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Abstract—With the rapid increase of inverter-based resources
in modern grids, advanced grid-forming (GFM) inverter capa-
bilities, such as system restoration and operation under faults,
are urgently needed to realize power electronics-dominant grids
at scale. One such capability is inverter-driven black start using
GFM inverters. This paper analyzes the ability of two recently
proposed advanced GFM controls to help GFM inverters sustain
system-wide, off-nominal conditions and remain synchronized
until they can overcome the momentary overloading as more
GFMs join the process without generator sequence coordination
or communications and finally stabilize the grid. Through an
extensive set of 1,200 full-order electromagnetic transient simu-
lations, we evaluate the black-start process while employing the
various GFM inverter controls. The results show that the GFM
current limiter and primary control have a significant impact on
the stability of the system during dynamic operating conditions
and thus impact the success of inverter-driven system restoration.

Index Terms—Inverter-based black start, grid-forming in-
verter, large-signal stability, current limit, system restoration.

I. INTRODUCTION

In a quickly changing power system, grid-forming (GFM)
inverters are considered critical and cost-effective to take
over certain responsibilities that are typically provided by
synchronous generators compared to other technologies, such
as synchronous condensers or new transmission lines [1],
[2]. The U.S. Department of Energy, the Australian Energy
Market Operator, the U.K. National Grid, and the European
Network of Transmission System Operators for Electricity
have all expressed urgency to incorporate GFM capabilities
into inverter-based resources (IBRs) [3]-[6].

One GFM capability that has recently gained attention is
using GFM inverters to black start and restore the grid. As
GFM inverters can form a grid without synchronous genera-
tors, they can quickly bring a power system back into service,
enhancing grid resilience and alleviating concerns about zero-
inertia systems. Prior work has identified pathways to facilitate
inverter-driven black start [7]. Other works have investigated
the technical feasibility of a GFM inverter-driven black start
in transmission systems [8], offshore wind power plants [9],
and microgrid setups using multiple GFMs [10]. In particular,
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using multiple GFM IBRs for a black start in a decentralized
manner would significantly increase the value position of
GFM assets [11]. The parallel inverter black-start capability
without leader-follower coordination would help improve grid
resilience, increase the robustness of system restoration, and
enhance flexible and cost-effective maintenance.

Although GFM controls allow IBRs to recover a large sys-
tem, stringent inverter limits pose challenges to orchestrating
a multiple GFM IBR black start and retaining stability during
this off-nominal process. Incorporating a pre-synchronization
block allows for the smooth interconnection of the GFM IBRs
with the grid—passively [12] or actively; however, the post-
synchronization stability is not guaranteed. During a black
start, the system’s baseline load can be too high for one GFM
IBR to recover the grid voltage fully. A GFM inverter joining
this overloaded system is immediately pushed into a prolonged
current-limited operation until enough generation capacity is
aggregated to cover the load [12]. GFM inverters operating in
a current-limited mode of operation are prone to large-signal
instability because they cannot maintain a constant voltage
phasor, which can compromise the GFM controls [13], [14].

In this paper, we evaluate the robustness of GFM inverters
against instability during black-start-induced overloading. We
consider various GFM current-limiting control topologies and
large-signal stabilizing methods that have been proposed in
recent literature [14], [15]. Through extensive electromagnetic
transient (EMT) simulations, this paper presents a performance
analysis of GFM current-limiting controls during a black-start
process. The remainder of this work is structured as follows:
In Section II, we briefly examine why GFM inverters become
unstable during current limiting. In Section III, we describe
the simulation setup, including the network and GFM controls
under consideration. We introduce the simulation cases and
define metrics to assess large-signal stability. In Section IV,
we assess stability from an extensive set of 1,200 full-order
EMT simulations where 5 GFM inverters black start a 14-bus
network. We provide our final remarks in Section V.

II. CHALLENGES OF IBR-DRIVEN BLACK START

GFM inverters employ a primary controller to generate a
voltage and angle reference. As such, they share power without
needing a phase-locked loop or communication links, as shown
in Fig. 1. Droop control, virtual synchronous machine (VSM)
control, and dispatchable virtual oscillator control (dVOC) are
some examples of primary controllers. This work uses the
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Fig. 1: GFM control system under consideration. Switches S1 and Sz allow for modifying the controls and enabling certain control blocks.

droop primary controller; more details on the GFM controls
can be found in Section III. The following droop equations
govern the reference voltage and angle of the inverter:

do

E = ngm

E* = Ey + mq(Q* — Q), )

= wp + mp(P* — P), (D

where 0, wgfm, and E* denote the GFM reference angle,
frequency, and voltage, respectively; and wy and Ej are the
nominal values for frequency and voltage, respectively. The
P-f and Q-V droop gains are denoted by m, and mg,
respectively; and P, @, P*, and Q* denote the low pass-
filtered output power and power set points, respectively.

An inverter during black start can be pushed into overload-
ing for various reasons, including transformer or motor load
inrush currents, insufficient load shedding, or a baseline load
greater than the single inverter rating in a collective black start.
To avoid damage to the power electronics inverter hardware,
the control system curtails the inverter output current to
acceptable predetermined values, typically from approximately
1.05 pu to 1.20 pu; however, this has significant ramifications
on the behavior of the inverter during overcurrent. When in
a current-limited state, the GFM inverter cannot match its
output power, P, to reach a stable equilibrium in (1); for
more discussion, see [14]. This can lead to an increasing
internal GFM reference frequency, wyy,,, according to (1). If
the current-limited state prolongs for too long, the internal
reference angle, , can drift into an unstable operating point.
In a GFM inverter-driven grid with multiple inverters pushed
into unstable operating conditions, this can lead to system-
wide instability where parts of the network lose synchronism
with each other. Prolonged overloading can occur during an
inverter-driven black start for large power systems involving
multiple GFMs in a decentralized manner; thus, this paper
investigates the robustness of various GFM inverter controls
against large-signal instability.

III. SIMULATION SETUP

This section first discusses the grid and inverter control
topologies under consideration. We define the simulation cases
for the black-start simulations. Lastly, we define metrics that
allow us to assess the network stability during the black start.

A. Grid and Inverter Topology

To assess GFM inverter stability during a black start, we
consider the modified IEEE 14-bus network, shown in Fig. 2,
where five GFM inverters (1 pu each) and three resistive loads
(4 pu in total) are interconnected. This work does not model
transformers, line capacitance, motor loads, or constant power
loads for computation burden and simplicity; more details of
their impact can be found in [10], [11]. The line admittances
are listed in Table 1. Each inverter is equipped with a breaker
to facilitate a grid interface. Fig. 1 shows the GFM control
structure under study: cascaded voltage and current controllers
in the synchronous reference frame. The primary controller
governs the internal reference angle and voltage that are fed to
the voltage loop. The inverter parameters are listed in Table II.

As illustrated in Fig. 1, the control system can be modified
through switches S7 and S3. The switch S; activates the
chosen current limiter. In this paper, we consider two current-
limiting methods: (i) the current-reference saturation limiter
(SatLim) and (ii) the hybrid limiter that combines the current-
reference saturation and virtual impedance limiting methods
(hybrid) [15]. The SatLim curtails the current references
(denoted by p in Fig. 1), while an anti-windup feedback
loop avoids integrator windup in the voltage controllers during
current limiting. The hybrid limiter does the same; however,
the output current angle is manipulated through the virtual
impedance in the voltage feedback loop. As a result, the hybrid
limiter combines the benefit of both SatLim and regular virtual
impedance limiting, fully using the overcurrent capability of
the inverter. More details can be found in [15]. The second
switch, Sa, activates an additional frequency compensation
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Fig. 2: Modified IEEE 14-bus network with five GFM inverters and three
resistive loads interconnected.

TABLE I: Line-admittance magnitudes in pu, With 6};,e=75°.

Line fl fg f3 f4 65 fﬁ f7 Es 59 510
[Viine| 639 1.69 191 2.14 217 221 896 180 0.68 1.50

Line 611 flz 513 614 f15 £16 K17 £18 flg €20
[Viine| 190 1.48 290 2.14 343 447 140 196 1.89 1.08

block. This method was proposed in [14] to enhance the large-
signal stability of GFM inverters during faults and nonideal
conditions.

Finally, each GFM inverter has a pre-synchronization block
for smooth grid connection (not shown in Fig. 1) [12]. The pre-
synchronization in this study ensures that the internal reference
angle equals the grid voltage angle at the time of breaker
closing to minimize the inrush currents. On the other hand,
when no grid voltage is available or the voltage is not sizably
established yet (less concern for forceful synchronization),
e.g., Veria < 0.15pu, ie., for the case of the first GFM
to initiate the black-start process from zero voltage, the pre-
synchronization can be bypassed.

B. Simulation Cases
By changing the settings of switches S; and Sy in Fig. 1,

we study four different simulation cases:

TABLE II: Inverter and network parameters (all GFMs are identical).

Parameter  Value Unit Parameter  Value Unit

ws 260  rad-s™! kg 0.9817 pu

0, 75 © kge 0.0018 pu

Liws 0.0196 pu w; 273000 rad-s~!
R; 0.0139 pu Wy 27500 rad-s~!
Cuws 0.1086 pu kge 1.4476  pu

Lgws 0.0196 pu kye 0.0273 pu

Ry 0.0139 pu Tax 1.2 pu

mp 2 % mq 5 %

ws: nominal angular grid frequency, 0,: line impedance angle, L;, R;,
C, Lg, and Rg: the LCL output filter parameters, kgc, kicc, k;c, and
kY¢: inverter proportional and integral control gains for the inner-current
and outer-voltage loops, w; and wy: inner-current and outer-voltage loop
bandwidths. mp, mq: the P — f and Q — V' droop gains.
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Fig. 3: Black-start cases, unstable (left) and stable (right): (a)—(b) inverter
reference frequencies, (c)—(d) difference between highest and lowest GFM
frequencies (Aw), (e)—(f) currents, and (g)—(h) voltages.

Case #1: SatLim without frequency compensation

Case #2: Hybrid limiting without frequency compensation
Case #3: SatLim with frequency compensation

Case #4: Hybrid limiting with frequency compensation.

For each of the four GFM control topologies, we simulate a
random black-start sequence to emulate the autonomous black
start, driven by multiple GFM IBRs without communication.
For this, we randomly create five timestamps at which we
close the inverter breakers. To obtain a representative set of
simulations from which to draw conclusions, we run 100
randomized scenarios with different breaker closing times per
case, yielding 400 simulation results. In addition, to evaluate
the impact of the breaker closing window, i.e., to study how the
responsiveness and turn-on interval of the black-starting GFM
inverters affects the success of the black start, we have three
sets of breaker closing time windows: 1s, 3s, and 10s. We
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Fig. 4: Results of the 1,200 EMT simulation runs: (a)—(d), (e)—(h), and (i)~(1) show scatter plots of the duration of instability (7, x-axis) and avg(Aw) (y-axis)
of each simulation run for the four cases with a breaker closing window of 1s, 3, and 10s, respectively, (m)—(o) show box plots for each case and breaker
closing window, respectively. Definitions of the stability metrics are in Section III-C.

randomly generate 100 breaker closing times within each time
span (1s, 3s, or 105s) that is used for all four simulation cases.
In other words, all the breakers are guaranteed to be closed
within the time span. Apart from the current-limiting controls
and the breaker timing, all simulations are homogeneous.

C. Large-Signal Stability Performance Metrics

In this subsection, we define two performance metrics to
assess the influence of the four GFM topologies on the network
stability during an inverter-driven black start. In this work, we
consider the grid in Fig. 2 as stable if all the inverters are
synchronized, i.e., their reference frequencies from the primary
controller settle at the same value. For the computation, we
first introduce Aw = Qax — Qmin, Where € is the array of the
inverter frequencies. Taking the derivative of Aw gives infor-
mation about whether the grid is converging to synchronism

(moving toward stability) or diverging (instability). We denote
the total time of the diverging frequencies by 7 = [ f(¢)d¢
where f(t) is 1 when < (Aw(t)) > 0, or 0 otherwise;
thus, the smaller 7 is, the less time the grid is in unstable
operation during or after the black-start process. We use 7 as
a metric to assess and compare the duration of instability of the
cases during the black-start process. The second metric is the
average of Aw over the duration of the black start, which we
define as the time between when the second inverter comes
online and when all five inverters are online with matching
frequencies (the grid is fully restored and stable). We denote
this metric by avg(Aw). Accordingly, this metric represents
the degree of frequency mismatch among GFM IBRs during
the black start. The higher avg(Aw), the further away the grid
is from synchronization where all the inverter frequencies are
matched. Note that these metrics allow for comparing cases
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in terms of stability, without classifying them as either stable
or unstable.

Fig. 3 illustrates an unstable (left column) and a stable
(right column) black-start case, which are randomly chosen
from the batch of 100 simulation runs from Case #1 with
a breaker closing window of 1s. Figs. 3(a)-(b) show the
internal GFM frequencies of all five inverters that are randomly
coming online during the black start. Figs. 3(c)—(d) show the
corresponding Aw, which is zero when there are less than two
inverters active in the grid or if the grid-connected inverters
are synchronized. The output currents, shown in Figs.3(e)-
(f), illustrate that some inverters are hitting the current limit
(1.2 pu) during the black start.

IV. SIMULATION RESULTS AND DISCUSSION

The results of all 1,200 EMT simulation runs are visualized
in Fig. 4. In the scatter plots in Fig. 4(a)-(l), every dot
represents one black-start simulation run. The horizontal axis
denotes T, i.e., duration of instability, and the vertical axis
denotes avg(Aw). Without quantifying stability, the scatter
plots provide a visual tool to compare and assess which case
yields a more stable black start. The more the dots are located
near the origin, i.e., in the bottom left corner, the more stable
the black start is (mildly unsynchronized, and quickly reaching
synchronism). On the other hand, the more dots are in the
top right corner, the more unstable the black start is (highly
unsynchronized, and a long recovery to synchronism).

From the scatter plots, observations and discussions on the
black-start stability follow. For all the considered breaker time
windows (1s, 3s, and 10s), the hybrid limiter (Case #2)
shown in Figs. 4(b), 4(f), and 4(j) shows superior black-start
stability compared to the SatLim (Case #1) in Figs. 4(a), 4(e),
and 4(i), respectively. Second, adding the synchronization term
decreases the duration of the black-start-induced instability,
T, significantly, as illustrated by both Case #3 and #4. At
the same time, adding the synchronization term increases
avg(Aw), especially for Hybrid (Case#4). The additional
term leads the GFM internal angles to synchronize faster,
resulting in smaller 7, as shown in the results of Case #3
and #4. On the other hand, note that the term may result in
greater avg(Aw) values in some cases, as shown in Fig. 4. For
instance, since the time of the averaging avg(Aw) is signifi-
cantly shorter with the synchronization term, the metric could
be computed greater in cases of higher presynchronization
frequency mismatch in which its impact may more pronounce.
Further study on the impact of the term is in progress.

In Fig. 4(m)—(0), the box charts are shown for all cases with
different breaker time windows, which provide another tool to
compare 7. The box charts convey that Case #4 yields faster
synchronization during the black start than Case #3. Similarly,
Case #2 performs better in terms of 7 than Case #1;
hence, with or without the additional synchronization term,
the hybrid limiter yields a more stable black start than the
SatLim. Overall, Case #4—where we leverage the hybrid
limiter and the synchronization term—yields superior black
starts compared to the other cases. These results illustrate that
GFM inverter manufacturers and other stakeholders should be

mindful that a pre-synchronization logic does not guarantee
a stable synchronization of the inverter with the grid. Yet,
additional design considerations would be instrumental for a
reliable IBR-driven black start.

V. CONCLUSION

During an inverter-driven black start for a large power
system, the GFM IBRs can be pushed into overloading during
which they are prone to losing synchronism, thus causing
system-wide instability. This work has analyzed the ability
of different GFM inverter controls to achieve a stable black
start without leader-follower coordination or communications.
Through an extensive set of 1,200 full-order EMT simulations,
we have evaluated the effect of two different current limiters
and a synchronization method on the overloaded inverter-
driven black start. The results confirm that pre-synchronization
does not suffice for a stable black start. Namely, how the GFM
control handles the overloading affects the success of the black
start. We found that employing the hybrid current limiter—
which combines concepts of current-reference saturation and
virtual impedance limiting—in combination with a frequency
synchronization method greatly improves system stability dur-
ing a GFM inverter-driven black start.
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