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Abstract—This article introduces an impedance model for
a grid-forming (GFM) converter with droop control (Droop-
GFM converter) connected to a weak power grid. The proposed
model offers a more accurate and simpler alternative to the
conventional minor-loop criterion and the Generalized Nyquist
Stability Criterion for studying the stability of a Droop-GFM
converter, as it accounts for loading effects and uses only two
transfer functions. Formulated in the o8 frame, the model
consists of only two balanced impedances, offering a clearer
physical interpretation of the impedance asymmetry introduced
by droop control, in contrast to dg-frame impedance matrix
models. The model describes frequency coupling effects (the
mirror frequency problem) across the entire frequency range,
providing both a geometric and physical understanding of this
phenomenon. It allows determination of the bandwidth of the
frequency coupling region, and how this region changes based
on the droop coefficients and the loading condition of the
Droop-GFM converter. The theoretical findings are validated
experimentally using a Droop-GFM converter in three distinct
scenarios, including: weak power grid operation, a change in the
droop coefficients, and a change in the power grid impedance.

Index Terms—Asymmetric Impedance Model, Droop Control,
Output Impedance, Grid-Forming Converters, Stability.

NOMENCLATURE
General conventions

G(2),K(z),Z(z) Discrete-time transfer matrices.

v Column vector representation of the complex signal v
in the dg frame.

vT Transpose of V.

U Small-signal perturbation of v.

G(2),K(2),Z(z) Discrete-time transfer functions.
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r Reference signal 7.

V.1 Scalar signals.

v, 1 Complex signals in the o3 reference frame.
of Conjugate of v.

Large-signal complex vectors

1o Grid-forming (GFM) converter output current.

V5 Undisturbed droop control reference voltage.

Ve GFM converter output voltage.

vdcr°°p * Droop control reference voltage perturbed by igig.
ol = 4% + 0, Proposed linear model of v&**,

Vg Power grid voltage.

Large-signal scalar variables

Wy = 27 f,. Rated angular frequency of v,.

04 Phase of v,.

P Active power delivered by the GFM converter.
Q Reactive power delivered by the GFM converter.
Vo Rated magnitude of v,.

Small-signal complex vectors

Tdist Current disturbance (small-signal perturbation) in-
jected at the point of common coupling (PCC).

io Perturbation of ¢, caused by Tdist-

iﬂ Component of 7, parallel to ve.

s

i Component of 7, perpendicular to v¢.

o

~d 1 ~ ~
o P Component of i, caused by 74 When droop control

is inoperative.

Vo Perturbation of v caused by Tdist-

o Proposed linear model of droop control reference
voltage perturbation caused by 74ig.

1”)2” Component of v, parallel to ve.

s Component of ©f, perpendicular to vc.

f)dcm()p 15 Component of & caused by igiq When droop control
is inoperative.

Gdcfmp Component of 3¢ caused by the response of the droop

control to 7.
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Small-signal scalar variables

w Angular frequency perturbation of v{. caused by ldist-
0 Phase perturbation of v, caused by Ldist-

P Active power perturbation caused by Tdist-

Q Reactive power perturbation caused by 7g.

Vmag Magnitude perturbation of v(, caused by Tdist-

Impedances and other transfer functions
G.da(z) Current division ratio of 14t towards the converter.
Gy (z) Voltage controller reference tracking transfer function.

Kroop(2) and Kgroop(z) Droop equivalent gain (symmetrical
and asymmetrical model, respectively).

Zdroopless

pce (%) Impedance of the PCC bus when the droop

control is disabled.

Z55%P(z) Impedance component of the PCC bus added by the

droop control.
ZVC

ve(#) Output impedance of a GFM converter with a voltage

controller (without droop control).

Zeritical (2) Critical impedance according to the impedance
ratio criterion.

Zpcce(z) Impedance of the PCC bus.

Zooc(2), Zpee(2) Symmetrical components of Zpcc.

Z3P*(2), Z5oP(z) Symmetrical components of Zaaer.
Zn(z) = 1/Yy Thevenin equivalent impedance seen by
the converter from its output terminals towards the

load/grid.

I. INTRODUCTION

ISTRIBUTED energy resources are increasing their role

in today’s electrical power grid. This motivates the
creation and update of requirements for the interconnection
of these resources to the electric power grid [1]. It has
been recognized that the characterization of converter-based
resources in terms of their harmonic distortion is a generally
inaccurate concept with today’s technology [2]. Distributed
energy resources (DERs) that meet current distortion limits
when connected to an undistorted external system, such as
during type testing, may exceed current distortion limits when
measured in a field environment having voltage distortion.
Many times, such current distortion flows in the presence of
background voltage distortion at a level within the capabilities
of the DER resource. However, it is possible for the DER to
be in resonance with a system harmonic impedance, in which
case the measured current distortion would be significantly
beyond the acceptable limit [2] and in need of mitigation. Due
to the previous reason, it has become increasingly important
the characterization of converter-based resources in terms of
their output impedance, their contribution to the impedance of
the power grid, or the point of common coupling (PCC) bus.
Impedance modeling of power converters is a complex topic
because it involves the physical parameters of the power con-
verter, as well as the algorithms that control the converter. The

complexity of a power converter impedance model increases as
the number of sensed variables (voltages and currents) fed back
to the converter control algorithms increases. The first works
used impedance models to study the stability of dc systems, as
presented in [3]. DC-DC converters that operate as a constant
power load often behave as a negative impedance (if the
voltage rises at the DC-DC converter input, the input current
decreases). Such negative converter equivalent impedance can
resonate with the power grid impedance and cause stability and
waveform quality problems. To study these stability problems,
the impedance ratio criterion, also known as minor loop gain,
was originally proposed in [3].

In addition to studying the stability of dc power convert-
ers [4], the impedance ratio criterion has also been applied
to study the stability of three-phase DC-AC converters. First,
it was applied to constant power loads [5]. However, the
large number of control strategies and modes of operation
developed for ac power converters throughout the last three
decades has been continuously generating a need to develop
new impedance models that account for the influence of these
control algorithms, including grid-forming (GFM) converters,
both in stand-alone and grid-connected modes [6, 7]. To study
resonance and stability problems that arise due to interaction
between power converters and other grid elements, such as
capacitor banks and constant power loads, or in less critical
scenarios waveform quality issues, an accurate impedance
model of the ac power converters has to be defined. It has
been shown that the load a converter sees at its output
changes its output impedance [8] and its stability [9, 10].
This is particularly relevant in the case of grid-connected
converters, where changes in the power grid impedance or
the parallel aggregation of converter-based resources [11, 12],
can significantly modify the impedance seen by the converter
and cause performance or even stability problems.

In grid-connected scenarios, synchronization algorithms
such as a phase-locked loop (PLL), in the case of grid
following converters, or a droop control, in the case of
GFM converters, are often not included in the impedance
models developed for the converter due to their nonlinear
characteristic [8, 13]. However, the influence of these synchro-
nization algorithms on the impedance model increases under
weak power grid conditions, specially in the low-frequency
range [14]. Their nonlinear operation, among other effects,
introduces a frequency coupling (also named mirror frequency
problem) [15, 16] that cannot be modeled by a single balanced
impedance.

To model this frequency coupling, different asymmetrical
impedance models have been proposed in the literature. Two
model structures are often used: transfer function matrices or
complex transfer functions [17]. Transfer function matrices are
applied in sequence domain models [18-26], harmonic state-
space models [27], and multi-harmonic linearization mod-
els [28-30]. Transfer matrix models require more parameters
compared to complex transfer function models (also named
space vector models) [17, 31], which only use two transfer
functions to describe an asymmetric impedance. Additionally,
transfer matrix models often rely on the Generalized Nyquist
Stability Criterion (GNSC) to assess stability, making them
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more complex and computationally demanding than simply
testing the stability of two transfer functions. Asymmetrical
impedance models can also be classified based on whether
they are defined using setup and control algorithm parameters,
i.e., parametric models [19-21, 24-29, 31], or by current and
voltage relations, i.e., non parametric models [17, 18, 22, 30].

Compared to existing impedance models for GFM con-
verters with droop control [24-26], the presented asymmetric
impedance model (AIM) is applied to a scenario where the
GFM converter is connected to the grid. Contrary to previous
solutions, the proposed AIM is applied and experimentally
tested when the GFM converter sees a low impedance from
its output. Such low impedance results in a large loading
effect experienced by the GFM converter. As a result, the
impedance ratio criterion (minor loop), which does not ac-
count for the loading effect, does not provide an accurate
stability assessment. For this reason, the solutions presented
in [24-26], which also neglect this effect, do not yield accurate
results under certain loading conditions. The solution in [24]
addresses the frequency stability of a single GFM converter
in an islanded ac microgrid. The impedance seen by the
GFM converter in the experimental results is 8.6p.u. and
the frequency response measurement of the converter output
impedance is carried out without any loads connected at
the output. The solutions in [25, 26] provide an impedance-
based stability analysis of a microgrid supported by two grid-
forming converters. The GFM converters use an LCL filter,
where the grid-side inductors are considered as part of the
line impedance between the GFM converter and the load.
In order to derive the impedance model, the loading effects
are not considered. The models in [25, 26] are used for
stability analysis, but they are not experimentally verified
using frequency response measurements. It should be noted
that the droop control in a GFM converter performs several
nonlinear operations; therefore, no existing method allows
for the development of a single impedance model (i.e. a
linear model) that can accurately describe the behavior of
a GFM converter in stand-alone and grid-connected modes,
simultaneously. A summary of the models discussed is listed
in Table I.

This article presents an AIM for a grid-forming (GFM) con-
verter with droop control (Droop-GFM converter) connected
to a weak power grid, where the source of asymmetry is the
droop control. The model characterizes the impedance of an
ac bus supported by a Droop-GFM converter and connected
to other elements, such as loads or a weak power grid. The
model is presented in the o3 frame and is composed of two
balanced impedances. It has the following advantages:

1) It permits assessing the stability of a GFM converter
with droop control for different loading conditions.
Moreover, the proposed impedance model can be used
to analyze the stability attending to passivity criteria.
There are many stability studies in the literature that
are based on analyzing passivity characteristics of power
converters, without including the droop control [32]. The
proposed model can aid to extend passivity studies to
GFM converters with droop control.

2) It permits calculating how the impedance of the PCC

changes depending on the parametrization of the droop
control (value of droop coefficients selected).

3) It permits determining the bandwidth of the frequency
coupling region created by the droop control, the fre-
quency region where mirror frequency disturbances can
appear, and how this region changes depending on the
droop coefficients and the loading condition of the GFM
converter. The proposed model also permits directly
assessing the frequency coupling region by evaluating a
single transfer function, namely, the negative sequence
impedance.

The developed model serves as a more accurate alternative
to study the stability of a Droop-GFM converter, compared
to the conventional minor-loop criterion, because it is able to
model the asymmetry introduced by the droop control and the
loading effect of the impedances connected at the converter
output. Furthermore, compared to the GNSC employed by
impedance models that use transfer matrix models (cf. Table I),
where the trajectory of the eigenvalues of a transfer matrix
needs to be determined, the proposed AIM provides a simpler
stability assessment that only requires to determine the stability
of two transfer functions. It should be noted that, the presented
AIM is a small-signal model that relies on a linear model for
the droop control and the voltage controller commanding the
GFM converter. Transient stability analysis where there is a
large disturbance, such as a voltage sag, that may cause the
GFM converter to enter into a current limiting mode or to
switch to grid-following (GFL) mode are beyond the scope of
this article.

The two transfer functions that compose the proposed AIM
have a straightforward physical interpretation and they are
experimentally measured for validation. The proposed AIM is
validated and compared to experimental measurements of the
impedance of an ac bus supported by a Droop-GFM converter
and connected to a weak power grid. The experimental mea-
surements are performed by another grid-connected converter
operating in parallel as a current source. Three different
operating conditions are tested, including: weak power grid
operation, a change in the droop coefficients, and a change in
the power grid impedance. After this Introduction, Section II
presents the theoretical derivation of the proposed AIM. This
proposal builds upon the impedance model developed for a
GFM converter with a voltage control [13], by developing a
linear model of a droop control. First, the rotationally invariant
case is considered. Then, the droop model is extended to
the rotationally variant (dq asymmetric) case, discussing some
of the limitations of the model. Next, the presented AIM is
used for stability analysis, discussing the minor loop criterion.
In Section III, a brief explanation is provided to clarify
the relationship between the proposed droop control model
and virtual impedances. Section IV introduces experimental
verifications and Section V is devoted to conclusions.

II. DROOP-CONTROLLED GFM CONVERTER OUTPUT
IMPEDANCE

This section calculates the impedance of an ac bus denoted
as PCC, Zpcc, that is supported by a droop-controlled GFM
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TABLE I
ASYMMETRIC IMPEDANCE MODELS FOR POWER CONVERTERS IN THE LITERATURE

Model Ref. Type Struc. SoA Application Characteristics = a
2SI

Sequence domain ME NEM 2O Gy e e e o e X x
(1) PM 2IM  PLL  CRfopeces e Rk voox

20,211 PM  3TM By Crdgmeeedimerer O hasor domains. X

pE MR EW PLL g o DOEEENESE x X

[24] Ll 2l DI gcill:ll\;[slca(r)lla‘é?trerficrogrid. nMoltrrl?él{‘rdegd a:gdtﬁgar?ll: eeﬁeCt v v

[25] PM 2TM  Droop Ic)()(rjlgggtecg %e;t?;eak power grid ]lg):‘%s]n(gl\é%eg flt(l;:j ]ynzfﬁzgg };na&% —— v X

6] PM  2TM  Droop comnected to o weak pover grid DicgONG to study subiliyeand v x

Modified seq. domain 23] NPM  2TM  —  Describes measurement e dmations ouls. X X
e s 7 PMIOTM B GNP RO peedeal tey <X
Multi-harm. lineariz. [28,29] PM 5TM  PLL Sftiﬁ Eoﬁﬂiited inverter Qggrgs;e’ggsggrgggyﬁggﬂ by « %
[30] NPM ooTM  PLL S{iﬁ ﬁoﬁﬂ‘;ﬁ“;ﬂ JlgErLtér Black box model. X X

Complex space vectors [17] NPM  CTF rSne‘;ggllg 1&0;5;311?‘623??5511“& E.;%‘g%ﬁg:;{lf C,ESEJZ_M‘ % s
3] PM  CTF  PLL  CR popece e etiac s el e Lt x

g PM CTF Droop DGFM converter connected Accounts for loading effect and links AIM v v

to a weak power grid.

to traditional definition of balanced impedances.

1 Model type: Parametric model (PM) is derived from physical parameters.

Non-parametric model (NPM) is derived from voltage-current relations.

2 Model structure: n x n transfer function matrix (nTM). Complex transfer function (CTF). 3 Source of asymmetry (SoA).
4 Experimentally tested (ET) ® Experimentally tested comparing impedance model to measured frequency response data (FRD).

Droop VSC Zout iy,
control @ io PCC |,
T
I
i I
Px P/f vdroop* 5 Zth
= Voltage Zpce i
— control
Q* Q/V dlst Vg
T T VSC with LC filter
UC o and voltage control. ™= o= =
Fig. 1.  Model of a Droop-GFM converter connected to a weak power

grid with an equivalent impedance Zy,. A current source injects a current
disturbance 45 at the PCC.

converter and connected to a power grid, as illustrated in
Fig. 1. The GFM converter is composed of a voltage source
converter (VSC) with an output LC filter, an ac-voltage
controller, and a P-f @Q-V droop control. The impedance
seen by the GFM converter from its output affects its output
impedance. In order to account for this loading effect in
the model developed, the GFM converter sees at its out-
put an equivalent impedance Z,,, which lumps together the
impedance of any loads and external elements connected to
the converter, including the weak power grid impedance. This
parameter permits characterizing different loading conditions,
as a result of changes in the power grid impedance or the loads
connected to the PCC.

To measure the PCC bus impedance Zpcc, a perturbation

current, gdist, is introduced. This perturbation signal is injected
at the PCC as shown in Fig. 1, or in [13, Fig. 3] for cases
without droop control. The injected current disturbance Ldist
enables the measurement of the PCC bus impedance. This
current disturbance can be created by connecting a high
impedance load or another converter with a current control
to the PCC bus [33-35].

The following summarizes the modeling steps carried out by
the presented method to obtain the PCC impedance in Fig. 1:

1) First, the impedance of the PCC bus when the converter
does not have a droop control, Zgg’gpless, is calculated.
Then, a linear model for the droop control is elaborated.
Last, the impedance change, Zpe?, that the PCC bus
experiences when the droop control is added to the GFM
converter is calculated. The impedance of the PCC bus
under droop-control operation is modeled, as explained

in the following, by an additive model:

droop
+ Zpce

2)
3)

droopless
Z PCC

(D

An additive model is chosen because the perturbation in
the PCC voltage, caused by injecting a current perturbation
at the PCC, is determined by the sum of two components:
the perturbation that occurs without droop control and the
response from the droop control.

Zpce =
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PCC

v
@ z'dist

(a)

VsC ch)ilrlfc)opless ;
o

>

L I i

Zyn Grid

e

VSC with LC filter
and voltage controller
(without droop control)

zgroopless PCC

>
»-

droopless
Zout

Zh

= ~droopless
1dist Vo

(d)

Fig. 2. Simplified model of a voltage controlled GFM converter connected to
a power grid with an equivalent impedance Z,. A current disturbance igig; is
injected at the PCC. (a) Simplified model with three independent sources: the
converter voltage, the power grid voltage, and the PCC disturbance current. (b)
Simplified model with only one independent source, the disturbance current.

A. Impedance of an AC Bus Supported by a VSC With an
AC-voltage Controller (Without Droop Control)

An impedance model for a voltage-controlled GFM con-
verter was developed in [13]. When the droop control is not
present and the GFM converter is commanded by a voltage
control, the impedance of the PCC bus shown in Fig. 1 is:

-1

deopless o 1 1 (2)
PCC - droopless ’
Zout Zin
droopless

where Z is the output impedance of a VSC with an LC
filter and an ac-voltage controller [13].

When a current disturbance 7y is injected into the PCC, all
state variables in the plant model are perturbed. In particular,
the perturbation of the PCC bus voltage vc and the converter
output current ¢,, are of special importance when studying how
the droop control changes the impedance of the PCC bus. The
reason is that the droop control feeds back these two variables;
hence, it responds to such current and voltage perturbations
and, as a result, alters the impedance of the PCC bus compared
to a scenario where there is not a droop control loop. In a
scenario where the droop controller is removed, the simplified
model shown in Fig. 2(a) becomes useful to calculate these
two disturbances. Since only one input iqi is relevant to
the impedance model, Fig. 2(a) can be further simplified by
removing the independent voltage sources, as illustrated in
Fig. 2(b). From the previous model, the disturbance current
laisc generates the following voltage disturbance in the PCC
bus:

-1
. 1 1
= dist + Z
tl

~droopless =
o P

droopless
c = igist Z,

PCC

- (3)

droopless
ZOllt
Similarly, a fraction of the current disturbance iqise flows
towards the converter and causes a power disturbance at the
converter output, as illustrated in Fig. 2. This converter output

~ ﬁdroopless
2dist
droopless
Zpoal e —»
PCC
~droopless
Lo
ch >

Fig. 3. Perturbation models for the output voltage and output current in a
voltage-controlled GFM converter (without a droop control) perturbed by a
current disturbance 45 injected at the PCC.

current disturbance is:
—Zn
droopless :
Zow "+ Z

out

“4)

~droopless = =
iy P = g Ged = ldist

. . . ~droopless - ..
A negative sign appears in (4) because io ' is positive

when the current flows out of the converter, but a positive gi
causes a current that flows into the converter. Fig. 3 displays
a block diagram representation of the linear relations between

~ . droopl < ~droopl
igise and T P (3) and between i and io T (4).

B. A Linear Model for a P-f Q-V Droop Control

The droop control performs several nonlinear operations to
the previously calculated disturbances (F0:"*"'*™ and 75 °™'*)
in order to obtain the power flow disturbance that they cause
at the output of the Droop-GFM converter. Then, the droop
control changes the reference of the voltage controller ac-
cording to the established droop characteristic. As a result
of this voltage reference change commanded by the droop
control, the impedance of the PCC bus also changes. All the
nonlinear operations carried out by the droop control can be
approximated by a linear model in order to study their effect on
the impedance of the PCC bus. Small-signal analysis permits
approximating the behavior of a nonlinear power electronics
system, such as the droop control of a GFM converter, with a
linear time-invariant model that is valid around an operating
point of interest. This permits applying linear control theory
to study and develop an impedance model for this nonlinear
power system. In this section a small-signal analysis is devel-
oped to obtain a linear model of a P-f Q-V droop control.
Next, the model of the droop control is combined with the
linear model of the voltage-controlled converter and with the
disturbance propagation model presented in Section II-A. The
symbol ‘‘~*’ is used to denote variables associated to the
linear small-signal analysis and distinguish them from large
signal variables.

The droop controller shown in Fig. 1 responds to a power
disturbance at the output of the GFM converter and changes
the voltage reference of the voltage controller v&**"*. This
response of the droop controller is composed of two nonlinear
operations: (i) a power calculation operation, represented in
Fig. 4(a), and (ii) a reference correction operation, represented
in Fig. 4(b). The power calculation operation obtains the
active and reactive power according to the instantaneous power
theory. When a current disturbance i, is considered, the power
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(a)

P Phase (freq.)  wg

— correction Integrator
P~ P @ w [ 1
- Kp \\Jy s
z—1
0=0,+06
Q* Q Vinag
g /A ;
— ) droopx*
K, Q CT»J Ael? —v P
Magnitude Droop ref. volt. undisturb. v¥, = Voel%s
Q correction Vo oot — ur ifP=Q =0
(b)

Fig. 4. Nonlinear operations carried out by a droop control. (a) Calculation

of active and reactive power. (b) Calculation of the GFM converter voltage
reference vgmp*.

disturbance is
~ ~ ~ 3 -
§=P+;Q = Svoil, )

where %Z denotes complex conjugate of the current 7,. The
amplitude invariant o reference frame is considered for all
signals unless otherwise stated.

Second, the reference correction operation of the droop
controller changes the voltage controller reference vs"™* with
respect to the open loop (undisturbed) reference v¢, = Voedfs
To study this second operation, it is convenient to decompose
the current disturbance i, into a parallel and a perpendicular

component to the output voltage:
io =il +it. (6)
On the one hand, the component of the current disturbance

that is parallel to the output voltage, Eu, causes an active power

disturbance P:
. 3 -
P =—vo| - [ @)
Such active power disturbance generates a frequency distur-
bance w:
- 3 ~
szpP:—iKp\vCHiﬂ\. (8)
The previous frequency disturbance is integrated over one
sample period T and results in a phase disturbance 6:
~ 3 Ty
=—=-—=
2z-1
These operations are illustrated in Fig. 4(b).

Kplvc| - [il]. 9)

On the other hand, a component of the current disturbance
that is perpendicular to the output voltage i causes a reactive
power disturbance Q:

~ 3 .
Q= —5lvel-liz]. (10)

Such reactive power disturbance causes a disturbance in the
magnitude of the droop voltage reference:

1L

Combining both the phase and magnitude correction opera-
tions (9) and (11), the corrected reference voltage calculated
by the droop control is obtained:

. ~ 3 -
Vmag = KQQ = 7§KQ|(UC‘ ' |Zi_|'

’UgooP* — Aed? — (Vmag + 1 ) cells . it .(12)
N—— ~ ~—— Phase

Droop ref. volt.
undisturbed v,

Mag.
correct.

Droop ref. volt.

disturbed by gist correct.

This correction operation carried out by the droop control is
illustrated in Fig. 4(b).

In order to develop an impedance model for the Droop-GFM
converter, the nonlinear correction operations performed by the
droop control (12) are modeled by a linear approximation. As a

result, the disturbed droop reference voltage vdcm()p* is linearly

linx

approximated by the reference voltage v/A'™:

droop ~ linx _ * ~ %
Ve ~ Vo = Vo + v
—— ~—~— —~—
Droop ref. volt. Droop ref. volt.
disturbed by 44y~ disturb. (lin. model)

, (13)

Droop ref. volt.
undisturbed

Mag. & phase
perturbation volt.
where v, is the large-signal steady-state reference voltage
that serves as the operating point for the small-signal analysis
(g = Vo - e/%), and ¥ is a voltage that causes a similar
magnitude and phase correction as the droop control.

The correction voltage 0, is composed of two components:
VG = 17*0” + ﬁél. The parallel component mainly changes the
magnitude and the perpendicular component mainly changes
the phase of the reference voltage v, as illustrated in Fig. 5.
For illustration purposes, Fig. 5 highly magnifies the droop
response, by showing a large correction vector ¢, compared
to the output voltage v¢. For such large vector 07, the magni-
tude correction component 172” introduces also a small phase
change, and the phase correction component ¥~ introduces
also a small magnitude change (cosine error). For this reason,
the magnitude of v1* is slightly different than the magnitude
corrected voltage vector (v + ﬂgl), and the phase of vlii* is
also slightly different than the phase corrected voltage vector

(& + T)ZJ‘), cf. Fig. 5.

To obtain a mathematical expression for the parallel and per-
pendicular components of ¥, it is convenient to refer to Fig. 5.
This figure shows that a current disturbance 7, must result in
a voltage reference disturbance o7, that causes a magnitude
and phase correction of the reference voltage equivalent to the
droop control. The droop control magnitude correction is Vmag
and the phase correction is 6. To achieve a similar magnitude
and phase correction of the reference voltage, the proposed
linear model calculates some suitable magnitude and phase
correction vectors ﬁ*CH and 1731-, respectively. Their expressions
are derived from the droop control equations (9) and (11)
and the space vector relations depicted in Fig. 5. The phase
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yé ~ Vo

N :
 Droop ref. voltage (undisturbed)

.| Phase perturbation
% UG volt \ge
N

Active

current j/)

disturbance

linx __ % ~ %
Vo = Vot Vg

Droop ref. voltage disturbed (linear model)

[0}

Linear model

i = o

= v} decelerates (w decreases)

= i =

Droop equations
il>0= P>P" = P<0 = 0<0 (w decreases)
>0 = Q>Q" = Q<0 = Vi <0

Fig. 5. Undisturbed droop reference, v, disturbed droop reference voltage,
vdm“p*, and proposed linear model of the disturbed droop reference voltage

1 for an output current disturbance .

ve

correction vector is:

vt

—jugsin(f) = —juch
.3 T ~ . -
-J iiKp‘UCF ZL" = _ngrooleL

%

(14)

demop
and the magnitude correction vector is:
~*H__.§K| rL__.KQ <1
Vo = 2 QlVC |ty = —J 8 grooplo

—_——

Q
droop

15)

where multiplication by the complex value —j provides the
90° phase lag. The resultant expression for the correction
vector is

~x |

@é’ =vg + 62‘” = _.jK(ﬁoopgt‘l - ngoopzi' (16)
If the following relation —jKJ, = —jKd?oop = —j Karoop

is met, then the droop is rotationally invariant and it can be
described by the following linear operation, which resembles
the expression of a virtual impedance of value jKgroop:

’Dé' = _jKdroopzm a7

A rotationally invariant, or time invariant, droop controller
responds in the same manner to a current disturbance irrespec-
tively of the phase of the current disturbance with respect to
the output voltage. On the other hand, if the droop controller is
rotationally variant (K, # K, goop), which is often the case,
then the output impedance of the GFM converter depends on

Idist ¢ ¢
~droopless -
. droopless Yc UC
Linear model of | ZpGar —» Gl
P-f Q-V droop
~droopless
~droop lo
o]
Q ,Ulin* l =
a © lo
30 Grt 1/Zn |9
5 Volt control Grid
C ve =0 .
ref. track. 9 admitance.
_jKdroop <

Fig. 6. Small-signal model (vg = 0 and v{, = 0) of a rotationally invariant

(K (ﬁ op = K(foop = Kgroop) droop-controlled GFM converter that sees an

impedance Zy, at its output.

the phase of the current disturbance applied.

The previous equations (14)-(17) show how the droop
responds to a current disturbance. However, the droop control
operates in a closed-loop manner. The droop response to a
current disturbance generates a voltage reference disturbance
¥¢ that is propagated to the GFM converter output following
the voltage controller reference tracking response, which is
often a low-pass response [36, Fig. 2]. The AIM presented in
this article can be applied to any VSC with a linear voltage
controller; therefore, in order to not limit the presentation to
a specific voltage controller, the reference-tracking response
of the voltage controller is denoted as Gy (z). A complete
model of this feedback relationship in a Droop-GFM converter
is constructed by combining the model that describes the
response of a voltage-controlled GFM converter to a current
disturbance 74 (Fig. 3) with the droop model (13), as shown
in Fig. 6.

C. Impedance of the PCC when the GFM Converter is
Commanded by a Rotationally Invariant Droop Control

A rotationally invariant droop control denotes a droop
control that can be modeled by a transfer function, i.e., a linear
time-invariant system. In a droop-controlled GFM converter,
rotational invariance is analogous to the absence of saliency in
a synchronous generator. As explained in the previous section,
physically, this means that the output impedance experienced
by a current disturbance remains the same, regardless of the
disturbance’s phase relative to the output or terminal voltage.

To calculate the impedance of the PCC bus Zpcc when
the droop controller is operating, the linear model shown
in Fig. 6 becomes useful. The PCC bus impedance is the
transfer function that relates the current disturbance %dist to
the capacitor voltage disturbance ¥¢, in Fig. 6, assuming that
the other two model inputs, namely, the voltage reference v{.
and the power grid voltage v, are zero:

5 6droop]ess deroop
C C C
Zpcc(?) = = =—=+= (18)
Ldist v, =1=0 Ldist Tdist
zgs

Equation (18) shows that the impedance at the PCC bus is

the vector addition of the impedance without droop Zpeer'*™
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Fig. 7. Impedance of a PCC bus supported by GFM converter without a

droopless . g . .
droop controller, ZPC‘c , and with a rotationally invariant droop controller,

Zp - The droop gain, Kgroop, is set to a value of 0.65 for illustration.

plus an impedance term Zpee?. This coincides with the model
introduced in (1).

Fig. 7 compares the impedance of a PCC bus supported by a
GFM converter with and without droop control for the LC filter
parameters listed in Table III. A rotationally invariant droop
gain, Kroop, With a value of 0.65 is selected. In both cases, a
voltage controller with resonant action at the fundamental fre-
quency (50Hz) is used. When operating with only the voltage
controller, the PCC impedance, Zgrcoépless, is zero for both the
positive and negative sequences of the fundamental frequency
due to the controller’s resonant action. This occurs because,
with only the voltage controller (without droop control), the
steady-state output voltage at 50 Hz is unaffected by the output
current. However, when droop control is enabled, the PCC
impedance, Zpcc, increases at the fundamental frequency. The
reason is that the droop control causes the converter output
voltage to depend on the output current, which is related to
the output power flow, resulting in a nonzero impedance.

As shown by the previous equation, the droop control
changes the impedance of the PCC bus by adding an additional

) d . .. .
impedance term Zpi . This additional impedance term can

be expressed in terms of the droop and setup parameters as:
6dr00p o KdmopZIthdGrt Kdmanchrt

Zoek () = C— = = .39
pee ( ) idist Zth - KdroopGrt 1-— KdroopGrIYth ( )

The impedance term Zgrcogp depends on the droop gain, Kgroop

the GFM voltage controller reference-tracking transfer func-
tion, Gy, and the impedance G. and admittance Yy, seen
from the PCC when the GFM converter operates only with
a voltage controller. A block diagram representation of only
the impedance term associated to the droop Zuee? is illustrated
in Fig. 8(a).

When the voltage controller of the GFM converter includes
a resonant action at the fundamental output frequency fg [37],
the expression for (18) and (19) at such frequency is greatly
simplified. The resonant action of the voltage controller en-
sures that the impedance Zpeo?'** is zero [13] and the transfer
functions Gy and G4 are one and minus one, respectively,
when evaluated at the frequency f,. Therefore, (18) and (19)

~ ~droopless ~ ~droop
1dist o (2 | Ve
—> ch(z) > ‘o Kdroop Grt(z) >

Rotationally invariant system
Kdroop = K, K$

droop — P droop

Yin(2)

(a)

Rotationally variant system

~droopless ~ ~droop
2o,d C,d

%dist,d= Gfg w > G?tthfroop j@‘—»
><: Ggg X: G?tdKfi?roop
ng G?cqK(IiDroop
& 3 — 2%
L ofem 1%%7@ D ek, % -

idist,q
droo 4
Vo P =Gt Kdroop 1o

\4

T PI™ = Galaise

dd
Yth <

e EE—
qd
Yin :><
dq
Yin
v

igroop — Yth{;dcroop

(b)

; apaci sdroop .o
Fig. 8. Effect of droop control on the capacitor voltage, ¥, in response to

an output current disturbance, 7gis;. (a) A rotationally invariant droop control.
(b) A rotationally variant droop control.

become:

v droo
z == = Zpl8(fo) = T
PCC (fq) idist PCC(f‘q) 1-— Kdroothh

As a result, using a voltage controller with zero steady-state
error at the fundamental frequency (with a resonant action),
provides a more predictable and simple expression for the PCC
bus impedance under different loading conditions.

_Kdroop (20)

D. Impedance of the PCC when the GFM Converter is Com-
manded by a Rotationally Variant Droop Control

If the droop control is rotationally variant (K £oop #K gfoop),
which is often the case, then the droop controller response can-
not be accurately modeled using a single-input single-output
(SISO) transfer function representation. The droop response is
influenced by the phase difference between the output voltage
and the output current disturbance. To effectively model this
asymmetry, the most suitable reference frame is a rotating (dq)
frame synchronized with the output voltage frequency. In this
reference frame, the phase asymmetry introduced by the droop
control can be represented as a static difference between the
d and ¢ axes, since there is a consistent (constant) phase
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difference between the output voltage and the dg axes. To
construct such two-input two-output (TITO) dg system, first
matrix notation is adopted. Boldface denotes a matrix or a
vector element, and the operator © denotes transpose.

Equation (17), when converted to a transfer function matrix
model in the dq reference frame, becomes:

VE = Kdroop‘i-()a (21)

where v¢ =[085, ﬁaq]T, fo = [0, Eo,q}T. The d and q
components in (21) are approximately equivalent to the parallel
and perpendicular components in (14) and (15). It should be
noted that while the dg reference frame rotates at a constant
frequency, the output voltage space vector can experience
frequency fluctuations due to the droop control; therefore,
components parallel (or perpendicular) to output voltage space
vector are not necessarily perfectly aligned with the d axis
(or q axis). The droop gain Kgrop i8S @ non-symmetric 90°
rotation matrix, which is the non-symmetric version of the
multiplication by —j in (14) and (15):

0 K2
Kdroop = | _ K £OOP dooop (22)
where K(f:(mp and Kﬁmp are defined according to (14) and

(15), respectively.

The af-frame transfer function models Gy (z), Gea(2), and
Yin(2) become the dg-frame transfer function matrices Gy (z),
Gei(z), and Yy (2). This transformation is carried out in
two steps. First, the af-frame transfer function models are
converted to the dg frame using the frequency shifting property
of the z-transform [17]:

Gag(2) = Gap(z - ej“’gTb‘). (23)

Second, the dg transfer functions are converted to transfer
matrix notation [17]. The elements of the transfer function
matrices are obtained from the dg-frame transfer functions
using the the relations given in the Appendix.

As a result of this model conversion, the block diagram
shown in Fig. 8(a) becomes the block diagram shown in
Fig. 8(b). From the model shown in Fig. 8(b), the impedance
contribution of the droop control is:

{,(é;oop = [( - Grthroothh)71Grthroochd] Fi'dist- (24)

droop
Z PCC

The previous equation is the rotationally variant counterpart to

(19). Although the droop gain Kgoop is the only rotationally

variant element, the complete impedance model Ziee?, which
t ~droop . .

relates igi to Vi~ , becomes also rotationally variant due to

the connection of a rotationally variant droop block to the

remaining elements.

E. Physical Interpretation of a Rotationally Variant Output
Impedance

A rotationally variant system in the dq reference frame (dg
asymmetric) has a different impedance in the d axis than in the
q axis. Fig. 9 illustrates the voltages Vg?,gp (k =1,2,3,4) gen-
erated when four unit-magnitude currents fdisl, r(k=1,2,3,4),

Im(z)
~droop __ rydroop 7
qu Yoi = chc 1dist,1
~droop droop ¥ {
Vs =7 1dist,2 !
G boe T ] A :
| 5l |
| 1
| 1
| 1
I 1
| 1
| 1
I 1
| 1
| 1
I 1
S \ : Re(2)
-1 1
0 7
/
-1
droop
ZPCC
droop
ZPCC
Zg’ggp is rotationally variant — ¢1 # ¢2 and |\~rg(i°p\ # |\~rdc'f°2°p|

D axis impedance: Z94 4 jZ949 | Q axis impedance: Z99 — jzad

Fig. 9. Four voltages \”/Crf)z,p (k = 1,2,3,4) generated when four unit-
magnitude current disturbances i]m,k (k = 1,2,3,4) flow though a dg

I d .
asymmetric impedance Zprggp. The four current disturbances represented have

phase values 0, /2, 7, and 37 /2. Each voltage current pair is displayed using
a different color. Figure is not represented to scale for illustration purposes,
actual impedance is often more asymmetric.

respectively, flow through a dg-asymmetric impedance, such

Zgrcogp. For illustration purpose, the impedance represented
has a smaller value than the impedance values provided by
(24) for the setup parameters used in Section IV, which would
result in a more elliptical trajectory and a greater asymmetry.
Due to the asymmetry, this impedance cannot be defined in
terms of a single value of magnitude and phase. Instead,
four different impedance components Z' dd 7dq  zad apd 79
become necessary. These impedance components relate the
d and q components of a current that flows through an
asymmetric impedance with the d and q components of the
voltage generated:

—droop dd dl T
Vokd| _ |2 —Z% Vidistkd (25)
~:;(i;'o;c)pq 7dq A Z'disl,k,q
L) Y
droop i
~droop Zpcc Hdistk

Ck

The impedance seen by a current disturbance aligned with
the d axis idm’l (so called d-axis impedance) is Z4 4 574
and it has a phase ¢;, which is the phase difference between
the current space vector and the voltage space vector that
produces when it flows through the asymmetric impedance,
cf. (24), whereas the impedance seen by a current disturbance
aligned with the q axis ‘i'dist,Z (g-axis impedance) is Z19—j7 qd
and it has a phase ¢o. Fig. 9 illustrates the value of a dg
asymmetric impedance for a single frequency. To represent
the dg asymmetric impedance for a wide frequency range,
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different representations are possible. One possibility is to
display the four impedance components that comprise the
impedance matrix model using four bode plots. Fig. 10 shows
the four bode plots of Zoe? in (24) for the setup parameters
indicated in Table III. However, this representation does not
provide a clear characterization of the impedance asymmetry.
For example, it does not directly indicate the magnitude of the
mirror frequency component nor how it compares to the non
mirror component. The amplitude of the non mirror compo-
nents is a weighted sum of the four impedances that compose
the impedance matrix 74 7z zda apd Z9d9, Similarly, the
amplitude of the mirror frequency component is a different
weighted sum of these four impedance components. For this
reason, this representation does not provide a simple connec-
tion with the traditional concept of impedance, which usually
defines the magnitude and phase relation between a current
component and a voltage component of the same frequency
(non-mirror) or the opposite frequency (mirror frequency).
In the following section, an alternative representation that
leverages the theory developed for asymmetrical impedances
in [17] is presented. This new model consists of only two
transfer functions (instead of four). One impedance component
is associated only to the non mirror component and the other
only to the mirror component, hence it addresses the previous
limitations of the transfer matrix model.

The impedance created by the droop control should not
be confused with an asymmetric impedance in the stationary
reference frame, such as the one that arises when three-
phase branch impedances are not equal. Two main differences
appear between a dg-asymmetric system and an a/f3- or abc-
asymmetric system.

1) In a dg-asymmetric system, fundamental frequency cur-
rent disturbances (dc current components in the dg
frame) see different impedances depending on their
phase, i.e., the GFM converter behaves as a time variant
system. In contrast, in a stationary reference frame
asymmetric system, a fundamental frequency current
disturbance would generate both positive- and negative-
sequence fundamental frequency voltage disturbances.

2) Harmonic and interharmonic current disturbances (fre-
quencies other than dc in the dg frame), which follow
circular trajectories in the dg plane, result in ellipti-
cal voltage trajectories (as a result of the unbalanced
impedance). Such elliptical trajectories can be described
as the superposition of two circular trajectories rotating
in opposite directions, using a transformation analogous
to the Fortescue transformation for asymmetric systems
in the stationary reference frame [17]. This is often
referred in the literature as the frequency coupling
problem or mirror frequency problem, because a distur-
bance at a given frequency causes perturbations at said
frequency and at an opposite (mirror) frequency in the
dq reference frame. For example, a negative-sequence
fifth-harmonic current disturbance in the «f becomes
a negative-sequence sixth-harmonic current disturbance
in the dg, which is the reference frame where the asym-
metry exists. As a result, the flow of this disturbance

dd
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Components of a dg-asymmetric impedance matrix Zgrc"gp. (a)
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Fig. 10.
79 and Z49. (b) Z94 and Z99.

current through the asymmetric impedance generates
both a negative- and a positive-sequence (dg mirror
frequency) sixth-harmonic voltage disturbances in the
dq frame. When converted to the af frame this two
voltage disturbances become a negative-sequence fifth-
harmonic voltage disturbance and a positive-sequence
seventh-harmonic (dg mirror frequency).

F. DQ-Reference Frame Alignment for Impedance Model Val-
idation

In order to experimentally validate the presented impedance
model, the PCC impedance is measured by injecting a current
disturbance into the PCC and measuring the resultant change
in the PCC voltage. The implementation details are given in
Section IV. Both magnitude and phase changes are measured.
In order to measure phase changes in the PCC voltage, a
rotating reference frame with a stable (constant) frequency
is established. Such reference frame is synchronized to a
voltage reference that does not accelerate or decelerate when
the current disturbance is injected, i.e., an infinite ac bus. In
the experimental results presented in this article, the dg frame
is aligned with the power grid voltage, which is considered
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TABLE II
FunDAMENTAL FREQUENCY PCC IMPEDANCES

Impedance seen by a d-axis current disturbance (d-axis impedance)

Model® Load® |igg| Re{Z}+jIm{Z} (%) |Z|(%)£Z(°)
Theory 4.7+ j59.2 59.2/85
Simul. cC  0.1% 4.7+ j59.6 59.9/85
Simul. ccC 1% 4.4 + j59.2 59.6/86
Simul. cC  10% 3.2 + j56.7 56.8/87
Simul. cC  20% 1.6 + j54.2 54.3/83
Simul. R  01% 4.7 + j59.6 59.9/85
Simul. R 1% 4.1+ j61.1 61.2/86
Simul. R 10 % 3.8 +562.4 62.5/86
Simul. R 20 % 1.9 + j66.8 66.8283

Impedance seen by a q-axis current disturbance (q-axis impedance)

Model“ Load |igig| Re{Z}+jIm{Z} (%) |Z|(%)2Z(°)
Theory 4.9+ 52.0 5.3423
Simul. cC  0.1% 5.3+ 2.0 5.6/21
Simul. cC 1% 5.3 4+ 52.0 5.7/20
Simul. cC  10% 5.5 4 52.0 5.8/20
Simul. cC  20% 5.7+ 41.9 6.0£19
Simul. L 10 % 4.7+ 52.0 5.1/24
Simul. L 20 % 4.6 +52.0 5.0/24

@ Model used to obtain the PCC bus impedance: ‘‘Theory’’ denotes
the proposed model (Linearized droop control), ‘‘Simul.”” denotes a
simulation model with a P-f Q-V droop control, as illustrated in
Fig. 1.

b Type of load used to generate the disturbance current Zdise: R (resistive),
L (inductive), CC (constant current source).

to be stable against the current disturbances generated to
measure the impedance of the PCC. It should be noted that
access to a stable frequency reference is only required to
experimentally validate the impedance model, and it is not
required to parametrize or use the presented impedance model.
In many scenarios, the power grid voltage cannot be measured
because it is a remote voltage, the voltage behind the Thevenin
equivalent impedance. If an experimental measurement needs
to be done in such scenario, then the PCC voltage can be
filtered using a PLL to obtain a stable frequency reference.

G. Limitations due to Linearization of the P-f Q-V Droop
control

The linear droop control model presented in Section II-B
assumes that the output voltage magnitude |vc| is constant
in (14) and (15). This approximation is valid provided that
the capacitor voltage perturbation ¢ associated to the current
perturbation laist is much smaller than the large signal value
of the capacitor voltage: |0¢| << |vc| &~ Vj. This is often
the case, even for large current perturbations. Table II shows
the impedance value provided by the impedance model for
the fundamental frequency and the setup parameters listed
in Table III. The impedance at the fundamental frequency
is an asymmetric impedance, for this reason the impedance
in the d axis is different from the impedance in the q axis.
The theoretical value (denoted as ‘“Theory’’) is obtained from
the proposed AIM evaluated at the fundamental frequency.
Since the AIM is a linear model (linear time variant in the

case of a rotationally variant droop), the impedance values
obtained do not depend on the amplitude of the perturbation
current. Table II also shows the measured impedance value
using a simulation in Matlab/Simulink of the Droop-GFM
converter and different perturbation currents %d,-st. The values
obtained from the simulation model are denoted as ‘‘Simul.”’.
The perturbation currents in the simulation are generated by
connecting to the PCC three types of loads: a resistive load, an
inductive load, and an ideal current source with controllable
power factor. On the one hand, the resistive load generates
a current disturbance that is aligned with the PCC voltage;
therefore, it is used to measure the impedance in the d axis.
On the other hand, the inductive load generates a current dis-
turbance that is in quadrature with the PCC voltage; therefore,
it is used to measure the impedance in the q axis. Due to
the asymmetry, the measured impedance value depends on
the phase of the perturbation current with respect to the PCC
voltage, for this reason the impedance value measured when
using the resistive load is different from the value obtained
with the inductive load. The impedance in the d axis has a large
reactive value, while the impedance in the q axis has a smaller
value and it is mainly resistive. Other current disturbances
that have a different phase would perceive an impedance that
is a combination of the previous d and q impedance values.
The ideal current source can generate a current disturbance
in the d or q axis by selecting a suitable power factor value.
As expected from the nonlinear characteristics of the droop
control, the measured impedance slightly changes when the
amplitude of the perturbation current varies, and they approach
the theoretical value as the perturbation current diminishes
towards the ideal small-signal perturbation.

As previously indicated, the proposed AIM assumes that the
d and q components of the current disturbance 7, are parallel
and perpendicular to the output voltage, respectively. However,
the parallel and perpendicular components are aligned with
the voltage at the PCC, which is a voltage that can experience
frequency changes, while the dg axis components are aligned
with a stable frequency reference, as explained in Section II-F.
The error introduced by this approximation becomes larger
as the power grid impedance increases and the PCC voltage
experiences greater frequency fluctuations. However, com-
pared to stand-alone operation, in grid-connected operation
the PCC bus experiences small frequency fluctuations. The
values shown in Table II correspond to a scenario where the
Droop-GFM converter is connected to a weak power grid
[Rp, = 10Q (31%), Ly, = 10mH (10 %)], where this effect
is more significant. To simplify comparison across different
voltage levels and component ratings the values are provided
in per unit (p.u.) or per cent (%).

The previous characteristic explains why the q axis
impedance measured by a current source that injects a current
with an amplitude of 10% in the q axis is slightly different
from the impedance measured by a 10-p.u. inductive load
that also causes a current flow of 10 %. Both loads cause the
same initial load disturbance, but the droop control changes
the voltage at the PCC in response to the initial current
disturbance, and contrarily to the constant current source, the
inductive load also changes the current disturbance generated
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as the PCC voltage changes. Fig. 12(a) shows the frequency response of Zpco'~ and

H. Positive- and Negative-Sequence Impedances

To obtain a better understanding of how a Droop-GFM con-
verter responds to output current disturbances, the asymmetric
impedance Z3® in (24) is decomposed into two symmetric
. roop,+ droop,- . .
impedances Zpq~ and Zp-o using a symmetrical compo-
nent decompositions [17].

~droop __ rpdroop
Vo = Zpcc

droop,-

droop,+ %
Z - 1gist + chc

il (26)

* Ldist =

The components of the symmetric matrix impedance as a
function of the asymmetric impedance matrix components are
shown in (27). Once the decomposition into two symmetric
impedance matrices is performed, complex notation can be
used instead of matrix notation, which brings back the familiar
concepts of magnitude and phase at each frequency. Moreover,
complex notation is a more compact representation of the
impedance model because it only uses one transfer function
to model each symmetric impedance matrix, which otherwise
requires four transfer functions per impedance matrix. The
positive- and negative-sequence impedances are [17]:

roo AR SVA YA AL

Zoed == @
- de — 7 'qu _ qu

Tt = F— I (29)

The physical interpretation of these two impedances is il-
lustrated in Fig. 11: a current disturbance, igiy, of a given
frequency generates a voltage disturbance, 70°"", of the
same frequency (the voltage and current pair rotate in the
same direction) that has a magnitude and phase determined
by Z;‘g’g*”*, plus a voltage disturbance, f)dcm()p '~ with the
opposite frequency in the dqg reference frame (inverse or mirror
sequence) that has a magnitude and phase determined by
Z59%" Tt should be noted that i is a current component
that does not exist in the physical system. It is a virtual
current component that facilitates the calculation of 70", If
the two circular trajectories followed by Te°*" " and G~
are added, then an elliptical trajectory as shown in Fig. 9
is obtained. This two-impedance model is used to describe
the unbalance that exists in the plant itself. The previous
positive and negative sequence impedance components are
different from the positive and negative sequence components
of voltages and currents, which as explained by the geometrical
interpretation provided in [38], are frequency components that
follow a clockwise or counterclockwise circular trajectory,
respectively, in the plane of the transformed reference frame

(locus diagram).

Z5%%P for the setup parameters detailed in Table I11. This fig-

ure contains the same information as Fig. 10, but represented
in a more compact way. As shown, these two impedances,
which are virtual impedances created by the droop control,
have a large magnitude only in a narrow frequency range
centered around 50 Hz (the fundamental frequency in the
stationary reference frame), as expected from the low band-
width of the droop control. The frequency region where
the impedance Zpeo?” is larger than 1Q causes noticeable
frequency coupling. Frequencies outside this region do not
create significant mirror frequency components.

Fig. 12(b) provides a comprehensive representation of how
the PCC bus impedance progressively changes due to the
control algorithms in a Droop-GFM converter. The station-
ary reference frame is selected for representation, hence the
fundamental frequency is located at 50 Hz. An equivalent
representation in the dg reference frame could be obtained
by subtracting 50 Hz from the frequency axis. Fig. 12(c) is
a zoomed representation of the low frequency range shown
in Fig. 12(b), which is the frequency region where the droop
control has a noticeable effect. The open-loop impedance of
the PCC Z%.. has a high value in the frequency region
centered around the resonant frequency created by the LC
filter of the GFM converter. Additionally, at low frequencies,
the impedance of the PCC is low, but not zero, due to the
equivalent series resistance of the converter and the power
grid. The impedance of the PCC when the GFM converter is
controlled by a voltage controller [37] ZaeeX'®™ is significantly
different to the impedance under open-loop control at low
and high frequencies. The voltage controller damps the LC
filter resonance, hence it reduces the impedance around the
resonant frequency. The impedance of the PCC bus at the
fundamental frequency becomes zero, due to the resonant
action of the voltage controller. At other intermediate fre-
quencies, the impedance slightly increases compared to the
open-loop impedance. This is an unavoidable tradeoff that
results from Bode’s sensitivity integral theorem [37]. Finally,
when a droop control is enabled, the PCC impedance increases
in a narrow frequency range around the fundamental fre-
quency as indicated by Zg-., and it also becomes asymmetric.
To model the asymmetry, an additional transfer function is
needed, Zpc, which is a negative sequence impedance. The
negative sequence impedance is non zero only in a narrow
frequency range around the fundamental frequency; hence, the
asymmetry introduced by the droop control is limited to this
narrow frequency range.
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Fig. 12. Frequency response representations in the stationary reference frame (fundamental frequency is 50 Hz). (a) Impedance components created by the
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Zoomed representation of the low frequency region in (b).

1. Effect of the Droop Controller Gains on the Stability

The impedance model developed (18) and its extension to
dg-asymmetric systems (26), (28), and (29) can be used to
assess the stability of a GFM converter with droop control for
different droop gain configurations or power grid impedance
values, in an analogous way to the small-signal stability
analysis of synchronous generators. This type of study should
not be confused with a large-signal (or transient) stability
analysis. As explained in [13], the impedance of the PCC is
a transfer function that can be used to determine the stability
of a feedback controlled converter, because the stability is a

, and frequency region where noticeable frequency coupling occurs (Z;

, and when the GFM converter is controlled by a voltage controller and a droop control,

roop,-

cc > 1Q). (b) PCC impedance when GFM

when the GFM converter is controlled by a voltage controller with a resonant action

7+

pece and, Zpee. (€)

global property of the system, which does not only depends
on the GFM converter, but on all impedances connected to the
PCC bus. In the case of a Droop-GFM converter, the PCC bus
exhibits an asymmetric impedance, which can be described by
two transfer functions. For this asymmetric impedance to be
stable, then both transfer functions have to be stable.

Fig. 13 shows the stability regions of a Droop-GFM con-
verter as a function of the droop coefficients Aw and AV
and the equivalent impedance seen by the converter at its
output Zy, = Ry + jwLy, for the setup parameters detailed
in Table III. The droop gains Kp and K are calculated
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0 Ry, = 0.052p.u., Ly, = 0.023 p.u.

Ry, = 0.13p.u., Ly, = 0.057 p.u.

Ry, = 0.26 p.u., Ly, = 0.11 p.u.
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Fig. 13. Stability regions of a Droop-GFM converter as a function of droop coefficients, Aw, and, AV, and the equivalent impedance seen by the converter

at its output Zy, = Ry, + jwLy, (green denotes a stable region, red denotes an unstable region).
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Fig. 14. Setup configuration where the impedance ratio criterion
Zpcc / Z o itical 18 applied. (a) A‘critical load 'is fed ffom a Droop—GFM
converter that operates in parallel with a power grid. (b) Simplified equivalent
model.

according to the following expressions [39]:

Kp=Aw- wg/Pbase>
KQ =AV. ‘/()/(QQbase)~

(30)
€29

As shown in Fig. 13, the stability region diminishes when the
impedance seen by the converter at its output Zy becomes
smaller. To calculate these stability regions, the proposed
impedance model is evaluated once for each pair of values
Aw and AV represented. For each model evaluation, stability
is determined by checking the poles of the resultant impedance
model. If both impedances ZIJ{CC and Zp - are stable transfer
functions, then that pixel of the image is represented in green
color. Conversely, if any of the transfer functions is unstable,
then the pixel is represented in red color. The stability maps
show that the droop control is more sensitive to an increase in
the frequency droop coefficient Aw compared to the magnitude
droop coefficient AV,

J. Application of the Impedance Ratio Criterion

The impedance ratio criterion, also known as minor loop
gain, is often used to predict the value of critical loads that
cause a resonance, if connected to the output of a GFM
converter (the PCC bus). Any element connected to the ac bus
that is not part of a resonance perceives it as a frequency region
where the ac bus impedance is high. In fact, at the resonant
frequency, the impedance of the ac bus tends to infinite. The
practical implication of such high impedance is that any small
current distortion or noise close or at the resonant frequency
results in a large voltage distortion and noise, that causes the ac
bus to not meet voltage waveform quality requirements, such
as total harmonic distortion or individual harmonic limits.

Mathematically, the impedance ratio criterion studies the
stability of interconnecting two elements that are modeled by
their Thevenin equivalent impedances. In the presented anal-
ysis, one of these two impedances is the Thevenin equivalent
of a Droop-GFM converter connected to a weak power grid,
which is denoted as Zpcc in Fig. 14. The other impedance
is a load, Zca- Unfortunately, the output impedance of the
Droop-GFM converter is influenced by the value of Zgigcar-
As a result, the impedance ratio criterion does not provide
an exact calculation method, as will be demonstrated later,
because it overlooks this loading effect.

The scenario shown in Fig. 14(a) can be simplified to the
scenario shown in Fig. 14(b), where the following relation
holds:

1

ZPCC

Vpcc = Uth- (32)

critical
From this relation the impedance ratio criterion, also known
as minor loop gain, emerges. This stability criterion states that
if there is a frequency feriticas Where

ZPCC (fcritical)

Zcritical(fcrilical) 1’ (33)
then, the system becomes unstable. It is important to notice
that (33) only needs to be met at a single frequency for
the system to be unstable. Therefore, for every frequency
value assigned to ferica, @ value of Z_.. . exists. Fig. 15
shows the values of Z..ica1 that cause a resonance in the
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Fig. 15. Critical load values that cause a resonance in the system when

connected to the PCC (red line) and stability regions (green denotes a stable
region, red denotes an unstable region), as predicted by the impedance ratio
criterion. The droop coefficients are Aw = 2.5% and AV = 5% and the
power grid impedance seen by the converter at its output is Zy, = Ry +jwL
where Ry, = 1.7Q (5.2%) and Ly, = 2.3mH (2.3 %). (a) Inductive load
map. (b) Capacitive load map.

system according to the impedance ratio criterion, when the
impedance Zitical 1S @ capacitive or an inductive load.

It should be noticed that in the previous analysis, the small
signal stability of the PCC bus voltage is studied using a single
transfer function approximation of the PCC impedance. If the
impedances are modeled using TITO dq systems (denoted in
boldface), the impedance ratio becomes Zp/Z,,, 4. To study
the stability of such TITO dq system, the GNSC is often
used. The GNSC calculates the eigenvalues A (s) and Ay(s)
of Zpec/Zy,q for the discrete frequency range from — f/2
to fs/2. The resulting characteristic loci are plotted on the
complex plane, which is shown in Fig. 16(a) for the case where
the load is disconnected, and in Fig. 16(b) for the case where
a load is connected. For the case where the load is connected,
the Nyquist plot do not show any encirclements of the critical
point in spite of this loading condition resulting in an unstable
operation, as predicted by the proposed AIM [Fig. 17(a)] and
experimentally verified in the following section. The reason
is that the GNSC calculates the stability, assuming that the
output impedance of the GFM converter does not change when
a load is connected. However, it is known in the literature
that the loads connected to a GFM converter affect its output
impedance [8]. This is particularly relevant in the case of grid-
connected operation, where the impedance seen by the GFM
converter is very small and can cause a significant loading
condition.

A limitation of the impedance ratio criterion, which is not
always clearly stated, is that it assumes that the impedance
Zpcc 1s not affected by the impedance Zica. However, the
value of the Thevenin equivalent that models the GFM con-
verter and weak power grid shown in Fig. 14(a) changes when
the switch is closed and the load Z.;tical 1S connected [13].
This effect is most significant for small values of Zitical-

An alternative approach to overcome the previous limitation
of the minor loop criterion is to include the loading effect
of Zuitica in the proposed AIM of the PCC bus. To this
end, Zy is replaced by the parallel equivalent of Zy and
Zeritical- When this change is performed, stability can be
directly assessed by determining if the AIM for the PCC bus
is a stable impedance. The new stability regions are shown

0.01

0.005

Im(z)

-0.005

Im(z)

Re(z)
(b)

Fig. 16. Nyquist plot of the eigenvalues of Zp /2,4~ Grid impedance
is R = 8% and Lg = 5%. (a) Load is disconnected (Rjpaa = 1000 % and
Ligag = 1000 %) (b) Load is connected (Rjgaq = 1.2 % and Ljgaq = 1.8 %).
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Fig. 17. Stability regions for different loading conditions, as predicted by

the proposed impedance model (green denotes a stable region, red denotes an
unstable region). The droop coefficients are Aw = 2.5% and AV = 5%
and the power grid impedance seen by the converter at its output is Zy, =
Ry + jwLy, where Ry = 1.7Q (5.2%) and Ly, = 2.3mH (2.3 %). (a)
Inductive load map. (b) Capacitive load map.

in Fig. 17. The actual stable region for inductive loads with
a small resistive component is smaller than predicted by the
impedance ratio criterion (Fig. 15). For capacitive loads, the
stable region is comparable to the stable region delimited by
the minor loop criterion, cf. Fig. 15(b).

III. RELATION BETWEEN VIRTUAL IMPEDANCE LOOPS AND
DrooPr CONTROL IN GFM CONVERTERS

The linear model developed for the droop control shown
in Fig. 6 resembles the structure of a virtual impedance (VI)
loop. In this model, the reference of the voltage controller vir*
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TABLE III
SETUP PARAMETERS OF THE GFM CONVERTER

. Base power Shase 5kVA

§ Base voltage Vbase 400V

© &  Base frequency Foase 50 Hz
(g § Base impedance Zbase 320
2 Switching frequency  fow 5.12kHz

< Sampling frequency  fs 5.12kHz
DC bus voltage Vde 700 Vpc

LC Filter inductance L 0.02p.u.
filter  Filter capacitance C 0.1p.u.
Frequency droop Aw 0.025p.u.

Droop Amplitude droop AV 0.05p.u.

is modified by multiplying an output current disturbance 7, by
a gain (—j Karoop), similarly to a VI loop. For this reason, the
impedance term associated to the droop control Zaee? can be
understood as a virtual impedance term that the droop control
creates to improve the power sharing characteristics of the
GFM converter.

Contrarily to a traditional VI, this impedance term has two
characteristics which makes it special. First, the impedance is
asymmetric in the dq reference frame, which permits indepen-
dently tuning the response of the GFM converter to active and
reactive power disturbances. Second, the impedance is mainly
concentrated around the fundamental frequency. By providing
a virtual impedance that is zero for all frequencies other than
the fundamental frequency, the voltage source characteristics
of the GFM converter are not degraded. This means that the
capability of the GFM converter to supply distorted currents
to nonlinear loads is not hindered, in spite of being able to
have a relatively high output impedance at the fundamental
frequency.

To obtain the combined effect of a virtual impedance loop
and a droop control, the term —jKgwoop in Fig. 6 can be
replaced by —jKaroop + Zvi, where Zyy is the desired virtual
impedance term. However, it is not the objective of this article
to study how virtual impedances affect the impedance model
of GFM converters.

IV. EXPERIMENTAL RESULTS

This section presents the experimental tests. The experi-
mental results are carried out in a 5-kW VSC with a 700-
V dc bus vgq. that forms a 400-V line-to-line 50-Hz three-
phase power grid. The GFM converter incorporates a P-f
Q-V droop control and a voltage controller with a reference-
tracking bandwidth of 300Hz and a disturbance rejection
bandwidth located at both sequences of the fundamental output
frequency [37]. Both the VSC switching frequency and the
sampling frequency of the control algorithms are 5.12kHz.
The experimental impedance measurements are obtained using
an additional VSC with the same topology that operates as a
current source that injects a current disturbance at the PCC.
This auxiliary converter also operates at a switching frequency
of 5.12kHz and it uses a coupling impedance with a high value
(3002) so as to not cause a significant additional loading at

LC filter
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— e s . >
Vdc < |
| Zth
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P = :
o* Controller 20,abc g
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— Z+ 7=

PCC» “PCC
GFM converter that measures the PCC impedance

Fig. 18. Diagram of the experimental setup.

the PCC bus. The injected current l4ist has a spread spectrum
(similar to noise) and a root mean square (RMS) value of 1 A.
To measure the PCC impedance in the low frequency range,
the auxiliary converter senses the current 14ic and the PCC
voltage using an antialiasing filter and a sampling frequency of
512 Hz. Fig. 18 shows a simplified block diagram of the setup.
Table III details the experimental setup parameters associated
to the GFM converter.

Five tests are carried out to assess the agreement between
the developed AIM [(18), (19), and (24)] and the measured
impedance in an ac bus supported by a Droop-GFM converter
connected to a weak power grid.

The first test changes the impedance seen by the GFM
converter, Zy,, so as to alter its loading condition. To achieve
such a loading condition change, the impedance Zy, is reduced
from Ry, = 8% and Ly, = 5% to Ryy = 1%, Ly, = 1%.
This reduction in Zy, is equivalent to connecting a load to the
PCC bus of value Rjitical = 1.2% and Legigicar = 1.8 %. This
load value is indicated by a red cross in the stability regions
shown in Fig. 15(a) and Fig. 17(a). The oscilloscope capture
shown in Fig. 19(a) displays the active power P and reactive
power (Q delivered by the Droop-GFM converter when the
value of Zy, is reduced, which is marked by the arrows on top
of the oscillogram. Prior to the loading condition change, the
Droop-GFM converter delivers 2kW of power to the power
grid. When the impedance seen by the Droop-GFM converter
decreases, t = 45ms, the converter becomes unstable, and
eventually the converter protections are tripped in ¢ = 65 ms.
Steady state P and () fluctuations are mainly caused by grid
voltage distortion and converter non linearities. When the
converter trips, the output of the VSC is in high impedance
because all the VSC power transistors are open. However, the
LC filter remains connected to the grid, therefore, a small
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Fig. 19. Active power reference P*, reactive power reference Q*, active

power P, and reactive power () delivered by a GFM converter when a loading
condition occurs. (a) The value of Zy, is reduced from a value of Ry =
250 (8%) and Ly, = 5mH (5%) to a value of Ry, = 0.3 (1%),
Ly, = 1mH (1%). (b) The value of Zy, is reduced from a value of Ry, =
25Q (8%) and Ly, = 5mH (5%) to a value of Ry, = 1.6Q (5%),
Lth =3mH (3 %)

power flow continues between the grid and the capacitor in
the LC filter. This result agrees with the stability regions
shown in Fig. 17(a), which indicate that the Droop-GFM
converter becomes unstable when it sees at its output such a
low impedance value. This test highlights the operation of the
Droop-GFM converter under a loading condition where the
impedance ratio criterion inaccurately predicts stable opera-
tion, as shown in Fig. 15(a). This discrepancy arises from the
inherent approximations within the impedance ratio criterion.
The next test, shown in Fig. 19(b), changes the grid impedance,
Zin, from a value of Ry, = 8% and Ly, = 5% to a
value of Ry, = 5% and Ly, = 3%. As expected from the
stability analysis presented in Fig. 17(a), an unstable response
is obtained. In Fig. 19(b), after the grid impedance value
is changed, the VSC continues operating for a longer time,
compared to Fig. 19(a), before experiencing an overcurrent
condition and tripping. This response is in accordance with
a greater damping provided by the grid impedance after the

loading condition change (Ry, = 5 %), compared to Fig. 19(a)
(R =1%).

The third test compares the experimentally measured PCC
bus impedance to the theoretical impedance values provided
by the proposed AIM. Fig. 20 illustrates the measured sym-
metrical components of the PCC bus impedance, Zpoc measured
and Zpec measured> 4CT0ss the low-frequency range under three
different operating conditions. The theoretical impedance val-
ues, Z lj_CC,theoretical and Z P_CC,theorelical’ predicted by the prop osed
AIM for the same operating conditions, are overlaid using
thick traces for comparison. The first measurement [Fig. 20(a)]
corresponds to a scenario where the power grid impedance
value is Ry, = 10Q (31 %) and Ly = 10mH (10 %), and the
droop coefficients are Aw = 2.5%, AV = 5%. As shown,
the influence of the droop controller is limited to a narrow
bandwidth centered around the fundamental frequency. As a
result, the impedance of the PCC at the fundamental frequency
(+50 Hz) significantly increases, compared to the impedance
value at the corresponding negative sequence frequency com-
ponent (-50 Hz). The phase of the measured negative sequence
impedance Zpoc peasurea Significantly deviated from the theo-
retical trace for values outside the narrow bandwidth where
the droop control has effect. The reason is that for values
where Zp.- ~ 0, the phase cannot be easily measured, for
the same reason that the phase of the complex value zero is
not determined.

Fig. 20(b) corresponds to a scenario where the droop coeffi-
cients are increased by a factor of two compared to Fig. 20(a).
The new droop coefficients are Aw = 5%, AV = 10%.
The rest of the setup parameters remain the same. Increasing
the droop coefficients results in a broader bandwidth for
the positive- and negative-sequence impedances around the
fundamental frequency (+50 Hz). Additionally, the impedance
magnitude at this frequency also shows a moderate increase.

Fig. 20(c) corresponds to a scenario where the power grid
impedance significantly decreases compared to Fig. 20(a)
and Fig. 20(b). The new power grid impedance values are
Ry = 250 (8%) and Ly, = 5mH (5%). The rest of the
setup parameters remain the same as in Fig. 20(a). Contrarily
to a change in the droop coeflicients, which only affect the
impedance in a narrow frequency region, this change reduces
the PCC impedance at all frequencies.

Finally, in order to experimentally test the frequency cou-
pling effects introduced by the droop control, the following
two experiments have been carried out: The first experiment
uses the auxiliary converter to inject a current disturbance
1gise With a frequency component of 49 Hz into the PCC and
measures the voltage at the PCC, instead of calculating the
PCC impedance. The 49-Hz current disturbance component
is located within the narrow bandwidth of the droop control,
therefore, it produces a voltage disturbance at 49 Hz with an
amplitude determined by the value of the positive sequence
impedance of the PCC at such frequency, Zg.-(49Hz), and
a voltage disturbance at its mirror frequency (51 Hz) with an
amplitude determined by the value of the negative sequence
impedance of the PCC at this other frequency, Zp(51 Hz).
For the setup parameters used, the magnitude of both the
positive and negative sequence impedances, is approximately
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Fig. 20. Impedance of an ac bus supported by a Droop-GFM converter and a weak power grid. Experimentally measured symmetrical components,
T +

ZPCC,measured and ZPCC,measured’

and symmetrical components predicted by the AIM, Z,

C.theoretical and ZPCC,theoretical’ for different values of droop coefficients

Aw and AV and power grid impedance Zy, = Ry, + jwLg, (a) Nominal droop coefficients (Aw = 2.5 %, AV =5 %), and nominal power grid impedance
[Rn = 10Q (31%), Ly, = 10mH (10 %)]. (b) Increased droop coefficients (Aw = 5%, AV = 10 %) and nominal power grid impedance [Ry, =
109 (31 %) and Ly, = 10mH (10 %)]. (c) Nominal droop coefficients Aw = 2.5 %, AV = 5% and decreased power grid impedance [Ry, = 2.5 (8 %)

and Ly, = 5mH (5 %)].
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Fig. 21. Spectrum of the measured output voltage v. and of the current disturbance ¢g4iss. (a) The current disturbance g4i;; has a frequency component of

49 Hz. (b) The current disturbance igis has a frequency component of 80 Hz.

12 2, as illustrated in Fig. 20(a). The spectrum of the measured
output voltage and of the current disturbance are shown in
Fig. 21(a). In addition to the frequency components previously
described, 74y also contains a large frequency component
at 50 Hz and a very small component at 51 Hz. These two
frequency components of igy appear because the auxiliary
converter used to inject the 49 Hz current disturbance is not
an ideal current source; therefore, the presence of frequency
components in the PCC voltage result in additional unwanted
current components in :L:dist.

The second experiment repeats the previous measurement,

but instead of injecting a current component at 49 Hz (withing
the bandwidth of the droop control), it injects a current com-
ponents at 80 Hz (outside the bandwidth of the droop control).
Now, the frequency coupling effect is small, as expected from
the small value of the negative sequence impedance at the
mirror frequency of 80 Hz (20 Hz). For the setup parameters
used, the magnitude of the positive sequence impedance at
80 Hz, is approximately 22 and the magnitude of the neg-
ative sequence impedance at 20 Hz is approximately 02, as
illustrated in Fig. 20(a). Fig. 21(b) shows the spectrum of the
measured output voltage and of the current disturbance.
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V. CONCLUSION

This article presented an asymmetric impedance model
(AIM) for a grid-forming (GFM) converter with droop control
(Droop-GFM converter). The model is presented in the a3
frame and comprises two balanced impedances. This two-
impedance model offers a more clear physical interpretation,
compared to models that use an impedance matrix in the dg
frame. The presented impedance model accounts for the load-
ing effect caused by changes in the power grid impedance or
by changes in the number of loads in operation. The presented
model also accurately describes the frequency coupling effects
(often denoted as mirror frequency problem in the literature)
that arise due to the operation of the droop control. Finally,
the developed model serves as a more accurate alternative,
compared to the minor-loop criterion, and a more simple
alternative, compared to the Generalized Nyquist Stability
Criterion, to study the stability of Droop-GFM converters
for different operating conditions and droop coefficients. The
proposed AIM has been experimentally tested using a Droop-
GFM converter, to validate the theory in three different op-
erating conditions, including: weak power grid operation, a
change in the droop coefficients, and a change in the power
grid impedance. Experimental impedance measurements in
this operating conditions have been compared to the theoretical
model. Experimental results are also presented to validate
the frequency coupling effects predicted by the proposed
impedance model.

APPENDIX
TRANSFER MATRIX MODELS

This appendix details the steps carried out to convert the
transfer function Gyq(2), Gedaaq(2), and Yy gq(2) into transfer
matrix models.

The transformation used to convert from complex notation
to vector notation [17] is summarized below:

Complex notation :  yaq = Gyq(2)  Zqq (34)
N
Ydq=Ya+J¥q Taq=Ta+JTq
. lya GY(z) —GY2)] [zaq
Vector notation : {yq] {qu =) Gue) | e | (35)
-~ —
y G x

where
| Gugl2) + Gl (=)

GY(2) = Real{Gyy(2)} = 5 . (36)
z) — Gl (21

G4 (2) = Imag(Gay(2)} = >2de‘*( SET

GY(z2) = GY2) and G¥(z) = GY(z). (38)

As a result, the transfer function matrix Gy(z) is con-
structed as follows:

dd d
Gii(z) —Gi'(2)

GO =164 e |

(39)

where
Griae(2) + Gt (2
G:ltd(z) _ t-dQ( ) 5 rt,dq( )’ (40)
Grigq(2) — Gt (2t
G;ltq(z) _ l»dQ( ) - rt,dq( )’ (41)
J
GY(z) = GY(2) and G¥(z) = GY(z). (42)

The other transfer matrices Geq(z) and Y, (z) are obtained
in an identical manner.
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