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Resilient Inverter-Driven Black Start with Collective
Parallel Grid-Forming Operation

Jay Sawant, Gab-Su Seo, and Fei Ding
Power Systems Engineering Center, National Renewable Energy Laboratory, Golden, CO 80401, USA
e-mails: {jay.sawant, gabsu.seo, fei.ding}@nrel.gov

Abstract—As modern power systems are experiencing excep-
tional changes with increasing penetrations of inverter-based
resources (IBRs), system restoration using IBRs has received
attention. Using local grid-forming (GFM) assets near consumers,
engineered to establish grid voltages in the absence of a stiff grid,
i.e., bottom-up restoration, a distribution system could obtain
high system resilience by not relying on the bulk power system
restoration, which requires significant human intervention and
procedure. This paper studies the technical feasibility of the
novel approach with detailed electromagnetic transient (EMT)
simulations. To thoroughly evaluate the potential of GFM in-
verters and the technical challenges in IBR-driven black start,
a detailed three-phase inverter model is developed, including
negative-sequence control for voltage balance and a phase-by-
phase current limiter to sustain momentary overloading during
the black start. To examine dynamic aspects of the black-start
process, the EMT simulation also models transformer and motor
dynamics to emulate their inrush and startup behaviors as well
as network dynamics. In addition, active involvement of grid-
following distributed energy resources is also studied to facilitate
the black-start process. By allowing multiple GFM inverters
to collectively black start without leader-follower coordination,
we demonstrate that a system can achieve high resilience even
with a fraction of assets lost. Two test cases of inverter-driven
black start, using two and one GFM inverters, respectively, for a
heavily unbalanced 2-MVA distribution feeder are demonstrated.
Takeaways for further study and field deployment are provided.

Index Terms—Inverter collective black start, grid-forming in-
verter, inverter-based resource, negative-sequence control, phase
current limiter, system restoration.

I. INTRODUCTION

In recent years, increasing penetrations of inverter-based
resources (IBRs), such as solar, wind, and energy storage, have
drawn attention toward understanding the potential of using
these nonsynchronous resources to provide black-start support,
i.e., as black-start resources or kick-starters for a large power
plant [1]-[4]. A black-start resource is a generation asset that
can start without external support to reestablish a grid. Black-
start capability has been exclusively provided by synchronous
generator-based power plants [5]. To establish the grid voltage
using a power electronics inverter without a preformed voltage
from the bulk power system, grid-forming (GFM) inverters are
required [6]. One can consider energy storage devices designed

This work was authored by the National Renewable Energy Laboratory,
operated by Alliance for Sustainable Energy, LLC, for the U.S. Department of
Energy (DOE) under Contract No. DE-AC36-08G028308. Funding provided
by U.S. Department of Energy Office of Energy Efficiency and Renewable
Energy Solar Energy Technologies Office award numbers 37770 and 38637.
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with GFM and black-start capability for the inverter-driven
black start [7]. Using the quick startup time and fast dynamic
performance of the IBRs, a power system can black start and
restore supply for its customers, unlocking the path to extreme
resilience using local GFM assets [2].

The concept of black-starting a power system with GFM
inverters poses technical challenges and opportunities stem-
ming from the fundamental differences of power electronics
inverters from synchronous machines. First, the inverter’s
limited short-circuit current (e.g., 1.1 p.u.—1.5 p.u. vs. 6 p.u.—
8 p.u. of synchronous machines) should be given careful
attention for a successful black start because it involves startup
currents exceeding rated values, making IBRs operate close to
their limits [8]. On the other hand, in some cases, inverters can
address some issues using their soft-start capability [9], [10].
Additionally, parallel inverter operation should be considered
not only to match the baseline loads but also to increase the re-
silience. Inverters are sized at smaller scales than synchronous
machines; therefore, it is likely that collective black start with
multiple IBRs would be needed to restore a sizable system.
In addition, involving multiple inverters in a decentralized
manner would be beneficial for system resilience; systems
can recover with a fraction of the system damaged or offline
by not relying on a dedicated asset [7]. Regarding voltage
regulation using GFM inverters, the authors in [11] proposed a
sequence-based control that suppresses the negative-sequence
voltage with a phase-based current limiter. Since this method
uses an isochronous mode of operation, however, it is not
straightforward for a collective IBR black-start application or
parallel operation.

This paper contributes to addressing these IBR-related chal-
lenges and developing solutions for resilient black starts using
GFM IBRs. The key contribution involves multiple GFM
inverters in a decentralized manner to achieve a resilient black
start. This concept has been proposed in [2], but no detailed
investigation is found to evaluate its technological feasibil-
ity. To evaluate the potential of the multiple GFM inverter-
based black start, this paper develops detailed electromagnetic
transient (EMT) simulations. The GFM inverter in the simu-
lation includes a phase-by-phase current limiter for practical
implementation and voltage balancing control for unbalanced
loading, integrated with the droop primary control, designed
to allow for collective parallel GFM operation. In addition, to
evaluate the impact of grid-following (GFL) IBRs in a black
start, their automated operation after recovery is modeled. In
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Fig. 1: GFM inverter control diagram including negative-sequence voltage compensation.
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Fig. 2: Phase current limiter for positive- and negative-sequence current controller.

a 2-MVA distribution simulation system, where transformers
and motors are modeled to capture their inrush currents, it is
demonstrated that a successful black start can be collectively
achieved with two GFM IBRs maintaining voltage balance and
sharing unbalanced system loading without leader/follower
coordination and by not relying on predetermined black-start
resources. A single-inverter black start encountering overload-
ing is also demonstrated as an extreme restoration case.

II. EMT MODELS FOR GFM BLACK-START STUDY

This section provides modeling details of GFM and GFL
inverters, transformers, and loads.

A. GFM Inverter Model

1) Droop-Controlled Grid-Forming Inverter with Negative-
Sequence Control: The architecture of the droop-controlled
GFM inverter is shown in Fig. 1. It features negative-sequence
control integrated with a classical droop control with voltage
and current inner-control loops in the dq reference frame. For
inverters supplying power to balanced phases, the conventional
positive-sequence control might be sufficient; however, since
distribution feeders are unbalanced, a negative-sequence con-
trol to control the feeder voltage unbalance can be added [11].
The negative-sequence control used in this study has voltage
and current control loops, as shown in Fig. 1. For unbalanced
feeders, band-stop filters are used to filter the double-line
frequency (120-Hz) components in the dg transformation.

2) Phase Current Limiter: For balanced networks, current-
limiting control for GFM IBRs can be performed in the dg
reference frame [12]. For unbalanced distribution systems and
unbalanced fault scenarios, however, the conventional current-
limiting method could result in suboptimal performance [11].
To limit currents on each phase, the control architecture shown
in Fig. 2 is used in this study [11]. As illustrated, the phase-
current limiter operates in the abc domain. It monitors the

2

rms current of each phase, and if it detects an overcurrent in a
phase, it scales down the current references based on the most
severe phase current:

Iph,ref,lim =Rj - Iph,ref
ey

/ﬂ:L

ki =man(Ipp ref/Tiim),

Zf Iph,ref S Ilim7
Z'prh,'ref > Ilim-
B. IBR Interconnection and Load Transformers

To simulate transient events in the black-start process, chal-
lenging to IBRs, the saturation and hysteresis of three-phase
and single-phase transformers are modeled. The magnetizing
current is included as part of the saturation. The distributed
energy resource (DER) grid interconnection transformers are
modeled in the A —Y configuration (0.48-kV A to 24.95-kV
Y,) to ensure a reliable grounding source for the microgrids
in islanded mode in the absence of a substation [13].

C. Loads

Loads are modeled as dynamic RL loads with a constant
impedance representation in cases when the values of the
terminal voltage are less than 0.8 p.u. For voltages greater than
0.8 p.u., the loads are modeled as constant power loads. This
modeling approach helps to have an accurate representation of
the overall distribution feeder during a black start and normal
operation.

D. Motor Model

A fraction of the total load at the distribution level are
motor loads. The black start of motor loads has a largely
different response from the black start of static loads. To
investigate the GFM IBR response to the motor start process
with limited current capability, a dynamic model of a three-
phase induction motor scaled to represent the motor loads
in the entire feeder is used in this study for computational
efficiency of the simulation. The motor is equipped with a
stator-side breaker to simulate the direct starting process [14].

E. GFL BTM IBR

In this paper, behind-the-meter (BTM) IBRs are modeled as
equivalent current sources. The dynamics of a phase-locked
loop and power and current control loops are considered,
with the DC-side dynamics ignored [12]. Real and reactive
power set points to the DERs are set to rated power value and
zero, respectively. To aid the black-start process, the BTM
IBRs are set to automatically turn on 5 seconds after their
terminal voltage reaches close to the rated value. This active
contribution from the BTM IBRs coupled with a sequential
restoration process would contribute to keeping the GFM
capacity required for a successful black start low, increasing
the chance of recovery with given resources.

ITI. SIMULATION RESULTS

A. Feeder Model and Black-Start Scenarios

Fig. 3(a) shows a 2-MVA distribution feeder and two utility-
scale 750-kVA GFM DERs (DER,, and DER,,) along with
the three-phase backbone for validation. RSCAD is used in

This report is available at no cost from the National Renewable Energy Laboratory at www.nrel.gov/publications.



TABLE I: GFM Inverter Hardware and Control Specifications.

Item Design Selections

Prated = 750 kW, Viatea = 480V,
L¢ =0.15 pu, Cr =5 pou.
k1o = L kyic =3 ko = 073,
kg = 119, kY = 1 kypo =5
kiac = 0.35, kf,o = 0.5
kp =0.005, kg = 0.075, wy = 27 - 60 rad/sec
Ijim = 1.5 pu.

Inverter parameters

Inner-loop control

Droop

Current limiter

TABLE II: Test Feeder Power Flow and Single-Phase DER Information.

Location Power Flow (P and Q) [ DER Capacity
Substation 2.080 MW, 0.464 Mvar 1.95 MW
A-phase 181.8 kW, 39.5 kvar 125 kW
B-phase Seg. 1 150 kW, 45 kvar 200 kW
B-phase Seg. 2 400 kW, 100 kvar 450 kW
B-phase Seg. 3 200 kW, 50 kvar 250 kW
B-phase Seg. 4 350 kW, 100 kvar 300 kW
B-phase Seg. 5 150 kW, 100 kvar 125 kW
C-Phase Seg. 1 150 kW, 50 kvar 150 kW
C-Phase Seg. 2 300 kW, 75 kvar 250 kW
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Fig. 3: Feeder for validation: (a) model in RSCAD and (b) equivalent network.

BESS - GFM2
480V, 750 kVA
DERa

this study. The feeder itself is modeled based on a real
distribution network in western Colorado. Table I lists the
inverter parameters. In an outage scenario, DER,, and DER,
would energize local microgrids, and to merge these local
microgrids, a synchronization switch, B6, is used. The feeder
also consists of several other three-phase and single-phase
breakers (B1-B15), a 250-kVA three-phase induction motor
(12.5% of the entire loading assumed), BTM DERs, and three-
phase and single-phase residential transformers and loads,
which are not shown in the simplified diagram. Each segment
separated by the breakers in the feeder has its own set of local
loads, residential transformers, and DERs. Table II shows the
load energized in each segment and the BTM DER capacity.

B. Case 1: Black Start With Parallel Operation of GFM IBR

In Case 1, both GFM DERs are used in parallel. The two
droop-controlled GFM assets individually energize local areas,
as marked by the two regions in Fig. 3(a), forming two local
microgrids. In this initial energization process, the GFM IBRs
soft-start the grid interface transformers by ramping up the
output voltage to minimize the transformer inrush current.
Once the microgrids are formed, the synchronization switch
merges the two grids at an instance when the difference
between the two voltages is small to suppress the transient,
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Fig. 4: Entire simulation results of Case 1: collective black start using two GFM DERs.
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Fig. 5: GFM voltage ramp-up for transformer soft start in Case 1.

automated operation once enabled without communication.
Following the merge, the rest of the network, including the
three-phase induction motor and the single-phase laterals, are
recovered. The breaker closing sequence used for the collective
black-start process is as follows: B1& B2, B3& B4, B5, B6
(sync switch), B7 (motor breaker), B8, B9, B10, B11, B12,
B13, B14, and B15.

Fig. 4 displays the results of the entire black-start process.
Measurements of the GFM IBR voltages, currents, real and
reactive power, and DER frequencies are shown. Due to space
constraints, only key transient events are discussed further.
Fig. 5 displays the DER transformer soft start with the voltage
ramp. As shown, the voltage ramp up allows for avoiding
an inrush current that might reach 6 p.u—8 p.u. without a
soft start. Final currents are determined by the local auxiliary
loads of the GFM IBRs. The microgrids’ merge by the

This report is available at no cost from the National Renewable Energy Laboratory at www.nrel.gov/publications.
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Fig. 7: 250-kVA motor start in Case 1.

synchronization switch is captured in Fig. 6. After the initial
transients, for a short duration, the oscillations damp out, and
the resultant network reaches a stable operating point, without
communication. The conventional droop-controlled GFM IBR-
sourced networks have been known to reliably merge; how-
ever, the successful microgrid merging using GFM DERs with
negative-sequence compensation is noteworthy. Fig. 7 shows
the transient event of the direct start of a 250-kVA induction
motor. The two GFM DERs, now merged, quickly provide
the high reactive power required for starting the induction
motor, fairly sharing the burden. Fig. 8 shows the transient
of energizing Segment 2 of the B-phase lateral by closing
breaker B10. As shown, even with the unbalanced nature
of the downstream load, the DER terminal voltages remain
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balanced by the negative-sequence control, and the segment is
energized in a stable manner. Also, at ¢ = 267.6 seconds,
the BTM GFL DERs are energized, 5 seconds after their
terminal voltage is reestablished. As demonstrated, the GFL
support would help reduce the GFM capacity requirements for
a successful black start.

C. Case 2: Black Start With a Single Overloaded GFM IBR

In Case 2, only one GFM IBR, DER,, is involved for a
black start of the same test feeder. This is to investigate the
potential of an inverter-driven black start in a resource-limited
condition due to the unavailability of some resources resulting
from natural disasters or cyberattacks. Under such conditions,
black-starting inverters might encounter overloading that could
cause an instability and/or black-start failure. The black-start
sequence follows the same steps as Case 1 except that breakers
associated with DE R, are not involved. The entire black-start
process is captured in Fig. 9, with corresponding breakers for
transients noted for clarity. Notable steps are discussed. Fig. 10
captures the transient of the 250-kVA induction motor direct
start. As shown, this step forces the single GFM IBR to reach
the current limit due to the significant reactive power demand
in the motor start. Note that the inverter terminal currents
exceed the limit (1.5 p.u.) for a brief moment, but the current
limiter quickly restricts each phase current under 1.5 p.u.,
proving the effectiveness of the current-limiting strategy. Since
the limited current capability restricts the flow of reactive
power to the motor, as a result, the time taken for the flux to
develop increases, by roughly 1 second. Note in Case 1 that
it takes roughly 0.5 second, as shown in Fig. 7. This shows
a delayed but stable motor start operation with reduced GFM
IBR capacity. Also, it is noticed that the frequency fluctuation
and oscillation are increased due to the limiter interaction with
the primary control.

Similar to Case 1, the sequential single-phase lateral ener-
gization follows. As shown in Fig. 9, the single GFM DER

This report is available at no cost from the National Renewable Energy Laboratory at www.nrel.gov/publications.
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Fig. 10: Motor startup using single GFM (B7 closes) in Case 2.

manages to recover laterals one by one with increased transient
responses due to higher loading. It is also noted that the timely
support from the GFL assets largely reduces the burden on the
GFM asset, enabling a swift system recovery within 5 minutes.

IV. CONCLUSIONS AND FUTURE WORK

This paper investigated the black-start operation of a real-
world distribution feeder using GFM IBRs with EMT simu-
lations. The detailed EMT simulations allowed for evaluating
the dynamic system restoration process using advanced GFM
inverters with supplementary controls, which are critical for
a resilient black start. A negative-sequence voltage control
was incorporated with the droop primary control to maintain
the feeder voltage balance under unbalanced loading. GFM
IBR operation with a phase-current limiter in the abc frame
to overcome momentary overloading conditions was also
demonstrated. This functionality would be critical to drive
a successful black start with marginally designed or limited
GFM resources. The effect of the voltage ramp up to suppress
the inrush current of the DER grid-interface transformer was
also shown. The two test cases with varying numbers and
capacities of GFM assets demonstrated reliable black-start
operation using IBRs. In addition, they demonstrated the
potential benefit of the cooperative operation of GFL assets

5

in a black start that would facilitate the system recovery,
reducing the GFM capacity required. Future work includes
studies with additional test cases, such as fault scenarios during
the black start, hardware validation in a laboratory setup, and
field demonstrations.

REFERENCES

[11 A. Jain, J. N. Sakamuri, and N. A. Cutululis, “Grid-forming control
strategies for black start by offshore wind power plants,” Wind Energy
Science, vol. 5, no. 4, pp. 1297-1313, 2020.

H. Jain, G.-S. Seo, E. Lockhart, V. Gevorgian, and B. Kroposki,
“Blackstart of power grids with inverter-based resources,” in IEEE Power
& Energy Society General Meeting, pp. 1-5, 2020.

S. Li, M. Zhou, Z. Liu, J. Zhang, and Y. Li, “A study on vsc-hvdc based
black start compared with traditional black start,” in /EEE International
conference on sustainable power generation and supply, pp. 1-6, 2009.
B.-M. S. Hodge, H. Jain, C. Brancucci, G.-S. Seo, M. Korpas, J. Kivilu-
oma, H. Holttinen, J. C. Smith, A. Orths, A. Estanqueiro, et al., “Ad-
dressing technical challenges in 100% variable inverter-based renewable
energy power systems,” Wiley Interdisciplinary Reviews: Energy and
Environment, vol. 9, no. 5, p. €376, 2020.

M. Adibi, P. Clelland, L. Fink, H. Happ, R. Kafka, J. Raine, D. Scheurer,
and F. Trefny, “Power system restoration-a task force report,” IEEE
Transactions on Power systems, vol. 2, no. 2, pp. 271-277, 1987.

Y. Lin, J. H. Eto, B. B. Johnson, J. D. Flicker, R. H. Lasseter,
H. N. Villegas Pico, G.-S. Seo, B. J. Pierre, and A. Ellis, “Research
roadmap on grid-forming inverters,” tech. rep., National Renewable
Energy Lab.(NREL), Golden, CO (United States), 2020.

A. Banerjee, A. Pandey, U. R. Pailla, G.-S. Seo, S. Shekhar, H. Jain,
Y. Lin, X. Wu, J. Bamberger, and U. Muenz, “Autonomous microgrid
restoration using grid-forming inverters and smart circuit breakers,” in
IEEE Power & Energy Society General Meeting, pp. 1-5, 2022.

J. Jia, G. Yang, A. H. Nielsen, E. Muljadi, P. Weinreich-Jensen, and
V. Gevorgian, “Synchronous condenser allocation for improving system
short circuit ratio,” in IEEE Int. Conf. Electric Power and Energy
Conversion Systems, pp. 1-5, 2018.

A. Jain, O. Saborio-Romano, J. N. Sakamuri, and N. A. Cutululis,
“Blackstart from hvdc-connected offshore wind: Hard versus soft en-
ergization,” IET Renew. Power Gen., vol. 15, no. 1, pp. 127-138, 2021.
Y. Du, H. Tu, X. Lu, J. Wang, and S. Lukic, “Black-start and service
restoration in resilient distribution systems with dynamic microgrids,”
IEEE J. Emerg. Sel. Topics Power Electron., 2021.

B. Mahamedi, M. Eskandari, J. E. Fletcher, and J. Zhu, “Sequence-
based control strategy with current limiting for the fault ride-through
of inverter-interfaced distributed generators,” IEEE Transactions on
Sustainable Energy, vol. 11, no. 1, pp. 165-174, 2018.

A. Yazdani and R. Iravani, Voltage-sourced converters in power systems:
modeling, control, and applications. John Wiley & Sons, 2010.

A. Vukojevic and S. Lukic, “Microgrid protection and control schemes
for seamless transition to island and grid synchronization,” IEEE Trans-
actions on Smart Grid, vol. 11, no. 4, pp. 2845-2855, 2020.

S.-K. Sul, Control of electric machine drive systems. John Wiley &
Sons, 2011.

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

(1]

[12]

[13]

[14]

This report is available at no cost from the National Renewable Energy Laboratory at www.nrel.gov/publications.





