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Abstract

In this study, the integration of grid-forming (GFM) converters in power systems is dis-
cussed in terms of both the fundamental aspects of system stability and the technical
possibilities of converter-based resources. The paper provides a survey and comparison
of various GFM control concepts with respect to their transient and stationary behavior.
A method for black box characterization and conformity testing of GFM converters is
presented and relevant results of lab and field tests with GFM converters are discussed.
Finally, important system aspects are addressed. This includes an approach to consider the
behavior of GFM converters in distribution grid models and investigations on the min-
imum share of GFM units required to ensure system stability. The findings of this paper
provide valuable insights for the design and implementation of GFM converters in modern
converter-based power systems.

1 INTRODUCTION

The global energy transition towards sustainable and renew-
able energy sources is leading to a paradigm shift in the way
how stability of power systems is ensured. To date, synchronous
machines (SM), mostly installed in large conventional power
plants, provide the fundamental characteristics that form the
basis for grid control and stability mechanisms of intercon-
nected systems. This covers basically the ability to regulate the
system voltage and frequency, to provide inertia and damping,
and to deliver short-circuit current [1]. In modern converter-
based power systems, grid stability must be ensured even when
converter-based resources cover up to 100% of the generation.
Consequently, future converters must provide all features nec-
essary for grid stability and control. Converters that are capable
of this are referred to as grid-forming (GFM); in contrast to
grid-following (GFL) converters used today, which are designed
to feed in current after having synchronized to a given grid
voltage.

However, integrating GFM converters into power systems is
not just a matter of replacing the converter’s current controller
with a voltage controller. All aspects of power system dynam-
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ics must be considered to design a suitable behavior of GFM
converters. This is necessary to fully replace the grid stabilizing
properties of SM with converters.

The basic concepts for GFM converters were developed back
in the 1990s. At that time, the focus was on battery converters
for PV/Diesel microgrids on a kilowatt-scale [2]. Droop-based
concepts already allowed communication-free parallel operation
of voltage-controlled inverters [3]. Meanwhile, a variety of dif-
ferent GFM control concepts have emerged that attempt to
mimic the fundamental behavior of SM. The survey paper [4]
provides an overview of the most discussed concepts.

Nowadays, system needs of large interconnected systems are
the drivers for the development and the design of GFM con-
verters [5–7]. In 2020, the ENTSO-E Technical Group on
High Penetration of Power Electronic Interfaced Power Sources
(HPoPEIPS) released a report stating that converters are char-
acterized as GFM if they can create system voltage, contribute
to fault level, act as a sink for harmonics and unbalances, con-
tribute to inertia, allow system survival, and prevent adverse
control interactions [8]. The authors of [9] reflect the technol-
ogy readiness level of GFM converters and forecast the need
for GFM converters in weak grid areas starting in three years
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and in bulk grids within the next 10–30 years. Based on [8] the
Grid Connection European Stakeholder Committee published
a report [10] including a contribution how to integrate grid-
forming into upcoming European Grid Connection Network
Codes (GC NC). In [11] the EU Agency for the Cooperation of
Energy Regulators (ACER) integrates these contributions into
its proposal to amend the existing European GC NCs.

Due to the rapidly advancing transformation of power sys-
tems, experience with testing GFM in real grid situations is
becoming increasingly important. The grid behavior of 23 wind
turbines equipped with GFM control was investigated in the
Scottish power system [12]. However, such field tests of GFM
are rare due to the expense involved and limitations imposed
by existing grid connection guidelines. There are few reports of
laboratory-based testing of GFM converters on a large scale.
For example, [13] presents fault ride through test results for
GFM converters, showing how compatibility of GFM con-
verters with existing grid code requirements can be achieved.
However, the interaction of GFM converters at a power sys-
tem level is usually studied using simulative approaches and
often validated with hardware-in-the-loop simulations [14–16].
This paper presents, among others, lab-based testing of GFM
converters on a megawatt-scale that demonstrates the grid sta-
bilizing behavior of GFM converters from an interconnected
system perspective.

The paper is structured as follows: Section 2 discusses
the fundamental requirements for GFM converters from an
interconnected grid perspective. Section 3 gives a survey and
comparison of different known concepts for GFM control
regarding their transient and stationary behavior. Section 4
introduces a test method for black box testing of GFM con-
verters. Section 5 provides insight into testing activities that
were performed to evaluate GFM converter behavior in various
grid scenarios at a megawatt scale. Results from both a labora-
tory and field test campaign are presented. Section 6 addresses
system aspects and stability studies. This includes, on the one
hand, an approach to model complexity-reduced distribution
network equivalents containing GFM converters in Section 6.1.
On the other hand, Section 6.2 discusses the influence of differ-
ent shares of GFL, GFM and SM-based generation on power
system stability by analyzing system-split disturbances which
induce a very high imbalance and Rate of Change of Frequency
(RoCoF). The paper concludes with a summary and outlook in
Section 7.

2 FUNDAMENTAL REQUIREMENTS
FOR GFM CONVERTERS FROM AN
INTERCONNECTED GRID PERSPECTIVE

This section focuses on a high-level overview on GFM require-
ments from a grid perspective. Details on possible GFM
implementations are provided in Section 3. Section 6 discusses
details on the effect on the electric power system.

While several GFM concepts have been successfully applied
in the context of microgrids, their application in large, intercon-
nected power systems requires:

∙ detailed specification of the technical conditions under which
a converter is considered to be GFM,

∙ specification of the behavior of GFM converters under emer-
gency conditions (e.g. over-current limitation) and related
boundary conditions for dimensioning GFM converters,

∙ evaluation of the system needs, that is, how much inertia and
short circuit current are needed,

∙ quantitative and verifiable criteria that express the GFM
contribution (e.g. inertia time constant).

In general, GFM converters have to fulfill the following fun-
damental requirements: In the first instant, they have to act as
a stiff AC voltage source behind an impedance. Following this
first instant, the angle, frequency and amplitude of the funda-
mental component of that voltage are allowed to change, but
with a defined dynamic response. The requirements related to
this transition phase between the instantaneous response and
the steady-state behavior have to be well defined based on RMS-
values, both with respect to active and reactive power. The
internal voltage’s frequency behavior following an active power
imbalance has to be proportional to this active power imbalance.

Similar as for SM, this property has the consequence
that GFM converters provide an instantaneous—neglecting
electromagnetic transients—reaction of their current (and sub-
sequently of active and reactive power) following any event in
the power system, such as voltage faults, phase angle jumps or
active power imbalances.

However, unlike SM, converters are not capable of provid-
ing currents significantly beyond nominal current. It is currently
discussed whether grid-forming converters should provide an
over current capability or not. However, the authors consider
this not an issue for the individual converter as assessed in
Section 4, but an issue that needs to be solved on the level
of the power system, for example, by increasing the share of
grid-forming converters as discussed in Section 6. Hence, GFM
converters have to control their internal voltage in such a way
that the power electronics are protected from harmful over-
currents. While limiting currents, the contribution of GFM
converters to the fundamental requirements mentioned above
is reduced. This is because the converters are not able to follow
the equations of the applied control model. Instead, they have to
limit their currents to the maximum capable. Due to this non-
linearity, the synchronizing “torque” may become insufficient
and system stability may be at risk [17, 18]. Therefore, it is vital
that GFM control includes mechanisms to maintain both syn-
chronism and a sinusoidal internal voltage form while current
limitation is active.

Furthermore, this behavior must be implemented such that
it supports small signal stability of the system [19]. While the
power of a single unit may be small, a large number of such units
have a relevant impact on overall power system stability, as will
be the case if a large share of the generation behaves in a similar
way. The impact of a GFM converter on power system stability
can be evaluated in a simplified way by considering GFM con-
verters in island operation, that is, supplying only a single load.
In order to contribute to system stability, GFM converters must
operate stably under such conditions.
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It is the responsibility of transmission system operators
(TSO) to identify the system needs for GFM devices. Within
the interconnected power system of continental Europe, sys-
tem splits were identified as the determining contingency for
the need for inertia. In [20], ENTSO-E identified the need for
inertia in the interconnection of Continental Europe based on
a study on possible system splits. In [21] and [22], the needs
regarding fault level for specific grids have been evaluated.

3 SURVEY AND COMPARISON OF GFM
CONTROL CONCEPTS

From a grid perspective, the behavior of conventional GFL
converters is characterized by fast current control. The cor-
responding setpoints of the currents are controlled based on
deviations of active and reactive power from their respective
setpoints. In addition to the described control cascades, grid
synchronization by means of a phase-locked loop (PLL) is also
crucial for the transient behavior of GFL converters. Grid syn-
chronization of SM, which can be considered as the GFM
textbook example, is based solely on power deviations. Together
with the inertia of the SM and the effective internal voltage,
the resulting behavior is a consequence of its physical proper-
ties. In contrast, the dynamic behavior of a GFM converter only
depends on its GFM control concept, opening a wide range of
possible implementations.

The variety of GFM control concepts developed so far shows
that the general understanding of the synchronization behav-
ior of GFM converters is very similar, that is, that it is based
on the same fundamental principle of power synchronization
as SM. The GFM control concepts generally generate setpoints
for phase angle 𝜃 and amplitude û of the internal voltage to
be set by the converter based on active and reactive power
deviations. Usually, a distinction is made between an active
power-frequency part and a structurally very similar reactive
power-voltage part. This approach relies on the assumption of
decoupled underlying mechanisms, that is, the ability to control
active and reactive power separately. This assumption is justi-
fied in networks with a high X ∕R-ratio, as in extra-high and
high-voltage grids. In case of grids with a low X ∕R-ratio, the
two parts interfere with each other so that additional measures
might be needed [23]. Despite this similarity among different
GFM concepts, there are differences with respect to their tran-
sient behavior and how exactly synchronization with the grid is
achieved.

Most commonly discussed GFM control schemes available
in the literature are composed, with a few exceptions, of lin-
ear time-invariant transfer functions. The largest groups are
virtual synchronous machines and droop-based synchroniza-
tion methods. The former deduces their dynamic behavior
from the SM, which they replicate in a simplified manner [24].
A typical example of this group is the Virtual Synchronous
Machine 2nd order (VSM), which is based on the well-known
second order swing equation. Droop-based concepts utilize a
frequency-power droop with a time behavior characterized by
introduced, but optional, lags. Typical representatives of droop-

based concepts are the control concept simply known as Droop
[25], its extension Selfsync [26], or the Power Synchronization
Loop (PSL) [27], which, in contrast to the former, does not
introduce an additional lag between the power input and the
converter frequency. Another important example is the Volt-
age Control Mode Inverter (VCI) [28], which has a PI system
between the active power input and the converter frequency.
There are several extensions to the control concepts mentioned,
which are intended to improve certain properties of the control
concepts, such as preventing the provision of Frequency Con-
tainment Reserve (FCR, also known as primary reserve) in case
of permanent frequency deviations, or the damping behavior
[29].

The comparison of the above-mentioned control concepts
on the basis of their block diagrams is usually difficult. Pos-
sible similarities and differences in their dynamic behavior are
hard to identify. Converting the control concepts into their basic
mathematical form in terms of transfer functions, however,
allows for a straightforward comparison and enables further
analyses on their dynamic behavior largely independent of a
specific parameterization. The basis of this procedure is that
the control concepts mentioned can be transformed into a
single-input-single-output (SISO) transfer function

Gp𝜃 (s) =
Δ𝜃 (s)

Δp (s)
, (1)

between the active power input Δp(s) and the phase angle out-
put Δ𝜃(s). Based on the linear time-invariant transfer functions
of the control concepts mentioned above and compiled in [29],
which can be transformed into a polynomial representation, the
general transfer function

Gp𝜃 (s) =
B (s)

A (s)
=

∑M

j=m
s j b j

∑N

i=n
si ai

, (2)

can be identified. This general transfer function can represent
these control concepts by selecting the respective parameters
ai and b j of the denominator polynomial A(s) with degree N

and the nominator polynomial B(s) with degree M , respectively.
The control concepts mentioned in the literature have maxi-
mum numerator degree of M = 2 and maximum denominator
degree of N = 3.

The dynamic behavior of the control concepts is based on
the choice of parameters and is hard to compare by means of
simulations. Analogous to [29], however, a straightforward com-
parison based on the instantaneous and stationary behavior can
be carried out for a stepwise change in Δp(t ), assuming that
Δp is small enough so that nonlinear limits are not reached.
Here, the focus is on the acceleration behavior of the phase
angle of the inner voltage of the converter 𝜃̈(t ). The acceler-
ation behavior of the converter phase angle in the frequency
domain,

𝜃̈ (s) = s2 Gp𝜃 (s)Δp (s) , (3)
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is derived by differentiating twice in time domain, which cor-
responds to multiplying the general transfer function given in
(2) by s2. Subsequently, the reciprocal values are calculated for
two cases according to the final value theorem. In the first case,
the behavior at the beginning of a stepwise excitation of Δp is
calculated according to

𝜃̈0 = lim
t→0

𝜃̈ (t ) = lim
s→∞

s ⋅ 𝜃̈ (s) = lim
s→∞

s ⋅ s2Gp𝜃 (s) ⋅
1
s

= lim
s→∞

s2Gp𝜃 (s) . (4)

In this study, this relationship is interpreted as the instanta-
neous behavior of a control concept. Analogously, in the second
case, the stationary behavior is analyzed according to

𝜃̈∞ = lim
t→∞

𝜃̈ (t ) = lim
s→0

s ⋅ 𝜃̈ (s) = lim
s→0

s2Gp𝜃 (s) . (5)

Considering the reciprocals of the determined final values
𝜃0 and 𝜃∞ allows a straightforward characterization of the fre-
quency response immediately and stationary after a stepwise
change in Δp(t ). If the reciprocal of the instantaneous behavior
1∕𝜃0 tends towards zero, the frequency can perform stepwise
changes. If, on the other hand, it tends towards a finite value, the
instantaneous behavior of the GFM control concept is compa-
rable to that of a SM. The instantaneous as well as the stationary
behavior of the SM are characterized solely by its inertia time
constant Ta. If, analogously, the reciprocal of the stationary
behavior 1∕𝜃̈∞ takes a finite value, then the stationary behav-
ior of the GFM control concept is comparable to that of a SM.
Note that we consider the SM without governor, which may
modify the mechanical power driving the SM.

In case of 1∕𝜃̈∞ → ∞, the GFM control concept provides
permanent active power reserve for permanent frequency devi-
ations, equivalent to FCR. In order to efficiently estimate the
instantaneous and stationary behavior of a given grid-forming
control concept based on its linear time-invariant transfer
function, the relative degree

R = N − M , (6)

can be utilized. GFM control concepts must always have a rela-
tive degree greater than or equal to 1. Otherwise, a feed-through
would exist between the input and output, that is, between
the active power and the converter phase angle. This would
contradict the basic paradigm that GFM corresponds to an
effective internal voltage phasor incapable of performing step-
wise changes. In addition to the relative degree, in this study,
we consider the number of poles equal to 0, which is referred
to as the inherent integration S [30] of the GFM control con-
cept. The inherent integration S is used as a benchmark for the
integral behavior of a given control concept. Based on the linear
control concepts in the literature with a maximum denominator
degree of N = 3 and R ≥ 1, R, S 𝜖 {1, 2} must be considered.
These four categories differ in terms of their instantaneous and

stationary behavior. For relative degree R = 1 the converter
frequency of the GFM control concept can perform stepwise
changes, while for R = 2 the instantaneous behavior is com-
parable to that of a SM. For the case S = 1, the GFM control
concept is characterized by a provision of FCR in the event of a
permanent frequency deviation, while for S = 2 a finite station-
ary behavior analogous to the provision of inertia of SM is given.
For R = S = 2, both instantaneous and stationary behavior of
the GFM control concept are comparable to that of SM.

The presented methodology is performed for selected GFM
control concepts. Related block diagrams and additional infor-
mation on the GFM control concepts below are given in [29].
As the first control concept, the VSM 2nd order is represented
by the transfer function

Gp𝜃,VSM (s) =
1
s

1
sTa + kd

. (7)

The transfer function of the VSM represents the inertial
behavior of a virtual flywheel with the inertia constant 2H = Ta,
analogous to the modeling of the behavior of SM by the well-
known swing-equation. The damping of the SM is introduced
by means of the damping factor kd. The transfer function of
the VSM is equivalent to that of the Droop [25], given by the
transfer function

Gp𝜃,Droop (s) =
mp

s

1
sT𝜔 + 1

. (8)

Due to R = 2, the frequency responses of VSM and Droop
are both comparable to the response of the SM, but due to S =

1, FCR is provided. To mitigate the FCR provision, the VSM
can be extended by an autonomous frequency (AF) tracking
according to

GAF (s) =
𝜔 (s)

Δ𝜔 (s)
=

sTAF + 1
sTAF

, (9)

which adjusts the operating point of the frequency [29]. A block
diagram of the resulting GFM control concept adapted for the
purposes of this paper is given in Figure 3. The resulting transfer
function of the VSM with autonomous frequency (VSMAF) is
given by

Gp𝜃,VSMAF (s) = Gp𝜃,VSM (s) GAF (s) =
1

s2TAF

sTAF + 1
sTa + kd

, (10)

which results in S = R = 2 and thus leads to a behavior com-
parable to that of a SM. The control concept Selfsync, as an
extension of the Droop given in (8), is given by the transfer
function

Gp𝜃,Sel fsync (s) =
mp

s

smpp + 1

sT𝜔 + 1
. (11)

Due to R = S = 1, the control concept loses instantaneous
behavior known from SM. A conclusion analogous to Selfsync



ROGALLA ET AL. 3057

TABLE 1 GFM Control Concepts and evaluation of their instantaneous
and stationary behavior based on the relative degree R and inherent integration
S.

Control concept R S
Instantaneous

behavior 1∕𝜽0

Stationary

behavior

1∕𝜽∞

VSM 2 1 Ta ∞

Droop 2 1 T𝜔∕mp ∞

VSMAF 2 2 Ta kdTAF

Selfsync 1 1 0 ∞

PSL 1 1 0 ∞

VSM0H 1 1 0 ∞

VCI 1 2 0 1∕K𝜔i

SM

GSM(s) ≈
1

s2Ta

2 2 Ta Ta

can be derived based on the transfer function of the PSL

Gp𝜃,PSL (s) =
kp

s
, (12)

and the Virtual Synchronous Machine Zero Inertia (VSM0H)
[31]

Gp𝜃,VSM0H (s) =
D𝜔

s

s (𝜏kD + kD) + 1
s𝜏kD + 1

. (13)

The control concept VCI, given by its transfer function

Gp𝜃,VCI (s) =
sK𝜔p + K𝜔i

s2
, (14)

has a frequency behavior capable of performing stepwise
changes due to R = 1, but the stationary behavior of the VCI
is again comparable to that of a SM due to S = 2. An overview
for the analysis of the instantaneous and stationary behavior
of the GFM control concepts is given in Table 1. The simpli-
fied model of the dynamics of the SM is used as a benchmark
for instantaneous and stationary behavior. This simplified fre-
quency behavior can be characterized by a double integrator.
This corresponds to the widely used approach of modeling the
mechanical part of the SM for interconnected power system
studies. Within this approach, the damping components of the
SM are included in Δp.

Whereas stationary behavior is used to characterize the abil-
ity of the control concepts to provide FCR and is thus easily
understood, the instantaneous behavior is generally a more
complicated relationship to envision. For this reason, two
selected control concepts with distinct instantaneous behavior
are compared in Figure 1 with the behavior of the SM in the
case of a phase angle jump. The phase angle jump causes an
almost stepwise change of the internal frequency in Figure 1
(top) for the control concept of the VCI, while only an at first
ramp-shaped change in frequency can be observed for the VSM.

FIGURE 1 Simulation results of selected GFM control concepts in case
of a phase angle jump to show the difference in their instantaneous behavior.
The frequencies shown are the internal frequencies of the control concept to
be provided by the converter.

A similar frequency behavior can be observed for the SM due
to its modeling based on its physical properties. However, it can
also be observed that the instantaneous active power output in
Figure 1 (bottom), being due to the phase angle jump, is iden-
tical in all three cases. Differences in the subsequent transient
behavior are parameter-dependent only.

4 PROCEDURE FOR TESTING GFM
CONVERTER PROPERTIES

As it can be seen in the previous section, different implementa-
tion methods are leading to different characteristics. Therefore,
an essential step to validate GFM converters is to agree on an
exact definition and specification of their electrical behavior as
well as to define a suitable conformity assessment procedure
that enables this in a black box approach, without any insight
in the implementation of the control software. For convert-
ers that can be tested in a laboratory, a standardized testing
guideline for GFM converters is needed to evaluate the rel-
evant requirements. In [32–34], and [35], such a procedure is
proposed.

In addition to the fundamental requirements described in
Section 2, the testing guideline suggests clustering the testing
of GFM into four groups as illustrated in Figure 2: voltage
source properties, power quality, inertial response, and overload
behavior.

The test for the voltage source property determines the
dynamics of the voltage control as well as the internal
impedance. This is done by suddenly islanding the GFM con-
verter together with a load that is adjusted to different active
and reactive power settings. Prior to the islanding the converter
is operated in parallel with the load on grid at a power setpoint
of zero. At the moment of disconnection from the grid, the
converter needs to take over the load and stabilize the voltage.
To characterize the dynamics of the voltage source, the voltage
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FIGURE 2 Structure of the procedure for the testing of GFM converters.

reaction time tVR as well as the internal impedance Z
GFC,int

are
evaluated according to the described procedure in [33].

To demonstrate power quality behavior, the GFM converter
needs to act as sink for harmonic and asymmetric voltages and
therefore improve the power quality at its point of connec-
tion. Thus, in case of an asymmetric voltage, it must be verified
that the GFM converter provides a current counteracting these
asymmetries. To characterize this behavior, we consider the
reduction of the unbalance factor Δaunb when connecting a
GFM converter to a grid that is distorted by a defined asym-
metric load. Regarding its behavior to improve the harmonic
content of the grid voltage, the reduction of the total harmonic
distortion ΔTHDu of the grid voltage, distorted by a defined
non-linear load, when connecting a GFM converter, is evalu-
ated. In addition, it must be tested within which frequency range
the converter can provide harmonic currents to counteract har-
monic voltage distortions. To characterize this, the harmonic
current exchanged with the grid is evaluated. This is done by cal-
culating the exchange factor aexch,h representing the sum of the
harmonic current from the grid and the GFM converter divided
by the harmonic current of the load. As long as this factor is at
around one, no significant harmonic current is exchanged with
the grid. A value significantly above one, on the other hand, indi-
cates the contrary, raising the need for further analysis of the
results. To analyze potential interactions of the GFM converter
with the grid in more detail, the frequency-depending character-
istic of the internal impedance Z

GFC
( f ) as well as the internal

voltage source V
GFC,i

( f ) is evaluated using the method of the
differential impedance spectroscopy [33].

As the first two properties are primarily related to the instan-
taneous behavior of the voltage source, the inertial response
focuses on the defined limited dynamic response of the internal
voltage amplitude and angle. Thus, the ability of a GFM con-
verter to provide inertial response and damping. As the GFM
converter behavior does not rely on physical properties there is
a possibility that inertial response as well as the damping behav-
ior can differ from that of a SM and also regarding different grid
events as shown in the previous section (e.g. phase jumps, fre-
quency changes). Therefore, multiple tests must be carried out,
like a voltage phase jump or a frequency ramp. At these tests, the
inertia constant H and the damping characteristic represented

by the coefficient D, which represents the envelope of a damped
oscillation, are evaluated. For more details, see [34].

The last part of the testing guideline deals with behavior of
the GFM converter during severe grid events. As described in
Section 2, such events may lead to reduction or the loss of grid-
forming behavior and, thus, to stability problems. Therefore, the
converter must demonstrate its grid stabilizing behavior and sta-
ble operation also during such events. Here, four different types
of events as well as combinations are evaluated: over, under volt-
age and phase jump events as well as fast frequency changes.
The evaluated requirements for voltages faults (over and under
voltage) are the injection of a voltage supporting fault current
with an immediate reaction corresponding to the electromag-
netic time constants in the power systems, typically within a few
milliseconds. For example, [8] suggests a desired reaction time
of less than 5 ms. Furthermore, there are requirements regard-
ing stable operation (no desynchronization, no oscillations) and
return to pre-fault condition directly after the fault with a similar
reaction time as at beginning of the fault. For phase jump events,
an instantaneous injection of nominal active power to counter-
act the phase angel change is required. To this end, the time t0.9
needed to reach 90% of the required power is measured. More-
over, the GFM converter needs to return to pre-fault conditions
directly after the event. In order to characterize this, the times
tPset

and tQset
needed to reach the active and reactive power set-

points, respectively, are measured. In case of a fast frequency
change, the main requirement is to inject the nominal active
power to counteract the frequency change. After the frequency
change, the GFM converter should return directly to its pre-
fault settings, which is why tPset

, tQset
are measured also for this

event. Of course, tripping of the converter should not occur at
any event. Moreover, stable operation is necessary. Hence, nei-
ther desynchronization nor high oscillations are acceptable. In
case of combined faults, the same requirements are evaluated as
for single events. Moreover, the reaction on the second event
is of importance as it shows that the GFM retains its voltages
source properties despite the first event [35].

5 GFM CONVERTER TESTING

In this section, the behavior of GFM converters is investigated
in a laboratory test campaign. The objective is to test the behav-
ior of developed GFM converters by applying the criteria of
Section 2 and to validate it with the test methods of Section
4 in parallel operation, current limitation, and its impact on the
stability of the interconnected power system.

The developed GFM converter uses the VSMAF as control
scheme, implemented on a 50 kVA battery converter with a
commercially available hardware. Figure 3 depicts the block dia-
gram of the according control concept, which is based on a
VSM control that has been enhanced with an additional feed-
back (autonomous frequency). As a result, the VSMAF control,
like a SG, contributes to inertia but does not provide FCR (Fre-
quency Containment Reserve). A more detailed description of
the control concept can be found in [29], referred to as “Swing
Equation with Autonomous Frequencies (SEAF)”. However,
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FIGURE 3 Block diagram of the extended VSMAF with a limiter in the
frequency feedback (marked in blue).

in the case of critical grid conditions, it may be necessary to
additionally provide P ( f ) and Q(U ) control functions. For this
reason, the control has been extended to act like a VSM outside
of adjustable frequency and voltage limits. This was achieved by
the implementation of limiters for the autonomous frequency,
as indicated in Figure 3, and for the voltage feedback. As both
VSMAF and VSM have some drawbacks regarding the current
limitation, additional functional features were added that pre-
vent possible loss of grid synchronism even during severe grid
faults and maintain the voltage source behavior in such cases.
Those additional functional features are not described in detail
due to intellectual property reasons. They are, however, similar
to the method described in [29].

For the overall measurement campaign, a total of twelve con-
verters with a summed nominal power of 600 kVA are available,
each of which can be operated with a GFL or GFM control.
In addition, a load-bank and synchronous generator (SG) are in
use. All sources and loads are connected to a medium voltage
busbar via a transformer. With the help of impedances on the
medium voltage line, an interconnected system with two nodes
could be realized. The given test setup allows to test for example
active and reactive load changes, over- and under-voltage-ride-
through (OVRT/UVRT), phase jump and system split events.
In the following, selected results are presented to describe the
observed behavior of the GFM converters in more detail.

5.1 UVRT-tests

This test analyses and compares the behavior of the GFM con-
verter in normal operation and in critical grid condition in two
UVRT cases. In this case, the critical grid condition is defined at
a voltage deviation such that the voltage falls below 90% of its
nominal value. It should be noted that the selected critical condi-
tion does not represent the worst-case scenario from the system
perspective, as there is still sufficient margin to the maximum
power. However, from the converter’s point of view, the current
limit is reached in the given situation, which corresponds to the
worst-case scenario from a converter perspective. For this test,
the voltage limits of the additional feedback path (Figure 3) were
set to ±10% around the nominal voltage. As explained earlier,
the response of the converter to the 95% UVRT should corre-
spond to the VSMAF, while the 75% UVRT align with the VSM
behavior.

FRT test

facility =
~ 

GFM

Converter

20 kV 

Grid

SBypass

SUVRT

LSeries LUVRT

FIGURE 4 Laboratory setup for the UVRT test according to
IEC 61400-21-1:2019.

FIGURE 5 Active and reactive current for an 95% and 75% UVRT.

The test setup is shown in Figure 4. The GFM converter
is connected to an FRT test facility via a transformer. This, in
turn, is connected to the grid. The voltage drops are induced
by using an inductive voltage divider. The test facility is acti-
vated by opening of SBypass. At the moment of closing the event
switch SUVRT the voltage at the connection point of the GFM
converter collapses according to the ratio of LSeries and LUVRT.
Due to the design of the FRT facility, a phase jump is generated
in addition to the voltage drop.

The measurement results are given in Figure 5, showing the
reactive and active currents. In both UVRT cases, the GFM
converter reacts instantaneously, injecting reactive and active
current. Thus, it acts as a voltage source to the voltage drop
and the phase jump. Subsequently, the reactions differ. In the
95% UVRT test case, the GFM converter reacts as expected
by returning to the reactive and active power setpoints, as it is
still in normal operation. In the 75% UVRT test, however, the
system voltage is outside of the normal range and the GFM con-
verter injects its maximum reactive current, acting like a VSM.
After the fault clearance, the converter injects voltage-lowering
reactive current in both cases, as the internal voltage reference
is lower than the pre-fault voltage due to the internal voltage
feedback.
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FIGURE 6 Simplified representation of the lab setup for the islanding
test.

FIGURE 7 Active power response and frequency for the islanding test.

5.2 Islanding test

The next test case addresses the islanding behavior of two GFM
converters. This allows the analysis of the contribution to sys-
tem inertia, the transition from normal operation (VSMAF) to
the critical control (VSM) and load sharing. It may also provide
evidence of small signal stability as mentioned in Section 2, since
it proves the stability of control in a situation, where there is
direct feedback between the inverter behavior and the grid, as
emphasized in the ACPPM report [10]. The limits of the feed-
back frequency of the VSMAF for this test are set to 49 and
51 Hz.

The test setup is shown in Figure 6. At node (2), a load-bank
and a GFM converter are connected. At node (1), which is sep-
arated from node (2) by an impedance, another GFM converter
is connected. By opening the switch Sgrid, the laboratory setup
falls into island operation. Both converters are parameterized
identically.

The measurement results are given in Figure 7. At the initial
state, the total power generation of the GFM converters is 1 pu
(each converter 0.5 pu), with the load having an active power
consumption of 0.62 pu. Thus, the converters export 0.38 pu
active power to the grid. At around 0.4 s, the switch Sgrid is
opened and the setup falls into island operation. A test case with
power import is also possible, considering that in order to reach
a stable island, the power available within the island must be suf-
ficient to meet the power demand of the connected loads. As a

result, the GFM converters reduce their active power depend-
ing on their respective proximity to the opening circuit breaker
SGrid , leading to a frequency increase up to around 51.1 Hz over
0.5 s. This test result perfectly shows the small signal stability
mentioned in Section 2. Based on the frequency curve and the
active power difference between the set points of the converters
and the actual active power output, the inertia time constant of
the island can be estimated by using the Equation (15).

H =
PN ⋅ fN

2 ⋅ ΔPsum ⋅
Δ f

Δt

. (15)

The ΔP shown in Figure 7 is given for each converter, hence
it must be multiplied by two for Equation (15). Inserting the
corresponding values, the system inertia can be estimated to
around 28 s. Changing the parametrization of the power con-
troller, the system inertia can be adjusted to the desired value. In
addition to the system inertia, the VSM behavior and load dis-
tribution is clearly visible. Up to the VSMAF feedback limit of
51 Hz only the inertia is effective resulting in a constant RoCoF.
Above 51 Hz, the gain of the VSM becomes effective resulting
in a continuous active power provision, which is equal in both
converters, as the parametrization is identical. Since the VSM
gain is only proportional, the frequency remains slightly above
51 Hz.

These measurement results of the UVRT and islanding test
demonstrate that a GFM converter can be capable of sup-
porting the grid in case of disturbances instantaneously and
can support the grid in critical grid situations without actively
switching the control mode. Furthermore, the VSMAF provides
the required system inertia, with the VSM additionally enabling
load sharing.

5.3 Load step test

Next, a load step in grid-connected configuration is considered.
Two test cases with different load heights will be analyzed. For
the first test, the GFM converters remain within their current
range, whereas, for the second test, the load is adjusted such
that both converters reach their current limitation. Due to the
chosen VSMAF control, the behavior should be similar to the
SM as long as the nominal power is not exceeded. As soon as
the current limitation is reached, the GFM converters should
inject active power close to the nominal power and then return
to their pre-event setpoint as the converter is grid connected
and the load will be supplied by the grid. Furthermore, it can
be investigated whether desynchronization occurs, meaning that
the angle of the internal voltage phasor of the converter no
longer synchronizes with the voltage phasor of the grid.

The test setup is depicted in Figure 8, which is similar to the
previous one shown in Figure 6. The active power set point is set
to zero and the control parametrization of the GFM converter
is identical for both tests. The load step is induced by adjusting
the value of the load bank to 100 kW for the normal operation
and to 1000 kW for the current limitation scenario.
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FIGURE 8 Test setup for the load steps.

FIGURE 9 Active power responses for a load step in grid-connected
configuration.

The results of the tests are shown in Figure 9. The upper plot
displays the normal operation whereas the lower plot illustrates
the current limitation case. All calculated values are based on an
RMS calculation over one period of 0.02 s.

Looking at the upper plot, it is visible that both GFM
converters react as a voltage source with an active power
counteracting the load change depending on their respective
proximity to the load bank. Subsequently, the active power is
controlled back to the set point with a behavior similar to that
of a synchronous machine.

Looking at the second test, both converters reach their cur-
rent limitation after the load step. Due to the significantly lower
proximity to the load at node (2), the current limiter of this con-
verter must intervene more strongly than that of the converter
at node (1). This stronger intervention is also reflected in the
different settling behavior that follows. Given the severity of the
fault, the converter at node (2) will require longer than the one
at node (1) to return to its setpoint, with both cases providing
well-damped behavior. In addition, the GFM converters remain
stable and do not show any desynchronizing effects.

5.4 Field test of GFM converters

After the GFM converters have proven their grid stabilizing
capabilities during the test campaign, a field test in a real envi-
ronment is carried out. For this purpose, four GFM converters
are used to independently supply the office wing of Fraunhofer

=

~ IGFM conv.

VGFM conv.

VLoadVGrid

IGrid

GFM 

Converters

Office

wing

230 V 

Grid
ILoad

~ 

SGrid

FIGURE 10 Test setup for the field test.

FIGURE 11 Measured voltage, frequency, active and active power during
islanding.

ISE in Freiburg for about 1 h. The GFM converter cluster is
connected to the office wing via a Dyn5 400/400 V transformer,
shown in Figure 10. Using the switch SGrid, the office wing can
be disconnected from and connected to the public grid.

The parameterization of the GFM converters is slightly
adjusted for the field test to ensure the best possible protection
of the connected loads. The adjustment consisted of a reduction
of the tolerance band for the voltage reference value to [227,
233] V and the frequency limits to [49.8, 50.2] Hz of the internal
voltage source. In this way, the deviation of the voltage ampli-
tude and the frequency of the island grid are limited to a narrow
range around the nominal voltage of 230 V and frequency of
50 Hz. In order to obtain an adequate level of system inertia,
the inertia parameter H of the converter control is set to 5 s.
An overview of the first 40 min is given in Figure 11. Before
the islanding at approximately five minutes, a reactive power
exchange between the GFM converters and the grid is notice-
able. This can be explained by considering the VSM behavior,
as the voltage system voltage is outside of the tolerance band.
It reacts due to the high grid voltage of 1.026 pu (236 V) and
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FIGURE 12 Measured frequency and active power during the
disconnection to the public grid.

injects underexcited reactive power. After the islanding the fre-
quency stabilizes at 49.8 Hz (0.996 pu) and the voltage at 233 V
(1.017 pu). In the further course of the measurement, small
power changes of the load can be seen again and again, result-
ing in a changing frequency and voltage. These load changes are
supplied by the GFM converters without any issues.

Figure 12 shows the moment of the grid disconnection in
more detail. Before islanding, the active power setpoints of the
GFM converters are 0.02 pu below the load. Thus, the convert-
ers have to increase their power at islanding and the frequency
decreases. By (15), the system inertia can be calculated to around
6.8 s, which is very close to the configured value, considering all
neglected lags like the active power calculation.

6 SYSTEM ASPECTS

So far, this paper mainly focused on the behavior of individ-
ual GFM converters. In this last section, we consider aspects of
the analysis of system behavior. First, a method for aggregated
and dynamically equivalent modelling of active distribution net-
works (ADN) with a high share of converter-based feed-ins is
introduced. Subsequently, the influence of selected GFM con-
trol concepts on power system stability will be analyzed by
means of interconnected power system simulations.

6.1 GFM converter consideration in
equivalent distribution network models

The increasing importance of dispersed generation in distribu-
tion systems necessitates a proper representation of these ADN
in grid models for stability analysis. However, the distribution
system generally is not of particular interest for such analy-

sis. For this reason and because of a high computational effort
and insufficient data availability, detailed ADN models may be
substituted with equivalent dynamic ADN models (EDAM).

Stability analysis focuses on the transmission system in which
the relevant faults occur. Therefore, the transmission system is
modeled in detail. Previous work [36] elaborated the suitability
of gray-box parameter identification methods for capturing the
dynamic response of converter dominated networks in corre-
sponding dynamic equivalents. However, with the introduction
of GFM converters, new challenges arise for the derivation of
EDAM [37].

The dynamic behavior of GFM converters is highly depen-
dent on the grid strength at the GFM converter’s point of
common coupling (PCC) and the electrical distance to the fault

location. Voltage sensitivities
𝜕Vi

𝜕Pi

,
𝜕Vi

𝜕Qi

,
𝜕𝜗i

𝜕Pi

, and
𝜕𝜗i

𝜕Qi

at the PCC

i of the GFM converter in the detailed network are a suitable
measure for considering these factors in EDAM [38]. Also, the
detailed network’s topology in terms of GFM converter location
needs to be considered in the EDAM to properly reproduce the
GFM converter’s dynamic behavior.

In [38], a method is proposed to derive EDAM from detailed
ADN models containing GFM converters. The proposed
approach is called Sensitivity-Technology-Control-Clustered
Approach (STCA) and can be sketched as follows: First, the
loads and GFL converters per voltage level of the detailed ADN
model are clustered according to technology and control strat-
egy. Each GFM converter in the detailed network is assigned to
an individual cluster to optimally consider the GFM converter
location within the detailed network in the EDAM.

In a second step, the equivalent transformer connecting the
EDAM with the boundary bus is created. The boundary bus
is defined as a common link between the transmission system
and the ADN. The loads and GFL converters are aggregated
according to the clusters and connected to the lower voltage
side of the equivalent transformer. Active and reactive power
demand and generation of each equivalent component is given
by the sum of the active and reactive power demand and gener-
ation of each component in the respective cluster in the detailed
ADN model. The equivalent GFM converters are connected to
the lower voltage side of the transformer with an impedance
according to the detailed network’s topology. The parameters of
these impedances are tuned to achieve the same voltage sensi-
tivities at the PCC of the equivalent GFM converter compared
to the same in the detailed ADN model. Moreover, an addi-
tional slack load is utilized so that the steady-state power flow at
the boundary bus of the EDAM matches the one at the bound-
ary bus of the detailed ADN model. An EDAM aggregated by
STCA is shown exemplarily in Figure 13b.

The performance of the proposed method is illustrated by
simulation results in the following. As a test network model,
a 10 kV radial distribution network of the open-source tool
DINGO [39] as shown in Figure 13a is used. The total load is
40 MW and 10 Mvar. 99% of the load is covered by converter-
based generation and 60% is generated by six distributed GFM
converters. The external grid is modeled as a voltage source con-
nected to the distribution network with a transmission line of
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FIGURE 13 Schematic of detailed ADN model (a) and EDAM aggregated by STCA (b).

FIGURE 14 Active power and reactive power flow at boundary bus of
detailed network model and EDAM; positive reactive power values:
over-excited state; negative reactive power values: under-excited state.

50 km length. The EDAM aggregated by STCA is shown in
Figure 13b. Since all GFM converters are located in separate
branches in the detailed network model, the equivalent GFM
converters are connected in parallel in the EDAM. Three events
are investigated in the following: a phase angle jump from 0◦ to
10◦, a frequency jump from 50 Hz to 50.25 Hz, and a 130 ms
three-phase short circuit. Both phase angle jump and frequency
jump events are induced by the voltage source. The short cir-
cuit is located at the PCC of the voltage source. All events occur
at 0 s.

In Figure 14, the active and reactive power flows at the
boundary buses of both the detailed network model and the
EDAM are shown. As the figure shows, the responses of
the EDAM are very close to those of the detailed model

for all three events and for both the active and reactive
power flows. The size of the detailed ADN model is reduced
significantly from 195 nodes to only 7 nodes. Additionally,
simulation time of the EDAM decreases by 97.3% compared
to the detailed simulation. This exemplary simulation can be
conducted for other network models, for example, with a
higher number of GFM converters, with similar results. Hence,
the proposed method appears to be very suitable to create
EDAM capable of capturing the detailed network’s dynamic
behavior.

6.2 Influence of GFM converters on power
system stability

Even though GFM converters are controlled in such a way
that they mimic essential properties of SM, they are fundamen-
tally different from a hardware perspective. Instead of a voltage
source that is based on the induction by a rotating magnetic
field, the AC voltage is created by fast switching of power elec-
tronic devices at frequencies of several kHz, depending on the
type of power electronics used and on the configuration of the
converter. In order to analyze the behavior of single GFM con-
verters, detailed models have been created that are able to reflect
the real behavior of the GFM implementation on a converter
hardware with a very high level of detail.

However, the complexity of such models prohibits their
use in the context of power system dynamic stability studies.
Hence, the question arises how GFM converters should be
modeled in this context. Simplifications are required in order
to obtain models that can be used as sub-models of large power
system models. However, these simplifications need to be ade-
quate in the sense that they should not have an impact on the
conclusions of such a study.
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Two common simplifications are (a) the use of an average
value model (AVM), meaning that the output voltage is gen-
erated by means of a three-phase AC voltage source, possibly
neglecting converter internal processes and controls and (b)
the assumption that the DC voltage is constant, correspond-
ing to the simplification that an infinite, or at least appropriately
dimensioned, energy storage capacity is available for each GFM
converter. Both are considered as reasonable assumptions in the
context of power system stability studies.

A further simplification commonly used for such stud-
ies is the representation of voltages as phasors in a suitable
rotating coordinate system (usually Park coordinates). This rep-
resentation usually is denoted as “RMS”. A key advantage
of RMS-models is that the phasor variables (angle relative to
the reference coordinate system and amplitude) change much
slower than the physical values. Hence, the simulation of the
model can be performed with larger time steps and, thus, sig-
nificantly less computational effort. Phasor based modeling is
justified if all system voltages are nearly sinusoidal, that is, for
SM, GFL converters in strong grids and GFM converters that
are operating in GFM mode.

However, this is not true for the case of GFM with active
current limiting, as the voltage provided may not be sinusoidal
anymore and is not represented adequately by a phasor. How-
ever, the effect of current limits on system stability may be
significant, as shown in [17, 18]. The same is true for GFL
converters in weak grids, where instability may arise from inter-
actions between controls and grid voltage at frequencies other
than the fundamental frequency. For this reason, EMT (electro-
magnetic transient) models, which do not represent voltages and
currents as phasors but rather use their instantaneous physical
values over time, of a power system of limited complexity were
developed to validate simulation results obtained with RMS
models and to further evaluate the effects of dynamics that are
not adequately modeled in RMS simulations.

The EMT transmission system simulations of this section are
performed using a benchmark network model of the transmis-
sion system of the German federal state of Baden-Württemberg
and is shown in Figure 15. The simulations consider islanding of
the benchmark network model while having an export surplus
of 25%, which leads to a strong increase of system frequency. To
show the difference in the instantaneous behavior of the control
concepts on frequency stability (as demonstrated in Section 3),
the VSMAF and the VCI are compared. The frequency of the
VCI is able to perform stepwise changes, whereas the VSMAF
is not. However, the control concepts are parameterized such
that their stationary inertia contribution is identical after a finite
time.

The maximum RoCoF that occurred among all nodes in
the simulations for the VSMAF control concept are shown in
Figure 16, whereas the simulation results for the VCI control
concept are shown in Figure 17. The shares of SM, GFM and
GFL have been varied in steps of 10%. Based on the maxi-
mum RoCoF, the minimum share of SM or GFM is derived
by means of a maximum permissible RoCoF of 2 Hz/s. For
this purpose, the RoCoF was determined over a moving 60 and
500 ms window. The results show that, unlike SM and GFM

FIGURE 15 9-bus-network model of the transmission system
simulations.

FIGURE 16 Ternary diagram with maximum RoCoF in Hz/s determined
over a moving 60 ms (left) and 500 ms (right) window for different shares of
SM, GFL and GFM with the VSMAF control concept after a 25% export loss.

FIGURE 17 Ternary diagram with maximum RoCoF in Hz/s determined
over a moving 60 (left) and 500 ms (right) window for different shares of SM,
GFL and GFM with the VCI control concept after a 25% export loss.

converters, GFL converters do not contribute to power system
inertia. Therefore, higher shares of GFL converters with today’s
control concepts lead to higher RoCoF. In a direct comparison
of the simulation results of the control concepts, it is noticeable
that negative effects on the RoCoF caused by the instantaneous
behavior of the control concepts become apparent especially
with the shorter window length of 60 ms. When the VCI is
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applied, the critical threshold of 2 Hz/s is already exceeded at
smaller shares of GFM compared to the VSMAF. These differ-
ences and the effect on exceeding the critical RoCoF threshold
become less apparent when analyzing the situation over the
longer window of 500 ms.

Depending on the specific grid situation, especially in the
case of a weak grid connection of GFL converters, oscillatory
instabilities may occur even with a higher proportion of GFM
contributions. In addition, the simulation studies only consid-
ered situation with a surplus of available power (over-frequency
events). The system issues relating to the operation of feed-ins
close to or at their operating limits in the event of a lack of
power (under-frequency event) require further comprehensive
investigations.

7 SUMMARY AND OUTLOOK

The use of GFM converters is vital to ensure stable intercon-
nected power system operation with high converter penetration.
Therefore, a GFM converter must first behave as an AC volt-
age source behind an impedance. The fundamental components
of the internal voltage (amplitude, frequency, phase angle) are
allowed to change, but with a defined dynamic response. It is
crucial that the internal voltage’s frequency behavior is propor-
tional to this active power imbalance. The paper presented a
method for characterizing the nature of the dynamic behav-
ior of specific GFM control concepts. It can be shown that
there are significant differences between most common GFM
concepts in terms of their instantaneous and steady-state behav-
ior. Future work needs to determine how critical concepts that
have zero instantaneous inertia are to system stability. Labora-
tory tests at megawatt scale have shown that GFM converters
with a suitable configuration can stabilize power systems in
critical situations, such as system splits or phase jumps. Based
on this experience, the specifications defined for GFM behav-
ior have been translated into a black-box test approach. The
test procedure presented enables compliance testing of GFM
products and can serve as a reference for converter designers,
helping to correctly design grid stabilizing control schemes. The
developed method to create equivalent dynamic active distribu-
tion network models (EDAM) allows to consider the dynamic
behavior of GFM converters in distribution network models
while reducing the model complexity significantly. This will get
increasingly important for grid stability studies in systems with a
raising penetration of GFM converters. Finally, investigations of
interconnected power systems show that GFM converters can
replace SM. However, the type of control method influences
the frequency behavior, especially in the short-term response.
This indicates that a special focus must be put on the short-term
behavior of GFM in the future.
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