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ABSTRACT Grid-forming (GFM) converters are a promising solution to enable large scale integration of
renewable energy sources into the power system. However, due to the intrinsic voltage-source behaviour of
GFM converters, current limitation during large grid disturbances is challenging. This article presents a novel
limitation strategy that preserves the GFM properties of the converter and at the same time effectively limits
the converter current to the desired value. Through the limitation of the converter’s internal voltage, stable
operation even during faults and in case of large frequency disturbances in the grid is achieved. Experimental
results show the effectiveness of the proposed current limitation strategy in case of various grid disturbances.

INDEX TERMS Current limitation, grid-forming converter, grid-connected converter, transient stability,

unbalanced faults, virtual inertia.

I. INTRODUCTION

In the 2015 Paris Agreement on climate change, 189 sig-
nature states have agreed to limit global temperature rise
to below 2°C by the end of the century, and to aim for
1.5°C [1]. A crucial part of these efforts is the decarbonization
of the electrical power systems worldwide by using renewable
power sources, which are commonly interfaced to the grid by
power-electronic converters. Trends such as higher utilization
and flexibility demands on power system assets accompa-
nied by stronger interconnections between different systems,
as well as the proliferation of drive systems and consumer
electronics, further increase the share of power electronics
in the grid [2]. This development has raised concerns about
the stability and feasibility of converter dominated grids [3].
Grid-forming (GFM) converters emulate the voltage-source
behaviour of synchronous machines [2], [3], [4], [5], [6],
[7], and are widely discussed as a solution to the challenges
associated with increased penetration of converter-based re-
sources [2], [3], [8]. A common element of most GFM
converter designs is that the active power transfer is used for

synchronization to the grid, replacing the phase locked-loop
(PLL) typically used in the more conventional grid-following
control [9].

As power-electronic converters have limited overcurrent ca-
pability, the ability to limit the current not only during normal
operation but also during grid disturbances is a necessity for
all converter control schemes. In contrast to grid-following
control, GFM-based converters are controlled to emulate a
voltage source behind an impedance; as a consequence, the
current exchanged between the converter and the grid is indi-
rectly controlled and thereby its limitation is challenging [10],
[11]. Current limitation is typically reached during large grid
disturbances, such as faults or large frequency excursions,
during which the grid is most vulnerable and in need of sup-
port. For this reason, the converter should retain as much of
the GFM behavior as possible even during current limitation.
This implies that, if at all necessary, the converter dynamic
properties should be changed for the shortest time possible,
typically up to a few cycles at fundamental frequency; then
the converter should return into linear control mode [12], [13].
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Various current-limitation strategies have been investigated
and reported in the literature in the recent years; these can be
summarized into four main categories [10]:

® [mmediate current limitation: This method is com-
monly applied in cascaded voltage and current vector
controllers [14], [15], [16] and in virtual admittance con-
trol [17], [18], [19], since both control schemes contain
an explicit current reference and a current controller
(CC). The approach requires a CC that is active at least
during current limitation, so that the controller’s current
reference can be limited. As described more in detail in
the following section, stability problems can occur under
severe grid disturbances [20] if this method is used.

A variation of this scheme is applied in power syn-
chronization control [21], [22], where the CC is only
activated when the current limiter saturates. Thus, the
synchronization task switches from the active-power
loop (APL) to a PLL, and the converter behaves as a cur-
rent source instead of a voltage source during limitation.

e [Indirect current limitation by virtual impedance: GFM
converters behave as a voltage source behind an
impedance, and a (virtual) increase of the impedance
reduces the current exchanged with the grid. The virtual
impedance based limitation approach [23], [24], [25],
[26] can be realized with or without a current control
loop [10]. The method’s main challenge is that the se-
lection of virtual impedance parameters requires system
knowledge and assumptions regarding the worst case.
System conditions differing from those assumptions can
result in overcurrent or low utilization of the converter
fault current contribution capability [10]. Moreover, an
adaptive virtual impedance can result in system instabil-
ity [27].

® [ndirect current limitation by voltage limitation: A dif-
ferent approach to limit the current in a GFM converter
is to vary the converter’s virtual-back electromotive force
(EMF) voltage instead of the impedance, which can be
implemented in different ways. Some require knowledge
of the grid voltage angle [28], [29], which in practice can
result in mode-switching into PLL-based synchroniza-
tion. In [30], only the magnitude of the voltage reference
is limited. A power reference limiter is used to prevent
overcurrent due to excessive load angles, but the issue
of instability due to frequency disturbances remains un-
solved.

e [ndirect current limitation by power limiter: Here, the
input to the active- and reactive-power control loops is
limited to prevent overcurrent [18], [31], [32]. These
methods rely on fault detection, which is challenging
for disturbances where the voltage magnitude remains
unaffected. Furthermore, for controllers with slow outer
control loops, overcurrent can not be prevented reliably
during transients [10].

In addition to the challenges described above, it is important

to highlight that the majority of the studies available in the
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FIGURE 1. (a): Single-line diagram of the investigated system. (b): Equiv-
alent circuit representation of a GFM converter control approach with
virtual-back EMF and virtual impedance.

literature focus on current limitation and transient stability for
GEFM converters in case of voltage dips [18], [33], [34], [35],
[36], [37], [38], [39], [40]; on the other hand, large frequency
disturbances can also be a significant source of instability,
especially when high-inertia support is demanded from the
converter [41]. The referred methods for current limitation
do not address the impact of limitation on robustness against
frequency disturbances.

This article presents a novel current limitation strategy
for GFM converters that ensures accurate current limitation
during symmetric and asymmetric faults as well as during
frequency disturbances and phase jumps; through adequate
limitation of the reference active power and magnitude of
the virtual-back EMF reference, the proposed strategy does
not require any system knowledge and retains the converter’s
GFM properties even during current limitation.

The article is structured as follows: Section II is a theoret-
ical study of the GFM converter transient stability problem.
In Sections III and IV, the basic converter control and the
proposed limitation strategy are presented, respectively. Sec-
tion V contains the experimental verification of the proposed
strategy, and the conclusions are put forward in Section VI.

Il. GFM CONVERTER ANGLE STABILITY PROBLEM

The GFM converter angle stability problem is analyzed by
using the system in Fig. 1. It consists of a GFM converter with
a virtual-back EMF V\r and a virtual impedance Ry, Ly.
The virtual impedance includes the converter filter impedance
and the virtual part Ryj, Ly;. The R-L filter connects the
converter terminals at the point of common coupling (PCC) to
the grid, which is represented by the Thévenin equivalent V
and Z,. Neglecting the system losses, the steady state per-unit
converter current in the synchronous reference frame aligned
with the converter’s virtual-back EMF voltage is

_ Yeup =V, _ Vssind +j(Vscos§ — Viemr)

L ix X &)
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FIGURE 2. P-§ ap curve illustrating the converter angle stability problem
for a current limit of 1.2 pu. A: pre-disturbance operating point; B: current
limit reached; C: transient stability limit; Pgmax: maximum decelerating
power; all outlined for case 1: Vgme = Vs = 1 pu. Case 2: Vgme = 1 pu & Vs
= 0.6pu; case 3: Vgmr = Vs = 0.6 pu.

FIGURE 3. Phasor diagram illustrating the effect of current limitation on
the virtual-back EMF. Unlimited in blue, limited in red.

where 6 = ZVpyp — £V, and X is the total reactance be-
tween the two sources. The active-power transfer from the
converter to the grid is defined as

VsVEME

P =Re{Veypconj{l }} = sin 6, )

and shown in blue in Fig. 2 for an example system.

The current exchanged with the grid needs to be limited to
prevent damage to the converter hardware due to overcurrent.
Following the immediate current limitation approach intro-
duced in the previous section, a CC is used and its reference is
limited with a current-magnitude limiter [10] (also addressed
as circular-current limiter [18]). Applying this to limit the cur-
rent reference [* to the maximum allowed converter current
Imax yields

I,

L =1I"==
as the limited converter current reference. This current limita-
tion is equivalent to a variation of the phasor V gy, defined
as Vyp in the phasor diagram in Fig. 3. The figure shows
that the current limitation results in a reduction of the load
angle § when compared with the angle of the unlimited output
of the APL, denoted as dap.. Even though the load angle
is manipulated by the current limitation, the APL’s output
angle dapr. still has an impact on the exchanged active power
by determining the angle of the current references /* and
consequently /i . Using (1)-(3), the relation between the
current-limited active power Py, and the APL output angle

VI* > Inax 3)

178

SapL can be determined by
Pim = Re{V conj{lfi,}}
_ Vs VEMFImax Sin $apL
V2 + Vg — 2V cos SapL

Fig. 2 illustrates the current-limited P-5apy relationship fol-
lowing from (4) in red. The current reaches its limit at
operating point B, and in contrary to the unlimited case pre-
sented in blue increasing §apr, further results in a decreasing
power transfer.

Based on this analysis, the two main sources for GFM
converter angle instability [41] can be studied: firstly, an active
power reference that during a fault or in post-fault steady-state
is too large for the grid conditions (i.e. grid voltage magnitude
and grid strength), and secondly the inability of the APL to
follow the grid voltage angle in case of a frequency distur-
bance or phase-angle jump. The former is studied widely in
the literature [18], [33], [35], [36], [37], [38], [40], while the
latter is rarely regarded in existing publications [41]. Both
instability mechanisms are summarized in this section.

, I > Inax (4)

A. VOLTAGE-DIP INDUCED CONVERTER ANGLE
INSTABILITY

The first of the two angle instability mechanisms is caused by
a voltage dip at the PCC. Equations (2) and (4) demonstrate
that the active-power transfer between converter and grid is
proportional to the product of Vi and Vgmp. Consequently,
a voltage dip will result in a reduced active power transfer
capability, no matter how the converter back EMF magnitude
is controlled in response to the voltage dip (compare case 2
and 3 in Fig. 2). As described in [27], instability can under this
conditions occur due to violated equal-area criterion, which
mainly affects GFM converters providing inertial support, or
due to lack of a stable post-fault operating point. This type of
instability has been studied widely in literature and several so-
lutions have been proposed [38]. The most popular solutions
are scaling of the power references proportional to the voltage
magnitude [18], control-mode switching (e.g. deactivation of
inertia [42]), inclusion of additional control terms [43] and
moving to a grid-following control mode [22]. Of these ap-
proaches, voltage-proportional power reference scaling has
the advantage of retaining as much of the GFM capabilities as
possible, while at the same time aiding in current-limitation.
In contrast to approaches modifying the control structure, it
does not require any fault detection [38].

B. FREQUENCY-DISTURBANCE INDUCED CONVERTER
ANGLE INSTABILITY

The second angle instability mechanism is caused by severe
frequency disturbances or phase angle jumps in the grid,
resulting in the inability of the APL to follow the grid volt-
age angle and moving the operating point to the unstable
part in Fig. 2. This phenomenon is discussed more in-depth
in [41]. As the APL in a GFM converter does not only provide
power reference tracking but also synchronization, a power
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FIGURE 4. Block diagram of investigated GFM control structure.

control error is required to follow a change in the grid fre-
quency by letting the APL adapt its internal frequency. For
instance, a decline in grid frequency causes the load angle
8 to increase until the additional decelerating power Py =
—2H (31_? is reached. During current limitation the decelerat-
ing power might not be large enough to keep the converter’s
internal frequency synchronized with the grid frequency,
which would lead to the load angle continuing to increase.
If the unstable equilibrium point C is passed synchro-
nism is lost, equivalent to synchronous machine first swing
instability.

Limitation of the outer loop references as introduced in
the previous instability mechanism cannot prevent loss of
synchronism in this case. This is because the active power
exceeding the current-limited maximum is not caused by a
change in reference, but by the inability of the slow APL to
reject the grid disturbance. This slowness is desired to provide
inertia to the grid, but causes instability when the converter
current limits are reached. Not only the GFM control structure
used for illustration in this section, but all GFM converters
with non-zero inertia that rely on the APL for synchronization
and provision of inertia are vulnerable to this type of insta-
bility. As the APL angle output is manipulated to guarantee
current limitation, the synchronization signal is lost. The risk
for this type of instability is increased by large inertia, high
rate of change of frequency (RoCoF) and operating points
close to the maximum power transfer, due to more decelerat-
ing power being needed or less current reserve being available
for it, respectively.

While these instability mechanisms are studied here for
a GFM converter with circular-current limitation, the same
principles apply for GFM converters relying on a virtual
impedance for current limitation. This can be understood
from (2), showing that an increase in the reactance between
the virtual-back EMF and the grid voltage will reduce the
active-power transfer for any given load angle, which results
in similar dynamics for both instability types.

11l. BASIC GFM CONVERTER CONTROL

The GFM control adopted in this work is based on the virtual
admittance-based approach from [19], with the improvements
to the APL described in [41]. The controller implementation
is illustrated in Fig. 4 and its main blocks are described in the
following.

VOLUME 4, 2023
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FIGURE 5. Block diagram of implemented active power loop (APL).

A. ACTIVE POWER LOOP (APL)

For the investigated GFM control, the APL provides both
active-power reference tracking and grid synchronization.
The implemented APL is depicted in Fig. 5 and consists
of a PI regulator for accurate reference tracking and an
active-damping term R, to improve the controller’s dynamic
performance. Neglecting the system’s losses, the maximum
transmittable active power is given by:

VEMEV,
Xy

Pmax = s

where X, is sum of the converter’s virtual reactance Xy and

filter reactance Xr. Using the controller active damping R, and

the proportional and integral gains K}, and K, the closed-loop

transfer function for the APL can be written as
Kps + K;

Praxs® + (Ky + R)s + K

Gpe(s) = ®)
assuming that the CC is sufficiently fast to be treated as ideal.
The APL control parameters are tuned using loop-shaping
approach as described in [41] to yield

opC

Gpc(s) =
pc(s) 5T anc

(6)
with

2
apc o
, Ki=-¢, and R,=K,,

K, =
P Prax

Pmax

where apc denotes the desired APL closed-loop bandwidth.

B. AC VOLTAGE CONTROLLER (AVC)

The magnitude of the virtual-back EMF is determined by the
AC voltage controller (AVC), which controls the voltage at the
PCC. To allow operation in strong grids and alongside other
converters, an integral controller with a reactive droop is used.
Denoting with Vy the nominal grid voltage and with kp the
droop constant, the control law for the AVC is defined by [19]:

Kiv
Vemr = W + T(Vg — Ve —kpQy), (N

where, for a desired closed-loop bandwidth avc, Kjy =
Xy+Xg
ayc Xz

calculating the integral gain of the AVC is typically set for
the strongest grid strength provided by the system operator,
to ensure an acceptable performance even with varying grid
strengths.

. The value of the grid reactance, X,, used for
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C. VIRTUAL ADMITTANCE (VA)

The virtual-back EMF voltage vector determined by the outer
loops is translated into a current reference input for the CC
by a virtual admittance (VA)!. The VA generates the ref-
erence currents by providing filtering and damping action
(through L, and Ry, respectively) on the difference between
the virtual-back EMF and the grid voltage. It also reduces the
impact of variations in grid strength on the converter dynamic
performance by reducing the share of the grid impedance in
the total impedance [44]. As proposed in [17], the virtual
reactance is chosen in the range of a typical synchronous
machine transient reactance. Due to this relatively large virtual
reactance, changes in the virtual-back EMF result in a DC
current component. The virtual resistance is chosen to provide
a small time constant for the decay of this current offset. The
current reference output of the VA block is:

VEMF — Yg
sLy + jonLy + Ry’

it =

®)

D. CURRENT CONTROLLER (CC)
The current references generated by the VA are limited to the
maximum converter current as in (3) and sent to the CC to
calculate the reference voltages for the converter’s modulation
stage. The implemented CC has a classical structure and is
based on a PI regulator with cross-coupling cancellation and
voltage feedforward that is low-pass filtered with a closed-
loop bandwidth of afr as:

0f = T, + o + (K + @ i) ©)
The controller gains are tuned to the selected controller band-
width acc as [45]

Kpe = accLs, Kic = accRy. (10)
IV. PROPOSED METHODOLOGY TO LIMIT CONVERTER
CURRENT

From Section II, it is understood that limitation of the current
reference for the CC (henceforth referred to as hard-current
limiter) might in GFEM converters result in a loss of syn-
chronization with the AC grid. Furthermore, the use of the
hard-current limiter introduces non-linearities in the control
system and modifies the dynamic properties of the converter
(by hiding the impact of the voltage controller and the vir-
tual admittance) while activated, which is not desirable as
discussed earlier [12], [13]. This section presents a novel
strategy that allows to keep the converter current within its
permissible value without relying on the hard-current limiter
and alteration of the GFM properties.

In a grid-following converter, the use of a hard-current
limiter is effective because such converters are modeled as
a current source. Following the same philosophy for GFM
converters, which are modeled as a voltage source instead,

IThe VA corresponds to the inverse of the virtual impedance shown in
Fig. 1.
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current limitation can be achieved by dynamically limiting
the generated virtual-back EMF, vgyg, so that the resulting
current reference is within the limits. This is realized through
the GFM control structure depicted in Fig. 6. It is of impor-
tance to consider that, unlike the magnitude, limiting the phase
of the voltage vector vpy\r is challenging. This is because in
the absence of a PLL in GFM converters, there is no direct
information about the load angle; and hence, the active-power
flow from the converter dictates the phase of the emulated
voltage source. Therefore, one obvious solution is to include a
PLL in the design of the APL to calculate the converter’s load
angle. However, this can have a negative impact on the stabil-
ity of the converter in weak grids, and restrict the converter’s
GFEM properties [46]. Another alternative to limit the resulting
phase of the converter at all times without the aforementioned
restrictions is to limit the active-power reference. However, as
discussed in Section II-B, this solution is not effective in GFM
converter systems emulating inertia, owing to their slow APL.
To overcome this issue, the cascaded active-power controller
described in the following section is used. The calculation of
the limits for the active power and voltage magnitude refer-
ences is described in the subsequent sections.

A. CASCADED ACTIVE-POWER CONTROLLER

The cascaded active-power controller consists of an inertia-
emulation loop (IEL) in cascade with a fast APL, as first
reported in [41]. The IEL is illustrated in Fig. 7 and is based on
the structure of a PLL. It is used to calculate the inertial power,
Py, to be injected (or absorbed) by the converter in case of
frequency disturbances. As from the figure and denoting with
0y the angle of the PCC voltage v, the inertial power output
from the IEL is given by

Ve

Py — V.
=%

sin(9g — QIEL)v (11)
where 6 = OgL in steady state. In the case of a frequency
variation, the IEL angle will track the grid angle with a speed
of response determined by the desired amount of emulated
inertia H . For this, the IEL’s proportional (K}, 1er) and integral
(Ki 1rL) gains are selected as [41]

% _¢ 2N X I N
b IEL = HVaVg' WEL = oo

where ¢ denotes the damping ratio of the second-order re-
sponse, while V¢, and Vg, represent the rated converter and
PCC voltage, respectively. Note that in the implementation
of the IEL, the magnitude of the reference voltage vector v}
output from the CC is used instead of its measured signal V.
The inertial power Py is then added onto the active power
set-point of the converter, Py, to form the reference power Pg
for the APL, which can be effectively limited. The PI-based
APL then tracks the power reference, B, and synchronizes
the converter with the grid. Providing the inertia through the
active-power reference allows a higher closed-loop bandwidth

(12)
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FIGURE 7. Block diagram of inertia emulation loop (IEL).

for the APL, thus making synchronization and reference track-
ing fast. Decoupling the synchronization task of the APL
from the inertia provision gives the flexibility to limit and
achieve a fast control over the active-power injection from
the converter, and ultimately the resulting phase of the virtual
back-EMF. The magnitude of the virtual back-EMF, Vgmr,
can then be limited based on the available PCC voltage and
estimated power flow as described in Section IV-C. In this way
it is possible to limit the generated current reference vector
without triggering the hard-current limiter.

B. CALCULATION OF ACTIVE-POWER LIMITS

As stated earlier, the phase of the virtual-back EMF is a
resultant of the active-power flow from the converter. There-
fore, setting the limits for the active-power reference would
limit the resulting phase of the virtual-back EMF. During
limitation, prioritizing active or reactive-power injection from
the converter depends upon the grid-code requirements. Here,
reactive-power injection is prioritized;> accordingly, the upper

2Prioritization of active and reactive power can be modified depending
upon the system requirements.

VOLUME 4, 2023

limit for the active-power reference, Py, is calculated as

Pa = /S — O3 (13)
where Syy,i1 denotes the available apparent power of the con-
verter, and Q, is the reactive power injected from the converter
(or, eventually, the reactive power demanded by the grid
codes). At any time instant, depending upon the PCC-voltage
magnitude, V,, the available apparent power of the converter
to keep the current within its rated value is calculated as
Savail = S‘Ii—l\‘;g, where SN and Wy denote the rated power and
voltage of the converter, respectively. If Qg > S,yai1 (this con-
dition prevails during a voltage dip for instance, when the
converter current momentarily rises above its rated value), the

upper limit for the active-power reference is set to zero.

C. CALCULATION OF VOLTAGE-MAGNITUDE LIMITS

The limits for the magnitude of virtual-back EMF can be
calculated by using the estimated power flow. Considering the
sign convention for the current in Fig. 1, a decrease in the
PCC voltage will result in a positive reactive-power injection
into the grid. Hence, the upper limit for the magnitude of the
virtual-back EMF, V,,, is calculated as

P* — jOavai
Vit = |ug + im = IOwail g ).
conj(v,)
. 2 *2
with Qaait = /82, — P2 (14)

Similarly, if a voltage swell at the PCC is to be considered,
the lower limit for the virtual-back EMF, V};, can be calculated
accordingly, i.e.,

P+ jOuvai
Vi= v “m.—’Q‘”‘“l<Rv+ij). (15)
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VSC and filter

Line impedance

Controllable AC
voltage source

FIGURE 8. Photo of laboratory setup.

TABLE 1. System and Control Parameters

System parameters Control parameters

SN 1kVA L1 0.35pu

VN 100V Ry1 0.235 pu

wN 314.16rad/s apc 27 Srad/s
Ly 0.15pu ¢ 0.707

Ry 0.015 pu acc 2w 500rad/s
SCR 3 ayc 2w lrad/s

It is worth mentioning here that during limitation, P will be
equal to Py as defined in (13). Thus, reactive-power injection
is prioritized here. Furthermore, as P, = Py during limita-
tion, the angle of the voltage phasors V ;; and V;; will be equal
to zero in the controller’s dq frame.

In order to prevent the accumulation of the voltage error
during limitation, an anti-windup loop with the gain kaw is
implemented in the AVC as shown in Fig. 6.

V. EXPERIMENTAL VALIDATION OF PROPOSED
CURRENT-LIMITATION STRATEGY

In order to validate the effectiveness of the proposed current-
limitation strategy, experimental verification is made and
discussed for various grid scenarios in this section. A photo
of the laboratory setup is depicted in Fig. 8 and it resembles
the system shown in Fig. 1. The grid is emulated using a RE-
GATRON’s four quadrant programmable AC power source.
Furthermore, the GFM converter system used here comprises
of a 2-level VSC supplied by an ideal DC voltage source.
It is controlled using dSPACE dS1006, and is connected at
the PCC through a phase reactor of resistance Ry and induc-
tance L¢. Various system and control parameters used for the
grid-interfaced converter system are shown in Table 1. The
closed-loop bandwidths of the APL and AVC are chosen to
comply with the recommendations for GFM control action
defined in [47].
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FIGURE 9. Dynamic response of GFM converter to a frequency disturbance
with proposed control structure (blue curves), and Integrated GFM control
(red curves). Top: measured active power; middle: measured
converter-current magnitude; bottom: measured PCC frequency (light-blue
curve depicts the frequency disturbance imposed by the controllable AC
power source).

A. DYNAMIC PERFORMANCE IN CASE OF A ROCOF EVENT
In order to investigate the dynamic performance of the GFM
converter system during a RoCoF event, the frequency, f;,
of the voltage source behind grid impedance is varied from
50.0 Hz to 48.0 Hz at a rate of —2.0 Hz/s between 0.5 s and
1.5 s. The active power set-point of the converter is selected as
0.8 pu in this case. The blue curves in Fig. 9 show the dynamic
response of the converter system emulating an inertia of 5.0 s
using the proposed control structure and current-limitation
strategy. For comparison, the dynamic performance of a con-
verter system emulating the same amount of inertia within
the APL and deploying circular-current limitation (henceforth
referred as Integrated GFM control®) is shown with red curves
in Fig. 9, where the upper-limit for the hard-current limiter is
setto 1.1 pu.

It can be seen from the figure that by using the proposed
control structure and current-limitation strategy, it is possible
to limit the converter current close to its rated value without
triggering the hard-current limiter. Additionally, the internal
frequency of the converter closely follows the declining grid
frequency (light-blue curve), i.e., the converter keeps its syn-
chronism with the grid. Furthermore, the active-power flow
from the converter is limited close to 1.0 pu which otherwise
would have reached 1.2 pu without limitation (corresponding
to set-point power of 0.8 pu and inertial power of 0.4 pu). On

3The integrated GEM control used here for comparison corresponds to the
structure displayed in Fig. 4, but provides inertia through the APL by proper
selection of a lower APL bandwidth resulting in the desired inertia.
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FIGURE 10. Dynamic response of GFM converter to a balanced
three-phase voltage dip. Top: three-phase source voltage; middle:
measured active (blue curve) and reactive power (red curve); bottom:
measured converter-current magnitude.

the other hand, due to the presence of inertia within the APL
in the second case, the converter loses it synchronism when
the maximum-current limit of the converter is reached.

B. DYNAMIC PERFORMANCE IN CASE OF A BALANCED
THREE-PHASE VOLTAGE DIP

In order to investigate the dynamic performance of the con-
verter system during a balanced three-phase voltage dip,
starting at 0.5 s, the magnitude of the source voltage, V, is
reduced by 50% for a duration of 1.0 s. The set point for the
active power is zero and inertia provision from the converter is
minimized by deactivating the IEL for this case. Fig. 10 shows
the dynamic response of the GFM converter system against a
balanced three-phase voltage dip.

It can be seen from the figure that following the voltage dip,
the converter current is immediately limited close to its rated
value without triggering the hard-current limiter, thus, without
changing the converter’s dynamics. Additionally, maximum
reactive power (red curve) is injected from the converter in-
stantaneously to support the system. It can also be observed
that after the fault clearance, the active and reactive powers as
well as the converter current immediately return to their initial
operating points.

C. DYNAMIC PERFORMANCE IN CASE OF A BALANCED
THREE-PHASE VOLTAGE DIP ACCOMPANIED BY A ROCOF
EVENT

In order to investigate the dynamic performance of the con-
verter during a balanced three-phase voltage dip accompanied
by a RoCoF event, Vj is reduced as in the previous case. At
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FIGURE 11. Dynamic response of GFM converter to a balanced
three-phase voltage dip accompanied by a frequency disturbance. Top:
three-phase source voltage; top-middle: measured active (blue curve) and
reactive power (red curve); bottom-middle: measured converter-current
magnitude; bottom: frequency disturbance imposed by the controllable AC
power source.

the same time, f; is varied from 50.0 Hz to 48.0 Hz at a rate of
-2.0 Hz/s. Such a severe event, comprising of a combination of
large voltage and frequency disturbance, might happen in ex-
treme system conditions like the system event reported in [48]
or during the 2021 European system split between France
and Spain [49], and is here used to test the capabilities and
robustness of the suggested converter control. Fig. 11 shows
the dynamic response of the GFM converter system emulating
an inertia of 5.0 s for this case.

It can be observed from the figure that following the spec-
ified event, the converter current is immediately limited close
to its rated value without triggering the hard-current limiter.
Additionally, the converter injects maximum reactive power
(red curve) instantaneously to support the system. Since the
converter current reaches its rated value, there is no room for
the active-power injection, and hence the active-power flow
from the converter stays at zero. This results from the choice
of prioritizing reactive power injection over active power
made in (13). Since it’s a matter of choice only, it is possible
to reduce the reactive power injection if an inertial support
is desired from the converter during limitation. It can also
be observed that after the fault is cleared, the reactive power
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FIGURE 12. Block diagram of proposed control structure for GFM converters with adaptations for unbalanced grid conditions.

immediately returns to its initial operating point. Furthermore,
the inertial response of the converter becomes evident from
a decrease in the inertial power of the converter from the
moment the frequency transient ends.

VI. CONTROLLER MODIFICATIONS FOR UNBALANCED
GRID CONDITIONS

According to the latest reports from the European Network
of Transmission System Operators for Electricity (ENTSO-e),
the GFM converters should act as a sink for unbalances in the
grid voltage [2]. This means that in case of unbalanced grid
conditions (for example, during unbalanced faults), the con-
verter must offer an inductive behavior towards the grid. As an
example, the recent VDE-AR-N 4120 Technical Connection
Rules establishes requirements for the negative-sequence cur-
rent injection from the grid-connected converter systems [50].
In particular, for an unbalanced voltage dip the converter
should absorb a negative-sequence current proportional to the
negative-sequence grid voltage, following the relation

I = ang‘, 2<k, <6 (16)

where the gain &, specifies the relation between the magni-
tude of the negative-sequence component in the grid voltage,
V, . and the corresponding negative-sequence converter cur-
rent /;. During current limitation, prioritizing positive- or
negative-sequence current depends upon the system require-
ments. This implies that we should be able to effectively
control and limit both the positive- and negative-sequence
currents individually. Fig. 12 shows the modifications made to
the controller for this purpose, where a negative-sequence CC
has been added to the original control structure. It generates
a negative-sequence reference voltage for the converter, v_*,
which is added to the positive-sequence reference voltage,
vI™*, generated by the original control structure.
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During unbalanced grid conditions, the magnitude of the
voltage and current vectors, as well as the instantaneous ac-
tive and reactive powers will present oscillations at twice the
fundamental frequency. This will lead to double-frequency
oscillations in both the internal frequency of the converter
and magnitude of the virtual-back EMF. To prevent this,
positive-sequence components of the measured voltages and
currents are used as inputs in the APL and AVC, while the
negative-sequence components for the negative-sequence CC.
In this article, Recursive Least Square (RLS) algorithm based
method is used to separate the voltage and current vectors
into their respective sequence components [51]. To adapt to
the changes in the grid frequency, the internal frequency of
the converter is used as an input to the RLS-based sequence
separator.

In accordance with the relation between negative-sequence
voltage and current provided in (16), the converter should
exhibit negative-sequence reactance, X, = k, I Therefore, the
reference for the negative-sequence CC, iy *. is calculated as

Yg

i =2,
T X,

—%

A7)

where v, represents the negative-sequence component of the
PCC-voltage vector. The factor, k;, is selected here equal to
2. Circular limitation is used here for the negative-sequence
current in order to keep the total converter current within its
rated value, Iy. Giving positive-sequence current priority for
active and reactive-power support, the upper and lower limits
for the magnitude of the negative-sequence current reference,
denoted by /; | and I}, respectively, are calculated as

IEul =IN— If+*’

Iy = — Iy (18)
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FIGURE 13. Dynamic response of GFM converter to a shallow unbalanced
voltage dip. From top to bottom: three-phase source voltage, measured
active (blue curve) and reactive power (red curve), measured
positive-sequence active (blue curve) and reactive (red curve) power,
measured converter-current magnitude, measured negative-sequence
reactance of the converter.

If+ * denotes the magnitude of the positive-sequence current

[GF)? + (iffg)z. Dur-
ing limitation, the magnitude of the negative-sequence current
reference, I;*, is saturated at its upper or lower limit accord-
ing to (18). On the other hand, its phase angle, i.e., Zg'f_* is
kept unchanged and is determined using (17).

reference and is calculated as If+* =

A. EXPERIMENTAL VALIDATION UNDER UNBALANCED
GRID CONDITIONS

The following test cases validate the effectiveness of the pro-
posed limitation strategy during unbalanced grid conditions.
The set point for the active-power flow from the converter is
zero for the case studies presented here.
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FIGURE 14. Dynamic response of GFM converter to a severe unbalanced
voltage dip. From top to bottom: three-phase source voltage, measured
active (blue curve) and reactive power (red curve), measured
positive-sequence active (blue curve) and reactive (red curve) power,
measured converter-current magnitude.

1) DYNAMIC PERFORMANCE IN CASE OF A SMALL
UNBALANCE

In order to investigate the dynamic performance of the con-
verter during a small unbalance, the magnitude of the source
voltage in phase B and C is reduced by 30% for a duration of
1.0 s. Fig. 13 shows the dynamic response of converter system
for this case.

It can be observed from the figure that following the spec-
ified disturbance, the converter injects reactive power (red
curve) to boost the positive-sequence voltage at the PCC.
Since ky, = 2, the converter exhibits a negative-sequence
reactance of 0.5 pu (calculated by dividing the measured
negative-sequence voltage with resulting negative-sequence
current during unbalance), hence allowing the negative-
sequence current to flow. Furthermore, the positive sign of
negative-sequence reactance confirms the inductive behavior
of the converter to counter unbalance in the PCC voltage.

2) DYNAMIC PERFORMANCE IN CASE OF A SEVERE
UNBALANCE

In order to investigate the dynamic performance of the con-
verter against a severe unbalance, the magnitude of the source
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voltage in phase B and C is reduced by 80% for a duration
of 1.0 s. Fig. 14 shows the dynamic response of converter
system for this case. It can be observed from the figure that
giving positive-sequence current priority over the negative
sequence results in an injection of maximum reactive power
(red curve) from the converter. Since the converter current
reaches its rated value, there is no room left for the negative-
sequence current to flow, i.e, iy * is automatically set to zero
from (18). Consequently, the measured converter current is
composed of positive-sequence component only unlike the
current in Fig. 13, where the 100.0 Hz oscillation due to
negative-sequence component is evident.

VII. CONCLUSION

In this article, a novel current limitation strategy for
grid-forming converters has been presented. The existing
current limitation strategies for GFM converters have been
discussed, together with causes for instability in case of large
disturbances. In order to guarantee converter’s stability and
at the same time preserve its GFM behavior also during
current limitation, a novel limitation strategy has been
presented. In the proposed strategy, current limitation is
achieved by dynamically limiting the virtual-back EMF
vector. Experimental results show the ability to effectively
limit the current output of the converter to the desired value
for several system events, without the need to activate the
reference-current limiter at the input of the CC. Furthermore,
modifications to cope with unbalanced grid conditions and
fulfill the related grid codes have been presented.
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