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Abstract

As a result of efforts to reduce greenhouse gas emissions, the use of renewable en-
ergy has increased and, with these, power sources being integrated into the power
system through power electronic interface devices (PEIDs). The dynamic behavior
that PEIDs introduce has resulted in new stability challenges. Multiple cases of
undamped oscillations originating from converters interacting with other grid ele-
ments has already occurred and understanding the instability mechanism is essential.

This thesis investigates methods and tools for converter interaction stability analysis
and develops an automated tool for frequency domain stability assessment. Existing
open source tools and different methodologies are evaluated with respect to their
accuracy, computational efficiency and applicability. Requirements in the area from
transmission system operators (TSO) are also reviewed.

The tool proposed in this thesis is based on sequence-domain frequency injec-
tions with multi-frequency perturbations to improve computational efficiency. Both
Single-Input-Single-Output (SISO) and Multiple-input-Multiple-Output (MIMO)-
based analysis methods are implemented and compared, including Nyquist-based
criterion, disk margin evaluation and passivity-based a valuation. The tool is vali-
dated against an existing mathematical framework and benchmarked against already
existing tools, as well as tested on a detailed MMC model.

The results show that the developed framework provides accurate, fast and detailed
results when compared to established tools. The studies performed also show the
importance of the perturbation magnitude when it comes to analyzing non ideal sys-
tems where insufficient or excessive injection magnitude can lead to noisy measure-
ments or non-linear effects. The comparison between SISO and MIMO methods has
provided similar results for a given system. The system under study has been varied
to increase cross coupling on the converter admittance, and it has been found that
SISO methods can provide inaccurate conclusions regarding system stability. The
outcome from the review of the transmission system operator (TSO) requirements
related to converter interaction stability is that, in general, there is no suggested
method available, except for the Swedish TSO. Typically, the methodology and ac-
ceptance criteria regarding converter interaction stability is agreed with TSOs at
the start of each project. With regards to stability margins, a more robust approach
can be the use of a disk margin, due to its multi-loop capability in a MIMO system
and the ability to analyze phase and gain at the same time.

Keywords: Small signal stability, Converter interaction analysis, Frequency analy-
sis, Python, PSCAD, Impedance based stability analysis, Passivity-based approach,
Converter admittance grid impedance, Positive sequence,Negative sequence
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Below is the list of acronyms that have been used throughout this thesis listed in
alphabetical order:

AC Alternating Current

AVC Automatic Voltage Control

DC Direct Current

DGM Disk based Gain Margin

DM Disk Margin

DPM Disk based Phase Margin

DUT Device Under Test

DVC Dynamic Voltage Control

ESCR Equivalent Short Circuit Ratio
EMT Electro Magnetic Transients

FFT Fast Fourier Transform

GUI Graphical User Interface
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IMTB Immitance Measurement Tool-Box
LHP Left Half Plane

MFD Mirror Frequency Decoupled
MMC Modular Multilevel Converters
MIMO Multiple input multiple output
NESO National Energy System Operator
PBA Passivity-Based Analysis

PEID Power Electronic Interfaced Device
PLL Phase Locked Loop

POC Point Of Connection

PV Photovoltaic

RES Renewable-based Energy Sources
RHP Right Half Plane

RMS Root Mean Square

SI Strength Indicator

SIAD-tool Stability and Interaction Assessment in the frequency Domain tool
SISO Single Input Single Output

Svk Svenska Kraftnat

TSO Transmission System Operator

VCC Vector Current Controller
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1

Introduction

In this section Background and Aim of the thesis will be presented. Further,
the Limitations and Specification of issue that is to be investigated will be
introduced.

1.1 Background

In recent years, the goals for greenhouse gas emissions reduction have led to the
increase in renewable energy share in Europe. As of 2023, the share of wind and
solar power (which are interfaced with the grid through power electronic converters)
out of the total electricity generation has been 26.9 %, which is expected to increase
in the future [1] . In addition to that, there has also been an increase in high voltage
DC (HVDC) systems (which are based on power electronic converters), with a total
of 16 dec-links being in service as of 2024 in European countries [2]. While power
electronic based facilities bring in benefits to the power system operation, they also
come with challenges. Examples are harmonics and undamped oscillations resulting
from the interaction between the converter’s control systems and the grid. These
phenomena can cause disturbances that can affect the rest of the grid and can po-
tentially cause blackouts if not accounted for [3]. Consequently, new requirements
from Transmission System operators (T'SOs) have come into effect to ensure that the
grid remains stable after power electronic converters are connected into the system.

1.1.1 Converter Interaction Incidents

The first notice of difficulties regarding converters and AC grid interaction was for
locomotives using high frequency converters. During the 90s, Swiss railway noticed
very high current oscillations in the power system, which forced the protection sys-
tem to shut down the locomotives. These high current oscillations could later be
correlated with the high amount of converters integrated in the system [4]. Similar
cases occurred in 2013 when oscillations at frequencies other than the nominal fre-
quency caused the BorWinl HVDC system to trip. This was a result of interactions
between converters or converters and the network [5]

TenneT, the German and Dutch TSO, encountered challenges during the commis-
sioning of its first offshore HVDC-connected wind farm, particularly due to stability
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issues involving the converter systems. Consequently, the cable connection caused
a change in the resonance frequency which led to unstable operation of the con-
verter. Due to this being an unknown phenomenon at the time, the converter-grid
interaction was not thoroughly investigated during the development of the project.
Further investigation resulted in the discovery of a harmonic at a frequency of 451
Hz in the recorded voltages which was determined not be a result of the steady-state
harmonics from the converters, thus the instability was attributed to the interaction
between the controllers and the grid. In particular, the Phase-locked loop (PLL)
and the current controller tuning together with the lack of connection to rotating
mass were identified as the main cause of instability[4].

Other past incidents include the INELFE link between France and Spain that had
a 1600 Hz oscillation and a 1550 Hz oscillation in the Dutch converter heavy power
grid, that used both overhead lines and cables [6].

Another incident occurred in the South China power grid were the interaction of
a static synchronous compensator (STATCOM) with a weak grid caused high fre-
quency oscillations. The STATCOM had a negative impact on the severity of the
oscillations. This could have been avoided in a grid with higher strength [4].

A commonality between these incidents mentioned above is the interaction between
converters, the power grid and small changes in the grid impedance. Converter
related stability issues are a relatively new phenomenon. Therefore, not enough
research has been done on the subject and power system operators are finding chal-
lenges in dealing with this issue in respect to analyzing and setting standards for
stability.
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1.1.2 Converter interation analysis

In order to study the dynamic impact of the connection of power electronic convert-
ers and make sure that the system complies with the requirements, several studies
must be performed before their connection to the grid. To identify undesired inter-
actions, different methods such as time-domain simulations and frequency-domain
analysis have been developed. Time domain simulations are rather straightforward
to perform, however, they are based on a large number of simulations cases and
often when issues are found it is difficult to identify which system component causes
the issue. Frequency domain methods have been widely proposed and their main
advantages is that they can give an insight into the possible causes of system insta-
bility, in case they are identified [4, 7, 8, 9, 10].

Therefore, there is a need to evaluate the developed tools and methods related to
converter interactions studies in order to determine which one is the most suitable
framework to perform studies, considering the different requirements from TSO’s
and availability of simulation models.

1.2 Aim

The aim of this thesis is to :

1. Evaluate different stability analysis methods and tools developed to study con-
verter interaction stability. The advantages and limitations of the investigated
methods and tools are determined.

2. Establish the requirements and methods proposed by TSOs related to con-
verter interaction stability.

3. Develop a suitable framework and implement it in a computational tool to
perform converter interaction stability analysis.

1.3 Limitations

This thesis is limited to only analyze stability related to converter control inter-
action. Other phenomenons such as frequency stability, transient stability are not
in the scope of this thesis. TSO requirements such as compliance to fault-ride
through, reactive power, harmonic distortion, are not covered in the thesis. Also,
only methods regarding linear control are considered in the thesis, while methods
based on non-linear control are not considered. Moreover the main focus will be on
frequency domain methods meaning that time domain methods are not investigated.

The thesis will limit itself to the TSOs of Swedens, Svenska Kraftndt, Norway, Stat-
net, Denmark, FEnerginet, UK, National Grid, Germany, TenneT, Finland, Fingrid,
Belgium Flia, and Spain Red FElectrica de Espana.
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1.4 Societal, ethical and ecological influence

The thesis deals with the topic of stability of power electronic converter integration
which is necessary to ensure the safe operation of modern power systems. By ensur-
ing the stable operation of power electronic converters in the power grid, the general
public perception towards integration of renewable energy sources will change in a
positive way. A more optimistic attitude towards wind turbines and solar power can
accelerate the reduction of traditional energy sources and greenhouse gas emissions.

11].

This would generally have a positive effect on the environment and contribute on
a more sustainable future for humans and animals on our planet. In addition, a
greater understanding of the issue will help reduce the number of blackouts that
occur, making electrical power more reliable and secure for the most critical loads
in our society.
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Converter interaction analysis
methods and TSO requirements

A litterature review in the area of converter interaction stability has been carried
out to gather knowledge and information required for the work of the thesis.

2.1 Stability analysis methods

To study the harmonic effects of the converters and ensure that the systems comply
with the requirements, digital models are often utilized to test the systems before
implementation into the grid. In order to identify undesired interactions, different
methods such as time-domain and frequency-domain based methods have been de-
veloped and utilized. The most prominent methods among these being eigenvalue
analysis as well as passivity-based and impedance based analysis [4].

Eigenvalue analysis is a linear system based method which can be used to determine
a systems poles. The method itself studies the eigenvalues of a systems state space
model and if said eigenvalues has a positive real part, i.e are in the right half plane,
the system is unstable [12]. While this method is a very accurate way of determin-
ing stability it does however require detailed information about the system and it is
difficult to tie the results to the cause of instability. A lot of converters are protected
IP’s which in turn makes a state space model hard to acquire, meaning this method
cannot be applied to such cases [13].

Passivity and impedance based analysis are frequency domain methods that uses
a systems impedance/admittance to determine stability. The main analysis tools
used in these methods are either gain and phase-margins or the Nyquist stability
criterion which can give a measure to the proximity of the system to instability
[14]. Frequency domain methods do not require detailed state space models to be
applied, hence they do not struggle with black box models [9, 15, 4]. These methods
also split the system into a source and load meaning it is easier to distinguish which
subsystem may be the cause of instability as well as which frequencies might be
problematic.

Frequency domain methods are discussed in this chapter and are the main focus of
the thesis.
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2.1.1 Impedance based method

The impedance-based method is an approach where the system is divided into two
subsystems, namely a generalized source and load system [7]. In [7] it is stated that
in several cases the load can be modeled as a Norton equivalent current source and
the grid can be represented as a Thevenin voltage source. An example of this type
of system is shown in Figure 2.1.

ILoad |:

:| YLoad ‘/grid

Figure 2.1: Norton and Thevenin-small signal representation of grid connected to
converter

The current into the grid, I, can be expressed as (2.1).

1(8) = [TLoad(8) = Vgria(5)YLoad(s)]

1 + YLoad(S)Zgrid(S> (21)

The closed loop system stability can then be determined by the Nyquist stability
criterion applied to (2.2) [4, 16].

1(5) = Yioaa(5) Zgrials) (2:2)
Note that (2.2) is a generalization, however most systems can be represented as

sketched in Figure 2.1, i.e. one system grouping loads (and other devices) on one
side, and another subsystem grouping sources (and other devices) on the other side.

2.1.2 Passivity-based method

The passivity based approach determines system stability by analyzing if all parts
of a system is "passive'. Passivity in this case means that the system is dissipating

energy , and mathematically, a stable system F(s) is passive if it is positive semi-
definite or if[17, 18, 19].

F(jw) + F(jw)" >0 (2.3)
Where superscript H represents the Hermetian conjugate and F(jw) is a general
expression that for the case of this thesis can be either impedances or admittances,
and w is frequency. If both systems fulfill the criterion shown in (2.3) the system
is guaranteed stable. In addition, a feedback loop system, such as the one shown
in Figure 2.2 is passive if Y(jw) and Z(jw) are passive. For a case of MIMO
admittance, passivity-based analysis on the eigenvalues of (2.3) is instead done since
that is equivalent [20]. However, if one system is non passive it does not mean the
whole system is unstable it only means it is not guaranteed stable [10, 17].

6
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—»@ > Z(s)

Y

Figure 2.2: System containing the grid impedance and the converter admittance

2.2 Frequency domain Admittance/Impedance

Typically, converters are provided as black boxes which means detailed state space
modeling cannot be performed [4, 9]. Stability analysis can instead be performed
through frequency domain analysis which requires frequency responses of each sub-
system in order to determine stability. In converter based stability studies, frequency
responses are obtained through sinusoidal perturbations injected for a spectrum of
frequencies. The perturbations are usually performed in the dq or sequence domain,
which are going to be described in the following sections.

2.2.1 dg-Domain

Most power electronic converters (connected to a three-phase systems) have their
control systems implemented in the dg-frame. The main advantage of transforming
a three-phase system into dg-domain is that it becomes a two-phase dc system in
steady state, therefore, it allows proportional integral control (PI-control) to be
applied to the converter controller. The transformation is achieved by using a phase
locked loop (PLL) to acquire the 'rotation’ of the system and then transform it to
dc values as follows[21, 22].

Vq
Up (24)

c

Va 5 cos(0) — sin(#)
w| = \[ cos(f — 120°) —sin(6 — 120°) [”d] (2.5)
Ve cos(f +120°) —sin(f + 120°)| L™

Where v,, vy, v. all refer to the different phase-voltages, 6 represents the transfor-
mation angle calculated by the PLL, vq represents the voltage in the d-axis and v,
represents the voltage in g-axis.

The dg-sequence has been used extensively and it’s implementation is inherently
MIMO-defined which allows it to account for cross couplings. However, to be able
to inject perturbations and analyze in the dg-sequence a reference frame is needed.

As such the system relies on a PLL to resolve the angle which can make it more
complex [21, 23, 4, 24].

[vd] ]2 [ cos(f)  cos (0 —120°)  cos (0 + 120°) 1
Uy —sin (f) —sin (6 — 120°) —sin (6 + 120°)
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2.2.2 Sequence domain

In power system theory an unbalanced three-phase system can be expressed as three
separate balanced systems, namely:

» Positive sequence: A balanced system containing all three phasors aligned
in the same sequence as the original three phase system (example in the order
ABC).

» Negative sequence: A balanced system consisting of all three original pha-
sors in opposite sequence of the original system (example in order ACB).

o Zero sequence: consists of the three phasors from the original sequence that
are equal in magnitude and phase.

To go from the three phase domain to the sequence domain the relationship shown
in (2.6) is applied. Note that o denotes a phase shift of 120° (o = €/12°%) [22].

w] U1 1] e
vl == 11 a o - | (2.6)
Up, 1 a® « Ve

Where v,, vy, v. represents the three-phase voltages, vy represents the zero sequence
voltage, v, represents the positive sequence voltage and v,, represents the negative
sequence voltage. For converter interaction stability studies the positive and neg-
ative sequence networks are usually the only ones studied while the zero sequence
network is ignored [21, 25, 17].

2.2.3 Mirror Frequency coupling effect

In an AC-DC converter, frequency coupling describes a phenomenon when the per-
turbation frequency intersects the grid frequency. In order to acquire the admittance
and impedance of the system, a perturbation in either positive or negative sequence
voltage is injected to obtain the response of a converter current. However, these per-
turbations will in some cases give a response in the opposite sequence due to being
non mirror frequency decoupled(MFD). The frequency component for the positive
sequence are presented in (2.7) and negative sequence component in (2.8) where the
dq frequency represents the perturbation frequency and the base frequency is the
frequency base of the system [16, 21].

f+pert = qu + .fbase (27)
ffpert = qu - fbase (28)

A arbitrary positive-sequence voltage injection(v,) at frequency (fypee) will yield a
current response at the same frequency (i,) but can also yield a negative sequence
response (i,,) at frequency (fipert —2- foase) [26]. For this thesis the sequence domain

impedances are plotted after the dg-frequencies to adhere to the modified sequence
domain [21].

2.3 Stability analysis metrics

In this Section, methods for determining and analyzing stability in a closed loop
system is introduced.

8
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2.3.1 General Nyquist Stability Criterion

The Nyquist stability criterion is a method for determining the stability of a feed-
back loop system. For SISO, this method also provides the margin of stability at
the systems current point of operation [12].

Figure 2.3: Description of a general SISO closed-loop system.

Consider the open-loop transfer function, L(s), in (2.9), where G(s) and P(s) are
the transfer functions indicated in Figure 2.3.

L(s) = G(s)P(s) (2.9)

Then the number of unstable poles of the system in Figure 2.3 can be determined
as

Z=P+N=0 (2.10)

Where Z is the number of Right Half plane (RHP) for the system shown in Figure
2.3.

P is the number of poles in the right half plane for L(s).

N is the number of encirclements of L(s) around the point -1 in the clockwise
direction as the system L(s) traverses the Nyquist contour [12]. In SISO systems,
the closed loop system stability can also be determined through Bode plots if L(s) is
stable. Through the Bode plot, the classic gain and phase margins can be retrieved
which represent how much gain magnitude and phase lag you can add before insta-
bility.

For MIMO systems, the Nyquist plot of (2.11) should follow the same criterion as
above, except the observed encirclement should be around the origin.

det(I+ L(s)) (2.11)

The Nyquist plot can also be determined through the Nyquist plots of the frequency
dependent eigenvalues of the open loop transfer L(s).

A(L(s)) (2.12)

In this case, the number of frequency dependent eigenvalues that should fulfill the
Nyquist Stability Criterion is equal to the order of L(s).
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When Y and Z are expressed in the sequence domain for a symmetrical AC-network,
the expression in (2.11) is equivalent to (2.13) below.

det(I+ Y uZy) =1+ 8 (2.13)

With S being S = 2,Ypp + 20Ynn + 2n2pdet(Y), where z, = 2,, and z,, = z,,. For this
case subscript pp and nn represents the diagonals in the matrices Y,,, and Z,,, [17].
This approach can be used for the purpose of investigating how each subsystem, in a
MIMO system, contributes to the total system stability. Note that this applies only
to AC grid impedances with no cross-coupling terms between positive and negative
sequence, if not (2.11) should be plotted instead.

2.3.2 SISO margins

The SISO margins, which consist of gain and phase margins, are a metric that
shows how close in either phase or gain a system is to instability. The gain margin
measures the amount of tolerable disturbance in the plant, at the phase crossover
frequency, and consists of an upper g; and lower gy gain limit (2.14). The phase
crossover frequency is the frequency where the magnitude reaches 1.0 [27].

gL < 9 < gu (2.14)

The phase margin in a system is the amount of tolerable deviation, at the gain
crossover frequency, from the plant phase, before the system becomes unstable. The
gain crossover frequency is the frequency where an angle of 180° is crossed [27].
A phase deviation can occur due to time delays in the feedback loop. The phase
margins has an upper ¢y and lower ¢y phase limit where the closed loop system is
stable for all angles according to (2.15) [28].

—¢L > ¢ > du (2.15)

However, SISO margins has the limitation that they are inaccurate when applied to
MIMO systems, since they do not account for cross-coupling interactions [28].

2.3.3 Disk margins

Disk margin is a robust metric for stability that accounts for both gain and phase
perturbations simultaneously. Gain and Phase are modeled as a complex factor, f,
where the deviation from f = 1, acting on the open loop function as L; = fL are
the variation in gain and phase. The mathematical definition of the disk used in
Disk Margin are presented in the (4) below.

1+ 1526
fED(oz,U)—{ldFIJQFJ(S:(FE(C With|5|<a}. (4)
T2

« is the radius of the disk, § is any complex number in the disk where the center is
at 0 and o is the skew parameter. A nonzero skew indicates a bias towards either
gain decrease or gain increase.

10
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Disk margins in the Nyquist plane implies that 1 + fL(jw) # 0, for all pertur-
bations f € D(@maz,0) and for all frequencies w. The stability condition is now
L(jw) # —f~! and can be interpreted as a Nyquist exclusion region. This means
the Nyquist plot L(jw) does not enter the disk, D(aypaz, o). The exclusion region
is tangent of the Nyquist curve of L and contains the critical point (—1,0). By

changing the skew o, different exclusion regions are formed. For ¢ = —0 the disk
is centered at the origin and both the perturbation and Nyquist exclusion sets are
symmetric disks. If 0 = —1, then the disk is centered at nominal f =1 and a4, is

the radius [28].

For ¢ = +1, the Nyquist exclusion disk is centered at —1, with « as the radius.
This is defined as the S-based margin and ., defines the minimum distance from
the Nyquist curve of L to the critical -1 point. The expression for the minimum
distance are shown below

Qmae = ming|L(jw) + 1 (2.17)

The disk margin consists of a combination of the disk based gain margin (DGM)
and the disk based phase margin (DPM). DGM represents the lower and higher
zero-crossing of the real axis of the disk in the complex plane while the disk based
phase margin is the angle between the disk center and where the curve tangents the
disk as shown in Figure. 2.4.

DPMuux [\ T

Figure 2.4: Disk representing the largest phase and gain margin for stability

In [29] it is proposed the method of a strength indicator (SI), for multi-converter
power system, taking into account both phase and gain. From the disk based phase
and gain margin the strength indicator, SI can be calculated as below

SI = DGM*tan(DPM) (2.18)

11
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The following classifications below are recomended in [29)].

e SI < 0.2 Indicates a weak system with a high risk of oscillations and instability.
An improvement in robustness is suggested.
e 0.2 < SI < 2 The system has moderate strength. Oscillations can be damped,
although further adjustments of the control parameters can be made.
e SI > 2 The system is strongly stable with a low risk of oscillations. No further
tuning of the controller is needed [29].
Disk margin are originally defined for SISO systems but can still be extended to
MIMO systems by applying it to the frequency dependent eigenvalues of the trans-
fer loop matrix. Each eigenvalue can be depicted as an equivalent SISO system
with the eigenvalue that has the smallest disk margin being the indication of its
stability margin. Disk margins, unlike SISO margins, handle multi-loop interactions
in a MIMO system, meaning perturbations in gain and phase in multiple channels
can be processed at the same time [28]. Disk margins also take into account all
loop interactions and frequencies resulting in more guaranteed margins compared to
classical phase and gain margins [30].

2.4 Converter stability methods and requirements
by TSOs

2.4.1 ENTSO-E

According to the ENTSO-E guidelines for interaction studies between multiple
HVDC links [31], the methodology states multiple modeling methods to analyze
the system stability. Time domain simulations are suitable for simulations of non-
linear HVDC systems and the grid for asymmetrical transients from disturbances.
Time domain models alone is not sufficient but needs to be accompanied with a
model in the frequency domain as it is the best method for studying instabilities.
An alternative method is to use a state-space representation of the HVDC-system
and the AC grid model, where the eigenvalues can be obtained to analyze the stabil-
ity state of the system. A frequency scan followed by the impedance based approach
is also suggested since it does not require much computation time and utilizes the
Nyquist criteria to obtain stability margins [31].

12
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2.4.2 Svenska Kraftnat

Svenska kraftnét (Svk) has proposed a method to perform stability assessment us-
ing frequency domain analysis [26]. The method is applied to a feedback system
expressed in the positive- and negative sequence system, as shown in Figure 2.5.
Thereafter, the Nyquist stability criterion is applied to sequence the stability of
the system. The system feed-forward gain is the negative and positive sequence
impedance’s,Z,,, Z,, at the point of connection (POC). The, feedback gains are the
self-admittances Y, Y,, of the PEID. In order to obtain the admittances of the
PEID, EMT simulation can be performed by using voltage perturbations, v, and
Uy, respectively to perform the calculations below [26].

) Zo(fy) 0 0p(fp)
Zp(fp)
0 Z,qn(fp*2f1> ;:
Yol o) Youlfo = 2f1) -
Yz:p(fp) Yrm(fp - Qfl)
(a) Positive sequence.
+ (2o +2f) 0
?p fa Oy, f}
ip(fn) *’( > . 25 _ On(fp)
=
YaP(fp + 2f1> ch(fp) é
Yolfy+2f1) Yunlf) <

(b) Negative sequence.

Figure 2.5: Feedback system for positive and negative sequence.

o %a(fp) o %a(fp) o ga(fp - 2f1) _ %a(fp+2f1)
o 7 S o MR A 7 R A W7

The cross-coupling terms are denoted by Y, and Y,,. The impedances and admit-
tances in the POC and system are used to perform a impedance based stability
analysis. In the frequency range of 1 to 250 Hz, the requirements that Svk provides,
consists of a phase margin, which is presented in (2.20) and (2.21), where p = 35°
32

(2.19)

180° + p1 < L Zgp(Yop + Yap) < 180° — (2.20)
180° + pt < £ Zgn (Yo + Yan) <180° — 1 (2.21)

In the frequency range of 250 to 2.5 kHz the effects of the cross-coupling are ne-
glected. Only the self-impedance’s of the converter are used. These converter

13
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impedance’s are required to have positive damping which means that the real part
should be bigger than zero, according to (2.22) and (2.23).

Re{Zuy(f,)} > 0 (2.22)
Re{Zun(f,)} > 0 (2.23)

The plant owner is required to deliver the admittances of the PEID and a EMT
model to Svk. Svk then performs a separate verification to confirm the results [26].

2.4.3 Fingrid

The Finish TSO, Fingrid, has had experience with converter related issues. Fingrid
proposes the method of using the Equivalent Short Circuit Ratio (ESCR) metric,
to decide if a system with a high share of converters requires further studies. A
program developed by Fingrid calculates the ESCR for every converter, in a root
mean square (RMS) model, and finds the one with the lowest N-1 contingency [33].
N-1 contingency means that the system must be stable after one contingency.

However, because of difficulties in defining an appropriate threshold for the ESCR
due to differences in network topologies, Fingrid instead focuses on the accuracy of
the Electromagnetic Transient (EMT) simulation, in the time domain, with a conser-
vative ESCR value. With the use of a commercial conversion tool RMS models can
be transferred to more accurate and detailed EMT models. If the simulation evalua-
tions would conclude stability issues, Fingrid proposes curtailment of the maximum
active power, control mode changes and grid topology changes to mitigate the issue
(33].

2.4.4 National Energy system operator

The TSO of The United Kingdom, National Energy System Operator (NESO),
has presented guidance on the assessment of inverter based resources in the power
system. The techniques proposed to investigate converter behavior in a converter
dominated power system are listed below [34].

o Step change study, where small step changes are applied to the grid voltage
and phase angle to study the response of the system. This provides a good
study of the scheme of interest. Acceptable response should be a response
within the specified conditions from the grid code. Oscillation magnitude
should not be more than 5% peak to peak, and settling time should be less
than 2 s. Exceptions are sometimes made for the settling time [34].

o Small signal injection study uses EMT perturbation simulations to explore
the behavior of a system. It is recognized as one of the best ways to explore
the behavior of inverter based resources. For the studies the AC grid is rep-
resented as a Thevenin equivalent, while the converter under study will be
represented using a detailed EMT model. The desired frequency oscillations
are injected into the system to evaluate the behavior. An example setup are
shown in Figure 2.6. Acceptable responses according to NESO should ideally
be, no increase in magnitude of injected oscillations with positive damping. No
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instability, during different oscillation injections or change in active or reactive
power. The system should return to normal conditions after the injection [34].

Bus

Scheme Harmonic

AC Grid

Source

Figure 2.6: Example of study setup for limited time domain simulation.

o Active frequency scans are a method to study the impedance and phase
angle of a converter. For the study the AC grid is represented as a Thevenin
equivalent, like the small signal injection study and thereafter a range of fre-
quencies are injected into the converter to obtain the characteristics. To im-
prove the frequency scan analysis, the use of the MIMO approach is suggested
rather than the SISO one, because it provides a more accurate analysis since it
accommodates multiple interactions which are present in a real world system.
The small signal injection can be either be performed through series voltage in-
jection or shunt current injection. The acceptable response according to NESO
is that the assessment of the small signal stability should demonstrate stable
operation. The system is considered stable if the eigenloci do not encircle the
critical point [—1,0] in the complex Nyquist plot [34].

« Eigenvalue analysis is becoming one of the preferred ways to study interac-
tion phenomena. The method uses a detailed EMT model for the converter,
where the linear state space model together with a Thevenin equivalent as the
AC grid are used to determine the eigenvalues of the full system. Not the
frequency dependent eigenvalues, like other methods suggest. This provides
oscillation modes, frequency of oscillation and damping co-efficient. Accept-
able responses are that all closed-loop eigenvalues are expected to be in the
left-hand plane of the Laplace plane. A minimum of 10% damping ratio is
required for all oscillation modes [34].

It uses a frequency scan with detailed assumptions for the EMT model of the
converter. The connected AC grid is represented as a Thevenin equivalent, and
the system as a linear state space representation. These are used to determine
the eigenvalues of the system, and provide oscillation modes, frequency of
oscillation and damping co-efficient.

2.5 Stability analysis tools
This section summarizes the stability analysis tools investigated for this thesis.
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2.5.1 Z-tool

Z-tool is an automated tool developed in Python at KU Leuven to obtain frequency
dependent admittances from different subsystems in the grid and analyze their sta-
bility. Z-tool connects the perturbation sources directly by connecting the source
and load subsystems to a shunt voltage source that recreates the prior circumstances
while applying perturbations, see Figure 2.7 [13]. This implementation allows both
sides of the POC to be scanned at same time without the risk of instability dis-
rupting the results. In [9] they mention that stability is determined both by the
impedance and the passivity based methods. For the impedance-based method it
splits the system into sources and loads as shown in Figure 2.1 and utilizes the ad-
mittance ratio between the two systems to do stability evaluation using the Nyquist
criterion [9]. As for the passivity based method it plots the measured response as
their eigenvalues over a frequency spectrum. Z-tool performs both the injections
and the post process analysis in the dq domain. It also has the feature of multiple
scan blocks being active at the for the same simulation, as shown in Figure 2.8.
Further, it utilizes PSCADs built in multi-core function to run multiple simulations
at the same time to speed up the process. It also utilizes multi-frequency injection
where multiple perturbation signals are sent in to the same simulation to further
save time. However, the multi-frequency perturbation injection is limited to sending
in 8 simultaneous injections or a single one [9, 35].

_______ 1 injection

Figure 2.7: Simple example showing the Z-tools connection at the POC of a simple
grid and converter system

e H S
Z — tool1— ™ wiZ — tool2

Figure 2.8: Example of system with multiple points being measured at the same
time
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2.5.2 IMTB

IMTB (Immitance Measurement ToolBox) is an impedance analysis tool developed
in Python by Energinet. The tool utilizes the frequency scan method described
in Section 2.1 to obtain the frequency dependent impedances of the system under
study. However, unlike Z-tool, IMTB does not provide stability assessment tools,
instead, the user needs to perform such evaluations post scan using the resulting
impedance [15]. IMTB allows for injections in both the sequence domain as well as
the dq domain, the post processing can be done in dg-domain where it is MIMO
defined or in the classical SISO sequence-domain. In addition, IMTB has a graphical
user interface which makes it accessible for users with limited Python experience.
The script also utilizes the multi-core capabilities provided by PSCAD meaning the
scanning can be sped up [15].

2.5.3 SlaD-tool

The SIaD (Stability and Interactions assessment in the frequency-Domain) Tool is
a admittance scan and stability assessment tool developed in Spain as a collabo-
rative effort between multiple universities. It utilizes both passivity-based analysis
and impedance-based analysis with the Nyquist criterion on system stability. It
also offers modal analysis as well as phase and gain margin analysis. The Modal
analysis allows the user to find resonances in the system using the eigenvalues of the
admittance/impedance characteristics shown in (2.24).

Yoys (1) = Yoyaa (jw) + [Zaysa (jw)] (2.24)

The phase and gain margin implementation show the phase and gain evaluation for
a full MIMO matrix so the cross couplings are also evaluated unlike classical SISO
phase and gain evaluation. It’s compatible with both power systems implemented in
PSCAD and MATLAB models [18]. The tool shares similarities with Z-tool, how-
ever, SIAD does not exploit the full capability of PSCAD with regards to multicore
simulations. One thing to be noted is that the tool works under the assumption that
the systems under analysis will reach a stable state which means that the impedance
scan may fail if the system is unstable. The tool does however offer multiple different
injection types such as PN, abc as well as dq. The PN analysis is MIMO defined
and its definition is close to what is presented in (2.19) [18].
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Tool development

To study converter and grid interactions, a tool has been developed in PSCAD
and Python to automate the stability analysis. As stated before, there are already
existing tools, however, they come with their own pros and cons in terms of analysis
capabilities, execution time and adaptability. This tool means to compensate on
the other tools shortcomings. The implementation of the tool is explained in this
chapter.

3.1 PN-injection

The primary perturbation type to determine the frequency response of the converter
has been performed in the modified sequence domain, proposed in [21]. The sequence
domain is chosen because it is simpler and easier to implement compared to the
dg-sequence. Injections are performed in both the positive and negative sequence
domains. As stated earlier, results from injections in either positive or negative
sequence can yield responses in both domains if the system is non MFD which will
need to be adhered to in the post processing [21]. The injection is defined using
(2.6) and utilizes the frequency definition that has been shown in Section 2.2.3 as
well as in [21].

3.2 PSCAD Block

To perform frequency injection and measurements using an automated script for
different systems, a PSCAD block has been developed that can be connected at
different points in the system, as shown in Figure 3.1.

The perturbation injection defined in the block can be either shunt current injection
or series voltage. The injection for each phase has been formulated as shown in (3.1)
where positive sequence is shown and then negative sequence injection is formulated
as shown in (3.2)

Vip| [ cos(wp) |
Vip | = Vinj—amp - |cos(w, — 2?”) (3.1)
Vep| | cos(wy + 2{)
Vo | [ cos(wy,) ]
Vin| = ‘/Inj—amp : cos(wn + 2%) (32)
Ven | | cos(wy, — 2?”)_
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In this, the injection is performed individually to each subsystem in order to avoid
the grid affecting the converter under study or vice versa [25]. When the converter
is measured, the grid is replaced by an ideal voltage source, this to guarantee no
interaction. When measuring the grid, the converter is then instead completely dis-
connected and replaced by the perturbation source. The implementation in PSCAD
is depicted in Figure 3.1 and 3.2. The switches shown in Figure 3.1 are turned on or
off from inputs when running the Python script, where SW2 decides if the grid or
the ideal source is to be connected and SW1 decides if the DUT is to be connected
or not. In the context of this thesis the DUT represents the converter under study.

Grid
Grid- DUT-
Ideal side . side DUT
inject/meas |—e—0~
Voltage o—
SW2=1 SW1=1
Source

Figure 3.1: Component disconnection for separate analysis.

\ Inside Inject/Meas
Pert-signal block

1
0 ' Shunt=1

O 5 O
Grid
T Pert-signal

1

1

1

1

! Shunt=1 Q\
1

1 —

1

1

Figure 3.2: Perturbation method for arbitrary phase

Figure 3.2 shows the content of the inject/meas block, where one phase is shown.
The injection type is decided by one variable labeled as shunt in Figure 3.2. This
variable makes the amplitude zero for either the current perturbation source or the
voltage depending on it’s value.

3.3 Multi-frequency injection

To decrease simulation time, the possibility to inject multiple frequencies simulta-
neously has been investigated. For example instead of running 50 simulations to
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obtain impedances/admittances for 50 frequencies, 10 injections can be done at the
same time hence only requiring 5 simulations. The approach followed in this thesis
is to split the original frequency spectrum list into smaller lists. Then, the injection
is performed sequentially for each item in every list. Ideally, each response should
be obtainable accurately through a Fast Fourier Transform (FFT). However inac-
curacies may appear due to spectral leakage. Spectral leakage in this case refers to
frequency bins of the FFT leaking "energy' into neighboring frequency bins. The
challenge lies in the proximity these frequencies have to each other which could cause
spectral leakage in the FFT to affect the end results [36]. Because of this, two meth-
ods for injection has been implemented in this thesis, namely a linear and spaced
method. The frequencies of the perturbation signals to be injected can be arranged
in a matrix where the column values are the frequencies to be injected simultane-
ously. The linear method in short fills the columns linearly with the frequencies. An
example of how the injection matrix is created is shown in (3.3).

!
20 35 50

15 30 45
10 25 40

(3.3)

For the spaced method the rows are filled instead with an example matrix being
shown in (3.4).

!
40 45 50

25 30 35
10 15 20

(3.4)

The arrow in both (3.4) and (3.3) represents the first column of frequencies to be
injected. The latter method allows for less risk of spectral leakage that affects the
results. However, it is important that the columns does not contain values that have
two times the base system frequency of spacing between each other to avoid injecting
signals at the mirror frequencies. For example if a list of simultaneous perturbations
would contain both a positive sequence injection of 40 Hz and 140 Hz, then when
the negative sequence response from the 140 Hz injection is analyzed the positive
sequence response from the 40 Hz case will be picked up as well meaning inaccurate
values.

3.4 Post-processing

Before each analysis a steady-state measurement is always performed, where no
perturbation signal is injected. The steady-state measurements are then removed
from the perturbation measurements to acquire only the perturbation response, as
follows

A'U(t) = Umeasured(t) - Uss(t) (35)
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Where Aw(t) represents the voltage measurements with the steady state removed,
Umeasured(t) 18 voltage from the perturbation measurements and wvg(t) is the steady
state voltage without any perturbation. Then, an FFT has been performed on Av(t)
to acquire the frequency spectrum for each phase. The spectral components can then
be transformed to their respective positive and negative components following the
Fortesque transform (2.6). The developed tool has been defined so that for each
response in the positive and negative sequence, the tool would pick the response at
the expected frequency. For example, when handling a positive sequence injection,
into a 50 Hz system with a frequency injection of f, the script would look at the
value at this frequency to acquire, 7,, but would also look at f, — 100 to acquire the
negative response, i,,, caused by cross coupling. Then the opposite is performed for
the negative injection, where the negative response, i,,, is acquired at f, and the
positive sequence response, i,,, caused by cross coupling is acquired at f,, + 100.
Subsequently, with the current and voltage responses, the admittance matrix Y py
were calculated using the 2 x 2 matrices of the PN voltage and currents according
to (3.6)

anynn tnp  Tnn Unp  Unn

[Yppm] _ [ ] . [ ] _ (3.6)

The elements in (3.6) are explained as follows:

» vy, and 7,, are the positive sequence voltage and current response from a pos-
itive sequence injection. Y, represents the admittance that causes a positive
sequence current response from a positive sequence voltage injection.

e Uy, and i,, represent the negative current and voltage response from a positive
sequence injection. Y, is the admittance that causes a negative sequence
current response from a positive sequence injection

e Uy, and i,, represent the positive current and voltage response from a negative
sequence injection. Y, is the admittance that causes a positive sequence
current response from a negative sequence injection

e v,, and i, represent the negative current and voltage response from a negative
sequence injection. Y, is the admittance that causes a negative sequence
current response from a negative sequence injection

The acquired PN domain admittance matrix in (3.6) can be transformed into the
dq domain, as follows [21, 17].

dq __ m—1 n Wi . i 1 j
YY=T"xY"xT , with T\/ﬁll —j] (3.7)
3.5 Passivity and Stability analysis

Following the calculation of the admittances, an investigation of the system stability
using the impedance and passivity-based method, was performed.
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3.5.1 Passivity-based analysis module

As mentioned before, through the passivity-based analysis, it can be concluded
that the system is stable if both the converter and the grid are passive. For this
investigation, the eigenvalues of (2.3) has been used to determine if the system is
passive. The passivity check module has been implemented in Python were the
script returns a message to notify the user if the system is passive or not. The script
also plots the real parts of the eigenvalues (2.3) over the frequency spectrum for the
user to inspect. Similarly a passivity check for the grid was also implemented.

3.5.2 Nyquist criterion module

(2.11) was plotted in order to investigate the closed loop system stability using the
impedance-based method. As described in Section 2.3.1 and 2.1.1, the system sta-
bility can be determined by following the Nyquist criterion applied to (2.11). In
addition, to gain further understanding of the impact each subsystem component,
(2.13) was applied.

To obtain a further view of the system stability margins, the S-based disk mar-
gin, from Section 2.3.3, was applied using (2.17). The margin has also been plotted
in the complex plane, together with the closed loop system Nyquist plot, to provide
an estimate of how close the system is to the critical point -1. This implementation
was done for the purpose of comparing the stability margins between different test
cases.

3.6 Structure of the tool

A general flow of the tool and all of its modules is shown in Figure 3.3

Frequency
range
Y
Input- Sequence-type PN-
Base frequency—— > data injection EE Nm— PSCAD
module module Pase DEFHL
- Perturbation bation injection
frequency
Perturbation
Pertullr.lzatéon Admittance and steady state
am;);s;lwcty plots characteristics neasurement
: Stability Post-
Nyquist plots <+——— analysis processing
. module module
Phase/Gain < Impedance
plots characteris-

tics

Figure 3.3: Tool workflow
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3.6.1 SISO, MIMO and Svenska Kraftnit comparisson

Since MIMO-based analysis of converter interactions is still a relatively new ap-
proach, it is of interest to compare it with traditional SISO stability analysis. In
addition to applying the SISO method, this thesis also considers the method pro-
posed by Svk, which computes admittances according to (2.19).

In the SISO stability analysis method, admittances has been calculated by taking
Ip/Vp and In/Vn, ignoring cross-coupling elements, and then performing a Bode
plot and Nyquist plot to investigate the stability condition of the system. In the
Bode plot the distance to £180° in unit with a gain magnitude of 1, in combination
with checking the gain margin at £180, is verified in order to determine the system
stability. Furthermore, the Svk approach has been implemented in the developed
tool by following (2.19). A comparison has been made between the SISO and MIMO
approaches to investigate where SISO approaches can be a good approximation to
MIMO approach.

3.7 Test systems

In this section the systems that the developed tool has been verified against are
presented.

3.7.1 Ideal converter model

To be able to verify the performance of the tool, an ideal EMT model has been
provided. The model is sketched in Figure 3.4 and it consists of an ideal converter
connected to an ac grid through a cable. The converter is ideal meaning that the
power electronic bridges are modelled as an ideal voltage source on the ac side,
and an ideal current source on the dc side, as shown in Figure 3.5. The converter
controls dc side voltage and reactive power exchange at the converter POC. The
reactive power exchange is regulated directly through the current reference in the
q axis, i‘}ref . Thus, the converter aims to represent a reactive power compensation
device, such as a STATCOM. The parameters of the ac grid and cable are shown in
Table 3.1, and the converter parameters are shown in Table 3.2. Figure 3.5 presents
a screenshot of the model build in PSCAD showing also the “measurement point”,
which is where the perturbations are going to be injected. In addition to the ideal
EMT model, a linearized model of the EMT system has been provided. Section
3.7.2 presents an analytical derivation of the converter admittance matrix, Y, and
the grid impedance matrix Z.

24



3.

Tool development

L. R, L. R, Ug iy

Tool O
Ce Ce
1] [
L L ufilte’re L
g r LPF

L» PLL

Figure 3.4: PSCAD equivalent model.
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Figure 3.5: Screenshot of the PSCAD implementation.

Table 3.1: Table of parameters and corresponding values for the grid side equiva-

lent.

Parameter Value
V, 66 [kV]
L, 0.26 [H]
R, 8.1677 [Q]
L. 0.44 [mH /km]
R, 0.28 [Q2/km]
C. 0.17 [uF'/km]

25



3. Tool development

Table 3.2: Converter settings and ratings

Parameter Value
Rated frequency f 50 [H z]
Rated dc-side voltage Vg, 132 [kV]
Rated ac-side voltageV. 66 [kV]
Lreactor 0.260 [H]
Rreactar 0.817 [Q]
Dec link capacitor Cy, 9.183 [uF]
Control mode DC voltage control
Voltage proportional gain, kp,q. 1.154 p.u
Voltage integrator gain, ki,q. 0.1731 p.u
Voltage integrator time constant, ti,q. 0.018 p.u
Current proportional gain, kp; 0.75 p.u
Current integrator gain, ki; 0.0075 p.u
Current integrator time constant, ti; 0.424 p.u
PLL Bandwidth, o,y 0.2 p.u
PLL proportional gain, kp,y 0.4 p.u
PLL integrator gain, ki 0.04 p.u

Note that the system is only meant for testing purposes and does not represent a
real system. Cable length or resonance peaks might be exagerated for the purpose
of demonstrating the instability phenomenon under investigation.

3.7.2 Linearized state-space model

The state space model of the converter, shown in Figure 3.4, is presented in this
Section. In this case, two rotating frames are considered, as described in [17]. One
is the dq frame defined by the angle estimated by the converter PLL and the other
one is the synchronous dq frame, which rotates at a constant speed. The linearized
phase-reactor current, is, can be described in dq frame as (3.8) and (3.9).

dAi4  —Rf Aud Al
f o - pd . . c
di = TfAlff + CUQAZ(} + Z}OAw + ng - Tf (38)
dAit R Aul Al
f _ f A d  d c
T Ai% — woAdy — i Aw + Lfg — (3.9)

A indicates variables that are deviations from the initial operating point and sub-
script "0" indicates that the variable has taken the value of the initial operating point
[17]. Ry and Ly are the resistance and inductance of the phase reactor, respectively.
The dq phase reactor currents and the POC voltages are represented through i?,i?
and ug, ul respectively. u and ud represent the converter dq voltages, and wy the
steady-state frequency. The Vector Current Controller (VCC) dynamics can be de-
scribed by (3.10), (3.11), (3.15) and (3.14), and the low pass filter by (3.12) and

3.13.

dm?

= k(AT — Adf), (3.10)
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dm? qref X
dud,,
digtf = —aguly + apAul, (3.12)
dul,
dfff = —ayuf,y +apAul, (3.13)
Aul = —k,(AifT = Aif) — m® + woAi% + i% Aw + (3.14)
Aud = —k, (A% — Ai%) — m? + woAif + i Aw + uly, (3.15)

. .d .
where m? and m? are integral states, i fref and l?fef are current references, k, and

k; are the proportional and integral gains of the VCC, respectively and ay is the
voltage filter bandwidth. The PLL dynamics are described by

dn,,
dA6

where k;; and k,; are the proportional and integral gains, respectively, of the PLL.
The de-side voltage controller are described by (3.18) and (3.19) below

dn,,,

= Fio(AUST — Aug,) (3.18)

Z?r@f = k'pe(Augif — Audc) -+ Ny, (319)

Ny, 1S an integrator state, ul is the de voltage controller input reference and Epe

and k;. are the proportional and integral gains of the controller.
The two rotational frames (the converter dq frame and the synchronous dq frame)
are related to each other as follows

Aqd AR ig
ME R -

Ayl Ays? ud
[Aué] _ [ Ausq] n l_;jg} A6, (3.21)
I} = Yu} + Fr (3.22)

where, [AiAY], u, = [AwdAuw] and r = [Ai}/Ai{"/]. Y is the input of the
converter.

_[sta O]y [u9 O] [ TO (ush+ iifuls)
£ [ ) sfj e [0 y(S)] [ 0 — @Z;g - i%%)fp”(s) (3.23)
and
sd
yis) = - s Jou(s) = L (3.24)

(sLy + Ry)(s + a)(s + ay) % + kpuids + kqul
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Where « is the VCC bandwidth, and k, = oLy and k; = aRy, are the VCC
proportional and integral gain, respectively. The definition of the AC grid can be
defined by the following transfer function (3.25). The transfer function for the grid
impedance can be explained by (3.26) and (3.27).

= —Zi (3.25)
1
ZgT?,d(S) - 1 + Zsource(5)+anp(3) (326)
anp(s) ZsouTce(S)anp(5)+an,ble(S)(Zsou'rce(s)“rzcap)(s)
2
anp(s) = 77 Zsource(s) = Rs + SLsa anble(s) - Rc + SLc (327)
sCe

Here R, and L, represents the source resistance and inductance, L., R. and C.
represent the ac cables inductance, resistance and capacitance. If the AC-grid is
symmetric, the impedance is the diagonal in the sequence domain. By combining
(3.22) and (3.25) a feedback system can be formed as the one in Figure 3.6, [17].

+5
r 1y
> _|_ >

\/
]
=

Figure 3.6: Feedback loop of the system.

3.7.3 PSCAD MMC Network testing

To test the system on a non ideal model a MMC model provided in the examples
from PSCAD has been used. The measurement tools are connected to the converter
where the base frequency is 60 Hz, voltage base is 230 kV and the power base is 1500
MW. A simple representation of the system is shown in Figure 3.7 and is further
explained in [37]. Note that the MMC includes power electronic bridges, so some
harmonic distortion is expected in the simulations.
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4

Results and analysis

In this chapter, the results from the different studies performed in the thesis are
summarized.

4.1 Tool test and verification

In this Section, the results from the frequency scans performed from the different
tools are presented, to verify if the results align well with the frequency responses
obtained from the mathematical model. Table 4.1 shows the different cases applied
to the mathematical model where the system parameters to be varied are the cable
length and the reactive power injection by the converter.

Table 4.1: Simulation cases

case: | cable length (km) | q (reactive power flow in p.u)
1 20 0
2 20 -0.5
3 20 -1
4 30 0
5 30 -0.5
6 30 -1

4.1.1 20 km cable result

For the 20 km cable length, the elements of the PN admittance matrices for a reactive
power flow case of 0, -0.5 and -1 p.u are presented in Figure 4.1 and Figure 4.2
respectively. The elements of the grid side impedance characteristics are presented
in Figure 4.3. Lastly, the passivity and the Nyquist plots for the different power
flow cases are presented in Figure 4.4 and 4.5, respectively.
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Figure 4.1: Real parts of the elements of the converter PN admittance matrix in
siemens Cases corresponds to converter connected to a 20 km cable.
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Figure 4.2: Imaginary parts of the elements of the converter PN admittance matrix
in siemens Cases corresponds to converter connected to a 20 km cable.
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Real

Figure 4.5: Nyquist plot for the open loop system connected to the 20 km cable

The ac resonance can be approximately calculated as follows

fres:% (4'1)

Which, with the reactance stated in Section 3.7.1, results in a grid resonance fre-
quency of 167 Hz. This means, that in the sequence domain the resonance peaks
appears around 117 Hz in positive sequence and 217 Hz in the negative sequence,
as expected considering the mirror frequency effect explained in Section 2.2.3. This
coincides with the peaks observed in Figure 4.3. Furthermore, it can also be seen
that the Nyquist plots in Figure 4.5 shows stability for all power flow cases. It can
also be seen that the higher the reactive power consumed by the converter, the closer
the system moves to instability.

4.1.2 30 km long cable

For the 30 km cable length, the real parts of the elements of dq and PN plots for a
reactive power flow case of 0, -0.5 and -1 p.u are presented in Figure 4.6 and Figure
4.7, respectively. The corresponding imaginary parts are presented in Figure 4.3
and 4.4. The elements of the grid side impedance are presented in Figure 4.8 for
the PN domain. Lastly, the passivity and the Nyquist plots for the different power
flow cases with a 30 km grid is presented in Figure 4.9 and 4.10.
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Figure 4.7: Imaginary
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Figure 4.10: Nyquist plots for the previously shown admittance characteristics of
the system for a 30 km cable.

Using the same approach as in Section 4.1.1, the expected resonance frequency was
found at 136 Hz. This means expected resonance peaks at 86 Hz in the positive
sequence and 186 Hz in the negative sequence, which corresponds well with the
resonance peaks from Figure 4.8. Further, what is specifically of interest for this
case is that the system becomes unstable when the power flow is q=-1 as can be
seen in the Nyquist plot, as shown in Figure 4.10. Time domain simulation have
been run to verify the results of the Nyquist stability criterion. The simulation
consists of decreasing the current reference in the g-axis (regulating the reactive
power exchange) from 0, -0.5 and then to -1. p.u, for both cable lengths, 20 km and
30 km. The results are presented in Figure 4.11a and 4.11b

As can be seen in the results, the converter reaches instability when connected to
the 30 km line, which confirms the theoretical analysis.
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Figure 4.11: Time domain characteristics from the PSCAD model.
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4.2 Tool Validation

The validation of the thesis tool is performed through a multi-frequency injection
of 10 simultaneous perturbations. The grid and converter are measured separately
to avoid interference. The converter is measured using a series voltage perturbation
and the grid is measured using shunt current injection. In order to obtain the initial
operating points for the converter, a load flow simulation is performed for each
case. The respective cable lengths, reactive power flow and operating point at the
converter terminal are presented in Table 4.2

Table 4.2: Table presenting the changing parameters for the test cases.

case: | cable length (km) | q (reactive power flow in p.u) | Terminal voltage, u. (p.u)
1 20 0 1.097
2 20 -0.5 1.013
3 20 -1 0.910
4 30 0 1.155
5 30 -0.5 1.069
6 30 -1 0.966

For each case a multi-frequency perturbation is injected and the frequency injections
are shown in Table 4.3

Table 4.3: Injected frequencies.

Simulation Frequencies to be injected simultaneously (Hz)
1 2 | 92 | 182 | 272 | 362 | 452 | 542 | 632 | 722 | 812
2 31 93 | 183 | 273 | 363 | 453 | 543 | 633 | 723 | 813
3 4 | 94 | 184 | 274 | 364 | 454 | 544 | 634 | 724 | 814
88 89 | 179 | 269 | 359 | 449 | 539 | 629 | 719 | 809 | 899
89 90 | 180 | 270 | 360 | 450 | 540 | 630 | 720 | 810 | 900
90 91 | 181 | 271 | 361 | 451 | 541 | 631 | 721 | 811 | 901

4.2.1 Grid measurement

The thesis tool was applied to the PSCAD model mentioned earlier and set up to
measure the grid for a cable length of 20 km and 30 km. Both results are shown in
Figure 4.12 and 4.13. Comparing these plots with the ones shown in Figure 4.3 and
4.8 shows that the tool manages to capture the grid with good accuracy.
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4.2.2 Converter admittance scan

The tool analysis of the converter yielded, similar to the grid impedance, very accu-
rate results. The admittance matrix elements for a reactive power flow of ¢ = —1 are
shown in Figure 4.14 and 4.15. The only impact that the grid has on the converter
admittance in this case is that the different voltage operating points give a change
in amplitude which can be seen in Figure 4.14 and Figure 4.15. A direct comparison
between the measurements of the thesis tool and the mathematical model results
are shown in Figure 4.16 where minor differences are observed.
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Figure 4.14: Real converter admittance characteristics captured by the thesis tool.
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4.2.3 Tool notes

The Nyquist plots are not presented, but they yielded the same conclusion as the
mathematical model. The multi-frequency perturbation implementation did not
yield any errors in the plots and it also managed to cut down the simulation times
from 2 hours and 10 minutes to approximately 14-16 minutes.

4.3 Validation of other tools

Admittance and impedance scans have been performed for the system described in
Section 3.7.1 with the tools presented in Section 2.5. General comments about the
tools with regards to modification or similar things are introduced in the following
sections and then all tools are compared in the same plot.

4.3.1 IMTB

The results from IMTB are primarily presented in dg-domain since that is the main
sequence the tool is built for. Worth noting for this tool is that it gives the results
as impedances and not admittances so to be able to measure and compare with the
other characteristics it has therefore been altered to show admittance matrices from
the converter instead. IMTB lacks any form of further stability analysis other than
impedance measurement. As such, impedance and admittances are the only things
that will be discussed.

4.3.2 Z-tool

Z-tool gives all results from the scan in dg-domain admittance form so to be able
to compare with the earlier models the admittance characteristics of the grid has
as such been transformed to impedances for the sake of comparison. Z-tool uses
the Nyquist plots of the eigenvalues of the open loop transfer function, while the
thesis tool uses the determinant of I+ L(s), however, conclusions are the same. The
passivity analysis also yielded the same conclusion.

4.3.3 SlaD

Similar to Z-tool, SIAD also provides all results in admittances, so for the grid
characteristics these admittances have been transformed into impedances. It plots
the Nyquist stability plots as well as the passivity plots the same way as Z-tool does
it and for the 20 km q=-1 case the results are very much the same. However, for
the 30 km gq=-1 case the tool was not able to capture a stable admittance plot of
the system, hence they are not shown.

4.3.4 Tool comparison

A more direct comparison between the tools and the mathematical model are pre-
sented in the following sections. Note that unlike the previous comparison between
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the thesis tool and the mathematical model this analysis is done in dq since the
majority of the tools are defined in the dg-domain.
4.3.4.1 20 km line q=-1

The results for the real values of each tool measurement is presented in Figure 4.17
and the imaginary plots are presented in Figure 4.18.
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Figure 4.17: Real values from all the tools and the mathematical model.
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Figure 4.18: Imaginary values from all the tools and the mathematical model.

4.3.4.2 30km line q=-1

The results for the real values of each tool measurement are presented in Figure 4.19
and the imaginary plots are presented in Figure 4.20.
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Figure 4.19:

Imaginary Admittances

Real values from all the tools and the mathematical model.

—— Theoretical model
—— Thesis-tool scan

—— Z-tool scan
Ydd Ydq —— IMTB scan
0.0008 ‘
0.0006 - 0.0000 1
0.0004
—0.0005 -
0.0002 A -
2
0.0000 - ~ —0.0010
—0.0002 A
—0.0004 4 —0.0015 A
—0.0006
T T T T T T —0.0020 T T T T T T
0 200 400 600 800 1000 0 200 400 600 800 1000
f[Hz] f[Hz]
le-5 Yqd Yqq
3] 0.0008
5 0.0006
1] 0.0004
0.0002
& 07 ~—T——— o
> 1 > 0.0000 -
—0.0002
_2 .
—0.0004
_3 .
—0.0006 -
T T T T T T T T T T T
0 200 400 600 800 1000 0 200 400 600 800 1000
flHz] flHz]

Figure 4.20:

Imaginary values from all the tools and the mathematical model.

As can be seen, each tool show similar accuracy. Z-tool, the thesis tool and IMTB
all have approximately the same error compared to the mathematical model which
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shows that the tools are relatively reliable. STaD could however not capture the 30
km cable case since the system was unstable and for the 20 km case it has also been
seen that the tool has differing amplitudes compared to the other tools, however the
difference is not that large.

4.3.5 PSCAD MMC model

Admittance scans has been performed using both Z-tool and the tool developed for
this thesis, in order to to identify the challenges that might appear when performing
the scans on a more detailed model. It has been found from initial scans that the
system gives extremely small current responses indicating high impedance as well as
having steady state noise. As such, three cases have been tested with a perturbation
magnitude of 5%, 1% and 0.1%. The real part of the admittance in the dq domain
for the two injection cases are presented in Figure 4.21. The thesis tool and the
Z-tool showed similar results and as such only the results from the thesis tool are
shown here.
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Figure 4.21: MMC dq analysis acquired from the developed tool.

From Figure 4.21, the injection that has 1% and the injection with 5% differed a bit
from each other in amplitude, the same phenomena could be seen for Z-tool as well.
Note that an amplitude of 2% was also injected which yielded the same amplitude
as injecting 1%. The 0.1% shows very noisy measurements compared to the other
two measurements. A steady state analysis of the RMS voltage of the system was
also performed which is shown in Figure 4.22 where the average deviation casued
by the noise was appreciated to be 0.7 kV.
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Figure 4.22: RMS voltage variation of the MMC when no disturbance is applied.

4.3.6 Disk margin implementation

For the implementation of the disk margin in the Nyquist plot, the S-based disk
margin from Section 2.3.3 was used. A circle was plotted with the center at -
1 and radius as the minimum distance to the L(s) curve. The disk represents
all simultaneous gain and phase perturbations that the system could handle while
maintaining stability. A stable case of the S-based disk margin is shown in Figure

4.23.
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Figure 4.23: Disk margin plotted in the complex plane for the case with 30 km
cable and q=-0.5.

The plot and its radius are mainly to give an graphical indication of how close
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the system is to instability. The disk margin is also used for means of comparison
between different cases.
For a reference of how the system is performing, the classification from [29] using
(2.18) is applied. The results are shown in Table 4.4 below.

Table 4.4: Strength index of the system for the thesis test cases.

cable length(km) | Reactive power flow (q) | S-based Disk margin | Strength Index (SI)
20 0 0.5668 0.4391
20 -0.5 0.4438 0.3430
20 -1 0.2948 0.2051
30 0 0.5136 0.3955
30 -0.5 0.2792 0.2273
30 -1 unstable unstable

The SI values shows that a reactive power flow of 0 and -0.5 for both cable lengths
and -1 for 20 km cable length describes the system as moderately stable, according
to the definitions stated in Section 2.3.3. For a reactive power flow of -1 and cable
length of 30 km the system is at risk of being unstable and having oscillations,
according to Section 2.3.3.

4.4 SISO, MIMO and Svenska kraftnat approach
comparison

The SISO method where cross-coupling is neglected gilded the following results for
the case ¢ = —1 for 30 km.

Magnitude (dB)

10°

Bode plot of YpnZs,

(deg!

Phase

--- -180°
——- 1056.61 Hz

Frequency (Hz)

Figure 4.24: Bode plot of negative sequence open loop function.
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Figure 4.25: Bode plot of Positive sequence open loop function.

From Figure 4.25, it can be concluded that the system is unstable since it supersedes
a phase angle of +180° in unity with a gain greater than 1, at the observed crossover
frequency of ~ 479Hz which means the system is unstable.

As mentioned during the test cases for the developed tool, the stability analysis
for the ¢ = —1, 30 km cable, case is expected to have an unstable condition, as
shown in Figure 4.26.

Nyquist Plots of Sequence-Domain Terms

Positive / Negative Sequence det(Y) S
—— 2p*ypp — MIMO —— (2,*2,)*detY - MIMO 81 — 5-miMOo
— Z*yp— SISO —— (2p*2y) *detY - SISO 5-5IS0
—— 2y* Yo — MIMO 1.0+ T __. Disk margin = 0.0075
6 . z"*j,m —-SsIso X 1 64 @ f=76.00 Hz
X 1 X -1

0.5 1

oo ff‘/\

Imag
Imag
|
o
o
Imag
o

-1.51

—2.01

T T T i T T y T T T T T T
-2 0 2 4 6 -1.0 -0.5 0.0 0.5 1.0 -2 0 2 4 6 8
Real Real Real

Figure 4.26: Nyquist plot of the open loop function from both the MIMO and
SISO calculation.

According to the test model, the case ¢ = —1 should be unstable according to the
mathematical model. The Bode plots show a phase margin of ¢, = —0.782° and
gain margin of A,, = —0.228, which shows that the system is unstable. A compar-
ison between the SISO Nyquist plots and the yPPzP and y™" 2™ are shown in Figure
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4.26. For this particular case, small difference can be shown between the two ap-

proaches.

The phase and gain margins for the different test cases are presented in Table 4.5

and 4.6.

Table 4.5: Phase and gain margin for positive sequence.

cable length(km)

Reactive power flow (q)

Phase margin (¢,,)

Gain Magnitude (A,,)

20 0 42.17° 19.07
20 -0.5 31.86° 11.7
20 -1 20.5° 6.57
30 0 36.3° 16.9
30 -0.5 19.25° 7.5
30 -1 -0.782° -0.228

Table 4.6: Phase and gain margin for negative sequence.

cable length(km)

Reactive power flow (q)

Phase margin (¢,,)

Gain Magnitude (A,,)

20 0 79.17° 00
20 -0.5 82.35° 00
20 -1 85.54° 00
30 0 80.4° 00
30 -0.5 80.02° 00
30 -1 84° 00

Table 4.5 shows that the margins decreases with a decrease in reactive power flow,
making the system closer to instability. This compares well with the disk margin
results from Table 4.4, where it also decreases with decrease in power flow.

4.4.1 PLL bandwidth increase

A new test case has been performed where a PLL bandwidth of 32 Hz (equal to
0.64 in p.u) is applied. The Nyquist plots are shown in Figure 4.27. When the PLL
bandwidth is increased, the cross-coupling effect increase their magnitudes, as can be
seen in the admittance amplitudes for the converter with the original bandwidth and
the increased one, as shown in Figure 4.28 and 4.29. Thus, the main intention with
this additional case is to test the impact of high cross couplings in the admittance

matrix.
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Figure 4.27: Nyquist plot of SISO and MIMO systems, for a 20 km system, q =
-0.5 and PLL bandwidth «,; = 0.64p.u.
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Figure 4.28:

Real values for a PLL bandwidth of a,;= 0.2 p.u and 0.64 p.u.
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Figure 4.29: Imaginary values for a PLL bandwidth of a,;= 0.2 and 0.64.
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even though the Nyquist plots of the SISO and MIMO systems appear to be similar,
the increased cross-coupling has a critical effect on the final conclusion, leading to
different stability assesment between the SISO and MIMO approach.
The approach performed by Svk, which is described in Section 2.4.2, has also been
carried out. Note that in the Svk approach the equivalent admittances are calculated
in order to utilize the requirement proposed by Svk. Namely, the phase margin
requirement for low frequencies (2.20) and (2.21) and high frequencies (2.22) and

(2.23).
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(a) Negative sequence phase criteria for low frequencies
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(b) Positive sequence phase criterion for low frequencies

Figure 4.30: Svk phase criterion for a 30 km cable length

Figure 4.30 presents Bode plots using admittances calculated through the Svk ap-
proach. For the positive sequence it can be concluded that the phase margin is not
fulfilled since the phase margin of ¢,, &~ —35° is exceeded for all three cases. For
the negative sequence a peak can be observed for the case with reactive power flow
q=-1, not fulfilling the margin. This is suspected to come from a resonance from

the AC grid.
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SvK High-Frequency Criterion: Positive Damping in Positive sequence domain (>250 Hz)
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Figure 4.31: Svk phase criterion for real converter impedance at high frequencies.

For frequencies above 250 Hz they can be observed to always be above 0 for both
cases, hence they fulfill the requirement.

4.5 Discussion
Discussion about the different topics investigated in this chapter are presented next.

4.5.1 Tool-comparison

Table 4.7 presents an assessment of the used tools for different criteria. The next
Sections present details on the assessment.
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Table 4.7: Assessment of the used tools on a scale of 1-5 with 5 being the best and
1 being the worst

Tool IMTB | SIAD | Z-tool | Thesis tool
Time performance 3 1 5 4
User experience 5 3 3 3
Stability analysis 1 5 3 5
Tool adaptability 5t 3 4 D

4.5.1.1 Time performance

Simulation times can become critical if the system under study has high complexity.
An ideal system can yield results for a full frequency scan in a couple of minutes but
for more realistic and detailed models the simulation time can extend up to several
days. Therefore, the tool performance with respect to time required to perform
the frequency scans are discussed in this section. All tools measured where set up
so they had a simulation time step of 5 us and a channel sample interval of 100
us. The tools that had the capability for it utilized 8 simultaneous simulations for
the analysis and the frequencies where scanned over a spectrum of 1-900 Hz with a
frequency step baseline of 1 Hz.

o IMTB’s time performance is middle of the line when it came to time consump-
tion. It utilizes PSCADs built in parallel simulation capabilities, which means
simulation time can decrease in relation to the amount of parallel simulations
that are active. After that, the results are handled by the post processing
within a reasonable time which scale up with the total number of frequencies
analyzed. The time to complete a scan for each case overall was around 2
hours and 30 minutes.

o SlIaD’s time performance has been the poorest among all the used tools since
at the time of writing this thesis, it performs one simulation for each frequency
and does not utilize the earlier mentioned parallel simulation functionality of
PSCAD. Compared to the other tools this severely limits it’s time performance
so that in some cases, to achieve better execution times, the frequency step
interval has been lowered. In the SIAD documentation regarding its capabil-
ities it is claimed that it should be able to handle multi-frequency injections
which could improve its time performance. However, as of this moment, it has
not been implemented. The average time to perform a scan according to the
set-up described in this Section has been 18 and a half hours approximately,
before lowering frequency step.

e Z-tool’s time performance is the fastest compared to all other tools. It utilizes
both PSCADs parallel simulation method and multi-frequency injection which
further decreases simulation time. Its post processing of the measured results
is faster than any of the other tools tested. The time consumption in total is
overall for all cases around 13-16 minutes.

o Thesis tool’s time performance tied with Z-tools, with Z-tool having faster
post processing. It utilizes both parallel simulations and multi-frequency in-
jection much like Z-tool. This leads to relatively fast simulation times. The
average time to execute each case for the thesis tool is around 14 minutes to
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16 minutes.

4.5.1.2 User Experience

Here the tools are evaluated for their ease of use which includes setting up the tools
and running simulations.

o« IMTB’s user experience is extremely good compared to the other tools covered

in this thesis. The tool came with a manual set up in PSCAD which is easily
explained in their user guide on GitHub. IMTB is the only tool out of the ones
tested that has its own built in graphical user interface (GUI) which simplifies
the frequency scan progress immensely. Since this user interface comes pre-
packaged with the necessary dependencies, minimal knowledge about Python
is needed to run it.

SIaD’s user experience is quite good for users with prior programming knowl-
edge, and it is slightly superior to Z-tool and the Thesis tool in the form of
simplicity. When utilized in the context of this thesis, the tool has a standard
Python script template that the user can utilize to set up the parameters of
the frequency scan.

Z-tool’s user experience is good for a user with prior knowledge about pro-
gramming but is not as good as SlaD’s mostly because it is not clear for the
user how to get started. The tool is very versatile in regards to how it allows
the user to write their own code and sequences from for the stability analy-
sis. However, for a user with limited prior programming experience setting
up these sequences can be very difficult. The simplest way to utilize it is to
instead download the examples that they have on GitHub and rewrite their
example script. However, at the time of writing this thesis, it is mentioned on
the tool’s GitHub page that a GUI is in development.

Thesis tool’s user interface performs also slightly below SIAD’s but mostly
due to the relatively short time frame given for the development of the tool.
Like SIaD it uses a main input script where parameters are entered to perform
the analysis. Although, unlike SIaD all functions for running the analysis and
post processing are not bundled together in one script and is instead split
up into different scripts that handle different parts of the analysis. While this
gives a more controlled experience for each part, it can make it more confusing
for potential users.

4.5.1.3 Stability analysis

This chapter describes in detail the different capabilities the tools have for stability
analysis. This includes how well the results from the tools are presented or which
stability criteria and capabilities each tool can analyze.
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« IMTB provides the user the impedance in dq, alpha-beta and the Jacobian

matrix form or it gives SISO PN impedance results. It can scan either the
grid, converter or both at the same time. The impedances are presented in
interactive plots, which the user can use to study the different characteristics
of the subsystem under study. However, if the user would like to perform
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Nyquist stability or passivity-based analysis, they need to perform such anal-
ysis separately.

o SIAD’s post scan stability analysis is the most detailed from all tested tools.
It offers impedance based stability analysis with Nyquist plots, phase and gain
analysis for (SISO), passivity-based analysis as well as modal analysis. The
only issue comes from the fact that the tool expects/needs the two systems to
be stable when measuring them since it needs to capture the steady state of
the system. This means that, if the grid and converter are unstable when con-
nected together, measurements will be distorted by the sustained oscillations
and the admittance or the stability analysis will be non conclusive.

o Z-tool’s post process analysis allowed for both MIMO Nyquist plots of the
eigenvalues and passivity analysis. It did also contain the capability to do gain
evaluation of eigenvalues which interestingly enough is a MIMO-gain analy-
sis. However, no phase plots are provided so margins cannot be extracted.
Note that Z-tool by default, shows the phase and gain in each impedance plot
separately but it does not provide it for the whole system.

o Thesis tool provides both the function of performing the impedance based
method’s of stability analysis and passivity analysis. The impedance based
analysis is visualized through a Nyquist plot in the sequence domain. A
Nyquist plot of the frequency dependent eigenvalues of the systems open loop
transfer function are also provided. With the Nyquist plots, a S-based disk
margin is provided to the user pointing out the critical frequency and "dis-
tance" to instability. The passivity-based analysis is performed on both the
grid and converter. Furthermore, a Bode plot considering only the SISO ap-
proach are also provided to observe phase and gain behavior. The tool allows
Nyquist plots in both SISO and MIMO definition and the plot is a bit easier
to read since it only plots 1 curve for each case instead of two.

4.5.1.4 Tool adaptability

A discussion on the adaptability of each tool is presented here. This refers to how
well a tool works in a new environment and if said environment needs changes for
the tool to work.

« IMTB has worked quite well with the thesis test model provided due to the
tools simplicity. While in the early tests it has been affected by the instability
of the system at the 30 km grid and power flow of q=-1 this has been due to
them being interconnected. IMTB has the ability to measure the converter
with no grid connected and vice versa. The tool documentation suggests this
as the preferred scan method and following that procedure yields good mea-
surements.

o SIaD has some issues regarding the adaptability to new systems. The tool
itself has some variable names that could commonly already exist in the model
that it is being tested on, which could lead to problems in the postprocessing.
Further, the tool needs to have a connection to the grid and if said grid is
infinite the tool has been experienced to crash, at least from cases performed
in this thesis. Since the tool needs a grid to evaluate the power flow and steady
state it becomes problematic when the system is unstable. While it is stated
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in the documentation related to this tool that it should be used on systems
that are stable this limits its possibility of identifying unstable cases.

e Z-tool has similar issues to SlaD tool when it comes to performing impedance
scans on infinite AC grids as it also has crashed when used for this thesis. Un-
like STaD, while Z-tool is connected for the last unstable case it still managed
to acquire the admittance characteristics of the system without seeing any
noise or artifacts. The reason for this is probably due to the systems discon-
nection method and it having a more robust steady state source recreation.
Another metric that was not explored for this thesis but still deserves to be
mentioned is the fact that Z-tool can measure multiple POC’s at the same
time. As long as proper naming of the tool is given to it when implemented
into the system, multiple analysis blocks can be active on both the DC and
AC side of converters.

o Thesis tool works much like IMTB in the sense that it is recommended to
measure the grid and converter independently of each other. Like IMTB and
unlike STAD and Z-tool this tool also works with an infinite grid connected if
that is sought after, and similar to IMTB this is sometimes even recommended.

4.5.2 TSO converter stability methods and requirements.

The investigation into the requirements for converter interaction stability has led to
the conclusion that most of the TSOs do not have any public information about pre-
ferred methods or acceptance criteria for converter interaction stability. Moreover,
most TSOs agree on methods and requirements for converter interaction stability
on a case to case basis. Methods for studying converter interaction stability are
suggested by ENTSO-E; Svk, Fingrid and NESO. Entso-E, NESO and Svk suggests
EMT simulations and a stability analysis in the frequency domain to study the char-
acteristics of the converter. NESO and ENTSO-E suggests the use of the Nyquist
criterion for providing stability margins, while Svk has the most detailed explana-
tion of the requirements for converter interaction stability, with a phase margin limit
for low frequencies and full passivity requirement for high frequencies. The method
in [26], suggests a way of calculating the admittances using a semi-SISO approach
while still taking into account the cross-coupling effect.

Fingrid uses another method of using the ESCR and the N-1 contingency, which
is different from the analysis performed using the frequency domain proposed by
Svk and NESO. This is a method for the identification of possible instability caused
by a converter in a large system. However, for more detailed studies of local interac-
tions between a converter and the grid, the approach is not sufficient, since it does
not provide detailed characteristics of the converters behavior but only suggest a
possible instability depending on its ESCR. It does not provide any stability mar-
gins either, it solely locates the most critical converter with risk of instability in the
system.

It is widely regarded that a stability analysis in the frequency domain is the most
convenient way of studying converter interaction stability since it provides infor-
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mation about the impact of each subsystem on the overall system stability. The
stability of the converter interaction is still a relatively new concept, and therefore,
many TSOs have not yet established general methods and set standards. Typ-
ically, regarding converter interaction stability, requirements are agreed with the
connectees upon the start of the connection application process.

4.5.3 SISO vs MIMO calculation method

When the comparison of MIMO and SISO analysis is performed in Figure 4.27,
it is noticed that the investigated system did not show much difference in results
when comparing the stability analysis of the two calculation methods. The rea-
son for the similarity between the SISO and MIMO comparison is that the grid
impedance magnitude is low for the whole frequency range, except around the reso-
nance frequency, meaning that the term z,y,, is dominant at the positive sequence
grid impedance resonance frequency. Note that the positive and negative sequence
resonance frequencies are spaced by 100 Hz.

For the case presented in Figure 4.26, both the SISO results and the MIMO results
are shown. It is discovered that with the use of a PLL bandwidth of 0.64 p.u
different stability outcomes are shown from the Nyquist plots with the use of each
approach. The SISO Nyquist plot indicates a stable system while the MIMO Nyquist
plot shows an unstable system. With the change of PLL bandwidth, a state was
reached where the cross-coupling effect has a more significant impact in the Nyquist
plots. Although, the cross coupling impact in this particular case is very small, this
highlights the importance of accounting for the cross-coupling effect and to consider
the use of a full MIMO stability analysis approach.

4.5.4 Disk vs SISO margin comparison

The use of SISO phase and gain margins presented for both the SISO and Svk
approaches, showed accurate interpretations of the system stability. However, the
use of phase and gain margins in MIMO systems can be misleading since it does not
account for the impact of loop interactions [28].

The use of a Disk margin provides a more robust stability measure, accounting for
both phase and gain perturbations simultaneously. Disk margin is also a more ap-
propriate way of computing stability margins in MIMO systems, with multi-loop
capability where the impact of loop interactions is considered at the same time. In
MIMO systems, perturbations in gain may result in phase shifts hence the impor-
tance of considering simultaneous perturbation in both phase and gain. Disk based
margins also take into account all frequencies and loop interactions and is not lim-
ited to only the crossover frequency, making the margins more reliable. The disk
margin applied in the thesis tool is an S-based margin, which means that it has a
skew parameter ¢ = +1. The strength indicator (SI) has been calculated for the
studied systems and it has given a assessment on the system strength, informing
that the systems are either weak or of moderate strength.
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4.5.5 Admittance scan of an MMC and steady state effects

As stated before, an admittance scan has been performed on the PSCAD example
model of an MMC-based HVDC-converter to observe the impact of a more detailed
converter model on the frequency scan. The primary effect is the impact of the
perturbation magnitude on obtained admittances. As can be seen in Figure 4.21,
different amplitudes showed differing effects on the results. A simulation without
perturbation has been run and the steady state variation in RMS voltage has been
found to be approximately 0.7 kV (see Figure 4.22). Thus the pre injection noise is
around 0.2% which is larger than the 0.1% injection magnitude resulting in the noisy
measurement. The other two perturbations with magnitudes of 1% and 5% give
less noisy results since their amplitudes are larger than the amplitude of the noise.
However, it can be seen that the injection amplitude of 5% started to deviate from
the other measurements, most likely, due to the fact that the large perturbation
started to excite non-linearities of the converter. The main finding of the MMC
study is that for a more complex system is that the injection amplitude must be
adjusted according to the background noise while not becoming so large as to excite
the non-linearities of the converter.

4.5.6 Frequency resolution

For the initial analysis of the system, a frequency step of 5 Hz was applied. However,
the low frequency resolution resulted in measured admittances and impedances being
largely different compared to the linearized converter and ac grid models. This is
because, the low frequency resolution missed the resonance peaks, especially in the
case studied in this thesis where the ac grid resonance is very high. A comparison
between the accuracy of two different resolutions are shown in Figure 4.32 and in
Figure 4.33.
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Figure 4.32: Grid real impedance scan for a 20 km long cable for injections with
frequency steps of 1Hz and 5Hz.
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Figure 4.33: Grid imaginary impedance scan for a 20 km long cable for injections
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4. Results and analysis

As can be seen in the plots above, impedance measurements with injections of 5 Hz
step manages to measure the impedance well throughout the whole frequency range,
except at the resonance, where the measured peak is significantly lower compared
to impedance of the linearized model. Due to this phenomena there is a need for
higher frequency resolution around the resonance frequency for these cases, when
post analysis is performed the converter admittance can be solved by interpolation
during said resonance points
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Conclusion

This thesis investigates converter interaction stability methods, tools and challenges
with a converter integrated power system. The theory and methods behind these
tools have been studied for better understanding, along with current methods and
requirements by TSOs in the industry.

This thesis has investigated different approaches for impedance calculation. Svk’s
proposed approach for computing the admittances has been tested and compared
with the MIMO and SISO approaches. The result of the comparison yielded minor
differences between the prior mentioned approaches, due to small cross-coupling ef-
fect of the system in consideration. This indicates that with weak cross-coupling
effect SISO analysis can provide good stability approximations. For assessment of
stability margins in MIMO systems, the disk margin approach is appropriate, as it
is capable of multi-loop interactions and consider both phase and gain perturbations
simultaneously.

Among the evaluated sources for TSO requirements, only Svk provides clear guide-
lines for converter interaction stability analysis. A possible explanation for this is
that converter interaction stability is a relatively new phenomenon, and therefore
requirements are set by TSOs on a case-by-case basis. General methods are dis-
cussed by ENTSO-E, Fingrid and NESO, and these include a frequency injection
followed by an impedance based stability assessment, as well as ESCR evaluation
and timed domain evaluation.

The tools investigated in this thesis all showed reliable performance when admit-
tance scans are carried out. However, they differ in terms of computational efficiency,
stability assessment, adaptability, and ease of use. The thesis tool attempts to ad-
dress for these different shortcomings by achieving performance comparable to the
most efficient tools thanks to multi-frequency injections while providing improved
adaptability and enhanced post-processing capabilities compared to existing solu-
tions. The thesis also contributes by providing insight into the established analysis
methods as well as the exploration of new ones in respects to margin analysis and
stability evaluation.

The findings of this thesis show that methodological choices and tool implemen-
tation plays a large role regarding stability assessment conclusions. With the rise
of converter integration the need for robust and reliable analysis methods and tools
will be increasingly important to ensure stable system operation.
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5. Conclusion

5.1 Future work

Although this thesis has performed various tests and investigation there is still some
further points that would be interesting to continue on:

1. Deeper analysis of grids with large cross-coupling terms to further see eventual
differences between MIMO and SISO analysis.

2. Stability analysis with multiple converters.

3. Aggregation of system impedances. In several cases the frequency admit-
tances/impedances from different components are provided separately. As
such a way to aggregate these components together is of interest

4. Further analysis of perturbation size and multi-frequency perturbations to see
if there are any issues that could be caused by too high an injection amplitude
or too many multi-frequency injections.

5. Investigation on selection of appropriate margins for stability analysis.
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Figure A.1: Real sequence domain converter admittance characteristics from the
thesis tool for a 20km long line
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Figure A.2: Imaginary sequence domain converter admittance characteristics from
the thesis tool for a 20km long line
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Passivity Analysis: Eigenvalues of (Y + YH)/2 vs Frequency
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Figure A.3: Plot of the eigenvalues of Y + Y# for a 20 km long line using the
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Passivity Analysis: Eigenvalues of (Y + Y")/2 vs Frequency
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Figure A.7: Imaginary admittance characteristics of the DUT for the different

power flow settings
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Nyquist Plots of Sequence-Domain Terms
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Figure A.9: Nyquist plot from the thesis tool of sequence components for q=-1,
30 km cable.
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Figure A.10: Nyquist plot from the thesis tool of sequence components for q=-0.5,
30 km cable
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Figure A.11: Nyquist plot from the thesis tool of sequence components for g-0, 30
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Nyquist Plots of Sequence-Domain Terms
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Figure A.12: Nyquist plot from the thesis tool of sequence components for q=-1,
20 km cable.
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Figure A.13: Nyquist plot from the thesis tool of sequence components for q=-0.5,

20 km cable
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Figure A.21: Grid dq Characteristic measurement result from Z-tool for a 20 km
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Figure A.22: Real dq admittance characteristic from Z-tool for a 20 km line
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Figure A.25: Real dq admittance characteristic from Z-tool for a 30 km line
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Figure A.26: Imaginary dq admittance characteristic from Z-tool for a 30km line
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Figure A.32: Imaginary admittance plot from SIAD for a 30 km line
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Figure A.33: Plot of real impedances from the SIaD tool for the 20 and 30 km
cases.

Figure A.34: Plot of imaginary impedances from SlaD tool for the 20 and 30 km
cases.
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