
Electrical Power and Energy Systems 157 (2024) 109851

A
0

Contents lists available at ScienceDirect

International Journal of Electrical Power and Energy Systems

journal homepage: www.elsevier.com/locate/ijepes

Analysis of optimal grid-forming converter penetration in AC connected
offshore wind farms
Callum Henderson ∗, Agusti Egea-Alvarez, Lie Xu
University of Strathclyde, EEE Department, 16 Richmond St., Glasgow, G1 1XQ, City of Glasgow, Scotland

A R T I C L E I N F O

Keywords:
Impedance based stability
Power system stability
Converter dominated networks
Grid-forming converters
System strength

A B S T R A C T

The modern electricity network is seeing a trend in the replacement of fossil fuel power plants with converter
interfaced generation as worldwide efforts are made to combat climate change. New converter control
structures such as grid-forming are seen as a key building block for maintaining the stability of the future
power system. Moreover, wind power is the fastest growing renewable technology in the UK with ambitious
targets set for installed capacity in the coming decade. While the benefits and drawbacks of the technology have
been explored, little attention has been given to how many grid-forming converters will be needed to stabilise
the modern network. Is there such a thing as too much grid-forming? This paper utilises an impedance-based
windfarm model with the capability to include unique control systems on each turbine to present a small-
signal based methodology for determining the penetration limits of grid-forming technology. Key stability
and screening metrics are applied to identify the penetration that provides the strongest and most stable
system. Three key points are specified: the critical, optimal and maximum penetrations. Moreover, findings
suggest providing enhanced system strength via converters is only applicable to a certain extent where further
interactions cause increased stability issues.
1. Introduction

The way in which power networks are operated and studied is fun-
damentally changing as the world strives to become carbon neutral [1].
Traditional power stations are being replaced with renewable energy
systems (RES) at an ever increasing rate leading to concerns over the
stability of the modern power system [2]. The loss of useful behaviour
such as inertia and frequency support, system strength and fault current
have all been tipped to cause significant problems if not addressed
accordingly [3]. One course of remedial action is to deploy a new
family of converter control topology known as grid-forming converters
(GFM). The control structures aim to replicate the useful behaviour of
synchronous generators (SGs) being lost from the system [4].

The largest and fastest growing RES is wind energy with the UK
boasting a combined on and offshore capacity of 28.5 GW in Q3 2022
with significant expansion planned to achieve 50 GW of offshore wind
by 2030 [5]. With a significant proportion of wind turbines offering
an inverter-based network interface, it is clear that wind farms could
play a significant role in the deployment of GFM. Furthermore, offshore
windfarms are becoming increasingly connected via weak networks
due to long transmission distances. Grid-following converters (GFL)
have been shown to further weaken the system [6] and therefore,
GFM technology has been suggested as a solution to the problems
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observed. Real world testing has already been completed at the Der-
salloch wind farm in Scotland where the park ran in a GFM mode
for several months during which a number of successful responses
to unscheduled frequency and voltage events were recorded due to
tripping components on the system [7]. While an important milestone
for GFM wind farms, further study is required to determine the optimal
number of grid-forming turbines within the farm to provide enhanced
system stability.

Research on the penetration of RES and the effects on power system
stability has seen significant attention in literature [8–10]. However,
these approaches are more generalised looking at overall converter
penetration rather than giving focus to the balance between control
structures in an already converter dominated network. The limits in [8]
were found based on balancing GFL converters with SGs but no con-
sideration was given to the balance between GFL and GFM. When
trying to select an approach for determining the penetration, inertia
and frequency response will struggle to be the deciding factor as a
‘more is better’ approach tends to provide the best results regarding
frequency stability. What is more likely is that the penetration of GFM
technology is governed by voltage and/or harmonic stability which can
be analysed by studying the impedances on the network including the
converter control action.
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It has been reported that GFM may experience problems with syn-
chronisation when multiple converters are connected electrically close
due to poor operation of the power synchronising loop when the
impedance between sources is low [11]. Moreover, GFM can be viewed
as stiff voltage sources and when too many are parallelled, they begin
to fight over the control of the voltage at the PCC. Hence, a theo-
retical maximum penetration could exist as adding more GFM lowers
the overall impedance [6] causing adverse system interactions [11].
Furthermore, there are situations where a lack of GFM technology is
harming system stability [12] which could provide the mechanisms
behind a minimum GFM penetration. Most cases involve weak net-
works where the impedances are large. This leads to numerous issues
such as reduced power flow, increased voltage fluctuation and poor
performance of synchronisation algorithms such as phase-locked loops
(PLL) used in traditional GFL control structures [13,14]. While some
work has been completed trying to improve operation of PLL based
algorithms [15], GFM structures have been shown to offer favourable
characteristics over GFL in weak networks [6]. Moreover, when a com-
bination of GFM and GFL is used the GFLs see significant improvement
due to the presence of the GFM which provide system strength and
lower the apparent impedance seen between the GFL and a stiff voltage
source [6].

Selecting an appropriate technique to analyse the system that covers
all interactions is challenging. Work has been completed previously
looking at impedance-based stability of wind farms however, in most
work the individual turbines are lumped together through some aggre-
gation technique [16]. This has been a viable approach in the past,
but it prevents individual turbines being represented and makes it
more challenging to easily alter the penetration of GFM. Moreover,
most approaches utilise black-box techniques as accurate converter
descriptions are not readily shared by developers due to intellectual
property (IP) concerns. However, these approaches become extremely
challenging to apply in complex networks with hidden unstable poles
and zeros appearing. More recent techniques looking at system strength
including converter control action across a range of frequencies may be
of aid in this regard as they offer a black-box approach without falling
victim to hidden information.

This paper addresses these concerns and presents a small-signal
analysis of an offshore wind farm operating both GFL and GFM turbines
with the goal of determining an optimal balance between the converter
technologies within the farm. The novel contributions of this work are
as follows:

1. A new methodology is presented based on small-signal analysis
to ascertain the GFM penetration limits within a wind park.

2. Three key grid-forming penetrations are defined: critical, opti-
mal and maximum penetration.

3. The system strength of a wind park is analysed utilising GSIM
including converter control action across a range of frequencies

4. Impedance-based stability is conducted utilising the full closed-
loop transfer function of the wind park avoiding issues pertain-
ing to open loop right-half plane poles and zeros.

5. The analysis represents each turbine individually with either GFL
or GFM offering improvement over previous lumped methods
where only converter penetration as a whole is analysed.

2. Analysis techniques

To determine the impact of GFM penetration on wind farm opera-
tion, two analysis methods are utilised. One based around conventional
impedance-based stability updated to allow for multi-converter MIMO
systems [17] and utilises disk margins to determine system robust-
ness [18]. The second is a method for calculating system strength in
converter dominated systems known as the grid-strength impedance
metric (GSIM) [6].
2

Disk margins are selected to show system stability as they offer a
significant improvement in determining system robustness over tradi-
tional gain and phase margins. Since the impedance matrices formed
are MIMO systems, the SISO gain and phase margins do not accurately
determine how close the analysed system is to instability, they often
offer much larger margins that are actually obtainable within the real
system. The disk margins consider both gain and phase perturbations
in multiple channels simultaneously to give a better idea of system
robustness under more realistic disturbances. In doing so, the margins
are often much lower than the traditional SISO versions applied

The GSIM is a screening technique that aims to replace short-circuit
ratio or short-circuit level in providing a simple number to determine
how likely unstable interaction is to occur. While the value returned is
a simple scalar value, the methodology applied includes all possible
converter action in the network via the equivalent converter output
impedances and provides a more realistic view of the system strength,
which is strengthened by grid-forming and often weakened by grid-
following converters. Similar to a low SCR, a low GSIM suggests that
the system may be prone to increased voltage perturbation due to high
impedances on the network which results in poor damping. The scale
of GSIM has the same meaning as SCR and in passive network is equal
to the SCR

2.1. Impedance-based stability

Impedance-based stability analysis has been widely applied in litera-
ture and is conducted by determining the interaction between a source
and load impedance as a function of frequency [19]. The techniques
have been applied to wind farms previously, usually by considering
the farm as a single lumped converter. However in doing this, altering
the balance between GFM and GFL can be challenging. Moreover,
interactions between GFM voltage controllers may not be represented
and therefore, not all system interactions may be covered.

When trying to model individual turbines, impedance techniques
become challenging especially when combining multiple sources of
the same type (voltage or current). Issues relating to hidden open-
loop right half-plane (RHP) poles have been reported [20] and while
work has been completed trying to remedy this for multi-converter
systems [17], the approaches have yet to be applied to larger scale
systems with more than two converters. In this work, full converter
control structures are available therefore the closed-loop eigenvalue
technique proposed in [17] is preferred. This technique can be used
readily for multi-converter systems but has yet to be extended to wider
scale systems.

Considering a wind farm connected to the electrical system via a
long transmission line, the network including the long transmission line
seen from the PCC is seen as the source with the wind farm representing
the load, as shown in Fig. 1. The approach begins by solving for the
current flowing through the point of common coupling (PCC) denoted
by thick black bus in Fig. 1:

I𝑃𝐶𝐶,𝑞𝑑 (𝑠) = I𝑤𝑓,𝑞𝑑 (𝑠)(I2 + Z𝑛,𝑞𝑑 (𝑠)Y𝑤𝑓,𝑞𝑑 (𝑠))−1

−V𝐺𝑅𝐼𝐷,𝑞𝑑 (𝑠)Y𝑛,𝑞𝑑 (𝑠)(I2 + Z𝑛,𝑞𝑑 (𝑠)Y𝑤𝑓,𝑞𝑑 (𝑠))−1 (1)

here I𝑃𝐶𝐶,𝑞𝑑 and I𝑤𝑓,𝑞𝑑 are the PCC and windfarm currents, respec-
ively, V𝑛,𝑞𝑑 is the network voltage, Z𝑛,𝑞𝑑 and Y𝑛,𝑞𝑑 are the network
mpedance and admittance, respectively looking left of the black bus,
𝑤𝑓,𝑞𝑑 is the parallel windfarm admittance looking right of black bus
nd I2 is an identity matrix of rank 2. From (1), the equation describing
he current at the PCC forms two closed loop systems, each with the
ame characteristic equation governed by the ratio between the source
nd load impedances. This equation can be solved using eigenvalue
nalysis to determining the stability. Furthermore disk margins can be
sed to determine robustness [18] where gain and phase margins are
onsidered as a complex multiplicative factor f, of the form:

∈ 𝐷(𝛼, 𝜎) =

{

1 + 1−𝜎
2 𝛿

1−𝜎
∶ 𝛿 ∈ C, |𝛿| < 𝛼

}

(2)

1 − 2 𝛿
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𝑌𝑌
Fig. 1. Example model of programmable wind farm.
where the set 𝐷(𝛼, 𝜎) defines the complex set of perturbations, 𝛼 is
a scale parameters and if the disk skew factor 𝜎, is selected to be 0
the overall perturbation gain can increase or decrease by the same
magnitude. In this case the open-loop system is the impedance ratio:

𝐿 = Z𝑛,𝑞𝑑 (𝑠)Y𝑤𝑓,𝑞𝑑 (𝑠) (3)

The disk margin can then be defined as the maximum value of 𝛼 that
allows 𝑓𝐿 to remain stable for all 𝑓 ∈ 𝐷(𝛼, 𝜎). For MIMO systems, two
multiplicative factors 𝑓1, 𝑓2 ∈ 𝐷(𝛼, 𝜎) are applied simultaneously to
both input channels for multi-loop (ML) margins.

2.2. Grid-strength impedance metric

GSIM was proposed as an alternative to SCR for determining the
strength of converter dominated systems [6] however, this paper is
the first application of the technique to a system containing more
than two converters. The method accounts for converter action via the
equivalent converter output impedance. By comparing the disk margin
stability with the GSIM, conclusions can be drawn relating to how
much system strength can be added with GFM before the system may
become unstable due to some other interaction. The system impedance
is obtained from the parallel and series combination of the impedances
on the network from a specific point of view (PoV) in this case:

𝑌 𝑠𝑦𝑠(𝑠) = Y𝑛,𝑞𝑑 (𝑠) + Y𝑤𝑓,𝑞𝑑 (𝑠) (4)

This admittance is compared to a frequency dependent base
impedance similar to the traditional application of SCR. In this case,
the analysis is concerned with the balance of converters within the
farm and therefore, a simple Thevenin equivalent base is sufficient for
analysis. Both the base and system impedances are described in the
synchronous reference frame forming a 2 × 2 MIMO description. Hence,
proper analysis requires that the eigenvalues of each be obtained:

𝜆(𝑌𝑌𝑌 𝑠𝑦𝑠(𝑠)) =
[

|𝜆(𝑦𝑦𝑦𝑠𝑦𝑠,𝑞(𝑠))|
|𝜆(𝑦𝑦𝑦𝑠𝑦𝑠,𝑑 (𝑠))|

]

(5)

𝜆(𝑍𝑍𝑍𝑏(𝑠)) =
[

|𝜆(𝑧𝑧𝑧𝑏,𝑞(𝑠))|
|𝜆(𝑧𝑧𝑧𝑏,𝑑 (𝑠))|

]

(6)

where 𝑍𝑍𝑍𝑏(𝑠) is the frequency dependent base impedance which in
this work is formed from Thevenin equivalent components presented
in Section 4. 𝜆(𝑌𝑌𝑌 𝑠𝑦𝑠(𝑠)) and 𝜆(𝑍𝑍𝑍𝑏(𝑠)) are the eigenloci of the system
admittance and base impedance, respectively. GSIM is then obtained
via the element-wise multiplication (denoted ⊙) of (5) and (6) which
forms an impedance ratio:
[

𝐺𝑆𝐼𝑀𝑞(𝑠)
]

= 𝜆(𝑌𝑌𝑌 𝑠𝑦𝑠(𝑠))⊙ 𝜆(𝑍𝑍𝑍𝑏(𝑠)) (7)
3

𝐺𝑆𝐼𝑀𝑑 (𝑠)
where 𝐺𝑆𝐼𝑀𝑞(𝑠) and 𝐺𝑆𝐼𝑀𝑑 (𝑠) are the q and d axis GSIM components,
respectively. These components act in unison with interaction between
axes to affect the stability of the grid. Therefore, the final GSIM
definition combines these values into a single metric relating to the
PCC voltage magnitude:

𝐺𝑆𝐼𝑀(𝑠) =

√

𝐺𝑆𝐼𝑀𝑞(𝑠)2 + 𝐺𝑆𝐼𝑀𝑑 (𝑠)2

2
(8)

3. Modelling

3.1. Converters

Before modelling the wind farm it is critical to first obtain unique
models of the converter controllers to be deployed into the wider
system. This section describes each control type and following this,
the method of obtaining the admittance of the converter structures is
presented.

Grid-following converters are the most common control approach
present on the network today. The name stems from the fact the
controller synchronises with the external grid by ‘following’ a pre-
existing voltage signal. A standard GFL structure that has been widely
applied in literature is provided in Fig. 2 [13,17,21]. The main compo-
nents include: PLL, current control loops, outer-loop power and voltage
control as well as transformations, filters and delays. A full description
including tuning recommendations can be found in [22].

One approach for grid-forming is to generate the converter angle by
means of the power swing equation [4,23]. In this work, a simplified
VSM approach is adopted utilising a PI controller to regulate active
power. The PI controller in the VSM now represents both damping
with the proportional term and inertia with the integral term [24]. The
PI controller can be tuned accordingly to represent the dynamics of
the power swing equation. The VSM approach used within this work
is shown in Fig. 3 and a full description can be found in [22]. The
structure excludes an internal current controller which is an approach
gaining traction in literature [17,25,26]. This is due to the suggestion
that the internal current control raises the converter output impedance,
which may reduce the capabilities of the GFM converter [27]. More-
over, the work is concerned with quasi steady-state operation and not
with fault-ride through. Therefore, converter current limiting is not of
concern and cannot be modelled using the small-signal method defined
in the following section.

From Figs. 2 and 3 the co-ordinate transform aligns the voltage with
𝑞-axis of the dq-frame via:

𝑇 (𝜃) =
[

𝑐𝑜𝑠(𝜃) 𝑠𝑖𝑛(𝜃)
]

(9)

−𝑠𝑖𝑛(𝜃) 𝑐𝑜𝑠(𝜃)
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Fig. 2. GFL control diagram.

Fig. 3. VSM structure.

where 𝜃 is the angle provided from the PLL in the case of GFL or the
power synchronising loop in the case of GFM.

3.2. Admittance formulation

To obtain the admittance models of the different converter con-
trollers the structures are linearised around an operating point and
expressed as state–space models. Once the model is linearised the
converter admittance is classified as the ratio of the response current
from the converter (𝐼𝐼𝐼𝑐) to the voltage disturbance at the PCC (𝑈𝑈𝑈𝑃𝐶𝐶 ):

𝑌 𝑐 =
𝛥𝐼𝐼𝐼𝑐

𝛥𝑈𝑈𝑈𝑃𝐶𝐶
(10)

he converter admittance is determined by the physical filter compo-
ents and the control architecture. To generate the admittance from the
tate–space matrix the model inputs and outputs are selected to be:

=
[

𝛥𝑢𝑢𝑢𝑞,𝑝𝑐𝑐
𝛥𝑢𝑢𝑢𝑑,𝑝𝑐𝑐

]

(11)

=
[

𝛥𝑖𝑖𝑖𝑞,𝑝𝑐𝑐
𝛥𝑖𝑖𝑖𝑑,𝑝𝑐𝑐

]

(12)
4

he state–space then represents the converter admittance:

𝑌𝑞𝑞,𝑐 𝑌𝑞𝑑,𝑐
𝑌𝑑𝑞,𝑐 𝑌𝑑𝑑,𝑐

]

=
𝑦𝑦𝑦
𝑢𝑢𝑢
= 𝛥𝑖𝑖𝑖

𝛥𝑢𝑢𝑢
(13)

The impedances are modelled in the synchronous reference frame
to ensure all interactions can be accounted for. This process can be
completed for a state–space model of any network component.

3.3. Modular wind farm

Using a modular modelling approach, a detailed small-signal
impedance model can be constructed representing the wind farm with
each individual turbine utilising the previous structures as inputs. This
allows the fast creation of a wind park with nL lines of nT turbines.
A diagram showcasing the construction of an example windpark with
nL = 2 and nT = 2 is shown in Fig. 1. The red turbines indicate
GFL while the green represents GFM. The ellipsis on the diagram
indicate where repetition of the same model can occur up to the
number of lines and turbines. Cables are modelled as PI sections with
TL subscript representing the longer transmission line from the medium
voltage transformer (MVT) to the high voltage transformers (HVT). The
HVT is modelled as a Thevenin equivalent. Terms denoted subscript
L represent the cables between turbines. Each turbine can be enabled
with any of the control structures previously discussed. The turbines
are connected to the line via an RLC filter and another RL component
representing the turbine transformer.

The following assumptions are made to allow modelling: each tur-
bine is equally spaced with the same line length, each turbine has a
set active power operating point of either 0 or 0.5 p.u. that can be set
independently for each turbine but are grouped to reduce the number
of results. Moreover, the mechanical sub-systems are disregarded here.
The impedance of the converter seen from the AC side is largely
governed by the grid-side converter control structure, therefore the
DC-link is modelled as an infinite source to reduce some computa-
tional burden. Finally, for strength and stability tests the wind park
is assumed to be connected to a simplified Thevenin network with a
specific SCR or GSIM. The analysis is concerned with penetration of
GFM solely to stabilise the operation of the windfarm and therefore,
a simplified representation of the remaining network and connection
cables is sufficient [28–30]

The model can be verified using a time domain model of 2 lines of
2 turbines, Since the remaining lines and turbines in the small-signal
impedance model are generated via repetition, this number of turbines
is sufficient to verify the model for a larger system. The verification is
completed by completing a frequency sweep of the time domain models
looking in from the primary side of the medium voltage transformer.
Series connected voltage sources are connected to the PCC and used
to inject three-phase small magnitude disturbances (0.01–0.05 p.u.)
from (1–1000 Hz) in the positive and negative sequence. The resultant
combined voltage and current responses of the turbines are recorded
in the abc-frame before being transformed during post-processing to
dq-components. Positive and negative sequence injections are used
to obtain two linearly independent operating points which are then
utilised in the process described in [31] to obtain the admittance of
the time domain model in the synchronous reference frame. Note that
only balanced voltage conditions are considered in this work. Hence,
the negative sequence injections are only used to create the second
operating point needed to solve for the converter admittance under
these balanced conditions The two models are compared in Fig. 4.

From Fig. 4, a good match between the impedance model and the
time domain frequency sweep is observed throughout the frequency
range. There are discrepancies around 1000 Hz where resonances are
visible due to the instability of the time domain model in response to
injections around these frequencies. However, the fact that the time
domain model resonates to instability at these frequencies provides a

verification in itself.
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Fig. 4. Wind farm impedance validation.
Table 1
Wind farm parameters.

Parameter Symbol Value

Turbine voltage level 𝑉𝑡 690 V
Array voltage level 𝑉𝑎 66 kV
Export voltage level 𝑉𝑒 220 kV
Array line resistance 𝑅𝑎 0.14 Ω/km
Array line inductance 𝐿𝑎 0.41 mH/km
Array line capacitance 𝐶𝑎 0.19 μF/km
Export line resistance 𝑅𝑒 0.047 Ω/km
Export line inductance 𝐿𝑒 0.406 mH/km
Export line capacitance 𝐶𝑒 0.208 μF/km

4. Wind farm study

The wind park was constructed with five lines of five 3 MW tur-
bines (𝑛𝐿 = 5, 𝑛𝑇 = 5) giving a combined power of 75 MW. This
implementation is based around the CIGRE benchmark provided in [30]
but utilising 3 MW turbines. Parameters for the wind farm model can
be found in Table 1 with controller tuning parameters provided in
Appendix Through initial testing it was determined that the position
of a GFM turbine within any given line did not produce significantly
different results, which can be viewed in Table 2. This was due to
the significantly lower impedance of the array cables compared to the
export cables.

From Table 2, the green turbine indicates a GFM controller with
the red representing GFL in a line of five turbines. The position of the
GFM turbine is moved along the line in each subsequent row of the
table. With no GFM present the system is unstable and the strength
is rated below 1. The introduction of the GFM turbine stabilises the
system and the GSIM reaches almost 1.5 with no significant difference
in disk margin or GSIM for the varying positions of GFM turbine on the
line. Hence, the position of the turbines within the wind farm are not
studied further in this work

Following this, the GFM penetration within the farm, defined as the
ratio of the number of GFM turbines to the total number of turbines
in the farm as a percentage, was varied by switching each individual
turbine controller from GFL to GFM and recording key stability and
strength data for each iteration. The park was connected to the onshore
connection point via an AC transmission line with three cable lengths
used: 50 km, 100 km and 150 km. Each cable was modelled as a PI
section with reactive compensation split between both ends and the
middle of the line. The strength and robustness is then analysed at the
offshore connection point from the PoV of another system looking in.
The GSIM of the onshore connection point was set to 2 (equivalent to
5

Table 2
Single line GFM investigations, Red = GFL, Green = GFM.

SCR = 2) resulting in a GSIM at the offshore connection point of 1.48,
1.27 and 0.86, for the respective ascending line lengths.

The network and transmission line was represented as Z𝑛,𝑞𝑑 (𝑠) with
the full farm admittance contained within Y𝑤𝑓,𝑞𝑑 (𝑠). The farm admit-
tance was calculated for an increasing number of integer GFM turbines
from 0 to 25 and the GSIM and disk margin were calculated as in the
previous subsection. The GSIM and robustness is analysed and provided
in Fig. 5(a) considering all turbines at 0.5 p.u. active power for the
three different lengths of export cable. The small-signal analysis con-
ducted is used to provide an initial estimate of the strength and stability
of the wind farm and is only valid for small disturbances around the
operating point at which the model is linearised. This provides a good
measure of how the converter will behave under standard operating
conditions. However, accounting for slower acting supervisory controls
such as deloading algorithms and other environmental factors such as
wind availability can only be included with multiple operating points
Hence, the same analysis is provided considering all turbines are at 0
p.u. active power in Fig. 5(b).

From Fig. 5(a), the strength of offshore connection point rises
steadily with GFM penetration. The initial strength is significantly
lower for the longer transmission lines as expected. However, when
GFM penetration passes a certain threshold the strength appears to
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Fig. 5. Disk margin and GSIM at different penetrations of GFM turbine.
not depend on the length of the line as all of the strength is being
provided within the farm. This occurs when the strength of the offshore
connection point exceeds that of the onshore connection point therefore
negating any detrimental effects of the longer line length. However,
the increased strength provided from within the windfarm results in
reduced system stability, likely due to further interactions between the
increased number of GFM which lowers the equivalent impedances seen
between the converters

Three key penetrations are defined for each transmission line length.
The critical penetration, which is minimum number of GFM turbines to
stabilise the system. This is 16% for the 150 km line and 28% for the
50 km and 100 km. The longer line has a lower critical penetration
than the shorter lines which appears counter intuitive but the reason
for this can be explained by analysing the frequency dependent GSIM
in the following pages. For now, despite less GFM being required to
initially stabilise the system for a longer line, it is important to consider
that the maximum achievable robustness always occurs for the shortest
transmission line length.

The second key penetration is the optimal penetration of GFM
converters. This is the penetration that provides the largest robustness,
not the greatest strength. The optimal penetration is 32% for the 150
km line while 44% for the 50 km and 100 km lines. Beyond this
penetration, the robustness of the wind farm seen from the network
begins to reduce slightly with increased GFM. However, the GSIM
rating of strength continues to rise. The results suggest that providing
too much virtual stiffness beyond the original connection point can
result in reduced stability, likely due to the increased work of the GFM
converters. GFM converters do less work to strengthen the network as
the system becomes stiffer as the smaller network impedance begins
to dominate behaviour. Moreover, the negative effect of the GFL was
exacerbated.

The final key penetration is known as the maximum penetration
which is the point after which the stability of the system begins to
decay rapidly. This is 80% for the 150 km line, 72% for the 100 km
line and 68% for the 50 km line. The maximum penetrations appear
to approximately align with the point at which the offshore GSIM
is restored back to the same value provided initially at the onshore
connection point excluding any action from the wind farm or cables.
This is the point where the GFM turbines fully negate the weakening
provided by the long export cable. Strengthening beyond this provides
a significant reduction of stability up to 100% penetration. The fully
GFM wind park is stable but is very close to being critically stable and
6

should be avoided.
From Fig. 5(b), the effect of reduced operating point had a sig-
nificant effect on the three key penetrations discussed. Less GFM was
needed to stabilise each system with the critical penetrations dropping
to 8% for the 150 km line and 16% for the 100 km and 50 km
lines. The optimal penetrations fall to 28% for the 150 km line and
40% for the 100 km and 50 km lines. Conversely, the maximum
penetration is increased, rising to 84%, 80% and 72% for the 150 km,
100 km and 50 km lines, respectively. The maximum penetration again
appeared to coincide with the point at which the stiffness of offshore
connection becomes approximately equal to the onshore connection
point. Therefore, a sudden drop in wind should not be detrimental if
the GFM penetration is sized for higher power levels.

As discussed, the fact that the longer transmission line offers the
lowest critical penetration appears counter intuitive. In reality, this
problem indicates the requirement to analyse strength at frequencies
other than the fundamental. In this section, the GSIM is plotted as a
function of frequency for the three transmission lines at the critical
penetration for the 150 km line which was 16% in Fig. 6(a). Following
this, the penetration was increased to the critical value determined for
the 50 km and 100 km lines which was 28% and the resultant frequency
dependent GSIM traces are plotted in Fig. 6(b).

From Fig. 6(a), it can be seen that the shorter line offers a slightly
higher strength rating at the fundamental frequency which would
usually indicate a more stable system. However, two large poles in
GSIM can be seen for the 50 km and 100 km lines around 50 Hz
in the dq-frame representing a high rate of change of strength which
may indicate instability. These poles are the reason the system requires
further GFM penetration to stabilise. The system with the 150 km line
does not exhibit this same interaction and stabilises for a lower critical
penetration.

From Fig. 6(b), the greater penetration of GFM removes the large
poles that were of concern previously and results in a stable system.
This suggests that the critical penetration of the shorter lines (50 km,
100 km) was related to an interaction that was not at the fundamental
frequency. It was likely due to an interaction between the wind park
and the transmission line which had poorly designed compensation and
required more GFM to dampen the oscillation. Considering that the
compensation was deliberately designed for the 150 km line, it makes
sense that poor behaviour is observed for the shorter lines. Re-tuning of
the controllers or properly sizing the compensation could remove this
pole and may reduce the critical penetration of the shorter lines. What
is clear is the requirement to analyse the system strength as a function
of frequency as the fundamental frequency information is not sufficient

for characterising the modern network.
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Fig. 6. Frequency dependent GSIM at 0.5 p.u. active power.
Fig. 7. First eigenloci with 100 km line connection.
The key penetrations can be further investigated using Nyquist
ontours to determine which eigenloci offers reduced stability and why.
n the case of critical penetration the instability is related to the first
igenloci and a graphical representation of the stability margins at this
enetration for the 100 km line is shown in Fig. 7(a). The eigenloci for
he optimal penetration is then shown in Fig. 7(b).

From Fig. 7(a), the encirclement of the critical point is clearly visible
hen the GFM penetration is 1 turbine below the critical penetration.
hen another turbine is added the encirclement is removed and moves

o the right of the critical point indicating stability. It should noted that
he contour begins to move closer towards the critical point directly
bove and below the critical point as the penetration is increased.
his important as it provides the mechanism for obtaining the optimal
enetration.

From Fig. 7(b), the optimal penetration is shown in blue. When
he penetration is below this level (shown in yellow), the contour still
ontains the loop that caused instability around the critical penetration
red circle). At the optimal penetration this loop is moved further away
nd reduces in size. At this point, the disk margin becomes related to
he distance directly above and below the critical points (blue circles).
s the penetration is increased beyond the critical point, this part of the
ontour begins to move closer to the critical point reducing the robust-
ess of the system as the strength is further increased. This provides the
echanism for the optimal penetration as balancing these two parts of

he traces becomes critical. The loop causing the instability (red circle)
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ccurs at a lower frequency and is the reason the GSIM and disk margin
have a strong correlation as penetration increases beyond critical. The
loops providing the balance at the optimal penetration (blue circles)
are related to higher frequencies. Therefore, as these move closer to
the critical point the system strength at the fundamental frequency
cannot capture this. Studying the strength across the frequency range
is required to identify this point. When considering the mechanism
behind the maximum penetration the problem is relates to the second
eigenloci. Since the introduction of each GFM adds only a limited
number of states relating to the power and voltage control loops,
the reduced stability is likely due to increased interactions of these
control systems between each turbine. This effect is exacerbated as the
equivalent impedance and therefore damping seen between converters
reduces with the introduction of further GFM As the system approaches
maximum penetration the second eigenloci exhibits similarly reduced
robustness as the contours begin to close towards the critical point
similar to the effect observed in Fig. 7(b).

5. Conclusion

Using the proposed techniques, analysis of the strength and stability
of an offshore wind farm was conducted. Three key penetration levels
were identified: critical, optimal and maximum penetration. Critical
penetration is the minimum number of turbines to stabilise the system
where the strength is great enough to connect but the robustness

remains low. The optimal penetration is the number of GFM devices
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that provide the greatest system robustness, not system strength. Fi-
nally, the maximum penetration occurs when further increasing the
penetration of GFM causes the stability to rapidly decay. The maximum
penetration tended to coincide with when the offshore connection point
was restored to the initial strength of the onshore connection point.
Moreover, the GSIM provided at the fundamental frequency did not
provide the full picture of system stability and considering strength as a
function of frequency was required to identify problematic interactions
that occurred far from the fundamental.

It is clear that GFM technology can be of benefit to offshore wind-
farm operation from a voltage stability standpoint. However, too much
GFM can cause the converters to exhibit increased interactions due to
reduced impedance between turbines. It should be noted that while
installing GFM alongside energy storage is likely the most preferable
option, the improvement in voltage stability presented in this work is
not energy intensive and can be provided without storage. The GFM
control algorithm and tuning can play a large role in determining
the required penetration of GFM. Future approaches are dependent on
scenario but could look to have a small number of stiff GFM converters
strictly controlling voltage. However, this leaves the system at greater
risk if a GFM converter is lost during faults, outages or abnormal system
conditions. Conversely, a high number of weaker GFM converters could
be used so as to improve parallel operation and reduce the risk from a
single converter loss. Clearly a mix of converter technology is required
and a number of considerations must be made
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Appendix. Controller tunings

Parameter Symbol Value
GFL current control P gain 𝑘𝐼,𝑝 0.0505 V/A
GFL current control I gain 𝑘𝐼,𝑖 1.587 V/A
GFL power control P gain 𝑘𝑓𝑙𝑃 ,𝑝 5 × 10−4 A/W
GFL power control I gain 𝑘𝑓𝑙𝑃 ,𝑖 0.1 A/W
GFL voltage control P gain 𝑘𝑓𝑙𝑉 ,𝑝 6 A/V
GFL voltage control I gain 𝑘𝑓𝑙𝑉 ,𝑖 20 A/V
GFL PLL P gain 𝑘𝑝𝑙𝑙,𝑝 1.557 rad/sV
GFL PLL I gain 𝑘𝑝𝑙𝑙,𝑖 175 rad/sV
GFM power control P gain 𝑘𝑓𝑙𝑃 ,𝑝 3.19 × 10−6 rad/Ws
GFM power control I gain 𝑘𝑓𝑙𝑃 ,𝑖 5.24 × 10−5 rad/Ws
GFM voltage control P gain 𝑘𝑓𝑙𝑉 ,𝑝 1 A/V
GFM voltage control I gain 𝑘𝑓𝑙𝑉 ,𝑖 100 A/V
GFM active power filter
time constant

𝜏𝑎𝑝𝑓 0.01 s

GFM PCC voltage filter
time constant

𝜏𝑝𝑣𝑓 0.01 s
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