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Abstract—Grid-forming (GFM) inverter controls have il-
lustrated many desirable features to enable the bulk inte-
gration of renewable resources into the future power grid;
however, the performance of GFM inverters during unbal-
anced faults remains underexplored. This paper proposes a
novel current-limiting method for GFM inverters to handle
unbalanced fault conditions while providing voltage support
to the main grid. The proposed current limiter combines con-
cepts of dynamic virtual-impedance and current-reference
saturation limiting, all built in the stationary reference
frame, to achieve improved current-limiting performance
under unbalanced load/fault conditions. System-wide full-
order transient simulations with multiple GFM inverters
demonstrate the potential of the method and benchmark the
performance against state-of-the-art current limiters. Simula-
tion results portray improved voltage balancing performance
of the proposed method compared to both current-reference
saturation and virtual-impedance limiting.

I. INTRODUCTION

Grid-forming (GFM) inverter controls are increasingly
recognized as the pathway to the bulk integration of
inverter-based renewables into the grid [1]. Research ef-
forts on GFM technology have predominantly focused on
primary- and secondary-control architectures that facilitate
inverters to synchronize, share power, and participate in
grid services, such as frequency regulation at scale [1].
The critical aspects of fault tolerance and grid-voltage sup-
port of GFM inverters—especially during unbalanced grid
faults—remains underexplored [1]. One critical inverter-
control element for fault tolerance is the current limiter.
The design of the current limiter greatly dictates the
inverter’s overall fault behavior. A well-established method
to limit the inverter currents during faults is the current-
reference saturation limiter, which curtails the reference
signals feeding into the inner-current control loop [2].
Current limiting can also be achieved through diminishing
the reference signal feeding into the outer-voltage control
loop through the use of a virtual impedance. Within these
current-limiting categories, many different implementa-
tions have been considered [2]; however, they primarily fo-
cus on balanced faults. Strategies for current limiting under
unbalanced conditions—especially for GFM inverters—
are rather limited [3]-[8].

This paper proposes a novel current-limiting strategy for
GFM inverters under unbalanced conditions. The contri-
butions of this paper are twofold. First, to fully appreci-
ate the benefits of the current-limiting method proposed
in this paper, we take a fresh look at the established
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methods: the current-reference saturation (SatLim) and
virtual-impedance (VIMP)-limiting method. By leveraging
a simplified steady-state fault scenario, we present new
insights into the fault behavior of current limiters of GFM
inverters by investigating the inverter output voltage and
current phasors under faults. Second, we outline the new
limiting method. The method is benchmarked against the
SatLim and VIMP strategies through extensive full-order
transient simulations.

II. STATE-OF-THE-ART CURRENT LIMITERS AND
THEIR STEADY-STATE FAULT BEHAVIOR

In this section, we shed light on the established current-
limiting methods to gain insights into their different influ-
ences on the GFM inverter output, i.e., how the current
limiter affects the output voltage and current phasors
during faults. Consider the conceptual scenario illustrated
in Fig. 1, where one GFM inverter is connected to an
infinite bus via an inductive line. Fig. 2 illustrates the
implementation of the SatLim (2b) and the VIMP (2c)
methods into the control system (2a) in detail (the gain p
is defined in Eq. (2)). Assume there is no prefault power
flow over the line, which implies that the inverter terminal
voltage, F, the internally generated voltage reference
by the primary control block, E*, and the infinite bus
voltage, V5, are all equal (1p.u., zero angle). The line
impedance is set to j0.1p.u., i.e., purely inductive. At
t=0s, we consider a voltage drop at the infinite bus
of 0.5p.u., and we investigate the phasor-fault-behavior
of the output current and voltage of the GFM inverter.
For this effort, we consider only balanced conditions for
simplicity. The insights can be extrapolated to unbalanced
faults. We further assume that the inner-current and outer-
voltage control loops have reached a steady-state fault
behavior. This translates into a zero-error feeding into
these control loops. Last, we assume that the primary
control bandwidth is significantly lower than the voltage
and current control loops, so E* can be assumed equal to
the prefault conditions (e.g., droop control with a small
P(4) gain).

With these considerations in mind, new steady-state
voltage and current phasors can be calculated during the
voltage drop. (More details on how to calculate these
phasors can be found in the appendix.) We repeat this cal-
culation for a multitude of different maximum allowable
output currents of the inverter, I ax, ranging from 5 p.u. to
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Fig. 1: Conceptual scenario with one GFM inverter connected to an
infinite bus via an inductive line.

Grid-forming (GFM)

1
—
Lline

i VIMP E I, | Satlim | E ], Vbo
= | :
i:/o—i Voltage | E Current
; I Contr. ? i| Contr. =
! ; I.2
E* L
Primary controller T =R
Droop |[~ VSM [ dVOC E }C}'_{
<
R,
A A A A Ig - I g
P Q- E I
(a)
Current-reference saturation limiting
"\ g
g | ] e
_____ } p
I*(1-p)
b
(b)

Virtual-impedance current limiting

> | -
>

e

1/) (SLVi+RVi

(©
Fig. 2: (a) Generic GFM inverter control structure with a detailed look

at the outer-voltage control loop with the (b) current-reference saturation
limiting (SatLim) and (c) virtual impedance (VIMP) current limiting [5].

1.2 p.u.. Namely, the maximum allowable current, Iy,
dictates how severely the current limiter intervenes. The
resulting inverter’s output voltage and current phasors are
collectively depicted in Fig. 3 for both the SatLim and the
VIMP methods. (These sets of phasors do not visualize a
dynamic inverter response but rather a collection of steady-
state operating points under different boundary conditions
and parameter set points.) Note that when I,,x is set to
5 p.u. or higher, the SatLim does not intervene (the current
does not surpass the maximum current), which results in a
purely inductive output behavior of the inverter. Intuitively,
this makes sense because the line is purely inductive, and
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Fig. 3: Inverter output voltage (red) and current (blue) phasors of the
SatLim (a) and the VIMP (b) for different values of I ax.

E* and V; are in phase; however, when I, decreases,
the output behavior of the inverter becomes more resistive.
Note that for more resistive lines, the whole set of phasors
in Fig. 3a would shift in angle towards resistivity. For a
common I, of 1.2p.u., the angle between the output
voltage and current phasors is only 23°.

As illustrated in Fig. 3b, the inverter’s behavior under
VIMP limiting is clearly different. Because of the inherent
nature of the VIMP, limiting occurs even for an I,,x of
5p.u.. (See appendix and [5] for more details.) To provide
voltage support during faults in practical grids, the virtual-
impedance angle should be parameterized to match the
grid impedance angle [5]. Depending on whether a trans-
mission or a distribution grid is considered, this angle can
adopt more inductive or resistive values. In this exercise,
we arbitrarily set the angle of the virtual impedance to
45° for illustration purposes. In Fig. 3b, we observe that
for decreasing values of I,,,x, the output current is nearing
the set angle of the virtual impedance; however, due to the
nature of VIMP limiting, it is not possible to use the full
current capabilities of the inverter, e.g., the output current
is calculated to be 1.11p.u. for an I, = 1.2p.u.).
This conceptual scenario leads to two observations. First,
the SatLim fully utilizes the overcurrent capacity of the
inverter but loses control over the phasor angles. When
the SatLim intervenes, the GFM inverter behaves more
resistive. Second, the VIMP limiting allows for some
degree of control over the output impedance angle of the
inverter, but it cannot control the current amplitude. Fully
utilizing the overcurrent capacity of the inverter is not
possible with VIMP limiting.

III. PROPOSED HYBRID CURRENT LIMITER

In this section, we propose a novel current-limiting
method that combines the aforementioned SatLim and
VIMP limiting strategies. As such, the proposed method
unites the best of both strategies —it enables the full use
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of the inverter’s overcurrent capacity up to Iy .x while
maintaining control over the output-impedance angle of
the inverter. Fig. 4 illustrates the conceptual control struc-
ture of the proposed current-limiting method. Notice that
the structure is similar to the SatLim method but the anti-
windup gain has been replaced by a virtual impedance.

To illustrate the current-limiting behavior of the new
method, we consider the same conceptual scenario in
Fig. 1 used in Section 11, i.e., a voltage drop of 0.5 p.u. at
the infinite bus is applied. Fig. 5 depicts the steady-state
output current and voltage phasors of the GFM inverter.
Fig. 5a illustrates the resulting phasors for changing values
of Ihax with the virtual impedance angle fixed to 45°.
Similar to VIMP limiting, this angle should match the
grid impedance angle to provide better voltage support
during faults. Fig. 5b illustrates the phasors for changing
values of the virtual impedance angle with I,y fixed to
1.2p.u.. As shown, by choosing the angle of the anti-
windup virtual impedance, one can control the angle of
the inverter’s output impedance without compromising the
inverter’s current capability.

Hybrid current limiter
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Fig. 4: Conceptual outline of the control structure of the proposed hybrid
current limiter.

Extending this hybrid current-limiting strategy for un-
balanced conditions yields the GFM control structure
shown in Fig. 6. The control system is an extension
on the work presented in [5]. The control system is
constructed in the stationary reference frame for better
(higher bandwidth) unbalanced signal handling. The gain,
p, is defined by (15)—(18) in [5]. More details on the
controller design can be found in [5]. The magnitude and
angle of the virtual impedance in the anti-windup feedback
loop of the proposed limiter are design parameters. The
choice for the virtual-impedance angle, £ 7, follows the
design of the VIMP explained in [5]. For the impedance
magnitude, |Zy;|, a similar design strategy as that for a
regular anti-windup can be adopted; however, constructing
a structural approach to tuning the virtual impedance is
outside the scope of this paper and is considered for future
work. An additional low-pass filter is placed in series with
the virtual impedance to alleviate sensitivity to noise from
the derivative action.

IV. SIMULATIONS

In this section, full-order transient simulations are
presented to demonstrate the operation of the proposed
method and to benchmark it against the SatLim and VIMP
methods. This section contains two simulation setups: one
with a single GFM inverter connected to an infinite bus
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Fig. 5: Voltage (red) and current (blue) phasors (a) for changing values
of I'max, while fixing the virtual impedance angle to 45°, and (b) for
changing values of virtual-impedance angle values while fixing Imax =
1.2p.u..

through a line and one with 5 GFM inverters intercon-
nected by a 14-bus network where a severe unbalanced
fault is applied.

A. Single GFM Unbalanced Fault Simulations

Consider the fault scenario in Fig. 7, where a single
GFM inverter is connected to a stiff grid via a transmission
line (0, 75°). At t=0.5s, an unbalanced line-to-
line fault between phase ‘b’ and ‘c’ is applied on the
transmission line. This simulation is repeated three times
while iterating between the SatLim, VIMP limiter, and the
proposed hybrid current limiter. For the SatLim and the
VIMP GFM controls, we leverage the models from [5].
For the GFM controls with the proposed hybrid current
limiter, we leverage the GFM model depicted in Fig. 6.
The control parameters are summarized in Table 1. The
objective of this simulation is to assess the influence of
different limiters on the unbalanced fault behavior of the
GFM inverter at the unit level.

The results of the unbalanced fault scenario of Fig. 7
are shown in Fig. 8. For each of the three current lim-
iters, the instantaneous phase currents and the steady-state
sequence phasors during the fault are depicted. The se-
quence phasors are calculated over one period immediately
after the transients created by the fault have died out.
Fig. 8a illustrates that, with the SatLim, the unbalanced
currents are limited to the maximum allowable current
of Iax = 1.2p.u.. The same holds true for the pro-
posed hybrid current limiter (Fig. 8c). Limiting the phase
currents up to I with VIMP limiting is not feasible,
as shown in Fig. 8b, where the phase currents remain a
few percentages less than I, ,y. Although the decreased
overcurrent capability of VIMP limiting comprises only

This report is available at no cost from the National Renewable Energy Laboratory at www.nrel.gov/publications.
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Fig. 6: Control architecture of the GFM inverter with the implementation of the proposed hybrid current limiter.
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Fig. 7: Simulation scenario with one GFM inverter connected to a stiff
grid via a tranmission line upon which a line-to-line fault is applied.

a few percentages, this effect is more pronounced during
system-wide faults, as illustrated in the next subsection.
The voltage and current sequence phasors during the fault
are illustrated in Fig. 8d-f, which display the significant
impact of the limiter on the fault behavior of the in-
verter. The VIMP (Fig. 8e) and the hybrid current limiter
(Fig. 8f) allow for controlling the impedance angle of the
inverter. As such, they display similar behavior typically
seen with synchronous generators during a Line-to-line
fault in an inductive grid. The SatLim does not have a
means of controlling the current angle, which translates
into resistive—even slightly capacitive—inverter behavior
during the fault. The capacitive behavior of the inverter
was not predicted in Section II, as we made the assumption
that the infinite-grid voltage, V5, and the internal inverter
voltage, E*, are in phase. During real-life faults, this
assumption does not hold, which results in a capacitive
inverter behavior. The inability of the SatLim to control
the output impedance angle of the inverter has a significant
impact on the voltage support provided by the inverter, as
illustrated hereafter.

B. System-Wide Unbalanced Fault Simulation

Consider the all-inverter 14-bus network in Fig. 9 with
5 GFM inverters interconnected. On line /3 between bus 2
and 3, an unbalanced line-to-line fault is applied. Details
about the network setup and parameters can be found

4

in [5] and in Table I. This simulation is repeated for
each current limiter. Fig. 10 depicts the magnitude of the
inverter output currents, sequence voltages, and voltage
balance for each of the five inverters. The results illustrate
that the proposed hybrid current limiter enables the full
use of the overcurrent capabilities of the inverter (see
Fig. 10a), which is comparable to SatLim. Further, the
hybrid limiter exhibits similar positive-sequence voltage
support to VIMP, as shown in (Fig. 10b), and significant
improvement in the negative-sequence voltage suppression
(Fig. 10c) compared to both the SatLim and the VIMP
limiter. This is a consequence of the combined advantages
of limiting the output current to Ip,,x while maintaining
control over the output angle of the inverter. As a result,
the proposed hybrid limiter outperforms the SatLim and
the VIMP limiter in voltage balancing (Fig. 10d). In this
paper, we define voltage balance as 1 — exp (—V*/v-).
Table II summarizes the pros and cons of each investigated
current limiters.

V. CONCLUSION

This paper proposed a novel current-limiting strategy
for GFM inverters during unbalanced grid conditions.
The new current limiter combines the state-of-the-art im-
plementations of virtual-impedance and current-reference
saturation limitings. As such, it combines the best of both
current-limiting methods: 1) It allows for fully using the
overcurrent capabilities of the GFM inverter, and ii) it
allows for controlling the output impedance angle of the
GFM inverter, which results in superior voltage balancing
compared to the two conventional methods. Through unit-
level (to an infinite bus) and system-wide (IEEE 14-bus
system) simulations, the performance and benefits of the
proposed hybrid current-limiting methods are evaluated in

This report is available at no cost from the National Renewable Energy Laboratory at www.nrel.gov/publications.
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Fig. 9: Five GFM inverters interconnected in a 14-bus network while
applying a line-to-line fault between bus 2 and 3.

detail. Especially, the improved voltage balancing perfor-
mance during unbalanced faults in a multi-bus network is
striking, which confirms the high potential of the novel
approach and motivates further study on its design and
interaction with other control blocks.
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APPENDIX
A. Current-Reference Saturation Limiting

In a steady state operation, the error feeding into the
voltage controller is zero. As such, we derive the following
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TABLE II: Comparison of Current-Limiting Strategies.

SatLim  VIMP Hybrid

Output impedance angle control X v v
Full use of overcurrent capacity vV X L4
Voltage support and balancing X v v

expression:
0=FE*—FE—-AV
=FE"—pI"Zy — Vo — (1 — p)[*ky,

where Z, denotes the line impedance, and k,, denotes the
anti-windup gain. The gain p is defined by:

. Imax
p=min (1, |

1 |7 ¥ ’
=—|-1-— — -1
2 Imax * <Imax
From (1) and (2), we derive the following system of
equations: one for the real and imaginary axis:

Ej — p(ReI} — woLoI}) — Vi — k(1= p) I = 0
B} — p(wsLelf + Rely) — Vig — kw(1 = p)I; =0,
(3)

where the real part of variables is denoted by the subscript
’d’, and the imaginary part is denoted by subscript 'q’. We
can now solve (3) for I and 3.

D

2

B. Virtual Impedance Current Limiting

Recognizing that the voltage-controller error is zero dur-
ing steady state, the following expression can be defined:

0=FE*"—E—-AV

. * " “)
=FE"-I"Zy — Vs — I Z,;.
The gain, 1, is inspired by [5] and is defined by:
I*| — I
('th) if [T > I,
w = ImaX*Ith (5)

0 if [I*] < L.

The virtual impedance magnitude, |Z;|, is determined by
the nominal voltage, F, and maximum current, I ax, [5]:

E
| Zui| = —. (6)

Imax

The angle of the virtual impedance is a design choice.
From (4), (5), and (6), we derive the following system of
equations to identify the inverter’s output current under
faults:

Eé - RZIZ{ + WSLZI;( - ‘/s,d - w(Rng - WSLEIS)

=0
Ef — wo LoDy — Rl — Viq — (wsLelf + Ryil}) = 0.

C. Hybrid Current Limiting
Similarly, one can find the equality in steady state:
0=FE*—FE—-AV
=E"—pl"Zy — Vi — (1 = p)[* Zy;,

where p is defined in (2), and Z; is a design choice. From
the above, we conjure the following set of equations, to
solve for the inverter’s output current:

Ei—p(Reli—ws Lol )=V a—(1=p) (Ryilj —ws Lvi [[)=0
By —p(ws LI §+Re 1)~ Vs q— (1= p) (ws Lyt [+ Ryi 1) =0.
REFERENCES

[1] 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,” National Renewable Energy
Lab. (NREL), Golden, CO (United States), Tech. Rep., 2020.

[2] B. Fan, T. Liu, F. Zhao, H. Wu, and X. Wang, “A review of
current-limiting control of grid-forming inverters under symmetrical
disturbances,” IEEE Open Journal of Power Electronics, vol. 3, pp.
955-969, 2022.

[3] J. Freytes, J. Li, G. de Préville, and M. Thouvenin, “Grid-forming
control with current limitation for mmc under unbalanced fault ride-
through,” IEEE Transactions on Power Delivery, vol. 36, no. 3, pp.
1914-1916, 2021.

[4] 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.

[S] N. Baeckeland, D. Venkatramanan, M. Kleemann, and S. Dhople,
“Stationary-frame grid-forming inverter control architectures for
unbalanced fault-current limiting,” IEEE Transactions on Energy
Conversion, vol. 37, no. 4, pp. 2813-2825, 2022.

[6] K. Schonleber, E. Prieto-Araujo, S. Ratés-Palau, and O. Gomis-
Bellmunt, “Extended current limitation for unbalanced faults in
mmc-hvdc-connected wind power plants,” IEEE Transactions on
Power Delivery, vol. 33, no. 4, pp. 1875-1884, 2017.

[71 M. Eggers, P. Teske, and S. Dieckerhoff, “Virtual-impedance-based
current-limitation of grid-forming converters for balanced and un-
balanced voltage sags,” in 2022 IEEE 13th International Symposium
on Power Electronics for Distributed Generation Systems (PEDG).
IEEE, 2022, pp. 1-6.

[8] M. Zubiaga, C. Cardozo, T. Prevost, A. Sanchez-Ruiz, E. Olea,
P. Izurza, S. H. Khan, and J. Arza, “Enhanced tvi for grid forming
vsc under unbalanced faults,” Energies, vol. 14, no. 19, p. 6168,
2021.

(7

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





