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Abstract: In this paper, sequence impedance-based modelling is applied to two different grid-
forming converters which are based on virtual synchronous generator (VSG) concepts including
a dual loop voltage control. The considered controls only differ in the feedback design (PLL-
driven or not) of the power-related control loop. In general, impedance modelling is a suitable
method to analyse stability issues related to converter controls for use in larger power networks.
In this work, the analytical model of a voltage-controlled converter is illustrated first. Sequence
impedance models are then proposed, which do not only predict the effect of two different
VSG controls on the systems stability, but also reveal its frequency coupling effect and analogy
to the classical droop control. In addition, a small power system consisting of VSG-controlled
converters is analysed by their equivalent output impedances. These models and the stability of
the converter cluster are validated by time-domain simulations and laboratory experiments. The
close correlation between sequence impedance model, time-domain simulation and experimental

results confirms the effectiveness of the derived models.
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1. INTRODUCTION

In an effort to create a more sustainable power system,
different concepts are deployed to interface solar and wind
energy-based sources with electrical grids. Besides their
differences, these power plants share some common char-
acteristics. Due to their physical aspects (e.g. small power
rating), the systems are called distributed energy resources
(DER) which are mainly installed at the distribution grid
level utilising a power electronic-based interface (Teodor-
escu et al., 2010). However, the high penetration of modern
power systems by DER might increase their destabilising
effects in the low (power-related control, e.g. droop or VSG
control) to medium (inner current and voltage control)
frequency range (Dokus and Mertens, 2019). These effects,
which were first discovered in railway systems (Paice and
Meyer, 2000), are often referred to as harmonic stability
and have recently become more significant particularly for
future grid scenarios (Farrokhabadi et al., 2019). Conven-
tional stability definitions for large electrical grids (e.g.
European grid) are missing these aspects (Kundur et al.,
2004).

Different methods are proposed in the literature to address
the issues of converter controller stability, namely: (a)
Lyapunov functions (Shakerighadi et al., 2018; Kabalan
et al., 2017); (b) phase portraits (Pan et al., 2019); (c)
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state space eigenvalues (Amin and Molinas, 2017); (d)
impedance-based analysis (Wang et al., 2014). Among
these techniques, (a) and (b) are directly applicable to non-
linear systems which enables the analysis of power system
stability in case of large signal transients. Unfortunately,
these methods either require a model order reduction, in
order to search for a Lyapunov function, or are restricted
to low-order models. The techniques (c) and (d) are ap-
plicable to linear systems in time or frequency domain
and require a linearisation of the power system equations
while still keeping high-order models in the small-signal re-
gion. Especially, frequency domain modelling of converter
systems as Norton/Thévenin equivalent is a promising
approach to analyse controller stability issues in a non-
linear system with a high number of states. In particular,
the equivalent model can be reduced to the relevant sub-
system that interacts with other grid components (here:
impedance/admittance, cf. Section 3). Furthermore, lin-
earising the system for a specific operation point provides
the possibility to use standard small-signal stability anal-
ysis methods. In addition, the admittance/impedance of
these converter systems can be shaped (passivated) by
parameter tuning and additional controls using the an-
alytical model to prevent these effects (Wang et al., 2017).
When modelling a complete power system in this frame-
work, detailed converter models can be applied to identify
the contribution of each converter to the overall system
behaviour (Wang et al., 2014). Thereby, the stability of
large power systems regarding converter control issues

12400



Preprints of the 21st IFAC World Congress (Virtual)
Berlin, Germany, July 12-17, 2020

UL

N\ C rowr

control structure

F——— e
I electrical domain |
. grid-side o |
I DC link converter measurement grid filter measurement |
I = s\ - N I
| o\ - y- I
| | ~ o\ - % |
| gate signals b— |
— ) i o g
| ( YVY Yvyvy YVvY |

abc abc, abc

Gp(s) * 5

I af af aff |
| iinv,afB | ~ |
| D G aD(5) ﬁ ! |
| v “grid:y/i |
| Gee(s) ‘z Gve(s) |
| control cycle R Vref, o |
| I
| |
I

(a) Simplified structure of a grid-forming converter: inner control
in the afB-frame; power-related control based on internal |V| and
w (VSG) or determined by PLL (vsgPLL*); transfer functions
for active damping, current control, voltage control, PWM and
sampling delay denoted as Gap(s), Gee(s), Gve(s) and Gp(s),
respectively
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(b) Thévenin equivalent representation of a VSG and vsgPLL-
controlled converter coupled with a Norton equivalent represenation
of the electrical microgrid

Fig. 1. System under consideration: VSG and vsgPLL-controlled converter with a cascaded control structure coupled

with an AC microgrid

can be systematically analysed. An exemplary case study
for a conventional multi-level power system with several
hundreds of converter systems is illustrated in (Sarstedt
et al., 2019).

A variety of different white-box models covering all rel-
evant control schemes is necessary to analyse the inter-
operability of converter clusters in future grid scenarios.
The literature already covers a large number of impedance
models, i.e. current-controlled converter in the o8- (Wang
et al., 2014) and dg-frame (Harnefors et al., 2007), the
influence of phase-locked loops (PLL) and power control
(Harnefors et al., 2016), voltage-controlled converter in
the af8- (Wang et al., 2014) and dg-frame (Wang et al.,
2018), droop control in the af-frame (Dokus and Mertens,
2019), standard VSG control in the dg-frame (Wang et al.,
2018) and an extension to cover effects at higher frequen-
cies (Harnefors et al., 2017). Aside from the control aspect,
the published impedance models are derived in the dg-
or af-frame. The mathematical relations between these
models are described in (Wang et al., 2018). The influence
of an overlaying VSG control on the converter impedance
has only been described for the standard approach in the
dg-frame. An equivalent impedance model of two different
VSG methods in the af-frame is systematically derived
and experimentally verified in this paper to contribute to
the stability analysis of converter systems in terms of VSG-
controlled approaches.

In accordance with the literature, the term microgrid
refers to the concept of an autonomous grid which allows
the system operator to integrate a high penetration of
power electronic-based energy generation into the main
grid (Olivares et al., 2014; Rocabert et al., 2012). This
approach is typically based on a multi-master concept
using VSG and/or droop control for the individual voltage-

controlled converters (Chandorkar et al., 1993). It enables
an equal sharing of loads within the microgrid and leads to
island capabilities (Ahn et al., 2010). Usually, a cascaded
structure with an inner current and voltage control and an
outer droop/VSG control is implemented (Vasquez et al.,
2013; Wu et al., 2016). In many cases, the small-signal
stability of microgrids is analysed by eigenvalues in the
dg-frame or based on impedance models (Rasheduzzaman
et al., 2014; Wu et al., 2016). Large signal phenomena
are analysed using phase portrait-based concepts and
Lyapunov functions. Due to the high number of system
states, only small grid configurations are typically analysed
in literature by eigenvalues or phase portraits. In addition,
stability analysis based on Lyapunov functions is often
limited to single converter entities (Kabalan et al., 2017;
Shakerighadi et al., 2018).

As a contribution to the controller stability analysis of
converter-dominated power systems, the authors’ aim is
to illustrate the small-signal characteristic of two different
VSG methods as sequence impedances and apply these
models to analyse stability issues in autonomous grids. In
particular, the impact of applying the measured grid volt-
age phasor in the feedback path of grid-forming converters
by a PLL is elaborated and compared with the standard
VSG concept. Thereby, the presented models will extend
the sequence impedance-based stability analysis of VSG-
controlled AC microgrids.

The remainder of this paper is organised as follows. The
VSG-controlled converter including voltage and current
control in the af-frame is described in Section 2. Further-
more, impedance-based models of the converter control
and the filter by means of symmetrical components is
derived and the resulting representation is presented in
Section 3. In addition, the coupling of this model with the
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power system model is described. Section 4 validates the
derived models by time-domain simulations and an exam-
ple of a small-signal stability analysis is presented in order
to illustrate the applicability. In Section 5, experimental
results utilising a power hardware-in-the-loop (P-HIL) test
setup are presented. Finally, Section 6 concludes the paper.

2. SYSTEM DESCRIPTION
2.1 Power-related Control of VSG-controlled VSC

Fig. 1a shows the typical power electronic-based interface
of DER, namely a three-phase (3ph) two-level voltage
source converter (VSC). In this work, only the grid-side
converter is considered and the DC link is simplified as an
ideal voltage source which provides energy to or consumes
energy from the AC grid. The converter is connected to
the electrical grid via an LC filter. The cascaded control
structure of an outer voltage (Gvc(s) in Fig. 1a) and an
inner current control loop (Gee(s) in Fig. 1a) maintains
the grid voltage at the point of common coupling (PCC).
The voltage reference is generated by the following VSG
equations (VSG control in Fig. 1a) described in s-domain

1

Wref = m(P’““'f — P+ Dp(wn — W))’ (3)
1%

N 1 N N

‘/ref = J(Qref - Q + Dq(VN - V))a (4)
q

with {w,V} = {wret, Viet} or estimated by a PLL,

where D,,/D, are the frequency and voltage droop co-
efficient; J,/Jy are the virtual inertia for frequency and

voltage; wn/ Vi are the nominal frequency and voltage
amplitude; Prot/Qrof are the reference values for active and
reactive power; P/Q are the measured active and reactive
power. The voltage and frequency feedback in Fig. 1a and
(3) - (4) are denoted as V/w, determined in literature

either by the reference values Vet Jwret (variation 1: VSG)
or less often estimated by a PLL (variation 2: vsgPLL,
violet* in Fig. 1a). The measured active and reactive power
is calculated (power eq. in Fig. 1a) based on the unfiltered
grid currents Zgriq,o s and grid voltages vgrid,as transformed
to the af-frame

P = (Ugrid,aigrid,a + Ugrid,ﬁigrid,ﬁ)a (5)

Q= (Ugridﬁigrid,a - vgrid,aigrid,ﬂ)- (6)

2.2 Inner Control of VSG-controlled VSC

The inner converter control in Fig. la is implemented
in the af-frame utilising discrete proportional + reso-
nant controller (Gece(s) and Gye(s)) while the inherent
PWM and sampling delay is described by Gp(s). Since
controlling of harmonics can be essential to guarantee an
appropriate power quality in microgrids, the fundamental
frequency and harmonics up to the 13" order are covered
by the resonant controller. As a consequence, a phase lead
and an active damping method (Gap(s) in Fig. 1a) based

on the capacitor current ic g = finv,a8 — lgrid,as (Wang
et al., 2015; Parker et al., 2014) are implemented. The
voltage control is implemented as an outer control loop
providing a reference for the current control. The design
of this cascaded control structure is described in (Vasquez
et al., 2013). The transfer functions of the control in Fig. 1a
are expressed by the following equations

1 2wpw 1(scospr 1—wosings I)

G =k 1+ .
CC(S) P’I< T 1 $24-2wpw IS-‘er

13

Z 1 ZUJBWI SCOS¢hI thSIH¢h 1)) (7)

Th I 2-1—2wa 18+h2w0

h=5,7..

1 2wpw,v(scoserv—wosing, v)
Tiv $2+2wpw vs+ws )

Gvc(s)=kp v (1+

13
=5,7..

1 2wew,v(scosep v—hwosingy, v) ()
2+2w}3w’v5+h wo ’

K,cs
Gap(s) = S+ZJ ) (9)
e—sTs _ e—s2TS

where the controllers are defined by a proportional and
integral gain kp /Ty, a phase lead ¢, and a defined band-
width wgw for the resonant part; T, denotes the sampling
period. The proportional gain K. and the bandwidth wy
are parameters of the active damping method.

2.8 Electrical Power System

An AC microgrid consisting of standard VSG- or vsgPLL-
controlled converters is considered in this work. The elec-
trical grid in Fig. 1b is represented by a Norton equivalent
for the sake of simplicity when deriving the controller
stability criterion in Section 3.4. In general, any com-
bination of current- and voltage-controlled sources/loads
can be covered by coupling their Norton and Thévenin
equivalents.

3. SYSTEM MODELLING
3.1 Inner Current and Voltage Control

The equivalent representation of a vsgPLL and VSG-
controlled converter as a voltage source with an impedance
is illustrated in Fig. 1b and will be derived in the following
section. The model is based on the Thévenin model of
a voltage-controlled converter published in (Wang et al.,
2014) and can be described by (1) and (2), where L
and C denote the inductance and capacitance of the LC
filter. The filter resistances are neglected to reduce the
complexity of the transfer functions. Here, positive- and
negative-sequence impedances are the same. Furthermore,
Zc(s) in Fig. 1b equals Zy¢(s), if only voltage control is
considered.

Gals) = Goe(s)Gve(s)Gp(s) (1)
¢ CLs? 4+ CGap(s)Gp(s)s + CGcc(s)Gp(s)s + Geoe(s)Gve(s)Gp(s) + 1

Zvol(s) = Ls+ Gee(s)Gp(s) @)
ve CLs? + CGap(s)Gp(s)s + CGcc(s)Gp(s)s + Gea(s)Gve(s)Gp(s) + 1
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3.2 Phase-locked Loop

In case of the vsgPLL control method, {w, V} in (3) - (4)
are determined by a stationary reference frame (SRF) PLL
algorithm, which can be included in this description by
linearising the system for a specific operation point defined
by vpcc = Voej o and w wn. Small-signal voltage
perturbations dV(3) with the disturbance frequency s =
jwa and ¢, = 0° are introduced in (11) to derive a small-
signal PLL model

Vecc(3) = (Vo +dV (3)). (11)
In practical cases, a DSOGI-based filter Gps(s) is of-
ten implemented to extract the fundamental frequency
(Teodorescu et al., 2010). A simple PI-controller (kp prr
and Tiprr) tracks the voltage phase by adjusting w(s) =
wN + Aw(S). Thus, a PLL can be described by

Aw(s)= (kp,pmr >Im{GDS(s)Vpcc(g)e—jd6(E) }

:GPLL,cIm{GDS(S)VPCC(g)e_jdé(;)}’- (12)
Applying the same simplifications as in (Harnefors et al.,
2007) yields the necessary small-signal transfer functions
of the PLL

dw(s) = Gprr(8) Im{Gps(s)dV (s)}, (13)

dV (3) = Re{Gps(s)dV (3)}. (14)
The transfer function Gpyy(5) describes the closed loop
PLL tracking performance and is defined as

G (5) = —oPuLelDF
VoGprr.c(3) +5

1
STipr,

)

(15)

3.3 Linearised vsgPLL/VSG Control

A linearised model of the vsgPLL/VSG control can be
derived for a specific operation point by applying (11) and
describing the current at the point of common coupling as

Ipcc(3) = (ioe! P %) + di(3)), (17)

where ipcc = 10e?# is the steady-state current and di(3)
is a small-signal current perturbation with the disturbance
frequency s = jwq.

The small-signal impact of these perturbations on the
vsgPLL/VSG control can be analysed by substituting the
active and reactive power with

S(5) =P(3) +jQ(3) = ngcc@TPcc@ (18)

in (3) and (4). In particular, Ipcc(3) denotes the conju-
gate complex of Ipcc(5S). Neglecting any cross coupling
between di(s) and dV () yields the following vsgPLL and
VSG equations:

deref (’5) = 1

- <2Re{f/0 x£(®}+gRe{dV(§) g}

_wNJp
+Dpdw(§)>, (19)
AVrer(5)=— SV BB+ (v 5) xa)..

+qu1‘/(37> , (20)
with {dw,dV }={dwyer,dVier}: VSG,
or {dw,dV}={(13),(14)}: vsgPLL,

where 9 = i9ef(#u=) is used for the sake of brevity. In
case of a PLL-driven concept, neglecting cross coupling is
valid as long as the PLL bandwidth is higher than the one
of the VSG control.

Furthermore, the reference voltage phasor in Fig. 1a can
be expressed as

‘/!‘ef(s) = (VO + d‘};ef(g}))ej(deref(s)“rwl\]t) (21)

in the af-frame. In addition, it should be noted that the
resulting frequency s = jw is the sum of the disturbance
frequency s = jwq and the frequency jw = jwn of the
linearised operation point.

In case of a voltage-controlled converter, the PCC voltage
can be described as

Vecc(s) = Gal(s) Vret(s) — Zve(s)Ipcc(s)
by substituting Zc(s) = Zyc(s) in Fig. 1b.
The analytical model of a vsgPLL/VSG-controlled con-
verter can be derived by simplifying (21), utilising the rela-
tion 7 (dOrer(s)+wnt) (14 jdBre(s))e’N* and neglecting
cross coupling between d@es(s) and dVref(s) which yields

(22)

AVt (s) = (dffref(év +jderef(g)vo)ew. (23)

Finally, merging (23), (19) and (20) with (22) and applying
the relation Im{X} = ngx and Re{X} = 24X yield the
equation system for the complete system

For positive-sequence perturbations, the following equation system is valid:

Vo 1 1

DpVOGPLL(S_jWN) 1

3
1 +ZiOGcl(3)j (

A= {3
ZiOGcl(zij—S)j<

Vo 1 N 1 )
wNDp +wnp(jwn—s)(jwn—s) I Dg+Jo(jwn—s)
Vo 1 1

wNDE—&-wNJp(s —jwN)(s—jwn) Dgq+Jg(s—jwn)
1
—-Gai(2jwn—5)Gps(2jwn—s)

3
Zichl(S)j (

Vo 1
wNDp+wnJp(jwn—s)(jwn—s)

14+-40Ga1(2) 7)'( )
w S
0Gc(2JwN—s)] DatJaG )

1 1 1

1
{ —lGu(s)G
oD+ o Jn(5— jom)(s—jun) Dq+Jq<sfj«uN>> pCelle) DS(S)(

1
+5Gc1(2ijf $)Gps(2jwn—s) (

eate ,Da
)*2 «i(s) DS(S)( Tolo—s) s—ij'Jq<s—ij>)

(DpVOGPLL(jUJN_ S) 1 Dq )
Jp(jwn—s)  jwun—s Jo(jwn—s))
DpVoGrLi(s—jwn) 1 Dy )
Jp(s—jwn)  s—jwn Jo(s—jwn)
DpVoGrLr(jwn—s) 1 ) Dq )
Tp(jwn—s)  jwun—s Jo(jwn—s)

3. N
—2Zvc(s) = j7VoGals) (Vu ‘
B= 4

wNDp+wi\1Jp(s —Jjwn)(s 71ju.)N)T 18+ J(i(s 7ij)) di(s)

(16)

34 N
7jZV0GC1(2jUJN7 S) (‘/(‘

,[ av(s) }
z= dV (2jwn—s)

with highlighted terms in case of VSG or vsgPLL control

wNDp+wnIp(jwn—s)(jwn—s) Dg+Jg(jwn—s)
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Fig. 2. Analysis and modelling of vsgPLL- and VSG-controlled converters, whose parameters are listed in Table 1

(] (] t
A(83):(8)-2(). e
which is described in detail in (16).
The final converter output impedance Zc(s) = ‘?i/(gs))

can be extracted by solving the linear system in (16).
In this case, Z¢(s) differs for positive- and negative-
sequence perturbations di(s). In literature, the additional
component dV (2jwn — s) is often called an image or
mirrored harmonic and can be included in the small-signal
stability analysis by following the steps in (Vieto and Sun,
2018).

3.4 Coupling of Converter and Grid Models

The small-signal stability of power networks can be anal-
ysed in this framework by coupling the derived model
with admittance/impedance models for all other grid-
connected devices including loads (see Fig. 1b). Thus, the
PCC voltage can further be described by the closed loop
transfer function including the merged grid admittance
Y (s) connected to the converter terminal as

 Ga(s)Viet(s) Zc(s)Ig(s)

Vecc(s) = - )
1 +Yg<S>Zc(S) 1 —i—Yg(S)Zc(S)
From the perspective of control theory, G.(s) in Fig. 1b
needs to be designed for an appropriate transient response
while guaranteeing a reasonable phase and gain margin. In
addition, stability is only guaranteed, if the minor feedback
Yo (s)Zc(s) fulfils the General Nyquist Criterion (GNC).
This analysis has to be done for every controlled converter
system and their point of common coupling.

(25)

4. SIMULATION RESULTS
4.1 Model Validation

The derived models are validated by time-domain simula-
tions in MATLAB/Simulink combined with the PLECS

toolbox. In order to extract the equivalent impedance
at each frequency, switched Electromagnetic Transient
(EMT) models of the converter systems in Fig. la are
operated in steady state, while a small positive-sequence
current perturbation is injected. All relevant parameters
of these converters are listed in Table 1. The analytically
derived and extracted impedances are illustrated in Fig. 2a
as amplitude and phase.

The equivalent impedances of both small-signal models
correspond to the detailed time-domain models. In addi-
tion, the influence of the VSG control is restricted to small
frequencies around the operation point w = wy analo-
gously to a droop-controlled converter with Dy, = — D

MyWN '’
— _Ix — Do — Da
Dgy = —;X, Jp = ;% and Jg = % in (Dokus and

Table 1. Simulation Parameters

PARAMETER SYMBOL | VALUE
Rated Power Pn 16 kW
Rated Voltage \%N 400V
Rated Frequency N 50 Hz
Active Power Reference Phrot 16 kW
Reactive Power Reference Qrof 0kVar
Voltage @ steady state Vo,RMS,LL 400V
Power @ steady state PQo PQret
Nominal Frequency WN 314.16 %
Sampling Time Ts 62.5 us
Filter Inductor L 900 pH
Filter Capacitor C 10 uF
Frequency Droop Coefficient Dy 16.21
Voltage Droop Coefficient Dq 979.80
Virtual Frequency Inertia Jp 0.129
Virtual Voltage Inertia Jq 7.797
Nominal Frequency of DSOGI Filter WN,DSOGI 314.16 %
P. Gain - DSOGI Filter k V2

P. Gain - PLL kp pPLL 1.633
I. Time Constant - PLL TipLL —

P. Gain - Current Control kp1 4.40
P. Gain - Voltage Control kp v 0.09

I. Time Constant - Current Control Ti1 0.02s
I. Time Constant - Voltage Control T v 0.005s

12404



Preprints of the 21st IFAC World Congress (Virtual)
Berlin, Germany, July 12-17, 2020

Mertens, 2019). In case of the vsgPLL control, destabilis-
ing effects of the PLL are well illustrated by the additional
resonances near the fundamental frequency. In fact, PLL-
driven grid-forming approaches can be found in a number
of publications, however, these concepts and similar ap-
proaches are less common and not recommended due to
the additional coupling of the inner voltage control with
the VSG control via the PLL-driven feedback path, as
elaborated in this paper. An example of this coupling is
presented in the next section.

4.2 Application Example

A VSG- and a vsgPLL-controlled converter defined by the
parameters in Table 1 are connected via transmission lines
with an equivalent impedance of Zjj,e = 0.25 + j1.25€)
to equally share a load of P =~ 32kW. The sequence
impedance-based stability analysis of the VSG- and the
vsgPLL-controlled converter is illustrated in Fig. 2b in
terms of phase (PM) and gain margin (GM) for a PLL
bandwidth of wgw = 85Hz. The distance of the mi-
nor feedback Yq(s)Zvsa/vsgpri(s) to the critical point
(Nyquist criterion) is marked with a red line which indi-
cates an instability at f ~ 38 Hz in contrast to a VSG-only
setup (dashed line). This exemplarily illustrated critical
mode of a grid-forming converter cluster introduces non-
typical grid oscillations with respect to conventional power
systems based on large synchronous generators.

In Fig. 3, this analysis is verified by time-domain simu-
lation starting with a steady-state operation, where both
converter systems share the load based on the classical
VSG control. At t = 4.5s, one converter is switched to
vsgPLL control mode which results in increasing power
oscillations for both converters with f = 12Hz. These
oscillations occur due to the unstable operation point of
dV (s) at f ~ 38 Hz in combination with the fundamental
current at f = 50 Hz. The stability region as well as the
frequency, at which an instability occurs, can be analysed
by the derived models in an impedance-based modelling
framework.
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2 —2000
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—4000

Fig. 3. Transient simulation: Power oscillations of a VSG
and vsgPLL-controlled converter sharing a load
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Fig. 4. IAL Microgrid: Picture of the laboratory setup
5. EXPERIMENTAL RESULTS

5.1 Laboratory Setup

In order to further validate the derived models, laboratory
experiments have been performed at the TAL Microgrid
test bench. The basic experimental setup is shown in
Fig. 4, which can be utilised to analyse a variety of different
converter-dominated power system aspects. Two Triphase
converter systems PM15, each consisting of up to 4 pro-
grammable industrial inverters, each with a rated power
of 16 kVA and a switching frequency of 16 kHz, can be
equipped with LC or LCL filter in order to verify different
grid-feeding and grid-following control methods. A four-
quadrant digital power amplifier CSU 100 manufactured
by Egston (rated power 100 kVA, switching frequency
125 kHz) can be used along with two OPAL-RT real-time
simulators OP5707/0OP4510 with the objective to establish
a P-HIL setup. A rack with 10 modular and freely linkable
line models (m-equivalents) is the central element of all
hardware grid configurations at this test bench. Portable
measurement boxes (designed for 3ph nodes) can be in-

Table 2. Experimental Setup Parameters

PARAMETER SYMBOL | VALUE
Rated Power Pn 16 kW
Rated Voltage \%N 400V
Rated Frequency N 50 Hz
Active Power Reference Phrot 16 kW
Reactive Power Reference Qrof 5kVar
Voltage @ steady state Vo,RMS,LL 410.8V
Power @ steady state PQo 124..()37ILV\Zar
Nominal Frequency WN 314.16 %
Sampling Time Ts 62.5 us
Filter Inductor L 1000 uH
Filter Capacitor C 10 uF
Frequency Droop Coefficient Dy 16.21
Voltage Droop Coefficient Dq 979.80
Virtual Frequency Inertia Jp 0.129
Virtual Voltage Inertia Jq 7.797
Nominal Frequency of DSOGI Filter WN,DSOGI 314.16 %
P. Gain - DSOGI Filter k V2

P. Gain - PLL k‘p,pLL 533.3

I. Time Constant - PLL TipLL —

P. Gain - Current Control kp1 0.4234
P. Gain - Voltage Control kp v 0.1417
I. Time Constant - Current Control Ti1 -

I. Time Constant - Voltage Control T v 0.0005 s
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(a) Frequency sweep from 1Hz to 16kHz for positive-
sequence impedance of voltage-controlled converter Zvyc(s),
VSG-controlled converter Zysg(s), vsgPLL-controlled con-
verter Zysgpr1(s) and experimental results Zmeas(s)
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(b) Frequency sweep from 1Hz to 16kHz for negative-
sequence impedance of voltage-controlled converter Zvyc(s),
VSG-controlled converter Zysg(s), vsgPLL-controlled con-
verter Zysgpr1(s) and experimental results Zmeas(s)

Fig. 5. Experimental validation of sequence impedance characteristics of grid-forming converters based on VSG and
vsgPLL control methods, whose parameters are listed in Table 2

stalled at different nodes within the considered network,
while a synchronised measurement can be triggered using
National Instruments DAQmx devices.

Both considered control methods (VSG and vsgPLL) are
implemented on one converter of the second Triphase con-
verter system (rated current 24 A, rated voltage 400 V)
utilising an LC filter. The inner control loop is imple-
mented as a dual voltage loop with active damping but
without any harmonic control, while the most relevant
parameters are listed in Table 2. In contrast to the pre-
viously considered converter, the applied control system
introduces a delay of three time steps instead of one.
The power amplifier is directly connected to this con-
verter and is operated as an ideal current source, whose
reference value is dictated by the real-time simulator.
This combination provides the possibility to synchronise
the current-controlled power amplifier with the existing
converter output voltage in order to (a) achieve a specific
steady-state operation point (PQ at the converter termi-
nal) and (b) introduce a small-signal current disturbance
to extract the converter output characteristics. The mea-
surements are performed using three Testec TT SI9110
voltage probes (100 MHz/1000 Vrms AC/2% accuracy)
and three Keysight N2783B current probes (100 MHz/30
Arms AC/1% accuracy) linked to an LeCroy HDO8108A
oscilloscope (sampled with 1 MHz).

5.2 Experimental Results

A frequency sweep is performed to extract the small-signal
sequence characteristics of these converters following a
specific startup procedure: (1) VSG/vsgPLL: converter
starts operating; (2) power amplifier: PLL-based synchro-
nisation employing the real-time simulator; (3) power
amplifier: setting of steady-state operation point in PLL
mode; (4) power amplifier: transition from PLL to constant
current mode with f = fy; (5) power amplifier: injection of
positive- or negative-sequence current disturbance and (6)

data acquisition. In order to obtain a higher accuracy, five
measurements are performed for each frequency, processed
and transformed in sequence domain, while step (5) - (6)
is repeated for the next measurement set. In general, small
standard deviations are obtained with this setup (= 2% of
mean value; analogue to measurement accuracy), which is
why the average over these frequency sets is further used
in the evaluation process and the results are presented
without any error bars.

The proposed models are compared with experimen-
tal results separately for positive- and negative-sequence
impedances as amplitude and phase in Fig. 5. Similar
characteristics as for the previous case in Fig. 2a can
be identified. In particular, PLL-based feedback (in the
power-related control) introduces additional resonances
near the fundamental frequency, which are only mani-
fested in positive sequence, since negative sequence is not
used to transmit power. Thereby, the negative-sequence
impedance is closely related to the inner dual voltage loop
control. In addition, the active damping scheme seems
to be more effective in positive than negative sequence,
whereas additional time delays in the control decrease the
total damping performance. Overall, a high model fidelity
is achieved with some minor deviations at e.g. f = 7T0Hz
which, however, do not diminish the applicability of these
models for large power system stability analysis, especially
with respect to the typical uncertainties in these systems.

6. CONCLUSION

In this paper, an equivalent impedance model of two VSG-
based control methods has been derived, analysed and
verified by time-domain simulations and P-HIL experi-
ments. In particular, the Thévenin equivalent of a voltage-
controlled converter is merged with an overlaying VSG
control by linearising for a specific operation point. A
simulated and experimental frequency sweep and an ex-
ample analysis verify this modelling approach. In addition,
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the analogy between droop and standard VSG control is
illustrated as well as the destabilising effects of utilising
a PLL as feedback within the outer power control loop.
Furthermore, the derived models can be easily coupled
with other sequence impedance-based models towards a
common simulation framework.
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