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Abstract

With the integration of renewable energies the share of inverters in the grid increases and thus the inertia of the system is
weakened. Grid-forming inverter coupled loads can contribute to system inertia. Handling of short circuits becomes a challenge.
In contrast to synchronous generators, a grid-forming inverter coupled load decelerates during a fault, in dependence on the grid-
forming control, and can shorten the critical clearing time of the system. In this paper, we present a control scheme based on the
virtual synchronous machine for a grid-forming inverter coupled load and propose different methods that change the frequency
behavior during fault. Therefore, different current limitation methods and the adjustment of parameters during fault are analyzed.
Good transient stability can be achieved with the help of the appropriate method and parameterization. Changing the inertia
constant and adjusting the active power setpoint have proven to be particularly effective which is shown in MATLAB/Simulink
simulations.

1 Introduction

The global power system is undergoing an extensive transi-
tion. The share of renewable energies and batteries increases
constantly, posing new challenges for power system stability.
With the integration of renewable energies the share of invert-
ers in the grid increases and thus the inertia of the system is
weakened. A stable power system cannot be achieved with
traditional current-controlled inverters [1]. Therefore, grid-
forming controls were developed. Grid-forming inverters can
replace synchronous generators and make fully inverter-driven
grids possible [2]. Grid-forming controls offer a high degree
of freedom in their design process and offer new possibilities
regarding the utilization of generators and loads. A high iner-
tia constant of the grid is desired and operators want or have
to achieve this cost efficiently. For this reason, concepts like
asymmetrical inertia provision were developed. An overview
is given in [3]. In this concept, renewables offer inertia in case
of a rising frequency and loads contribute to inertia in case of
a falling frequency. This is hoped to improve frequency stabil-
ity. The simplest load you can think of is a charging battery
interfaced with the grid with a grid-forming inverter. Such a
battery might be crucial to guarantee power system stability.
This poses the challenge, that the battery has to stay connected
in case of a short circuit even when it charges. Under these
circumstances, a grid-forming inverter will decrease its fre-
quency because the control tries to reach the power setpoint.
All synchronous generators (or grid-forming inverters inject-
ing power) will accelerate. The angle divergence will rise fast
and loss of synchronism can be the result if an angle divergence
of 180◦ is reached. Especially in situations where the coupling

is particularly weak between the grid-forming inverter coupled
load and the grid, the angle divergence rises fast. Due to this,
the critical clearing time of the system is decreased compared
to a system without grid-forming inverter coupled loads [4].
In the future, several load types seem to be suitable for grid-
forming operation like electric vehicle charging or heating and
cooling processes [3]. At this point, it is worth mentioning that
a grid cannot be formed with loads, except for energy stor-
age devices. Nevertheless, for simplicity, the term grid-forming
load is used in this paper.
The typical low overcurrent capability of power electronics
decreases the critical fault clearing time in comparison to a
synchronous generator [5]. In the literature, several authors
addressed the challenges of grid-forming inverters with regard
to short circuits. In particular, current limitation, voltage sup-
port and transient stability were tackled. All these points are
addressed with the presented controls. Several possible solu-
tions, that improve the inverter’s frequency behavior, were
already presented [6–9]. It seems plausible, that also a grid-
forming control for loads can be designed in a way that
improves the frequency behavior. In [4] no satisfying solution
was found when a grid-forming load has to deal with a ris-
ing grid frequency during fault. Based on the experiences for
grid-forming inverters working as generators in [7], the con-
trol was further improved by adjusting the parameters of the
virtual synchronous machine (VSM) during fault. Due to this
the critical clearing time can be improved. In this paper, the
control scheme does not use an underlying current control loop
for current limitation which affects small-signal stability [10].
A temporary current control or a high virtual impedance is
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used. Due to the proposed methods, transient stability can be
improved and offer the possibility for the integration of grid-
forming loads, with less negative impact on the critical clearing
time of the power system.

In this paper, we introduce the developed grid-forming con-
trol for a load. Furthermore, we will show how the fault
behavior of a grid-forming inverter working as a load can be
changed in order to achieve better transient stability. Different
methods for the manipulation of the frequency behavior during
fault will be described and assessed in simulations. At the end,
we discuss the results and give an outlook for further work.

2 Control Approach

In the following section, we show the used implementation of
the virtual synchronous machine. Furthermore, we show the
different methods for current limitation.

2.1 Grid-forming Control

In this paper we use the approach from [11] for the virtual syn-
chronous machine but neglect the reactive power droop. The
inverter control scheme is depicted in Figure 1. TA is the accel-
eration time constant of the VSM. P ref is the active power
reference and Pp is the power from proportional frequency con-
trol. The active power P has to be calculated from measured
converter voltage vabc and current iabc.

ω̇ =
1

TA

(P ref − P − Pp) (1)

The internal rotor angle δi is calculated by equation 2 with
the help of the nominal frequency ω0.

δ̇i = ωω0 (2)

Forward damping is implemented by equation 3 and the
corresponding damping constant kdf .

δ = δi + kdfω0(ω − ωref ) (3)

Pp is calculated by equation 4.

Pp = kpf (ω − ωref ) (4)

The amplitude of the virtual rotor voltage e is calculated in
equation 5 and Tv describes the used time constant. The voltage
phasor is aligned with the d-axis, see eq. 6. Reactive power
is controlled by adjusting the amplitude of the voltage phasor.
Voltage amplitude and its angle δ are the outputs of the VSM.

ė =
1

Tv

(eref − e) (5)

e =
[
e 0

]T
(6)

A lead-lag filter, eq. 7, with high-pass characteristic, damps
the LC-resonance.

Gad(s) = kad

s+ ωlead

s+ ωlag

(7)

A virtual circuit Gvi is formed by a virtual reactance xv and
a transient resistor rv, see eq. 8.. The measured converter cur-
rent causes a virtual voltage drop vvc and is subtracted from the
VSM voltage. For the transient resistor a high-pass character-
istic with time constant τrv is chosen as shown in equation 9.
The effect of the transient resistor is, that it limits the increase
of the current if a fault occurs and it provides damping.

uvc =

[
rv 0
0 rv

]
Grv(s) · idq +

[
0 xv

−xv 0

]
· idq (8)

Grv(s) =
s

1 + τrvs
(9)

The virtual circuit can further be used to limit the fault
current. This is explained in detail later.

In the control scheme is also a current controller shown,
which is used for current limitation in two methods. This is
explained in the next subsection.

Fig. 1. Control scheme of the grid-forming inverter

With the help of the previous equations the modulation mdq

in dq-quantities is calculated. The measured DC voltage UDC is
then used to calculate the three-phase modulation index mabc.

2.2 Current Limitation

In this paper we use different methods for current limitation.
These three methods are explained below.
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Fig. 2. Flowchart for control with high virtual impedance

2.2.1 High Virtual Impedance: As already discussed in the lit-
erature a virtual impedance can be used to protect the inverter
from overcurrents [12]. With the value of the virtual impedance
the current limitation can be tuned as it influences the voltage
drop over the virtual impedance and therefore the current, see
also equation 8.
During the fault parameters of the VSM can be adjusted. A
fault is detected by current and voltage measurement. After
the fault the original parameters are restored. This is shown
in flowchart 2. ∆v is calculated with the measured voltage and
its value 2ms ago. If the calculated value is smaller zero, there
is a voltage sag. A positive value indicates fault clearing.

2.2.2 Temporary Current Control: Temporary current control
means, that in case of a detected fault, the VSM is deacti-
vated and current control is activated, see [6]. After limiting
the current successfully the current control (CC) is deacti-
vated and the VSM re-initialized. Therefore, the inverter keeps
its grid-forming functionality during fault. When the fault is
cleared, current control is activated again and limits the cur-
rent. Afterwards, it is deactivated and the VSM takes over.
In the original concept, the active power setpoint was already
adjusted in order to achieve better transient stability. In [7]
the active power setpoint adjustment and re-initialization pro-
cess was further improved. In this paper we use a standard
proportional-integral controller (GCC) for the current control.
In contrast to a conventional current-controlled inverter, we use
the reference frame of the VSM instead of a phase-locked loop.
The reference frame of the VSM is frozen when current control
is activated. Due to this, the d-axis is not aligned anymore with
active power. For this reason the current setpoints irefdq have to
be generated by the measured active and reactive power (q) and
the measured voltage. This is done in the setpoint generator. To
ensure voltage support the current controller feeds in purely
reactive current with an amöitude of 1 pu. The current control
is also depicted in Figure 1.

|∆v| > 0.1
or i > 1

∆v < 0

activate CC,
setpoints for vol. sup.
adjust VSM parameters
for re-init

activate CC,
pre fault setpoints
bring back orig.
VSM parameters
for re-init

i = iref ?

deactivate CC,
re-init VSM

yes

yes no

yes

no

perm. CC

Fig. 3 Flowchart for temporary current control - blue path is
used for permanent current control

After reaching the current setpoints, the VSM is re-
initialized (deactivation of current controller) in order to keep
grid-forming functionality during fault. During the fault the
inverter should feed in the same active and reactive power as
the temporary current control did. The VSM is re-initialized in
the way, that the VSM provides the same voltage phasor as the
current control did in a global reference frame. Further expla-
nation can be found in [13]. Another requirement is, that the
power setpoint is adjusted. It needs to equal the active power
fed in at the end of the current control period. If this is the
case, no power imbalance occurs and therefore no change of
frequency during the fault if the grid frequency stays constant.
Furthermore, all filters have to be re-initialized.
For fault clearing the same procedure is performed. The current
setpoints are the pre-fault values of the current. The procedure
of temporary current control is shown in flowchart 3. During
and after the fault parameter adjustment can be performed.

2.2.3 Permanent Current Control: The method of permanent
current control is similar to the previous one. The only differ-
ence is, that it does not re-initialize the VSM during the fault.
This difference is shown by the blue path in Figure 3.

2.2.4 Parameter Adjustment: A well-known conventional
approach to assess the transient stability of a synchronous gen-
erator is the use of the so-called equal area criterion [14]. There
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it is shown, that the critical clearing time is mainly influenced
by the input power, the impedance of the system, and the iner-
tia of the generator.
In contrast to a synchronous generator, the behavior of the
VSM during a short circuit can be designed by changing its
parameters. In this paper the parameters kpf , TA and kpf were
chosen to shape the behavior. The parameters are highlighted
in red in Figure 1.

A reduction of TA allows the VSM to follow changes of
the grid frequency faster in case of a rising frequency during a
fault. On the other hand, a higher TA suppresses fast changes of
the VSM frequency. An adjustment of the active power setpoint
can decrease the power imbalance of the VSM and thus slow
down changes of the VSM frequency. In [4] it was shown that
an increase in kpf slows down a grid-forming inverter working
as a generator. In case of a rising grid frequency a lower kpf

allows the VSM to follow the grid frequency better.

3 Simulation

The simulation of the proposed inverter is performed in MAT-
LAB/Simulink. The inverter is connected to a stiff external
(ex.) grid via a simple r/l representation of a feeder line
(Zline). The grid has an impedance, namedas Zgrid. The test
system is shown in Figure 4. The fault is imposed by con-
necting a low impedance resistor Rf from the three phases to
ground. The fault is cleared by the disconnection of Rf . The
values of the grid and current control are listed in table 1. The
parameters of the VSM control and LC-filter are adopted from
[11].

Fig. 4. Simulation test system

Table 1 Simulation parameters

Description Symbol Value
line impedance Zline 0.01 + 0.1i pu
grid impedance Zgrid 10e−6 + 500ie−6 pu
fault impedance Rf 220ie−6 pu

base voltage − 326.6V
base current − 183.7A
integral gain kicc 280

proportional gain kpcc 0.35

In the simulation model of the inverter controllable voltage
sources are used instead of switching semiconductors. Despite
that, a current limit of 1 pu is set if current control is used.
Furthermore, voltage support is given by prioritizing reactive
current injection during the fault. In this paper, we assume the
use of an inverter, which is able to handle positive and neg-
ative active and reactive power flows. Possible restrictions by
the load are out of scope and discussed later.

In cases, where the virtual impedance is used for current lim-
itation, the virtual impedance was increased for this purpose. In
all scenarios, a fault duration of 200ms was chosen. Except the
first one, which is used to illustrate the already explained prob-
lem. The active power setpoint is −50% of nominal power. The
voltage is controlled to 1 pu.

3.1 Scenarios

All previously shown control methods for current limitation are
analyzed in the simulation scenarios.

In order to analyze the effects of a rising grid frequency, the
external grid frequency is increased during the fault as shown
in Figure 5. The effects of a constant grid frequency are also
analyzed.

When parameter adjustment is performed kpf and TA are
decreased to 10% of their nominal value, when temporary con-
trol is used. For scenarios with a high virtual impedance, an
increase of kpf by a factor of ten is also tested. P ∗ is set to
zero. The scenarios are shown in table 2.

Fig. 5 Frequency of the external grid voltage in scenarios with
rising grid frequency during fault

Table 2 Cases with parameter adjustments
Case Parameter adjustment
a P ∗ = 0, TA = 10, kpf = 10
b P ∗ = 0, TA = 1, kpf = 10
c P ∗ = 0, TA = 10, kpf = 100
d P ∗ = 0, TA = 10, kpf = 1
e P ∗ = 0, TA = 1, kpf = 100
f P ∗ = 0, TA = 1, kpf = 1

An increased kpf factor is not used when temporary current
control is used, because the exact power setpoint adjustment
suppresses frequency changes as long as the grid frequency is
constant. When permanent current control is used, no parame-
ter adjustments occur, because the VSM is deactivated.
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3.2 Initial Situation

In order to show the challenges of grid-forming loads with
regard to transient stability, a grid-forming load was exposed
to a fault with a duration of 400ms. A high virtual impedance
without setpoint adjustments is used in this scenario. During
the fault, the inverter tries to reach its power setpoint by the
reduction of its frequency. But due to the voltage sag, it can not
be reached. This is shown in Figure 6. Associated with this the
voltage support by the inverter is not good, because the volt-
age decreases over time. The fault is cleared too late for this
inverter as the angle divergence exceeds 180◦.

Fig. 6 Results of grid-forming load with high virtual
impedance without adjustments - leading to loss of synchro-
nism

3.3 Results with Permanent Current Control

In the following scenarios, current control is activated when a
fault occurs and is kept activated during the fault. The VSM is
re-initialized after fault clearing. In the first scenario, the grid
frequency is kept constant. Afterwards, the results for a rising
grid frequency are shown.

3.3.1 Constant Grid Frequency: In the moment the fault occurs
and the voltage decreases, current control is activated, see Fig-
ure 7. The current control is able to limit the fault current and
feeds in reactive power mainly. After fault clearing the pre-fault
setpoints are used and a smooth transition back to grid-forming
control can be observed. At fault clearing, a short-time exceed-
ing of the current limit can be observed. This is due to the
fact, that the current controller is not able to control the cur-
rent exactly because of the disturbed voltage. The frequency of
the VSM almost does not change, see Figure 8.

3.3.2 Rising Grid Frequency: In this scenario, the external
grid frequency is increased during the fault, see Figure 5. The
results depicted in Figure 9 are similar to the results with
constant grid frequency, except for fault clearing. After the re-
initialization of the VSM the power consumption increases due
to the frequency droop of the VSM.

Fig. 7 Results of permanent current control and constant grid
frequency; period of active current control highlighted in green

Fig. 8 VSM frequency under permanent current control and
constant grid frequency

Fig. 9 Results of permanent current control and rising grid fre-
quency; period of active current control highlighted in green

No frequency change can be observed during the fault in Fig-
ure 10. This is due to the fact, that the VSM reference is frozen.
The constant feed-in of reactive power can be explained by
the permanent calculation of the current setpoints, which are
changing constantly in such scenarios. After fault clearing the
inverter needs approximately 700ms to reach the frequency of
the external grid.

3.4 Results with High Virtual Impedance

For the following scenarios, the VSM with high virtual
impedance is used and current control is always deactivated.
Furthermore, the results with parameter adjustments of kpf , P ∗

and TA are shown.
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Fig. 10 VSM frequency under permanent current control and
rising grid frequency

3.4.1 Constant Grid Frequency: The results for the VSM with-
out parameter adjustments are shown in Figure 11. As expected
the frequency decreases strongly during the fault because the
VSM tries to reach the power setpoint but this is not possible
due to the voltage sag and limited current. At fault clearing the
current limit is exceeded, indicated by the power consumption.

Fig. 11 Results with high virtual impedance without parameter
adjustment and constant grid frequency for cases a-f

Adjusting the chosen VSM parameters changes the results
drastically, see Figure 12. All adjustments lead to a lower
frequency divergence compared to the stiff grid frequency.

Fig. 12 VSM frequency with high virtual impedance, adjusted
VSM parameters and constant grid frequency

The best results with regard to frequency change are
obtained in case c and e. The reason for this is, that a high
kpf counteracts frequency changes. Despite the power setpoint
adjustment, there is still an imbalance in power. This can be
explained by the applied current limitation method. The power
feed-in during the fault is not actively controlled like with cur-
rent control. The power feed-in is a consequence of the power
setpoint, virtual impedance, and the impedance seen by the

inverter during fault. Setting P ∗ to zero is an assumption and
does not necessarily reflect reality. Otherwise, no frequency
changes would be visible either. The next best results are
obtained in case a, where only the active power setpoint is
adjusted. Similar results can be obtained by increasing kpf and
decreasing TA, see case d. Case b and f perform worse, due
to the fact that the inertia is decreased and kpf is not strong
enough.

3.4.2 Rising Grid Frequency: The results without adjustments
and a rising grid frequency are quite similar to results with a
constant grid frequency. The results are shown in Figure 13.

Fig. 13 Results with high virtual impedance without parameter
adjustment and rising grid frequency

At the beginning of the fault, the results are similar to
the previous results. But over time differences arise. At 0.2 s
all cases reach coincidentally nearly the same frequency. As
before, in cases with a high kpf the inverter withstands fre-
quency changes. Case b and f show a higher frequency devia-
tion in the beginning but accelerate faster. This leads to higher
frequency after fault clearing compared to the other cases.
During a longer fault b and f would even show better results
compared to the other parameter adjustments.

Fig. 14 VSM frequency with high virtual impedance, adjusted
VSM parameters and rising grid frequency a-f

3.5 Results with Temporary Current Control

For the following scenarios, temporary current control is used.
Also the results with parameter adjustments of kpf and TA are
shown.
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3.5.1 Constant Grid Frequency: Figure 15 shows the results
when temporary current control is used. At fault beginning and
fault clearing current control is active for a short period of
time. Overcurrents are limited successfully. During the fault,
the inverter mainly feeds in reactive power as intended. After
fault clearing pre-fault active and reactive power are fed in.

Fig. 15 Results of temporary current control and constant grid
frequency; period of active current control highlighted in green

The VSM frequency is nearly unaffected by the fault and
temporary current control, see Figure 16. This can be explained
with a good re-initialization of the VSM and the adjustment of
the active power setpoint. The results for parameter adjustment
of kpf and TA are not shown, as no difference in the results can
be observed. This is the consequence of the intended nonex-
isting power imbalance of the VSM achieved by temporary
current control and the adjustment of P ∗.

Fig. 16 VSM frequency under temporary current control and
constant grid frequency

3.5.2 Rising Grid Frequency: In this scenario with rising grid
frequency kpf is decreased to 10% of its nominal value and
TA were adjusted like before. In Figure 17 the different VSM
frequency curves are shown. The result for not adjusted param-
eters is quite similar to the result with adjusted kpf . A higher
change of the VSM frequency can be observed when TA is
decreased. A simultaneously adjusted kpf improves the result
further. This can be explained by the fact, that the frequency
droop does not counteract the frequency increase so much.

Fig. 17 VSM frequency under permanent current control and
rising grid frequency; shown are results with normal parame-
ters, adjustment of kpf , TA and kpf&TA

4 Discussion and Outlook

The behavior during fault of a grid-forming inverter coupling a
load can be designed in the preferred manner as shown before.
In a totally inverter-dominated grid, the obvious solution to
address transient stability is to suppress frequency changes
during fault. But parallel operation with synchronous gener-
ators must also be guaranteed in the future. The approaches
shown should also be evaluated in a larger power system with
varying penetration of inverters and synchronous generators.
Furthermore, possible upcoming stability issues due to param-
eter adjustment have to be studied.
For grid-forming loads without an energy storage a control
design is needed, which blocks power flows from the DC to the
AC side. Otherwise, the DC voltage may fall below its allow-
able limit and the load has to be turned off. In this paper, the DC
side was simplified and further research regarding other loads
is needed.

5 Conclusion

Grid-forming loads can shorten the critical clearing time of a
power system because the inverter frequency decreases during
fault as a generator accelerates. Due to this, different methods
for current limitation and adjustments of VSM parameters are
proposed in order to change the frequency behavior during fault
of a grid-forming load. Furthermore, it is shown how a constant
or rising grid frequency during fault influences the inverter.
In case of a high virtual impedance for current limitation with-
out any parameter adjustments, the VSM decelerates during
fault. In the test system used, this is also the case when the
external grid frequency increases. For parameter adjustment
during fault the inertia of the VSM, the frequency droop, and
the active power setpoint were chosen. A decreased power set-
point reduces the power imbalance and thus decreases the fre-
quency change. A lowered inertia and smaller droop constant
improve the ability of the inverter to follow the grid frequency.
If the frequency should be kept constant a higher droop con-
stant should be chosen. But even with adjusted parameters the
VSM with high virtual impedance can hardly follow a rising
grid frequency. Permanent current control keeps the VSM fre-
quency constant but can not follow a rising grid frequency.
In contrast to that, the use of temporary current control with
smaller inertia and droop constant, allows the VSM to follow a
rising grid frequency in the studied scenarios.
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