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Abstract—This paper proposes an impedance/admittance-
based methodology for stability assessment of converter-based
device connections to power systems. The proposed methodology
is designed to model the dynamics of detailed black-box converter
models, derived from impedance frequency response measure-
ments. From the converter’s impedance frequency response
measurements, a linear time-invariant (LTI) representation of
its dynamics is obtained in the dg¢ domain using a vector fitting
technique. This representation is incorporated in the state-space
representation of the whole power system in the dg domain, which
is used to perform stability assessment considering traditional
eigenvalue analysis and participation factors computation. The
proposed methodology is tested in the 39 Bus New England sys-
tem, including detailed models of a VSC windfarm and a modular
multilevel converter (MMC) technology-based STATCOM. It has
been found that the proposed impedance-based methodology is
able to accurately predict the dynamic performance of black-box
converter models, unstable operating conditions and converter
control interactions between devices.

Index Terms—Impedance-based model, Frequency response,
Converter control interactions, PSCAD.

I. INTRODUCTION

N the last decade, converter-based devices have continually

increased their participation in power systems, both in the
form of converter interfaced generation (CIGs) and FACT
devices [1]. By simultaneously displacing conventional gen-
eration and incorporating more sophisticated control schemes
however, converter-based devices can pose new risks to the sta-
ble operation of power systems. More specifically, it has been
noted that these technologies can lead to system oscillations
followed by unstable operation in a wide range of frequen-
cies, from slow subsynchronous phenomena to fast control
interactions of a few kHz [2], [3]. In order to investigate and
analyse this unstable behaviour, impedance-based modelling
of converter-based devices has gained increased attention in
recent years [4]-[12].

From the design perspective, impedance-based modelling
together with the generalized Nyquist criterion provide a fast
method to test new control strategies and different operating
conditions. It also helps to gain insight of the impact that dif-
ferent control loops have in the converter’s dynamic response
and stability. In [4], the authors use impedance modelling to
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assess the impact of the PLL, inner current control and outer
power control loops in a VSC converter. A similar analysis
is performed in [5], where the impact of the PLL and inner
current control loops on the stability of a VSC is assessed.
In addition, the authors demonstrate the frequency coupling
effect in the dgq domain introduced by the PLL scheme.
Impedance-based modelling has also been used to assess the
risk of control interaction and unstable operation for several
converters connected to small tests grids [6]-[8].

In general, the impedance-based behaviour of a converter-
based device can be obtained in two ways. From a theoretical
perspective, the control and electrical equations defining the
dynamics of the converter can be linearized around its operat-
ing condition. To do this, it is necessary to have full knowledge
of both the control and hardware structure of the converter,
together with its parameters and operating conditions [4]-[9].
From an experimental perspective, several techniques have
been proposed to measure the impedance behaviour of power
converters: using frequency sweep methodologies [10], [11],
[13], estimate it from its transient response [14] and using
MIMO parametric identification procedures [15] among oth-
ers. In these cases, it is not necessary to have full knowledge
of the converter structure and control schemes. Impedance
measurements are thus a valuable tool to measure the dynamic
behaviour of so called ”Black-box” models, where the inner
structure and control schemes are unknown and inaccessible.

While impedance-based models have proven useful to de-
sign and test the dynamic behaviour of converters in small test
systems, it remains impractical for the stability assessment of
larger power networks. This is because using the generalized
Nyquist criterion or several Bode plots in larger systems
to visually assess stability becomes impractical. In addition,
such methods don’t provide insight or the root cause of
possible unstable operating conditions to power engineers
and transmission system operators (TSOs), so that corrective
actions can be taken. State-space models on the other hand are
widely used in stability assessment studies, since they provide
useful information on the cause of possible unstable operation
via participation factors and eigenvalue analysis [10], [12],
[16], [17]. The main problem of this approach is that a full
knowledge of the system’s dynamic equations is necessary, and
so it remains impractical when left with black-box model of
power converters [10], [12], [16], [17] for business confidential
reason.

Some works have tried to fill the gap between impedance-
based models and state-space approaches using system identi-
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fication techniques. Recent works on this topic use harmonic
state-space methods to model of power electronic devices [18],
[19]. Other works have focused on translating directly the
impedance measurements to state-space models using model
identification procedure such as the vector fitting algorithm
[10], [11], [20]. In [11], the authors apply the vector fitting
technique to the frequency response data of a VSC average
model including a PLL, an inner current control loop and a
constant DC voltage. The authors show that this approach can
be use to correctly identify the eigenvalues that define the
dynamic behaviour of the VSC model. In [20], the authors
propose a non-parametric impedance identification procedure
to assess stability and provide corrective control actions for an
offshore windfarm/HVDC connection to an AC grid. While in
both cases the potential of system identification techniques
together with impedance modelling are showcased, an exten-
sion for stability assessment of larger grids including more
complex converter models is necessary. Additionally, it has
been proved that the vector fitting algorithm converges if the
order of the model is chosen equal to or higher than the order
of the underlying system [21], which for black-box models it is
unknown. This work aims to fill the gap between impedance-
based modelling and state-space stability assessment proce-
dures for power systems. The specific contributions of this
work are:

1) Provide a complete methodology to establish a state-
space model for black-box converter-based models, on
the basis of vector fitting techniques and frequency
response data.

2) Specify how to use the vector fitting algorithm with
impedance/admittance data for obtaining accurate state-
space models for black-box converter in the dg domain.

3) Provide a methodology to incorporate such models in an
LTI state-space model representation in the dg domain
to perform stability assessment studies.

4) Validate the proposed methodology considering both
average and detailed switching models of converter-
based devices.

5) Test the proposed methodology in the well estab-
lished 39 bus New England system, considering realistic
converter-based device models.

The rest of the paper is organized as follows. Section II
provides basic theoretical insight on how the impedance fre-
quency response can be measured and modelled. Section III
provides a detailed description on how to use the impedance
LTI representation for stability assessment studies. Section IV
provides numerical validation of the proposed methodology
using EMT simulations in PSCAD. Conclusions are drawn in
Section V.

II. IMPEDANCE MEASUREMENT AND MODELLING

In this section, the impedance measurement and LTI rep-
resentation of black-box converter-based models is presented.
Firstly, the frequency response measurement of a single con-
verter device is presented. This is done by using a frequency
sweep approach as presented in [10], [11], which is summa-
rized in Section II-A. Secondly, a methodology to translate the

frequency response data into a state-space representation for
stability assessment studies is presented.

A. Frequency response measurement

To measure the frequency response of a black-box converter
device using a frequency sweep approach, two conditions
must be fulfilled. First, the converter-based device must be
operating in steady-state behaviour. This is accomplished by
connecting the converter device to an equivalent grid as shown
in Fig. 1, which provides the operating conditions of the
converter at the point of common coupling (PCC) as in the
original AC grid. The operating conditions are defined by the
grid strength at the PCC, which in this case is captured by the
Thévenin equivalent impedance Z;;, of the grid seen at the
PCC, together with voltage magnitude V;, and phase angle d
provided by the infinite bus at the fundamental frequency f.
The second condition is to provide a small-perturbation signal
V; of varying frequency f; to measure the frequency response
of the converter. In general this can be accomplished either by
connecting a shunt current source or a series voltage source
at the interface between the converter and the equivalent grid
[11]. Since in general the grid’s strength is much larger than
the converter’s rated power, most of the injected current will
flow through the grid’s impedance Zy;, rather than through
the converter. For this reason, in this work a series voltage
injection Vj is considered for improved measurement accuracy.

Once the previous two conditions have been met, a fre-
quency sweep measurement of the converter’s impedance
response can be performed. In the case of a single tone
frequency sweep, this is achieved by varying the injected
voltage signal’s frequency f; and measuring the converter’s
current’s magnitude I; and phase angle ¢; at that correspond-
ing frequency f;. The impedance response of the converter at
that specific frequency f; can then be calculated according to
(1) [11]. It is worth noting that (1) is defined in the dg domain.
While the frequency sweep approach could be performed in
any reference frame, the dg one is chosen in this work since
it is easier to accurately track the small signals magnitudes V;
and I; with their respective phase angles using FFT techniques,
without the fundamental frequency signal interfering in the
measurement since it becomes a DC value. To perform the
dgq transform without using a PLL in the measurement device,
which would add undesired dynamics, the fundamental fre-
quency phase angle &y at the PCC can be computed beforehand
using load-flow calculations. It is also important to note that,
since there are 4 independent unknown variables Z; 44, Z; a4,
Zi qd and Z; 44, it is necessary to perform two measurements
tests as explained in [11]. These measurements tests must be
performed with linearly independent injected signals V;; and
Vi2. Without loss of generality, it is possible to use a pure
D and a pure (@ axis injections for each test respectively, as
defined in (2) (3) respectively.
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Fig. 1. Frequency sweep measurement for converter-based devices.
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B. Impedance/admittance LTI modelling

As discussed in [11], once the impedance measurements
have been performed for a converter-based device, an LTI
approximation of the apparent impedance of the system
formed by the converter-based device and the grid’s equivalent
Thévenin impedance can be obtained applying the vector
fitting algorithm [22]-[24] to assess possible instabilities.
While this approach is useful for design purposes in a single
converter, it remains impractical to assess instabilities in a
larger grid with several converter-based devices. For power
system’s stability assessment, it is instead necessary to have
a LTI representation of the converter-based device on its
own. With such LTI representation in the dg domain, the
converter dynamics could be incorporated in the state-space
representation of the rest of the grid to perform standard
eigenvalue and participation factor analysis. While this is
possible, additional considerations must be taken care of when
performing the vector fitting of the converter dynamics.

The vector fitting algorithm allows to obtain an LTI approx-
imation H (s) for the set of frequency response measurements
F = {H(f1),...,H(fn,)}. The approximation H(s) is a
sum of rational functions as defined in (4), where a; and b;
correspond to real residues and poles, while r; and p; are
imaginary residues and poles respectively and D is a real
constant. The outputs of the vector fitting algorithm are the
residues and poles a;, 7;, b; and p; together with D and the root
mean square error €,.,s in relation to the input measurement
set F. The inputs to the vector fitting algorithm are [11]:

1) The set of frequency response measurements J.
2) The desired order of the approximation defined as V.

The previous input arguments should be selected such that
the RMS error €,,5 is minimized given a reasonable order of
approximation N. In the next sections, a detailed overview is
given on how these inputs should be selected.
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1) Input frequency response measurements: While in most
of the literature the impedance behaviour of converter-based
devices is selected to perform stability analysis, this might

not be the best choice to perform the LTI modelling of the
converter dynamics. This can be understood if the sum of ratio-
nal functions H (s) obtained from the vector fitting algorithm
is translated into its rational polynomial form P(s)/Q(s),
where P(s) and Q(s) are polynomial functions of s with
coefficients {a1,...,an} and {by, ..., by} respectively. With
this representation, the impedance behaviour is represented by
a rational matrix as shown in (5), where the argument (s) of
each function has been omitted for clarity. This in turn means
that, if the impedance behaviour Z 4, of the converter dynamics
can be approximated by a sum of rational function of order N,
then its admittance behaviour Y4, defined by (6) will require
an approximation of 4N if no zeros/poles cancellations occur.
This implication goes both ways, i.e. if the admittance can
be approximated by a sum of rational functions of order N,
then its impedance behaviour will require an approximation
of order 4N.

This analysis indicates that when approximating the black-
box converter dynamics using the vector fitting approach,
both the impedance and admittance behaviours should be
considered. Since no information is known from the internal
dynamics of the device, it is not possible to know a priori
which of the two representations will require the lowest
order to approximate. In fact, it is possible that, while one
representation can be accurately approximated using a sum
of rational functions, its counterpart might be intrinsically not
well-behaved to be fitted. A simple example of such case is
when considering an RL circuit in the dg domain, where its
impedance defined by (7) is not well-behaved for the purpose
of rational fitting since it is improper, i.e. the order N, of its
numerator P(s) is higher than the order N, of its denominator
Q(s). Traditional vector fitting is able to approximate improper
functions up to a second order difference, i.e. N, = Ny + 2,
by finding constants D and E. In the case of (7) however, the
fitting process will add fictitious poles no matter the desired
approximation order N defined by the user, introducing false
dynamics and generating an inaccurate fitting of the original
impedances. The admittance behaviour defined by (8) is proper
and thus well-behaved for the purpose of vector fitting. The
converter dynamics should thus be represented by the LTI
model that has the lowest error for the desired fitting order
N. As will be described in Section III, both the impedance
and admittance LTI representations of the converter dynamics
can be used for system-wise stability assessment studies.
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Another important aspect to consider in the vector fitting
process is the dependence that the frequency response input
data in the dq domain has on the angle §; for each i*"
converter used for their synchronization via PLL. While fre-
quency decoupled models, such as an RL branch, will have
dq representations which are dq invariant, frequency-coupled
models such as converter-based devices must be computed on
a common dq reference frame [11], [25]. This can be achieved
by using a linear transformation T4, ; on the converter’s mea-
sured impedance Z; frequency response data by considering
a common reference angle d,.; and its synchronizing angle
d; which can be computed from load flow calculations or
by performing the FFT on the voltage signal of phase a
when performing the frequency sweep measurements to obtain
the impedance/admittance behaviour of the converter [11], to
obtain the impedance frequency response Z; (s) in the common
reference frame as defined in (9). An analogous process can
be performed for the measured admittance response.

Zi(s) = TagiZi(s)T,, )
_ |cos(6; — brey)  —sin(6; — rey)
dg,i = sin(0; — Opep)  €0S(0; — Opey)

When each dg impedance component is vector fitted inde-
pendently, each element of the matrix Zg4, will have its own set
of poles and residues as shown in (5). By combining (5) and
(9), it is possible to see that, for a rational representation in a
given dg reference frame Zgyq, when translating it to another
reference frame Zqq the order N and dynamics of the new
rational representation will change. More specifically, each
element of the new matrix qu will be a linear combination
of the rational representations of Zgq, with scaling factors
depending on the phase angle difference between the two dgq
reference frames being considered. This reference frame angle
dependence can be avoided by identifying the common poles
of all 4 components using the vector fitting process in the sum
of them as defined in (10). Indeed, by performing the vector
fitting algorithm to Zp¢ to obtain its rational approximation
ZDQ, a common set of poles {\1,..., Ay} defined by the
denominator Q7 can be derived for the impedance behaviour
Zaq. Once the poles are identified, the residues of each
element can be computed by performing the vector fitting
on each element’s frequency response data considering the
poles previously computed, which will provide the polynomial
functions Ppp, Ppq, Pop and Pgq. This in turn provides a
rational representation as shown in (12), which can be rotated
from one dq reference to another using (9) without changing
the order N of the approximation and the common set of poles
{A1,..., AN}, only the residue of its elements. It is thus con-
cluded that the impedance and admittance elements in the dg
domain should not be fitted independently if the dg reference
frame rotation dependence of its LTI representation is to be
minimized. This analysis is valid for both the impedance and
admittance representations of the converter dynamics.

Vvin( S) VC(S)

Vpcc(S)
g

Fig. 2. Impedance representation of the measurement system.
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2) Approximation order selection: When selecting the ap-
proximation order NV, in general the higher it is, the lower
the RMS error €,,,s will be. However, it is not possible to
select an arbitrarily large value of V. In this case, the order of
the converter’s impedance (or admittance) fitted approximation
Z.(s), is constrained by the requirement of having a stable
representation of the original measuring system as shown
in Fig. 2. While the vector fitting algorithm can be set to
always provide stable LTI representations, i.e. b; < 0 Vi €
{1,...,M} and R(p;) < 0 Vi € {1+ M,..., N}, the fitted
approximation of the converter dynamics must fulfill that the
complete measuring system is also stable. The dynamics of
the complete measuring system are defined by (13). This in
turn means that the approximation order N must be increased
to reduce the RMS error €,,,s while providing stable repre-
sentations of the original measuring system, i.e. the poles of
H (s) should be on the left half of the complex plane. The best
LTI representation will thus be the one with the lowest RMS
error while preserving the stable behaviour of the original
measuring system. The fitting methodology is summarized in
Fig. 3 for the admittance case, where it is shown how the fitting
order should be increased until finding the first unstable model
that signals the stopping criterion so that only the previous
stable representation with the lowest RMS error is considered.
The same process applies for the impedance behaviour of the
converter. Large approximation orders will lead to over-fitting,
which when evaluated in the original test system may lead to
a false unstable representation.

Vpee(s) = H(s) [Yen(s)Vin(s) + Ye(s)Ve(s)]
H(s) = (Ye(s) + Yin(s)) ™"

13)

With the previous considerations, it is thus possible to obtain
an LTI representation of the converter dynamics in the dq do-
main, based either in the converter’s impedance or admittance
frequency response. In the next section, a detailed description
is provided on how to integrate this LTI representation for
power system stability assessment studies.

III. IMPEDANCE-BASED STABILITY ASSESSMENT

In this section, a detailed description on how to use the LTI
impedance/admittance representation of black-box converter
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Fig. 3. Fitting methodology for the admittance frequency measurements.

models in stability assessment studies is provided. To this end,
it is necessary to provide a framework that allows computing
the state-space LTI representation of a power systems in the
dg domain, including the converter’s LTI models, to perform
standard eigenvalue analysis of the system dynamics.

Once the converter’s LTT model has been computed accord-
ing to the methodology presented in Section II, its state-space
representation can be computed. It is important to note that
for the residue/pole representation obtained from the vector
fitting algorithm, there are infinitely many possible state-space
representations, most of which might not have any meaningful
physical interpretation. However, it is possible to compute a
circuit realization of both the impedance and admittance LTI
models using RLC branches as shown in Fig. 4. The circuit
parameters can be computed from the pole/residue values
based on the relationships in [26], which are summarized
for the admittance case in equations (14), (15) and (16).
Analogous equations for the impedance realization can be
found in [26].

Ry=D (14)
ie{l,..,M}:

Li=1L

R L, 15)

ie{M+1,.,N}:

1

Li= s

. __ __TripitTiDi
== . (16)
C. = (ri+74)

v PiPi(Ti+7:) = (1iri+7:P:) (rPi+7ipi)
R, = =1 _ ri+7;

v Ci 1ipi+Tipi

Using Kirchhoff’s laws on the circuit realizations in
Fig. 4, a state-space representation for the converter’s
impedance/admittance LTI model can be computed. For the
case of the admittance representation, the aggregated state-
space form of the 4 LTI models Yyq(s), Yaq(s), Yya(s) and
Y,4(s) is presented in (17). A similar procedure can be
performed for the impedance representation, where the inputs

a)
Real (ai,bi) Imaginary (7i,p:)
C1 CM iR’M+1 LM+1 R’N+M LN+M
Vk[ Ro i Vm
km i
Rl RM i C +M
Rps+s Rnim
b)
CN+M
Ryim Lyem
Riem Imaginary (7;,p;)
CM+1 5
RM+1 LM+1
Vk RM+1 Vm
Ikm RM LM
R, i L Real (a;,b;)
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Fig. 4. Circuit realization of converter’s LTI model for: a) impedance case,
b) admittance case

are the currents [Ty, q km,q]t and the outputs are the voltage
drops [AVy AV,

Xaa Aga Xad
5 qu _ Adq qu
qu Aqd qu
qu L Aqq qu
Baa
N By {Avd}
Baa AVy (17)
L qu X
ad
|:Ikm,d:| _ |Caa Caq } Xdq
Ikmq L qu qu qu
qu
n {Ddd qu} |:AVd:|
Dyi Dyq| |AV,

Once all state-space models have been computed for all
converter-based devices of interest, they can be further ag-
gregated to compute the state-space form of the entire grid
in the dg frame. This can be done by first establishing one
state-space representation for all branch element connections
between busbars, and another state-space model for all shunt
element connections from each busbar to ground.

For shunt connections to ground, the input signals are the
currents Iy q, flowing from the grid to ground, while the output
signals corresponds to the busbar’s voltages Vg,. This state-
space model accounts, for example, for the loads in the system
and transmission lines’ capacitances/conductances. The state-
space representation is presented in (18).
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For series elements connecting busbars/voltage sources,
such as the converter’s impedances/admittances, the series
branches of transmission lines and transformers, they can
be represented in a separate state-space model. In this case,
the input signals are the voltage drops AVy, between the
connected busbars, including the input voltages to the gird
Vin,dq set by voltage sources such as synchronous machines or
VSC converters. The output signals correspond to the flowing
currents I}, 44 On each series branch of the system. The state-
space representation is presented in (19).

SXV = AvXV + BVIb,dq (18)
Vag = Cv Xy + Dy 1y 44
SX[ZA]X[+B[Aqu (19)
Tim,dg = C1 X1+ DrAVy,

By combining (18) and (19), together with the nodal and
branch balancing matrices £; and &y as defined in (20) (21), it
is possible to establish a grid state-space representation. More
specifically, the dynamic state-space matrix Ay, defining the
dynamic behaviour of the grid can be computed according to
(22). Using eigenvalue analysis and participation factor com-
putation on Ay, it is possible to identify unstable operating
conditions and poorly damped oscillatory modes in the system,
together with the respective contributions of each converter-
based device. This assessment allows to take corrective mea-
sures, by changing the operating conditions and/or the control
parameters of the converter-based devices. In addition, the
impedance/admittance model of converter devices allows to
easily reduce and aggregate them into equivalent impedance-
voltage source representations at the fundamental frequency
when they are electrically distant of the area or devices of
interest in very large power systems, using standard impedance
equivalence methods. In a large, realistic power system, when
checking for converter interactions or poorly damped oscil-
lations, in general, only a subset of power converters in a
specific area of interest needs to be modelled in detail while
the rest of the grid can be simplified. This procedure however
becomes more complex as black-box models are considered in
the grid, since their aggregation and reduction are not obvious
and many times not possible to perform. Once the impedance
modelling has been done however, this allows to reduce the
original system and thus make stability assessment scalable to
larger and more complex grids.

Iv.aq = §11km,dq (20)
Achlq = vadq + gin‘/in,dq 2D
A B
Ay = v n vE&r
Ap Brév 22)
1 —Dr&y - Cr
—Dvé&; I Cy
IV. RESULTS

To test the methodologies proposed in Sections II and III,
the well-known 39 Bus New England system, shown in

Fig. 5, is implemented in PSCAD. All synchronous generators
except for Gl include theirs governor, steam turbine and
AVR models. The system is modified by replacing G9 in
Bus 29 by a 200 MVA detailed type 4 VSC aggregated
windfarm model, available in [27]. Transmission lines are
modelled using II - sections, and loads are modelled using
an exponential model, with active power loads represented by
a constant current characteristic and reactive power loads with
a constant impedance characteristic.

To validate the proposed impedance stability assessment
methodology, it is first tested to compare the stability bound-
aries between the average and detailed models of a MMC
STATCOM module. Then, the proposed impedance stability
assessment methodology is tested in the 39 Bus New England
system for two scenarios:

o Scenario 1: to assess the dynamic behaviour of the wind-
farm for different values of the grid strength at Bus 26

o Scenario 2: to assess the risk of control interactions when
connecting a 200 MVA MMC STATCOM at Bus 28

When performing stability assessment studies in large grids,
it might be impractical to model in detail the entirety of the
network. Depending on the phenomena being studied, different
partition and reduction techniques have been developed in the
literature, such that the model complexity can be reduced with-
out significantly affecting the accuracy of the study [28]-[30].
More recent works have proposed power system clustering
and partitioning based on electrical distance and grid topology,
useful for voltage related studies [28], [29]. While reduction
techniques are out of the scope of this work, the 39 Bus system
is partitioned as proposed in [29] to perform the proposed LTI
stability assessment based on the state-space representation of
the grid. More specifically, devices in the subsystem under
study are modelled in detail using their LTI models, while the
rest of the grid is aggregated into equivalent Thévenin models
at the subsystem’s boundary busbars.

To perform stability assessment for both scenarios, the
following methodology steps are performed:

1) Obtain the impedance frequency response for wind-
farm/STATCOM models as per Section II-A using the
frequency sweep method on detailed EMT PSCAD
models.

2) Obtain the LTI representation of each converter-based
device as per Section II-B.

3) Perform eigenvalue analysis as per Section III, using a
reduced representation of the system considering sub-
system 2 and an equivalent Thévenin grid of the rest of
the grid as seen from busbar 26, as shown in Fig. 6.

4) Validate stability assessment results with time-domain
simulations in PSCAD in both the reduced 3 bus and
full 39 bus systems.

A. MMC STATCOM model comparison

In this section, the proposed impedance modelling method-
ology is used to compute the stability boundary of a full-bridge
MMC STATCOM module of 200 MVA. A detailed model is
used, based on the HVDC model available in [31], which has
been modified accordingly to work as a STATCOM model.
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TABLE I
MMC STATCOM PARAMETERS
Parameters Value
Rated power 200 [MVAr]
Number of power modules 44 per arm
Power module capacitance | 5 [mF] (17 kJ/MVA)
Arm inductance 20 [mH]
DC rated voltage 35.2 [kV]
AC rated voltage 33 [kV]
Carrier frequency 360 [Hz]

The STATCOM parameters are specified in Table I. The MMC
detailed model considers:

o Standard dq PI vector control for the outer AC voltage
and inner current control loops.

e PLL and PWM modulation for operating the power
modules.

« Capacitor balancing is achieved by incorporating a sorting
algorithm depending on the state of charge of each power
module.

o A circulating current suppression control.

The proposed impedance modelling methodology is used
to compare the stability boundaries between the average and
detailed models of the MMC STATCOM module. The average
model in this case considers:

e PLL control.
o Inner dq current control loop.
« Ideal constant DC voltage.

Both models are operating in AC voltage control mode, with
a voltage reference of 1.0 p.u. and providing 100 MVAr.
Initially, the impedance frequency response data is measured
using the frequency sweep technique for both models. An
LTT representation of each model is then computed in the
dq domain as explained in Section II. It is worth noting
that it is possible to obtain a good approximation of the
admittance response for both the average and detailed models
of the MMC STATCOM, but not when considering their
impedance behaviour. This can be seen in Fig. 7 and Fig. 8,
where the frequency response data for both MMC STATCOM
models are shown, together with their respective vector fitting
approximations. As it can be see from Fig. 7 and Fig. 8§,
while it is possible to obtain a good approximation of the
admittance response with an approximation of order 6, the
same cannot be said for the impedance response as opposed to
the conventional approach presented in the literature. Indeed,
whether the impedance or the admittance behaviour of the
converter is best suited for the vector fitting procedure will
depend on the internal control structure of the converter, on its
control parameters and operating condition. The RMS fitting
errors for each component for both models are summarized in
Table II, where it is possible to see that the impedance fittings
have a significantly larger error than the admittance ones. Only
the magnitudes of the frequency response are shown due to
space constraint, but similar results are obtained for the phase
angle data. This goes in line with the theoretical description
provided in Section II-B1.
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TABLE II
RMSE FOR ADMITTANCE AND IMPEDANCE FITTINGS CONSIDERING
DETAILED AND AVERAGED MMC STATCOM MODELS

dd dq qd qq
Yger | 5.287e-5 6.236e-5 4.713e-5  2.332e-5
Yavg | 348le-5  2.068e-5 2.216e-5  1.828e-5
Zger | 3.525e3  2.745¢3  1.637¢3  3.333e3
Zavg | 8.632¢3  7.811e3  8.462¢3  8.628¢3

Using the LTI representations of both the detailed and
average models, their stability boundaries can be computed
for different values of the short-circuit ratio (SCR) and X/R
ratio of the grid at the PCC. The stability boundary is useful
for TNOs when assessing the risk of instability for converter-
based devices due to an unexpected change in the short-circuit
level or X/R ratio of the grid at the PCC, which typically
happens after the clearance of a transmission line following
a fault event. The stability boundary is computed in a similar
way as done in the vector fitting technique shown in Fig. 3, by
varying the values of the equivalent grid’s inductance L;;, and
resistance Ry, according to the desired SCR and X/R ratio
defined as inputs. The SCR and X/R ratio would be defined
based on prior knowledge of the system, i.e. its topology and
plausible planned and unplanned outages/fault scenarios. For
each value, the poles of the transfer function H (s) as defined
in equation (13) are computed. The L;,-R;; pair is then
classified as a stable or unstable operating condition depending
on the presence of poles with positive real part. The stability
boundary regions for both models are shown in Fig. 9. As
it is possible to see from Fig. 9, the average model greatly
overestimates the stability boundary of the MMC STATCOM
module, having the same control parameters as the detailed
model but only considering the PLL and current control loops.
It is also worth noting that for high SCR values, the average
model will lead similar results to the detailed model and so
in these conditions it would be enough for stability analysis.

To validate the stability boundaries shown in in Fig. 9, time
domain simulations are performed in PSCAD and shown in
Fig. 10, for both operating points 1 and 2. Initially the MMC
STATCOM module is operating in steady-state condition with
a short-circuit ratio (SCR) of 4.5 and an X/R ratio of 15.
In the simulation for operating point 2, at 0.2 s the SCR is
decreased to 0.335 as defined in Fig. 9. As it is possible
to see, in this case the system is able to reach a new
marginally stable steady-state condition with poorly damped
oscillations that persist in the voltage and power signals. In the
simulation for operating point 1, at 0.2 s the SCR is decreased
from 4.5 to 0.327, which initially triggers poorly damped
oscillations which eventually drive the system to becoming
unstable after 1.3 s, thus representing a marginally unstable
operating condition. It is also worth noting that the stability
boundary computed considering the average model considers
both operating condition as stable, which highlights the need
to consider the full detailed model of the MMC STATCOM.

It is important to note that the LTI model obtained us-
ing the proposed methodology remains accurate only within
the vicinity of the operating condition under which the
impedance/admittance behaviour was measured during the
frequency sweep. Indeed, if the stability boundary of the
converter is to be computed accurately, the frequency sweep
measurement should be performed in an operating condition
close to the boundary. While in most cases the stability
boundary is unknown, it can be computed by using the
proposed methodology iteratively. First, an initial guess of the
stability boundary can be computed by considering the LTI
model obtained with measurements on a standard operating
condition or any other stable operating condition. Then, a
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condition 2 and in black for operating condition 1.

more accurate prediction can be obtained by repeating the
methodology but considering the measurements done on an
operating condition close to the currently predicted boundary.
By repeating this process iteratively and updating the stability
boundary each step, an accurate estimation together with an
accurate LTI model on its vicinity can be achieved. In the
authors experience 2 or 3 iterations are sufficient to have
accurate models and predictions.

B. Scenario 1 stability analysis

In scenario 1, a 200 MVA windfarm model is connected
to Bus 29, providing 200 MW to the system. Its stability
margin is computed for different values of the short-circuit
level Sgo of the grid at busbar 26, the boundary busbar of
subsystem 2 to the rest of the grid. The goal is to identify at
which short-circuit level the VSC aggregated windfarm model
loses stability. First, the frequency response of the windfarm
model is measured in the dg domain as per the methodology
presented in Section II-A. From these measurements, an LTI
representation is obtained using the vector fitting technique
using the methodology presented in Section II-B, the results
are shown for the magnitude of its admittance response in
Fig. 11.
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Fig. 11. Admittance frequency response for windfarm: in grey the measured
data-points using the frequency sweep method, together with its LTI vector
fitting results in solid black line.

Using the LTI representation of the windfarm, a state-space
representation of subsystem 2 is obtained by reducing the rest
of the grid by its short-circuit Thévenin equivalent at busbar
26. The original value starts at 3700 MVA, and it is reduced
progressively by scaling the grid’s Thévenin impedance Z;j, at
busbar 2631 while keeping the voltage at the busbar constant.
For each value of the grid’s short-circuit level Sgc, eigenvalue
analysis is performed on the system dynamic matrix A,y to
identify possible unstable operations, i.e. poles with positive
real part. The system’s eigenvalue loci of interest are plotted
in Fig. 12. As it is possible to see from Fig. 12, once the
short-circuit level drops below 620 MVA, the windfarm can
no longer remain stable.

The eigenvalue analysis is validated by performing time-
domain simulations in PSCAD. The simulation are performed
on the reduced 3 Bus system using the grid’s Thévenin equiv-
alent, since modifying the short-circuit level on the original
39 Bus system by changing the operating point and topology
is cumbersome. The results for short-circuit levels of 620 and
530 MVA are shown in Fig. 13. Initially, the system is ramped-
up to the steady-state operating condition and at time 0.5
[s] the windfarm model is deblocked, switching from zero
output powers to its full detailed model at rated operating
conditions. As it is possible to see from Fig. 13, the eigenvalue
analysis considering the proposed LTI admittance modelling
of the windfarm model accurately predicts the loss of stable
operation once the short-circuit level drops to 530 MVA. For
a grid strength of 620 MVA, the windfarm is able to transition
into its steady-state operation with a poor dynamic response
since there is a pair of poorly damped modes. Once the grid
strength drops to 530 MVA, the windfarm is not able to
transition into a stable steady-state operation.

C. Scenario 2 stability analysis

Once again, the proposed stability assessment methodology
is applied to the reduced 3 Bus system, now incorporating
the impedance LTI model of the MMC STATCOM. More
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specifically, the STATCOM module is operating in AC voltage
control mode, injecting 100 MVAr to the grid at bus 28. The
windfarm model is operating by injecting 200 MW to the
grid at bus 29. A sensitivity analysis is performed on the
proportional gain K, of the AC outer voltage control loop
of the STATCOM module. The gain K, is varied from its
base value of 0.5 to 2, 6, 10 and 20 in 6 different cases.
For each gain value, a different LTI impedance model of the
STATCOM is computed, i.e. a frequency sweep is performed,
together with the vector fitting identification procedure and its
associated state-space modelling is calculated. In each case,
the 3 bus system’s dynamic matrix A, is computed and the
poles of the system are identified using eigenvalue analysis.
The poles’ loci of interest are shown in Fig. 14 where it is
possible to see that once the proportional gain K, increases
to a value of 6, unstable operation should be expected.

To validate the results obtained using the proposed sta-
bility assessment methodology, time-domain simulations are
performed on the entire 39 Bus system. The results for a
proportional gain of 2 and 6 are shown in Fig. 15. The
simulation is started from a steady-state condition with a

proportional gain of K, = 0.5, and at 0.5 [s] it is switched to
K, = 6 and K,, = 2 for the grey and black plots respectively.
As it is possible to see from Fig. 15, when switching to
a proportional gain of 2, the system is able to remain in
steady-state operation and no significant change is seen in
the outputs of the windfarm and STATCOM modules. Once
the gain is increased to 6 however, stability is lost and both
the STATCOM and windfarm are unable to control its output
voltage and reactive power correctly.

It is worth noting that, since both the windfarm and STAT-
COM modules are stable independently, which is a condition
necessary to perform the frequency sweep measurements, they
are unstable when interconnected and the proportional gain
is increased to 6. This is thus an unstable behaviour due
to control interactions between the STATCOM module and
windfarm model in close proximity. This is further verified
when considering the participation factors of each model
to the unstable mode, computed from the dynamic matrix
Asys, as shown in Fig. 16. As it is possible to see from
Fig. 16, as the proportional gain increases and the dynamics
performance worsens, both the STATCOM and windfarm
models contribute to the unstable mode. While the contribution
of the windfarm remains rather constant, the STATCOM'’s
contribution increases with the AC gain as expected, since
it is driving the unstable voltage behaviour. This analysis can
be further disaggregated by each dq component contribution
as shown in Fig. 17, for different values of the STATCOM
AC voltage gain. As it is possible to see from Fig. 17,
the main contribution to the unstable mode from the MMC
STATCOM comes from its Yy, component, which has the
most significant increase in its participation factor as the
AC proportional gain increases and the dynamic performance
worsens. This is expected, since the vector control strategy in
both the MMC STATCOM and windfarm modules use the ¢
component of the voltage to control reactive power injection
to the system. More specifically, the main contribution of the
STATCOM module for a proportional gain of K}, = 6 comes
from a state with an associated pole p; = —55.78 + 5109.9
and a participation factor of 1.26% from its admittance LTI
representation. This pole p; has thus associated frequencies
in the dq domain of 17.5 Hz, smaller than 2f; which in turn
means that the corresponding states have a dynamic response
in the subsynchronous frequency band as defined in [32]. As
explained in detail in [32], these subsynchronous frequencies
are associated with the converters’ AC voltage control loop,
which validates the results obtained from the eigenvalue and
participation factor analysis performed using the proposed
impedance-based stability assessment methodology.

V. CONCLUSIONS

In this paper, a comprehensive impedance-based stability
assessment methodology for power system with converter-
based devices is proposed. The methodology aims to fill the
gap between impedance-based models and state-space repre-
sentations for converter-based devices. This in turn provides
a method to assess the risk of possible unstable operation for
black-box converter models.
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The proposed methodology describes how to obtain an LTI
representation of the converter’s dynamics based on frequency
response measurements. This is achieved by using the vector
fitting algorithm on the impedance frequency response of the
converter, measured using a frequency sweep technique. Using
the LTI representation obtained from the vector fitting tech-
nique, a circuit realization using RLC' branches is constructed,
which can in turn be incorporated in the state-space model of a
larger network. Using this state-space representation, dynamic
operation can be assessed using traditional eigenvalue analysis
and participation factor computation. The proposed methodol-
ogy is able to handle both average and detailed models of both
a aggregated VSC windfarm model and an MMC STATCOM
module. The methodology is validated with EMT time-domain
simulation in PSCAD on the 39 Bus New England System,
considering detailed VSC windfarm and MMC STATCOM
models. As future work, it would be necessary to validate the
proposed impedance state-space modelling methodology with
experimental results.
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