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Abstract—This paper presents an impedance-based analy-
sis and comparison of three grid-forming control approaches
derived from the synchronous generator swing equation and
implemented for an E-STATCOM in EMT simulations. The
study considers a synchronverter and two virtual synchronous
machine concepts that differ in their virtual stator represen-
tation, namely virtual admittance and virtual impedance. The
results show that the virtual-admittance-based approaches exhibit
very similar dynamic and impedance characteristics, whereas
the virtual-impedance-based approach deviates significantly. In
addition, the effect of integrating a notch filter into the virtual
admittance control structure is analyzed by evaluating the re-
sulting frequency-dependent impedance. Finally, all three control
approaches are assessed with respect to their compliance with
German grid code requirements.

Index Terms—grid-forming control, frequency-dependent
impedance, passivity-based stability analysis, E-STATCOM, EMT

I. INTRODUCTION

In the course of the energy transition and the corresponding
loss of inertia of large generators the need for grid-forming
(GFM) inverter-based resources (IBR) providing a virtual
counterpart increases rapidly. To achieve the needed GFM
behavior, the IBR must not only be equipped with a sufficient
energy storage or connected to a dc link which provides
the required energy, but also a corresponding GFM control
approach. In the past, several control approaches have been
proposed, discussed and validated, such as the droop-based [1],
[2] or matching control [3], [4], the virtual synchronous
machine (VSM) and the synchronverter (SV). In this paper,
the focus lies on the VSM and the SV approach. The VSM
approach aims to emulate the inertia behavior of a synchronous
generator (SG) using the power-related swing equation while
controlling the reactive power and ac terminal voltage in-
dependently from the active power. Several VSM control
variants have been investigated in contributions like [S]-[7].
This contribution will study the behavior of two of these
variants that differ in their virtual stator representation. The
SV approach equals the VSM in terms of an emulation of a
SG whereby the physical presentation of the behavior of a SG
is considered more in detail, resulting in a coupled active and
reactive power control. The SV has been introduced by [8] and
enhanced as well as adapted in contributions like [7], [9]-[11].

To ensure compatibility with the grid and hence, a stable
and reliable grid operation the behavior of IBRs and their
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GFM control must be investigated thoroughly. This includes
not only the GFM behavior and the provision of inertia itself as
described exemplarily in the German Technical Requirements
for grid-forming assets [12] but also stability aspects related to
non-power frequencies like sub- and supersynchronous stabil-
ity as well as harmonic stability as defined in [13]. There are
several approaches to evaluate and analyze the non-power fre-
quency related stability, often simply referred to as harmonic
stability, including analyzes in the time domian, the frequency
domain as well as Eigenvalue-based stability analyzes [14],
[15]. In the frequency domain, the impedance-based stability
analysis, in combination with the passivity-based assessment,
allows a straightforward evaluation of the system’s behavior
at the point of common coupling (PCC) [16]-[18].

In this contribution, a modular multilevel converter (MMC)-
based static synchronous compensator with ancillary energy
storage (E-STATCOM) either controlled by a VSM control
approach with a virtual impedance (VSM-Z), a VSM control
approach with a virtual admittance (VSM-Y) or a SV control
approach is simulated in electromagnetic transients (EMT)
software. Subsequently, the respective frequency-dependent
impedance of each approach is determined by means of a
frequency scan. The impedances are evaluated in terms of
their small signal behavior and passivity over a wide frequency
range. Subsequently, the different approaches and their effect
on the frequency-dependent impedance are discussed.

This paper is structured as follows: Section 2 provides an
introduction and an overview of the E-STATCOM model and
the considered GFM control approaches. In section 3 the time
domain results are shown and discussed, whereas in section 4
the frequency dependent impedances of the three approaches
are evaluated and compared to each other. Section 5 summa-
rizes the results and concludes this contribution.

II. IBR MODEL AND CONTROL APPROACHES

The following section describes the analyzed E-STATCOM
model and the control approaches under investigation. Figure 1
provides an overview of the E-STATCOM and the three GFM
ac-side control approaches considered.

A. E-STATCOM model

The design and configuration of the E-STATCOM model
is based on the MMC-based double star bridge cell (DSBC)
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Fig. 1: Overview of the E-STATCOM and the three considered GFM control approaches

approach with ancillary supercapacitor storage on the dc side,
similar to [19]. Table I summarizes the parameters of the
considered system. The MMC is modeled as averaged voltage
source model where each arm consists of a voltage source
and an equivalent arm capacitance aggregating the submodule
capacitances (Type 5, see [20]) to track and control the stored
energy in each MMC arm. The inner current control ensures
a vertical and horizontal energy balance while the energy of
the submodules is balanced through ancillary energy storage
at the converter’s dc side avoiding a constraint throughout an
arbitrary ac-side contingency. However, the ancillary energy
storage is balanced through the ac side but with a lower
controller bandwidth to reduce the influence on the transient
ac-side dynamics [19]. Note that the inner current control and
dc-side control are not considered in the figure and result in
the manipulated variable vs set,y-

TABLE I: Parameter set of considered E-STATCOM

l Parameter [ Variable [ Value ‘
. Ry, Ly 5.837 2, 186 mH

Grid

Vgrid> Wn 400kV, 27-50Hz
parameters x x

SCR, b SCR =9, T = 10

Sr, Pr 300 MVA, 150 MW

- 400kV / 110kV

E-STATCOM | UrPCc/vnT

Vr de» Cr.sc | 50kV, 475mF
parameters > >

Rac, Ry, Rz | 0.08€2, 0240, 09

Lac, Ly, Lz 0.038H, 0.049H, 0.037H

979-8-3315-8138-1

B. GFM control approaches

Figure 1 gives an overview of the three considered GFM
control approaches controlling the ac side of the E-STATCOM.
All three approaches have the following in common: a limited
current controller CC, the signal acquisition, low pass filtering
and the transform in the rotating dq reference frame. In the
following, the differences between the three GFM control
approaches will be discussed:

1) SV: The Synchronverter has been introduced by [8] and
later adapted and enhanced in [9], [10], [21]. It aims to mimic a
synchronous generator and considers not only the power-based
swing equation but also the coupling of active and reactive
power due to the magnetic coupling of the field windings and
current. As a result of its self-synchronizing behavior, there is
no need for a phase-locked loop (PLL) for resynchronization.
The swing equation provides the virtual rotor angle 1) and the
internal angular frequency w. The reactive power controller
and the coupling equations result in the virtual internal voltage
ed, which is subsequently used by the virtual admittance Yy
for calculating the reference currents %,¢f 4. Since a dc voltage
offset in the ac voltage leads to a 50Hz oscillation in dg
frame, icf 44 is additionally filtered by a notch filter with a
base frequency of 50 Hz to mitigate this oscillation (see [7]).
The filter is implemented as a 4*" order Butterworth bandstop
filter with a Q factor of (Q=2, denoting the ratio of the base
frequency to the bandwidth.

2) VSM-Y: The VSM approach is also based on the swing
equation emulating the inertia behavior of a synchronous
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Fig. 2: Validation of GFM behavior and similar response in time domain for all three GFM control approaches; left: voltage magnitude step
of -0.1 pu for 150 ms, middle: frequency ramp with a rate of change of frequency (ROCOF) of -2 Hz/s for 1.25s, right: voltage phase jump

of -10°; measured following DIN EN IEC 61400-21-1

machine and determining the virtual rotor angle 9 [6], [22].
However, the coupling terms like in the SV approach between
active (APC) and reactive power control (RPC) are not con-
sidered leading to an independent active and reactive power
control. The reactive power controller consists solely of a
PI controller and a voltage feedforward. Further, a PLL is
used to resynchronize the virtual rotor. In case of the VSM-
Y approach, the virtual admittance Y4 in combination with
the notch filter is also used as virtual stator representation
transforming eq to %yer,qq (see [7]).

3) VSM-Z: The VSM approach including a virtual
impedance Z.; instead of a virtual admittance Y4 is based
on the control approach of [6] and [19]. Here, the VSM itself
with the APC and RPC is the same as of the VSM-Y approach,
but eq is subsequently transformed by Z; to the reference
voltage vyer,qq, Which functions as input of the consecutive
voltage control VC. Latter consists of a proportional gain and
a current feedforward, with .. 4, as manipulated variable.

III. VALIDATION IN TIME DOMAIN

The three different GFM control implementations are iden-
tically parameterized with respect to the outer control loops,
the current controller (CC) and filters they have in common,
while Y.+ and the notch filter, as well as Z,;+ and the
VC, respectively, are tuned such that they exhibit similar and
comparable disturbance response. To validate the equivalence
of their behavior three GFM scenarios meant for validation of
GFM behavior have been chosen:

« a voltage step of -0.1 pu for 150 ms at PCC
« a voltage phase jump of -10° at PCC
« a change of frequency of -2 Hz/s for 1.25s at PCC

All simulations are conducted in PSCAD/EMTDC at an oper-
ating point of P = 0MW and @ = 0 Mvar.

Figure 2 shows the response in reactive and active power
of the considered GFM approaches for all three scenarios,
respectively. Here, all three approaches show similar behavior
for the considered scenarios validating a comparable time
domain behavior. Additionally, their GFM behavior for these
scenarios has been ensured.

IV. IMPEDANCE SCAN RESULTS

The frequency-dependent impedance is determined by
means of a stepwise impedance scan in EMT software.
Here, the focus lies on the SISO (single-input single-output)
impedance, i.e. the impedance in the positive sequence domain
(PSD) is determined for a PSD perturbation and the impedance
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in the negative sequence domain (NSD) for a NSD pertur-
bation. For the perturbation, an additional voltage with the
considered perturbation frequency and an amplitude of 2 % of
the rated grid voltage amplitude is added to the grid voltage.

A. Comparison and overview of the GFM control approaches

In a first step, the PSD and NSD impedance of each control
approach is determined. Figure 3 depicts a comparison of the
frequency-dependent impedances of all three E-STATCOMs
with the respective GFM control variant. Here, a very good ac-
cordance of the SV and the VSM-Y approach can be observed,
indicating a dominating influence of the virtual admittance
Y.irt, while the impact of the implementation of the SV and the
VSM itself is negligible. This observation supports the findings
of [7]. In PSD, especially the 360° phase turn between 50 Hz
and 110Hz stands out suggesting a non-passivity between
55Hz and 90 Hz. Further, an active behavior for frequencies
f < 8Hz is observable. In the NSD impedance, an undesired
non-passivity between 20Hz and 50Hz is apparent. On the
contrary, the VSM-Z approach exhibits an impedance differing
from the SV or the VSM-Y approach up to a frequency
of f=3kHz. Here, the only non-passivity is located in the
PSD impedance in the frequency range of 55 Hz< f<200Hz.
Further, the 360° phase shift as noted for the SV or VSM-
Y impedance is not observable. In the NSD, the VSM-Z
impedance remains in the passive region across the entire
frequency range. The differences between VSM-Y and VSM-
Z underline the impact of the implementation of the virtual
stator representation, i.e. the usage of Yii4 or Zyirt-

B. Influence of the notch filter

Since the main difference in the frequency-dependent
impedance of VSM-Z, VSM-Y and SV is related to the virtual
impedance and admittance as well as the notch filter, the focus
in this section lies on differentiating the influence of Y,y and
the notch filter. For this, the impact of the notch filter on
the frequency-dependent impedance is investigated. Figure 4
compares the VSM-Y approach already examined with the
notch filter to a VSM-Y approach omitting the notch filter.
Additionally, the results of the virtual impedance of VSM-Z
are plotted for reference. It can be seen that the magnitude of
the impedance is significantly increased at f ~ 100 Hz without
the notch filter, indicating a resonance at this frequency.
Further, omitting the notch filter widens the frequency range
of the 360° phase shift in the PSD impedance, resulting in
a non-passivity reaching over 100 Hz. Therefore, the phase
shift does not solely originate from the notch filter. It could



Pos. Sequence

x

o 0000%

X
x X
-180 L

10° 10' 102 10°
f(Hz)

Pos. Sequence

-180
10° 10! 102 103
S/ (Hz)

Neg. Sequence

100 :
| e SV X VSM-Y ¢ VSM-Z

S (Hz)
Fig. 3: Positive and negative sequence impedance of the considered E-STATCOM with a SV, a VSM-Y and a VSM-Z approach

Neg. Sequence

120 T
100F | X VSM-Y VSM-Y wio filter 4
¢ VSM-Z VSM-Y w/o filter, ey feed-forward

ol - ) — /

5 % $uyy

1, (@B)
2

10° 10! 10% 10°

180 | | ‘
10° 10! 102 10°
S (Hz)

Fig. 4: Influence of the notch filter and the voltage feedforward on the positive and negative sequence impedance for the VSM-Y approach

eventually be traced back to the feedback of vt 44 to Yyir¢ and
the feedforward of vt g, in the CC. Replacing v 44 With eq
averts the phase shift and the converter stays passive at this
frequency range, see green dotted line in Fig. 4.

For low frequencies f<10Hz considering VSM-Y without
notch filter, the phase remains in the passive region similar
to the VSM-Z approach. Additionally, the magnitude in this
frequency range is clearly reduced in comparison to the
VSM-Y with notch filter. In the NSD, omitting the filter
results contrarily in a non-passivity for frequencies f<50Hz.
These differences are a consequence of the notch filter being
implemented in the dg frame resulting in filtering and phase
shifting around 50 Hz in dg, and hence, an influence in PSD at
100 Hz as well as in NSD at O Hz. Especially, the filtering and
the phase shift around 0 Hz are visible in both PSD and NSD
due to the bandwidth of the filter. Figure 5 validates this. Here,
the impact of the bandwidth of the notch filter in terms of the
Q factor on the frequency-dependent impedance is visible. The
higher the bandwidth of the filter, i.e. the lower its Q factor,
the broader the frequency range of influence. Further, it can be
seen that a notch filter with a higher bandwidth can reduce or
even avoid the non-passivity in the NSD, but it increases the
crossing frequency of the active region at lower frequencies in
the PSD. However, it should be noted that a higher bandwidth
results in a reduced dynamic in the time domain.
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C. Discussion of impedance scan results

In light of the German Technical Requirements for grid-
forming assets [12], demanding a passive behavior for frequen-
cies f > 10Hz and especially for frequencies in the range of
100 Hz< f < 1 kHz, each approach exhibits its advantages and
disadvantages.

The impedance of VSM-Z contains a non-passivity up
to 200Hz violating the requirements for f>100Hz clearly.
However, the non-passivity in this frequency range can be
influenced and shifted by changing the inertia constant as
shown in [23]. Further, below 40 Hz in the PSD and within the
entire considered frequency range in the NSD the impedance
remains passive.

In case of SV and VSM-Y, there is no non-passivity for
frequencies in the range of 100Hz< f< 1kHz and hence,
meets the requirements for this frequency range better than
the VSM-Z approach. However, the impedance exhibits for
frequencies below f<10Hz clearly an active behavior in the
PSD and further, a non-passivity between 20 Hz and 50 Hz
in the NSD, violating the requirements in a frequency range
where the VSM-Z approach fulfills them. Here, omitting the
notch filter avoids the active region in the PSD, but leads
to an active behavior of the VSM-Y and SV approach for
frequencies below f<50Hz in the NSD. Therefore, Yii
with and without the notch filter leads to a non-passivity
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Fig. 5: Influence of the Q factor of the notch filter on the positive and negative sequence impedance, here in case for the VSM-Y approach

in the lower frequency range, in either PSD or NSD. The
cause has not yet been identified and is the subject of further
investigation.

V. CONCLUSION

This contribution investigated and compared three different
grid-forming control approaches regarding their harmonic sta-
bility characteristics by means of their respective frequency-
dependent impedance. All three approaches have been im-
plemented for an E-STATCOM in EMT simulation software
and subsequently analyzed by means of an impedance scan
and a passivity-based stability analysis. Here, the impedance
of the SV and the VSM-Y approach match very well, while
the impedance of the VSM-Z approach differs notably. Espe-
cially, the feedback of the measured ac voltage in the virtual
admittance combined with the voltage feedforward of the
current control has a great impact on the frequency-dependent
impedance, leading to a 360° phase shift between 50 Hz and
100 Hz. Adding a notch filter in dg domain filtering the virtual
admittance output reduces the bandwidth of the 360° phase
shift, but affects the passivity at subsynchronous frequencies
significantly in both positive and negative sequence domain.
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