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Abstract: Grid-forming converters are considered a key technology for electrical grids with a high
share of renewable energy. However, there is a lack of a general, robust and verifiable definition of
what constitutes this behaviour. Therefore, this paper presents three simple scenarios that enable
such a definition. They are based on simple black-box simulations that allow manufacturers to
protect their development work. It can be shown that grid forming can be clearly distinguished from
grid-following controls by their grid behaviour in the proposed scenarios. Extensive results illustrate
this and also provide suggestions to deepen the understanding of grid-forming grid behaviour and
its impact on system inertia. These findings should inspire the development of a clear definition and
ultimately new requirements for converter systems.

Keywords: grid forming; converter control; power system strength; virtual inertia; grid-connected
converter; power system stability

1. Introduction

The goal of achieving a climate-neutral energy sector in the future leads to a trans-
formation of energy generation. This results in the challenge of compensating not only
for the loss of generation power, but also for the decrease in system services provided by
conventional power plants. In particular, the decrease in inertia in the grid is considered to
be one of the biggest risks by transmission system operators (TSOs) [1].

The reason for this is that reduced inertia in the power system results in a weak grid
frequency and thus can cause larger and faster frequency deviations and increase the
number of critical events in the grid; in the worst case, the system splits [2].

Therefore, it can be assumed that in the future, system inertia will not only be provided
conventionally by synchronous generators, but also by inverter-based resources (IBRs) [3].
Grid-forming (GFM) converters have shown that they are able to provide (virtual) inertia
when equipped with sufficient and dynamic energy storage, unlike existing grid-following
(GFL) converters [4]. Thus, it is essential for grids with a high share of IBRs to use GFM
converters [5].

However, there is still no consensus in the scientific community as to what exactly
constitutes a GFM converter [6]. In addition to the lack of verification procedures, which
will be discussed later, different terminologies are used. Besides the common terms GFM
and GFL, “grid-leading” is used in [7] for island grids, “grid-feeding” is used in [8] for
GFL, and “grid-supporting” (GSP) is used for different variations in GFM and grid feeding
of the respective GFL.

A suggestion was made in [9] that the terminology should take into account not
only virtual inertia provided by the control principle, but also additional functionalities
such as the possibility to provide primary control power. Therefore, in addition to GFM
and GFL, the terms GSP and grid stabilising (GSB) were chosen to describe the converter
behaviour. The control principle receives a separate description, which is now divided into
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grid-voltage-following (GVFL) and grid-voltage-forming (GVFM). The description of the
terminology is shown in Table 1.

Table 1. Converter terminology that is used in this work [9].

Converter Behaviour Grid-Following Grid-Supporting Grid-Stabilising Grid-Forming
(GFL) (GSP) (GSB) (GFM)

Additional None P( f ) + Energy Q(V) P( f ) + Energy 2

Functionalities Q(V) (Limited Inertia) 1 Q(V)

Control Principle Grid-Voltage-Following (GVFL) Grid-Voltage-Forming (GVFM)
(No Inertia) (Inertia f (P))

Control Method Current Control, VSM, Droop-Control,
Hysteresis Control. . . Direct Voltage Control. . .

1 Inherent active power provision is limited due to energy storage capability; inherent reactive power provision is
possible. 2 Energy must be available instantaneously.

The advantage of this terminology is that the intended use of the converter system
is taken into account, and thus, inaccuracies in the description are also eliminated. When
talking about a GFM STATCOM, for example, this is actually not an adequate description,
as a STATCOM does not have any significant energy that would let it form a grid. In contrast,
using the proposed terminology, it can be said that it is operated with a GVFM control
principle, which makes the system GSB.

In addition, the conventional GFL behaviour can be described separately from the use
of a GVFL control with primary control and energy reserves. This offers advantages for
the grid, which are additionally rewarded by the terminology. At the same time, however,
a clear separation between native inertia and controllable (fast) primary control is evident.

The differences between the various converter behaviours are contrasted and analysed
in this paper. The aim of this is to deepen the understanding of converter behaviour and to
work towards a clear definition that distinguishes undoubtedly between GVFM and GVFL.

What is generally understood is that GVFL converter controls inherently behave like a
controlled current source, while GVFM controls inherently have the same behaviour as a
controlled voltage source [10]. In addition to this simple but very general definition, [11]
compares further requirements that are placed on GVFM controls in various pieces of the
literature. The different requirements identified as most frequently requested are as follows:

• Fault-ride-through (FRT) capability.
• Positive effect on system effective inertia and frequency response.
• Voltage stabilisation and reactive power support.
• Black-start capability.

Although these are all desirable aspects, only the second point serves to charac-
terise GVFM control principles. While the first and third points could also be fulfilled by
GVFL control methods, the fourth point requires an external energy supply in addition to
GVFM control.

In [5], four types are presented that could define GVFM behaviour. These are as follows:

• Specification of an exact control procedure.
• Reference curves (e.g., active and reactive power) that must be met precisely.
• Frequency domain impedance measurements.
• Reference scenarios in which only GFM converters can remain stable.

While the first two options are rightly not recommended because they either interfere
too much with manufacturers’ development or depend too much on control parameters,
the last two points are conceivable. However, reference scenarios are given for the last
proposal, e.g., island grids, which again could only be operated with sufficient energy.
Scenarios in weak networks are also avoided in this paper because the very term “weak
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network” is a subject of debate. Instead, the focus is on how the voltage and current source
behaviour of the inverters can be visualised and verified.

This work contributes to achieving this. For this purpose, two reference scenarios are
proposed that have different complexity and can demonstrate different effects. Still, both
are able to make a clear distinction between GVFM and GVFL when the implementation
of the scheme in a test model is unknown. Based on this, the reference scenarios are
evaluated, which are intended to enable verification methods for GVFM converter controls
in test environments. Therefore, the visualisations in this paper are for demonstration
purposes first. Ultimately, however, the methodology is intended to be used in validations
of manufacturer models.

In addition, we will analyse how the traditional measure of inertia can be measured
and understood in converter networks and what it can express and what it can not.

The work is structured as follows: Section 2 illustrates which grid models are used,
what control methods are simulated exemplarily and how the measurements are re-
alised. Subsequently, extensive results of these measurements are shown and explained
in Section 3. Section 4 discusses which findings can be drawn from which measurements.
Finally, the work is concluded in Section 5 and it is described what this work means for
future research.

2. Modelling and Measurement Techniques

This section explains how to run the simulations and take the measurements. The aim
is to keep the simulation effort and the complexity of the models as low as possible. Two
grid equivalents and a total of three different control methods are used. Since the models
are treated like black box models that do not allow insight, measured variables on the
converter are calculated and not measured. A rotating coordinate system is used for the
results, which simplifies visualisation. Finally, it is explained how the inertia H is measured.

2.1. Grid Model

As an example, in this study, a survey is made of a converter that could be used in a
wind turbine. In the following, the topology and the two grid equivalents are explained.

2.1.1. Topology

The topology used is shown in Figure 1. The converter is connected to the grid via an
LC filter and a transformer. It is assumed that the filter parameters are known, but only
measurements at the point-of-common-coupling (PCC) are possible.

Grid CpF

RpF

RsFLsF

vPCC

iPCC

ipF

vC

iC 3~

=

Device-Under-Test

vLsF vRsF

vCpF

vRpF

vG

Figure 1. Grid topology with the converter connected via an LC filter and a transformer to the grid.

The converter has a rated power and rated voltage of 4.25 MVA and 660 V, respec-
tively. This topology serves only as one possible use case but is orientated towards a real
certification process. Other applications and filters are equally conceivable and the analyses
presented are also applicable. The most relevant parameters of the test system are given in
Table A1 in the Appendix A.
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2.1.2. Converter Voltage and Current Calculation

In order to obtain the measured variables at the converter, back calculations must be
performed with knowledge of the filter variables. In principle, it would be possible to carry
out these calculations with complex numbers. In this case, this is not possible because a
dynamic and exact measurement of the grid frequency ωG is required. In order to be able to
represent the transient processes exactly, a rough estimate of the frequency is not sufficient.
The challenges of such a frequency measurement are described in Section 2.4. In summary,
the complex calculation is not recommended here and the differential equations must be
set up. The voltages in Figure 1 can be expressed as:

vPCC = vRpF + vCpF = RpFipF + vCpF (1)

where ipF = CpF
dvCpF

dt
. Equation (1) can then also be written as:

dvCpF

dt
=

1
RpFCpF

(vPCC − vCpF) (2)

On the other hand, the currents in Figure 1 add up to:

iC = iPCC + ipF = iPCC + CpF
dvCpF

dt
(3)

This equation can be solved because iPCC is measured and
dvCpF

dt
can be calculated via

Equation (2) where all variables are known. This also allows the converter voltage to be
calculated via the series branch:

vC = RsFiC + LsF
diC
dt

+ vPCC (4)

The calculation of the converter values is shown in the signal flow diagram in Figure 2.

vPCC ∫ 
vCpF

-

CpF
ipF

iPCC

LsF

RsF

iC

vRsF

vLsF
vC

1

RpFCpF

d

dt

dvCpF
dt
dvCpF
dt

Figure 2. Calculation of the converter and filter voltages with differential equations.

This method is validated in Section 3.1.

2.1.3. Grid Equivalent

In this study, the grid equivalent is used to create reference scenarios that the converter
system runs through. The cases most frequently used for this purpose include phase and
amplitude jumps of the grid voltage. A controlled voltage source behind a grid impedance
is sufficient for this. However, these scenarios are not realistic, as they only represent
selected processes and not the entire system.

A more realistic approach is to simplify the behaviour of the electrical power grid
and also bring it into the test environment via a controlled voltage source, as was carried
out in [12]. Here, the previous behaviour of the grid is represented, which is significantly
influenced by the synchronous machine. In modern, converter-dominated grids, this
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assumption is less accurate. However, it allows for frequency deviations in studies such as
this one and makes the impact of the inverter on the frequency visible.

The replica of the electrical power grid is shown in Figure 3.

vG0

RG LG

iGvG

∙ 

sin

φ0

∫ ωn

ωG0 θG0

ωb

∫ 
1

2H

1

DfpG

pG
⋆

∙ 
1

SbG

pG

vbG

vG

vG0ˆ1

DvG

vG

ˆ
⋆

vGˆ
⋆

1

vbG
|v|

-

--

1

1 + τfpG s

1

1 + τEG s

1

1 + τvG s

~

ZLoad

Figure 3. Control of the grid equivalent resembling a synchronous machine.

As can be seen, the inertia H can be adjusted in the swing equation. Additionally,
the grid also provides primary control in the form of a P( f ) droop that can be tuned with
the parameter D f PG

. Both the P( f ) droop and the measurement of the voltage amplitude
are filtered by a first-order delay. In addition to this, there is another filter in the voltage
control that represents the excitation time constant τEG .

The scenario here consists of a load ZLoad that is connected in parallel to the grid and
the converter. This creates a realistic frequency drop that both the grid and the inverter can
contribute to stabilising.

In contrast, the second grid equivalent consists of a simple controlled voltage source
without a closed control loop, as Figure 4 illustrates.

vG0

RG LG

vG
∙ 

sin

φ0

∫ ωn

θG0

ωb

vbGvGˆ
⋆

Figure 4. Control of the rigid voltage source enabling amplitude and angel jumps.

Here, the grid frequency, amplitude and phase of the voltage can be changed by given
values. In this study, this is carried out with alterations of v̂∗G and ϕ0.

2.2. Control Methods

Today, there is a wide variety of converter controls [13,14]. The most common GVFL
control is the current control in the synchronous reference frame (SFR) as presented
in [15,16]. It is used as the GVFL control in this work and is shown in Section 2.2.1.
The most popular GVFM controls, on the other hand, are the droop control and the virtual
synchronous machine (VSM) [17–20], which have the same inner control structure and
whose synchronisation unit can also be identical in certain versions [21].
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A different GVFM control is presented in [12,22]. It is explained in Section 2.2.2.
Thereafter, the VSM, which serves the purpose of comparing different GVFM controls in
this work, is illustrated in Section 2.2.3.

2.2.1. Current Control

The main task of the current control is to realise the higher-level power specifications
as dynamically as possible. For this purpose, the control runs in a rotating coordinate
system that rotates with the identified phase angle θPLL. This makes it easy to compare the
reference current i?C,dq with the measured current iC,dq and control it with a PI controller.
The voltage difference calculated by the PI controller ∆vPI,dq is added to the grid voltage
vPCC,dq and the filter voltages in the feedforward (FF) control as Equation (5) shows.

vm,d = ∆vPI,d + vPCC,d + rsFiC,d − lsFiC,q (5a)

vm,q = ∆vPI,q + vPCC,q + rsFiC,q + lsFiC,d (5b)

Here, the filter resistance and the filter inductance are written in lower case because they
are in the per-unit system.

The reference voltage vm,dq is transformed back into the stationary coordinate system
and passed on to the modulation of the converter. The control scheme of the current control
is given in Figure 5.

vC

iC 3~

=

iPCC

vPCC

Meas. 

Pro.

Power 

Control

dq0

→

abc

vm,abc

Current

Control

+ FF

iC,dq
⋆

vm,dq

p
q

⋆

⋆

p
q

SRF-

PLL

vPCC,dq

iC,dq

θPLL
θPLL

vPCC,abc

iPCC,abc

iC,abc

Figure 5. Control scheme of the current control.

As can be observed, the control is heavily dependent on the measured grid voltage
and its phase angle identification by the phase-locked loop (PLL). With this design it cannot
run in stand-alone operation.

2.2.2. Grid-Voltage-Forming Control (HSD-Control)

The idea behind this GVFM control is to predefine a reference voltage v?
PCC and

synchronise it slowly with the measured voltage. This has the advantage that it is not
necessarily dependent on the measured voltage. Should the converter fall into an island, it
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would still be able to provide a voltage due to the internal voltage. The same applies to
scenarios where the grid voltage is very weak.

Although identification of the phase angle and amplitude of the grid voltage is also
necessary for this synchronisation, this is not problematic because a sliding discrete Fourier
transform (sDFT) is used instead of the conventional SRF-PLL. This sDFT also has an
identification that is inert and robust, especially in the presence of harmonic distortion,
and therefore does not have the problems of the SRF-PLL. A detailed explanation of the
sDFT is given in [23].

Another difference is that the control is not operated in the dq coordinate system,
but with complex variables that are identified via the symmetrical components (SC). In ad-
dition to identifying the harmonics, this enables explicit control of the zero and negative
sequence components.

Furthermore, no current controllers are implemented. The synchronisation voltage is
only passed through a complex feedforward before the inverse SC and the inverse DFT.
The control scheme is shown in Figure 6.

vC

iC 3~

=

iPCC

vPCC

Meas. 

Pro.

iSC

&

iDFT

vm,abc

FF
vsync

q

p

vPCC

vPCC,abc

iPCC,abc

iC,abc
ωPCC

Sync.

Unit
φPCC

p

vPCC

p

⋆

⋆

⋆

ω⋆

vm

ωsync

Figure 6. Control scheme of the grid-voltage-forming control.

The core of the control is the synchronisation unit, whose function has already been
described above. The calculation of vsync = v̂sync · ejϕsync can be seen in Figure 7.

This illustrates that the control target is not to synchronise the measured voltage with
the reference voltage. It is to synchronise the synchronisation voltage, which is lagged
via a delay (z−1), with the measured voltage. In grid-connected operation, the reference
voltage only serves as feedforward control, but would ensure the conservation of the
synchronisation voltage in the case of islanding. The PI controllers have a P component≈ 0,
while the inertia of the converter can be set via the I component.
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PI

|v|

z-1

|v|

PI

PI

PI

 v

z-1

-

-

vPCC

vPCC
⋆

φPCC

-

-

q⋆

q

p

p

⋆

vsyncˆ

φsync

Figure 7. Magnitude and angle synchronisation of the grid-voltage-forming control.

In addition, the power can also be controlled here. Since the power controllers are not
part of the synchronisation as in the VSM, their dynamics can be adjusted independently of
the inertia of the control. This means that the dynamics in response to external changes are
different here than with internal changes.

The implementation of the frequency synchronisation is analogous and can be seen in
Figure 8.

PI

z-1

-
ωPCC

ω⋆

ωsync

Figure 8. Frequency synchronisation of the grid-voltage-forming control.

The result is that the internal variables vsync and ωsync are decoupled from the external
influences. This yields the inertia of the voltage vector and the synchronisation frequency,
which is desired in GVFM controls.

2.2.3. Virtual Synchronous Machine

This effect is achieved in the VSM through a different approach. Here, the synchroni-
sation is implemented via the swing equation of the synchronous machine. The calculated
synchronisation angle θapc is used to transform the input variables into the rotating dq
coordinate system and to transform the calculated reference voltage back into the stationary
coordinate system. In between, there are subordinate voltage and current controls that
dynamise the inertia properties of the synchronous machine and make it suitable for a
converter. The design used in this work is taken from [20] and is shown in Figure 9.

Here, it can be seen that no PLL is necessary for the control. It can be used additionally
to deliver grid control power in the form of P( fPLL), but this is also possible with the
internal frequency fapc. It is therefore only necessary to connect the converter to the grid
initially, and no longer during grid operation.

The active power control (APC) that calculates the synchronisation angle θapc and the
frequency ωapc is shown in Figure 10.
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vC

iC 3~

=

iPCC

vPCC

Meas. 

Pro.

RPC

dq0

→

abc

vm,abc

VC

CC

FF

vm,dq

p

q

⋆

⋆

q

p

vPCC,dq

iPCC,dq

θapc

vPCC,abc

iPCC,abc

iC,abc

APC

iC,dq

vrpc,dq

vPCC
⋆
ˆ

ωapc θapc

Figure 9. Control scheme of the virtual synchronous machine.

p⋆

p

-
1

2H ∫ 

kP

ωb ∫ 

ωapc

θapc

Figure 10. Active power control of the virtual synchronous machine.

Due to the similar approach, the similarity with the grid model used in Figure 3 can
be seen. In this implementation, an additional primary control was deliberately avoided
to make it more comparable. The inertia can be adjusted via H. This inertia affects both
changes in the grid measured by p as well as changes in the reference power p?. While the
former is desirable, the latter is not necessarily wanted.

The implementation of the reactive power control is presented in Figure 11.

q⋆

q

- DQ

vPCCˆ
⋆

vrpc,d

Figure 11. Reactive power control of the virtual synchronous machine.

In this design, a v(q) droop is implemented to stabilise the amplitude of the grid volt-
age. However, there is no inertia here to keep the voltage vector constant during transient
changes. The resulting voltage vector of the converter voltage is mainly determined by the
subordinate control. While there are other implementations, this is one of the most popular.
The effect of the lack of inertia with respect to the voltage amplitude is shown in Section 3.6.
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2.3. Rotating Reference Frame

When talking about the voltage phase angle, the angle of the complex voltage vector
is usually meant. It must first be understood how the complex voltage vector is composed.
The Clark transformation transforms a symmetrical, three-phase voltage into the two
components α and β: (

vα

vβ

)
=

2
3

(
1 − 1

2 − 1
2

0
√

3
2 −

√
3

2

)va
vb
vc

 (6)

Based on this, the complex voltage vector

v = vα + jvβ = v̂ · ejθ (7)

can be formed. With a symmetrical, undistorted voltage, vα and vβ are sinusoidal and the
voltage vector rotates with the angular grid frequency. This makes it difficult to observe the
phase angle θ, as it changes with a constant gradient. Therefore, in this paper, θ is separated
into its two components:

θ = ωt + ϕ (8)

Since the stationary phase angle ϕ is of interest, a coordinate system is chosen that rotates
with the angular frequency ω. In this coordinate system the phase angle is stationary
constant and only changes in angle beyond the constant frequency result in a change.

Figure 12 illustrates this method.

vβ

vα

vy

vx

vβ

vα

ωt + φ 

v v

ωt 

vβ

vα

vy

vx

v'

ωt 

φ 

ωt 

Figure 12. Rotating xy reference frame.

Observe how the xy reference frame continues to rotate at constant angular frequency
after a provoked change. This means that the angular frequency is the last measured
frequency before the events that are simulated in the reference scenarios like load change
and phase jump. This rotating reference frame is chosen for all results concerning the phase
angle. This is indicated by the use of ϕ instead of θ and vx and vy instead of vα and vβ.

2.4. Inertia Measurement

The inherent effect of a load change in the grid on the grid frequency is determined
by the accumulated inertia of the grid. Thus, inertia can be measured as an instantaneous
response proportional to the rate-of-change-of-frequency (RoCoF) [24]. Synthetic inertia,
on the other hand, can also be measured after more than one grid period [25]. Here,
however, it will first be derived and explained how inertia H can classically be measured
in the grid.

The inertia H is defined as the ratio between stored energy Ekin = 1
2 Jω2

r0 at syn-
chronous frequency ωr0 and nominal power Sb:

H =
1
2

Jω2
r0

Sb
(9)
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Following a change in torque T of the machine, the deviation can be calculated by

∆T = J
dωr

dt
(10)

while the relation between torque and power P in this case is

∆P = ωr∆T (11)

with ωr = 2π fr and

f =
p f

2
fr (12)

with f being the electric frequency [24].
Incorporating (10) and (11) in (9) leads to

2H
Sb
ωr0

dωr

dt
= ∆P (13)

which can be written as:

H =

∆P
Sb

2 d f
dt

1
f0

(14)

with f0 being the nominal grid frequency f0 = fn.
If there is knowledge of how large the load change ∆P is, the measured RoCoF can be

used to calculate the inertia of the grid. In simulations, this can be carried out rather easily,
while inertia measurements in the real grid are more complicated and less precise. One of
the first investigations in which this was carried out is [26]. More recently, a measurement
was carried out on the British grid [27]. Overviews of inertia measurement techniques and
challenges are given in [28–30]. Some of the issues are [27]:

• Measurement of load change.
• Identification of the event.
• Frequency and RoCoF measurement.

While the first two aspects are not as difficult in simulations, the frequency measure-
ment is also not trivial. Possible frequency measurements are deriving the phase angle of
the voltage space vector [27] or measuring the rotational speed of a nearby synchronous
generator [31,32]. Since the former can be distorted even in simulation and filters could
falsify the RoCoF, the latter is used.

Therefore, in this work, the generator replica is used for frequency measurement,
which is directly connected to the load switching node. The measured frequency in the
results and for the inertia calculation thus equals fG0 = ωG0

2π from Figure 3. The RoCoF

shown is the derivative of the frequency d f (t)
dt .

3. Results

Table 2 shows the three cases that are simulated with the models described above.

Table 2. Case data of the simulated scenarios.

Case Grid Model Changing Unit Size

Load change Synchronous machine PLoad 5 MW
model (Figure 3) QLoad 1 Mvar

Angle jump Rigid voltage source
ϕ0 −30◦

(Figure 4)

Amplitude jump Rigid voltage source ∆v̂?G −0.05 pu
(Figure 4)
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The results section is structured as follows: First, the measurement technique explained
in Section 2.1.2 will be validated in Section 3.1. After that, the impact of the four described
converter behaviours on the frequency and RoCoF after a load change will be shown
in Section 3.2. To understand the reasons behind the different impacts, the magnitude
and angle of the voltages after a load change, an angle jump and an amplitude jump are
observed in Section 3.3. Sections 3.4 and 3.5 show the voltage space vectors and their locus
curves based on the same scenarios. To validate that different GVFM controls have strong
parallels and can therefore be grouped together, Section 3.6 shows results for the VSM.
Sections 3.7 and 3.8 investigate how the dynamics of the primary control and the set inertia
of the GVFM control affect the grid behaviour. Finally, the resulting inertia in the grid is
calculated and compared for different converter systems in Section 3.9.

3.1. Validation

Figure 13 compares the calculated with the measured converter and filter voltages.
The results show that the exact same voltages can be calculated even during transient
events like this reference scenario with a voltage angle jump of ∆ϕ = −30◦. This validates
the measurement technique from Section 2.1.2. Thus, the technique is applied to all the
following results and figures.

Figure 13. Validation of the voltage and filter voltages calculation.

3.2. Frequency

The first reference scenario is connecting the load ZLoad with an active power of 5 MW
to the grid with the synchronous generator replica. This scenario is simulated a total of five
times: Four times with a converter model according to each of the behaviours described in
Table 1 and once with no converter connected. Figure 14 shows the measured frequency
deviation and its derivative.

Figure 14. Frequency deviation and derivative of different converter behaviours for a load change.
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When the GFL converter is connected, there is no noticeable difference compared to
no converter. This applies to the RoCoF as well as to the frequency nadir or the following
curve. These results can be well explained by the lack of inertia and primary control of the
converter. This finding can be confirmed by results in [33]. While the GSP converter, which
also features the GVFL control, also has no influence on the initial RoCoF, the primary
control takes effect and improves the nadir and the resulting steady-state frequency.

GSB means that a GVFM control is used, but no primary control is implemented or no
power is available for it. Therefore, the stationary frequency deviation is the same as with
GFL or no converter. Transiently, however, the GSB converter dampens the RoCoF due to its
inherent voltage source behaviour. Therefore, a primary control is not necessarily required
for this, but the native inertia of the control is decisive. In addition, however, the behaviour
after the first reaction can of course be improved by primary control. Thus, the smallest
RoCoF and the smallest nadir can be achieved with the GFM converter. The same stationary
value is achieved as with the GSP converter, since the identical P( f ) droop is used.

Besides the stationary operating point, the primary control also improves the oscilla-
tions after the load change. As can be seen, the grid has a high settling time in the selected
parameterisation. This cannot be improved by the GFL and GSB converters. However,
the GSP and GFM converters dampen this oscillation.

3.3. Magnitude and Angle

Since it is easy to understand how the steady-state operating point can be achieved
by primary control, it is now shown how the transient behaviour of the converters differs.
For this purpose, Figure 15 shows the amplitude and angle of the grid and converter
voltages in the same scenario.

The greatest contrast is seen between the converter voltages of the GVFM control
and the GVFL control. After load switching, the amplitude and angle initially remain
constant for GSB and GFM. Only after more than 20 ms can a slow, even change in the angle
be seen. With GFL and GSP, on the other hand, amplitude and angle drop immediately.
More precisely, the trajectory of the grid voltage is followed exactly. This makes the
inherent current source behaviour of the GVFL control clearly visible. Since the current is
initially kept constant, the voltage is adjusted. In contrast, the grid voltage can be stabilised
significantly with GVFM control, as can be seen in comparison to the grid voltage with
GVFL control. In this case, this results in balancing processes in the first 10 ms. These are
almost undamped in the grid used because no load is connected before ZLoad is connected
and the grid and converter are idle. A base load would dampen such processes.

Figure 15. Amplitude and angle of grid and converter voltages of different converter behaviours for
a load change.

In a second scenario, the angle of the grid voltage is changed by −30◦ abruptly.
The measurement of the resulting angles of the voltage is shown in Figure 16.
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Figure 16. Angle of grid and converter voltages of different converter behaviours for an angle jump.

It is noticeable that both the grid voltages and the converter voltages jump directly to
the new value in the cases with GVFL control. There is no difference whether the primary
control is active or not. The GVFM control, instead, delays the changes significantly. As a
result, both converter voltages and grid voltages reach the new value much later. It can
also be seen here that the primary control on the GFM converter additionally counters the
angle change, which is also recognized by the converter as a frequency change. However,
the difference can only be determined after the first reaction.

Analogous to the angle jump, an amplitude jump is also performed. This scenario
provides a high degree of comparability, regardless of what energy (reserves) the system
has. The results are shown in Figure 17.

Here, the very dynamic behavior of the GVFL control in contrast to the inertia of the
GVFM control can be seen in the same way. Since both the GSB and the GFM converter
have the same control principle as well as the Q(V) droop, identical results are obtained
here. As the GFL converter does not feature this, a particularly large difference to the GSP
converter can be seen. Although the GSP converter achieves the same increased voltage
amplitude as the GSB, it still inherently jumps by the −0.05 pu by which the grid voltage
jumps. The grid voltages in the models with the GFM and GSB converter, on the other
hand, are already inherently supported.

Figure 17. Amplitude of grid and converter voltages of different converter behaviours for an ampli-
tude jump.

The results prove that the additional functions from Table 1 have little or no effect on
the inherent behaviour of the converters; hence, only one variant per control principle is
shown in the following results.
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3.4. Space Vectors

A frequently used representation to show the inherent current or voltage source
behaviour is space vector diagrams. They are often created as qualitative sketches, but in
the following, the actually measured quantities are shown.

Figure 18 compares the space vector of the grid and converter voltages before and
after an angle jump of the GSP and GFM converter.

Figure 18. Space vectors of GSP and GFM converter for an angle jump.

Since the current is inherently kept constant by the GSP converter, the converter voltage
must make the same angular jump as the grid voltage. This is clearly visible in the results.
The GFM converter, on the other hand, keeps the voltage constant. The rotating xy reference
frame also shows this characteristic well. The result is that the current adapts, which is
evident from the changing voltage over the filter impedance. In particular, the voltage over
the inductance grows rapidly because it is proportional to the change in the current. This
stabilises the grid voltage and the angle jump at the selected time is much smaller than
with the GSP control.

The same visualisation is used for the amplitude jump in Figure 19. As the results of
the angle jump suggest, the converter voltage as well as the grid voltage in the GSP model
jumps immediately by the set −0.05 pu. Since the synchronisation of the GVFM control
used has the same inertia for amplitude jumps as for angle jumps, the space vector of the
converter voltage also remains constant here. The stabilisation of the grid voltage and the
filter voltage as a link are also evident here.

As mentioned above, this type of stabilisation and voltage stiffness is also possible
in applications where no inherent active power can be provided. This type of analysis is
therefore particularly suitable in these cases.

Figure 19. Space vectors of GSP and GFM converter for an amplitude jump.
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3.5. Locus Curves

While the space vectors give a good visualisation of the voltages, they only show an
image at a given time. Therefore, the values of the grid and converter voltage are shown
below as a function of time as a locus curve. Figure 20 shows the locus curves for the
amplitude jump with interpolation points every 1 ms from 0 to 70 ms. The interpolation
points are marked in colour and can be assigned to the respective time with the colour bar
on the right-hand side of the diagram.

Figure 20. Locus curve of grid and converter voltages of GSP and GFM control for an amplitude jump.

This observation shows well that the amplitude of the voltages in the GSP control
drops by 0.05 pu in the first 3 to 4 ms. After that, the Q(V) droop is able to control the
voltage and increase it again. The trajectory of the converter voltage follows that of the grid
voltage very closely during the entire duration.

The converter voltage of the GFM converter, on the other hand, shows the inertia of
the control. An inherent drop is not present at all and throughout the investigation, it runs
smoothly and evenly. This stabilises the grid voltage, which initially drops rapidly but is
immediately stopped by the converter voltage, which explains the loop in the grid voltage.

This behaviour is fundamentally different from that of the GSP converter and cannot be
achieved even by higher-level controllers in the GVFL control, as these cannot become active
in such a short period of time. Therefore, this and the previous presentation allow a clear
identification of the control principle to be made without knowing how it is implemented.
What is quickly apparent from the results can also be made verifiable through hard criteria.

3.6. Comparison of Different GVFM Controls

A requirement for a general definition of GVFM behaviour is that the behaviour of dif-
ferent GVFM controls can be classified together. Therefore, in the following, the behaviour
of the VSM from Section 2.2.3 is compared with the control from Section 2.2.2, which is used
for the previous results. Hence, the frequency behaviour for a load change is compared in
Figure 21.

The results show that with the selected parameters, there is no difference in such
a scenario. The influence on the grid frequency is identical both inherently and when
stationary. In this case, however, it was decided not to activate an upper-level primary
control. Since the implementation of a change in the reference values is solved with two
different concepts, this does not allow for a good comparison. However, the native inertia
of the control can be parameterised identically, which proves that the methods can be
grouped together in this respect.
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Figure 21. Frequency deviation and derivative of different GVFM controls after a load change.

However, it has already been mentioned that in the chosen implementation, this only
applies to the inertia for angle and/or frequency changes. In the explanation of the VSM
control used, it was already pointed out that the control of the amplitude of the voltage has
no inertia. To clarify this, the space vectors of the VSM control are shown in Figure 22 for
an angle jump.

Figure 22. Space vectors of virtual synchronous machine after a load change.

While the angle of the converter voltage also remains constant, as with the other
GVFM control, the amplitude drops to the value of the grid voltage. This observation
proves exactly what was described above. The conclusion for the explicit control method
can be to rethink the RPC of the VSM control used and equip it with the same inertia as the
APC. In terms of a general definition, however, this aspect must also be taken into account.

3.7. Variation in Primary Control Dynamics

A common mistake when evaluating converter behaviour is to associate virtual inertia
with fast primary control. Although some of the results of this work have already shown
that there are evident differences in instantaneous behaviour, this section will focus on the
influence of different dynamics of the primary control.

The primary control, which is used in all models, is structured as follows: Deviations
of the frequency f from the nominal frequency fn are measured and filtered via a PT1
controller with the parameters D f p and τf p. The determined adjustment is carried out via
∆pD( f ). Equations (15) show this.

p? = p?0 + ∆pD( f ) (15a)
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d∆pD

dt
=

1
τf p

( pmax

D f p

(
1− f

fn

)
− ∆pD

)
(15b)

In the case of the GVFL control, f in Equation (15) is equal to the measured frequency
fPLL. With the GVFM control, f = fsync applies. The time constant τf p determines the
dynamics of the control. Thus, Figure 23 shows the results of an angle jump for different
values of τf p.

Figure 23. Angle of converter voltage of GSP and GFM converter for different dynamics.

It can be seen that dynamising the primary control of the GSP converter does not
lead to greater inertia, as the angle jump is not delayed in any of the cases. Furthermore,
it becomes clear that instabilities occur at high dynamics. This is not a new observation.
In [34], for example, it could be shown that these instabilities are reached particularly
quickly in weak grids or with a fast primary control. The results of the GFM converter
also show that the inertia is not increased by a smaller τf p. Thus, it can be concluded
that a faster primary control cannot contribute to the virtual inertia of a converter—on the
contrary, it can even cause or intensify instabilities when operated with a GVFL control.

3.8. Variation in Grid-Voltage-Forming Converter Inertia

However, by adjusting the dynamics of the synchronisation—or in the case of VSM,
by changing the set inertia constant H—the inertia of converters with a GVFM control
principle can be changed. This possibility offers another degree of freedom in contrast to
the actual synchronous machine, whose inertia is determined by its physics and cannot be
adjusted. Therefore, the following results explain the effect that changing the inertia of the
control has on the grid behaviour of the system. To avoid the results being overlaid by the
effect of the primary control, the GSB model is chosen in the following results.

Figure 24 shows the frequency deviation and its derivative in case of a load change.
The set converter inertia HC is altered between 60% and 140%.

It is clearly visible that a high inertia dampens the frequency deviation. This results
in both a lower frequency nadir and a smaller RoCoF. However, it can be observed that
the initial value of the frequency derivative is not related to the inertia. It can be assumed
that in other network configurations, other results may be obtained if the maximum of the
RoCoF is reached immediately.

A more reproducible scenario is therefore a defined angle or amplitude jump. Results
for the resulting amplitude at the amplitude jump are plotted in Figure 25.



Energies 2023, 16, 7357 19 of 25

Figure 24. Frequency deviation and derivative of GSB control for different converter inertia after a
load change.

Figure 25. Converter voltage amplitude of GSB control for different converter inertia after an
amplitude jump.

These results give a good representation of the dynamics of the synchronisation delay
characteristics. If the set inertia is low, for example, because no high compensating currents
are desired, the voltage drop is faster and has an overshoot. With higher dynamics, the
steady-state value is reached later and without overshoot. This characteristic corresponds
to other delay phenomena and could be compared with the results of a second-order delay.
However, the requirement for this is that the amplitude is controlled with inertia, as already
described in Section 3.6.

If the used GVFM control only controls the voltage angle with inertia—as the used
VSM control does—the same analysis is carried out for an angle jump. The resulting angle
of this investigation is shown in Figure 26.

Figure 26. Converter voltage angle of GSB control for different converter inertia after an angle jump.
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These results illustrate that the same synchronisation with the same parameters applies
to both amplitude and phase for the control used. Thus, the almost identical results are
obtained. Despite the complex implementation of the control principles in their respective
environments, some characteristic features can be identified that describe the converter
behaviour well. This could help in the development of generic models of converters with
GVFM controls.

3.9. Inertia Measurement

As described in Section 2.4, it is possible to measure the aggregated system inertia
in grids that are dominated by the behaviour of synchronous machines. As Equation (14)
shows, only the d f/dt has to be measured in the simulation environment used since the
remaining variables and also the time of the load change are known. However, this is also
where the difficulty can be found. Idealised, a change in the setpoint p?G would be specified
for the grid equivalent used. This results in a frequency change from which the set inertia
can be measured very precisely. In this case, however, the converter could not contribute
its own virtual inertia. For this, the load change must be caused externally. However,
this results in slight oscillations in the derivative of the frequency immediately after the
load change. Figure 27 shows this phenomenon. The ideal, internal change described is
compared with the more realistic, external change.

Figure 27. Frequency deviation and derivative for an ideal and realistic load change.

The results show that apart from the initial oscillations, the effect of the realistic load
change matches the ideal effect very well. Nevertheless, since the initial, respectively,
maximum value is decisive for the calculation of H, the results are inaccurate. What
has become clear from the results in Section 3.2, however, is that the control used must
have at least a qualitative influence on the RoCoF and thus also on the calculated Hcalc.
Therefore, the calculation was carried out, although the inaccuracy of the results must be
taken into account. For reference, instead of the set HG = 4.5 s, a value of Hcalc = 4.23 s
was measured without a converter. The values of the calculated inertia for the different
converter behaviours are shown in Figure 28.

Without discussing the exact values, it is clearly visible that a GVFM control increases
the value of the measured inertia. This also coincides with the results from Section 3.2
concerning the RoCoF. The GVFL control, on the other hand, is not able to improve the value;
in this investigation, it even worsens it. Taking into account the mentioned inaccuracy,
it can at least be stated that a GVFL control, in contrast to the GVFM control, does not
improve the inertia of the system.

As described above, it is possible to adjust the set inertia of the GVFM control. It can
be assumed that a higher set inertia is also expressed in a higher measured system inertia.
This hypothesis was tested in a further investigation, the results of which are shown in
Figure 29.
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Figure 28. Calculated system inertia for different converter controls.

Figure 29. Calculated system inertia for GSB and GFM converter for different converter inertia.

The assumption made can be confirmed by the results. Even if the relation between
the adjusted converter inertia HC and the measured system inertia Hcalc is not linearly
proportional to each other, the desired effect can be observed. A difference can also be
detected between GFM and GSB converters. This would hint that the primary control
combined with the GVFM control results in an improvement of the inertia. However, this
conclusion is not necessarily correct due to the described difficulties in the measurement
and the influence of the grid topology design on the results.

4. Discussion

The purpose of this work is to investigate which test environment is suitable for
which proof with regard to converter behaviour. Three reference scenarios are tested for
this purpose: load switching with a grid equivalent with synchronous machine behaviour,
an amplitude jump, and an angle jump—each on a rigid voltage source with grid impedance.
Aside from the question of which effects can be proven with which investigation, it is also
important to mention how complex the models are and how reproducible the results
are. These aspects are also relevant for a standardised test procedure. Table 3 shows a
comparison of the criteria mentioned.

The grid model for the load change is disclosed and explained in this work and it can
thus certainly be reproduced. Yet, many simulation programmes already offer a voltage
source with which amplitude and angle jumps can be simulated. This means that the
effort required to simulate it is minimal. There are also fewer variables that can influence
the results. This makes it easier to reproduce outcomes. However, load switching offers
the highest realism, while a pure amplitude jump is rare and a pure angle jump without
frequency change is impossible in the real grid.
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Table 3. Comparison of the used reference scenarios.

Load Change Amplitude Jump Angle Jump

Complexity of the
model Medium Very low Very low

Reproducibility of
the results Intermediate Very easy Very easy

Realism High Low Very low

Proof of P( f ) X x x

Proof of Q(V) (X) X x

Proof of GVFM
control principle X X 1 X 2

1 Voltage amplitude control needs to feature inertia. 2 Size of the angle jump needs to consider available energy
and current limits.

In addition, only the load change can prove whether a P( f ) control is active. A Q(V)
control, on the other hand, can only be verified with an amplitude jump or a load change
with a high reactive power, while it has no influence on the angle jump at all.

In general, all scenarios are suitable in this work to determine clear differences between
GVFM and GVFL and thus to prove GVFM’s behaviour. A requirement for the amplitude
jump, however, is a delayed control of the voltage amplitude, which is not given in the
VSM model discussed, for example. The angle jump, on the other hand, must be designed
in such a way that the available energy reserves are taken into account and that the current
limits are not exceeded. This would force the converter to limit the current and perhaps
give up stabilising the grid through inertia. How exactly to define the desired behaviour
and prioritisation of a GVFM control in such a case should be the subject of further research.

5. Conclusions

This work uses simple simulations to show the grid behaviour of different converter
models. No internal measured variables are used, but only measurements that would also
be possible with protected simulation models from manufacturers or even in laboratory
measurements. The results clearly show the differences in grid behaviour as well as their
origin and the advantages of a GVFM control. Additionally, it is illustrated that there
are possibilities to set a definition for GVFM controls based solely on the criterion of grid
behaviour. The three tested reference scenarios are suitable for this purpose: a load change
at a realistic grid replica and an amplitude as well as an angle jump at a rigid voltage source.
The advantages and disadvantages of these models are also compared.

Furthermore, it is shown how the aggregated system inertia can be measured in the
grid model. The inaccuracies of this measurement are discussed in detail, which is why
the inertia is not necessarily suitable as a measure of grid strength in converter-dominated
grids. Nevertheless, it is shown that it has at least qualitative significance and can therefore
also serve as a criterion for requirements for converter systems.

In addition, outlooks are given on how GVFM’s behaviour could be understood in
general and reproduced in generic models. This aspect, as well as the further develop-
ment of definition and testing procedures for GVFM behaviour, should be the subject of
future research.
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Abbreviations
The following abbreviations are used in this manuscript:

APC/apc Active power control
FF Feedforward
FRT Fault-Ride-Through
GFL Grid-following
GFM Grid-forming
GSB Grid-stabilising
GSP Grid-supporting
GVFL Grid-voltage-following
GVFM Grid-voltage-forming
IBR Inverter based resource
PCC Point-of-Common-Coupling
PLL Phase-Locked-Loop
RoCoF Rate-of-Change-of-Frequency
RPC/rpc Reactive power control
SC Symmetrical components
sDFT Sliding discrete Fourier transform
SRF Synchronous reference frame
TSO Transmission system operator
VSM Virtual Synchronous Machine

Appendix A

Table A1. Relevant parameters of the used grid and converter model.

Grid Parameters

Description Value Unit

Nominal grid power SnG = 40 MVA
Nominal grid frequency fn = 50 Hz

Nominal grid voltage vnG = 33 kV
Inertia constant HG = 4.5 s

Active power reference p?G = 0 pu
Active power droop D f pG

= 0.03 pu
Active power droop Dv̂qG = 0.03 pu
Short-Circuit-Ratio SCR = 10
Impedance Ratio RG/XG ≈ 0.1

Converter Parameters

Description Value Unit

Nominal converter power SnC = 4.25 MVA
Nominal converter voltage vnC = 660 V

Active power reference p?C = 0 pu
Reactive power reference q?C = 0 pu
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