensures the frequency is constantly regulated by its governor to 60 Hz. To
address the frequency recovery issues of the GFMI, this paper proposes an alternative
method of using a power plant controller (PPC) to regulate the frequency when necessary as
opposed to modifying inverter outer loop controls. The proposed method will be discussed
in the following subsection.

Figure 9. Motor starting sequence: (a) motor inrush current—SG case, (b) motor inrush cur-
rent—GFMI case, (c) motor start-up speed.

Proposed Frequency Restoration Using Power Plant Controller

The GFMI’s active power reference (Pre f ) is set to 0 to maintain a 60 Hz frequency
during the establishment of the cranking path. This is because, during this phase, there are
no active power requirements since there are no loads to be picked up. The droop function
the GFMI uses can be expressed as [31]

ω = ω0 +
1
d f

(Pre f − P) (10)

where ω, ω0, d f , Pre f and P are the total angular frequency, initial angular frequency,
frequency droop, active power reference, and active power output, respectively.

To address the frequency restoration, this paper introduces an alternative method
using a power plant controller (PPC) to drive the Pre f of the inverter. Similar frequency
restoration controllers have been proposed in [8]; however, these are implemented at the
inverter level, which can be impractical at the utility-scale, since an industrial renewable
energy plant (REP) may contain multiple clusters of inverters to meet the total power output.
PPCs, on the other hand, are currently employed in REPs to maintain voltage and frequency
at the transmission interconnection point using real-time measurements to process the
resulting powers and voltage references delivered to the power inverters. Additionally,
the PPC serves as a centralized commander; therefore, the cluster of inverters receives
the same reference commands. Another advantage of the PPC is that the configurations
can be accessed remotely; therefore, the control schemes could be adjusted as needed
without much downtime [32]. Figure 10 illustrates the GFMI blackstart plant with a PPC
module integrated, the POI meter provides the real-time measurements which are used as
inputs into the PPC which also contains the proposed frequency controller. The proposed
controller regulates the Pre f based on the frequency deviation from the desired 60 Hz to
the real-time frequency measured at the POI. Proportional and integral (PI) compensators
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are employed to drive the frequency error to zero. Essentially, taking Equation (10), the
function can be modified by adding an additional Pre fn variable to the droop function
that can be controlled using a switch logic (1 = On, 0 = Off) during certain scenarios such
as blackstart:

ω = ω0 +
1
d f

(Pre f + (Pre f n)− P) (11)

Pre f n = (( f0 − fpoi) ∗ PI) ∗ Psync) (12)

PI = (Kp +
Ki
s
) (13)

where Pre fn and Psync are the new power reference variable and synchronizing switch status
(1 = On, 0 = Off), respectively, and f0 and fpoi are the nominal and measured frequency
in Hz. As Pre f = 0 during the initial blackstart sequence, the synchronizing switch status
Psync acts as a multiplier of the closed loop PI controller. When the switch is disabled, the
overall output is multiplied by 0; therefore, Equation (12) results in 0 not impacting the
VSM droop (Equation (11)).

Figure 10. Illustration of a GFMI blackstart resource with a PPC module.

Figure 11 demonstrates the frequency response using the proposed controller and
the response without the controller during the motor starting sequence. As illustrated,
the frequency regulated by the controller successfully restores the frequency to 60 Hz; in
contrast, without the controller implemented, the frequency does not recover to 60 Hz. The
response of the controller can be fine-tuned by adjusting the PI compensators. As shown,
the overshoot is extremely small in Figure 11, since very tight values have been assigned to
the compensators.

Figure 11. Frequency restoration results of GFMI using the proposed controller.
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Another important aspect to consider with PPCs is the communication time delays
since they operate using metered signals as inputs into their control schemes before sending
set-point commands to the inverters. Furthermore, the PPC’s controller schemes use
compensator gains, which can result in added delays. To address these concerns, a time
delay of 150 milliseconds (ms) was implemented to demonstrate the effectiveness of using
a PPC in regulating the Pre f value. Figure 12 compares the frequency response when
delays are considered. As observed, there are some differences to note: for instance, when
considering the delays, the frequency excursion falls to 59.7 Hz, which is expected, since
the closed-loop controller response commands sent to the GFMI now contain a delay.
These findings suggest that while PPCs can be sufficient in restoring the frequency as
evidenced by the results, the GFMIs and the rest of the system’s under-frequency protection
settings should be set correctly to ensure no misoperations occur. Other solutions such as
considering faster communication devices to reduce the delays to 50 ms could be explored
for blackstart-specific GFMIs.

Figure 12. Frequency restoration results when delays are considered.

5. Full Cranking Path Energization Results

This section presents a full study of the energization of the cranking path. To com-
plete the cranking path, both blackstart sources need to maintain acceptable voltage and
frequency while providing system stability from network asset energization transients. The
cranking path includes energizing two transformers and two induction motors, which are
started simultaneously with a 10-s time delay to allow transients to settle, and finally, a
static constant impedance load rated at 1 MVA is also energized. (Refer to Figure 1 for the
cranking path diagram.) The sequence of events used to simulate the full cranking path
study is based on a transmission utility’s emergency operational plan (EOP-005) procedure,
which is a mandatory NERC compliance requiring every transmission owner to have a
blackstart procedure in place [22]. The sequence of events is provided in Table 3.

The time-domain simulation results are illustrated in Figure 13 for both the SG and
the GFMI cases. The data were captured at the 13.8 kV generator terminal bus. Figure 13b
demonstrates the frequency response from both sources; as illustrated, the GFMI’s response
is significantly faster despite using the same inertia constants. In addition, the proposed
frequency recovery controller using the PPC is utilized to restore the frequency to 60 Hz.
The SG, on the other hand, contains slower time constants used in its controller gains in
the governor, resulting in a slower frequency recovery. However, as shown, the frequency
is constantly regulated due to the isochronous governor mode. For both the active and
reactive power response (Figure 13c,d), the SG provides higher reactive power during the
GSU energization, while the GFMI due to its current limiting imposed can only inject ∼50%
of the SG’s power. As the transients settle between the various energization phases, its
important to observe how both the sources respond very closely. Furthermore, Figure 13a
shows a larger voltage dip of the GFMI (blue plot) as compared to the SG at the 11s mark
as a result of the motor starting sequence generating a transient inrush current. The voltage
dip from the GFMI is due to the additional impedance between the inverter and the GSU
transformer (recall, the data are captured at the GSU terminal bus), such as the collection
system and MV transformers. In contrast, the SG is modeled as directly connected to the low
side of the GSU transformer; moreover, the sub-transient reactances of SGs are substantially
low for the first few cycles, which impacts the voltage dip. The observations from Figure 13
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demonstrate that the GFMI has the ability to blackstart the system as compared to the
conventional SG, addressing one of the common questions currently being asked: Can
a GFMI comparably sized to an SG blackstart a system successfully using conventional
EOP-005 switching methods?

Figure 13. Comparison of the cranking-path energization between SG and GFMI: (a) voltage RMS,
(b), frequency, (c) active power, (d) reactive power.

Table 3. Simulation events of the cranking-path sequence.

Stage Time Event

1 1.1 s GSU transformer energization
2 4.6 s 230 kV collector bus is energized
3 6.1 s 230 kV/18 kV transformer is energized
4 9.1 s 18 kV bus is energized
5 11.1 s Rotational load (Motor # 1 energized)
6 20.1 s Rotational load (Motor # 2 energized)
7 30.1 s Static load energized

6. Discussion

A comprehensive assessment has been presented evaluating the differences between an
SG and a GFMI during a blackstart sequence studied using time-domain EMT simulations.
In particular, this paper investigated the performances of the SG and GFMI during the
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transformer and rotational load energization sequences, which are known to generate
large transient inrush currents, posing substantial challenges to the blackstart unit. The
transformer energization results revealed unique inrush features when utilizing a GFMI,
such as significant DC offset and extended inrush current durations. Further evaluations
demonstrated that the MV and the GSU transformer react sympathetically with each
other, creating a sympathetic inrush. As a result, the GFMI’s current-limiting scheme
was active for the extended inrush duration, ensuring the inverter is not subjected to an
overcurrent condition, proving to be an absolute necessity during an IBR-based blackstart.
The limiting scheme in particular acts as a current reference modifier by continuously
monitoring the current references which are generated by the voltage control loop. If the
current reference violates the assigned current limit, the limiting scheme proportionally
reduces the current references influencing the final voltage references. In essence, the
reference modifier-limiting scheme behaves similarly to soft energization (SE), which is
also performed by modifying the voltage reference. In contrast, the SG’s case demonstrated
normal magnetizing inrush behavior with a rapid decay as a result of the source provisioned
with damper windings as part of its internal circuit characteristics. In context, the initial
inrush current amplitude peak of the GFMI for the first cycle was ∼50% reduced as
compared to the case of SG; however, sustained inrush over some time demonstrated
higher amplitude peaks.

The harmonic distortions were also evaluated during transformer energization, which
resulted in a correlation with the inrush behavior. The GFMI’s case revealed higher magni-
tude and undamped harmonics; in particular, a 3rd harmonic was continuously observed,
which required further investigations since the transformer is in a delta winding config-
uration, which is typically used to trap the 3rd harmonic (zero sequence currents in an
unbalanced system). The investigations revealed this 3rd harmonic to contain only positive
and negative sequences; therefore, it can be considered a transient harmonic as a result of
the sympathetic inrush resonance. The harmonic distortions during sympathetic inrush
were verified and reported in other publications. The observations from the transformer
energization studies highlight the importance of modeling the MV transformer models
in detail by enabling the magnetizing characteristics of the transformers. Furthermore,
the harmonic distortions observed suggest that modifications to the existing protection
schemes may be necessary to avoid any relay misoperations. In comparison, the current
harmonics of the SG were initially observed to be 40% higher than those of the GFMI;
however, in correspondence to the inrush current behavior, the SG’s harmonics also damp
rapidly. In contrast, the GFMI retains a higher amplitude of harmonics over the 10 s time
duration, as illustrated in Figure 8a,b. Consequently, the voltage harmonics of the SG
are 50% lower than that of the GFMI. In particular, the GFMI’s 3rd harmonic voltage is
∼3 times higher due to the resonance from sympathetic inrush behavior.

The paper also presented a motor-starting analysis for both the SG and GFMI. The
results demonstrated comparable start-up sequences of the motor; the GFMI despite the
current-limiting scheme being active for a few cycles was able to supply the necessary
current for the motor to start up successfully without stalling. The frequency is expected
to dip but recover; in the SG’s case, the SG uses an isochronous droop mode, which
regulates the frequency to a nominal 60 Hz. In contrast, the GFMI uses a droop-based
frequency control. Since the active power reference is set to zero during the initial phase,
the frequency never recovers to a nominal 60 Hz. To address this, the paper proposes a
closed-loop controller integrated into a power plant controller module (PPC) to restore the
frequency. The PPC is used in industrial plants to maintain the voltages and frequency
at the transmission point of interconnection; in addition, the controller at the PPC level
eliminates the need to modify the inverter, which is beneficial for industrial IBR plants,
which can contain several clusters of inverters. The controller functions by driving the
power reference of the inverter when a frequency deviation is observed by the controller.
The results demonstrated successful frequency recovery after the motor start-up sequence.
Furthermore, the paper also investigates the frequency response of the controller when
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communication delays between the PPC and the inverter are considered. The results
revealed that time delays have an impact as the frequency is allowed to dip further, which
may require correct frequency trip settings set at the inverter.

Finally, a full cranking-path energization study is presented comparing the SG and
GFMI. Although the results from the detailed transformer and motor energization se-
quences indicated that the GFMI and SG have discrepancies in how they respond during
the transient conditions, the overall behavior during the blackstart sequence is similar once
the transient conditions settle. The results from the paper also indicate that when the GFMI
is provisioned with the appropriate control loop compensator gains and current-limiting
schemes, the GFMI can successfully blackstart a bulk power system using conventional
hard switching methods. The GFMI provides ∼50% faster voltage and frequency recovery
due to the faster controller gain response, as evidenced in Figure 13. Although the work
presented in this paper demonstrated that the GFMI can successfully blackstart the system
using the conventional hard switching method, the soft energization (SE) method is recom-
mended for establishing the cranking path, as this method when effectively utilized has
been demonstrated to reduce inrush transients.

7. Conclusions and Future Work

Grid-forming inverters have renewed an interest in the academic and industrial
communities in further exploring their abilities to provide blackstart services. In that
context, this paper presented a practical EMT study analyzing the potential capabilities of
GFMIs in the blackstart setting and comparing its performance to the conventional SG. In
summary, the contributions of this paper are outlined below:

• A detailed study comparison between a GFMI and a conventional SG during a black-
start: Transformer and rotational motor load energization sequences were evaluated in
detail, as a result, the findings reveal differences between the GFMI and SG; nonethe-
less, the studies demonstrate that the GFMI can blackstart a bulk power system using
conventional hard-energization switching methods.

• Evaluation of the current-limiting schemes: These schemes are employed to protect the
power inverter from the large inrush currents during the transformer and rotational
motor load energization sequences. Furthermore, our investigations revealed that
this current-limiting scheme behaves similarly to the SE method, which is executed
by modifying the references of the GFMI. The findings provided in [13] support our
observations.

• Investigation of voltage and current harmonic distortions: The results demonstrated
that the sympathetic interaction between the inverter’s medium voltage (MV) and
plant step-up transformer generates extended inrush currents and over-voltages re-
sulting in higher harmonic distortions, which may require the protection relays to
be adjusted.

• Proposing an alternative method of restoring frequency after load pick-up by integrat-
ing a closed-loop controller in a power plant controller module (PPC). This method is
beneficial because it eliminates inverter-level control modifications. Communication
delays between the PPC and inverter are also considered.

For future research, further studies on the soft energization (SE) method will be
conducted, employing detailed models of the MV transformers to quantify any adverse
impacts observed during the SE process. Another extension of this research would be to
investigate several IBR sites participating in a blackstart using the SE method and to assess
the impact of various control loop compensator gains applied to each IBR site. Further-
more, evaluating the impacts of various limiting methods such as voltage limiters, virtual
impedance-based limiters, etc. during a blackstart could provide interesting insights, since
these schemes, as revealed in this paper, are critical in ensuring the IBR can successfully
blackstart the system.
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