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Offshore wind power plants (WPPs) play a pivotal role in achieving a CO2-neutral electricity sector. However,
their grid connection presents significant challenges and costs. High-voltage alternating current (HVAC) offers a
cost-effective solution, but it may necessitate the installation of a static synchronous compensator (STATCOM)
at the onshore bus to ensure stability and compliance with connection requirements. Integrating energy
storage into the STATCOM (ES-STATCOM) enables the provision of ancillary services, such as inertial response

and frequency support, which require active power. This paper utilizes the generalized Nyquist criterion to
demonstrate that operating the ES-STATCOM with grid-forming control enhances the stability margin of the
grid-connected WPP when compared to operating it with grid-following control. Furthermore, it illustrates
through network frequency perturbation (NFP) plots that the overall WPP, comprising grid-following wind
turbines and a grid-forming ES-STATCOM, imparts grid-forming behavior at the grid-connection point.

1. Introduction

Decarbonizing global electrical power systems, primarily through
the widespread adoption of renewable energy sources such as wind,
solar, tidal, and wave power, is a pivotal component in limiting global
temperature increases. Wind power, in particular, has witnessed re-
markable growth over the past two decades [1]. According to data from
the Global Wind Energy Council, onshore wind capacity has surged
from 195GW in 2010 to 842GW in 2022. Concurrently, offshore wind
capacity has experienced even more substantial growth, escalating from
3GW in 2010 to 64 GW in 2022, with a projected addition of 130 GW
between 2023 and 2027 [2]. The expansion of offshore wind power can
be attributed to its superior generation capacity and more consistent
wind conditions when compared to onshore installations.

However, the remote locations of some offshore wind power plants
(WPPs), located tens or even hundreds of kilometers from the near-
est shore, pose significant challenges when it comes to connecting
to onshore power grids and delivering electricity to consumers. Cur-
rently, two primary technologies are employed for grid connection:
three-phase high-voltage alternating current (HVAC) and high-voltage
direct current (HVDC). Typically, HVAC is favored for short distances,
whereas HVDC is preferred for long connections [3,4]. This preference
is partly due to the need for reactive compensation, required to address
the charging currents induced by the high capacitance of submarine
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cables, and partly due to the low short-circuit ratio at the wind tur-
bines’ (WTs’) terminals, resulting from the cable’s high impedance.
Modern WTs are conventionally controlled using grid-following (GFL)
strategies, which means that their operation can be negatively affected
under weak grid conditions [5]. Additionally, interactions between
the WTs and the shunt inductors, commonly used for reactive power
compensation, can lead to undesirable resonances, posing challenges
for stable system operation and power quality at the grid connection
point [6,7]. This limits the feasible length of HVAC connections for
offshore WPPs.

The solution lies in the installation of a static synchronous com-
pensator (STATCOM) at the onshore grid-connection point (point of
common coupling, PCC) of the WPP. This approach has been proven
to enhance system stability and power quality, thus enabling the uti-
lization of HVAC connections over longer distances [8-10]. Notable
examples of HVAC-connected offshore wind farms include Hornsea
One and Two in the UK, located 120 km and 90 km offshore, re-
spectively [11], as well as Kriegers Flak in Denmark [12]. As the
share of renewable energy generation in the power grid increases, grid
codes are updated with requirements to provide some of the beneficial
functionalities of synchronous generators (SGs), including fast fault-
current injection, frequency support, inertial response, and black start
capability [13]. This set of requirements is commonly referred to as
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Fig. 1. Single-line diagram of the considered WPP..

grid-forming (GFM) capabilities, and they are seen as essential for
further increasing the penetration of converter-based resources [14,
15]. The integration of energy storage systems with the STATCOM,
often referred to as ES-STATCOM, enables the provision of active-
power-based functionalities such as the inertial response and power
oscillation damping from the STATCOM [16]. As outlined in [15],
future converter-dominated grids will likely comprise a mix of both
GFM and GFL converters, and recent studies suggest that a combination
of both control modes might outperform a pure GFM setup [17].

This brings us to two central research questions that this paper aims
to address. Firstly, which control mode for the STATCOM provides the
most substantial stability margin for the WPP? Secondly, does the sys-
tem with GFL-controlled WTs and GFM-controlled STATCOM provide
GFM capabilities at the PCC? To answer these questions, the paper is
structured as follows: Section 2 introduces the HVAC-connected off-
shore WPP with an onshore ES-STATCOM. Section 3 provides a detailed
description of the controller design and small-signal modeling of the
overall system, including controller specifics. In Section 4, the stability
margin of the system is compared for GFL and GFM control modes in
the ES-STATCOM using the generalized Nyquist criterion (GNC). To
investigate the provision of GFM capabilities at the PCC, Section 5
presents and applies the method of network-frequency perturbation
(NFP) plots to the examined system. Finally, the conclusions of the
paper are given in Section 6.

2. Description of the WPP

The analyzed WPP is inspired by the Hornsea Two offshore WPP
[18-20]. In this paper, only a portion of the offshore network is
modeled in detail, as illustrated by the single-line diagram in Fig. 1.
The considered plant comprises full-power converter WTs (Type-4),
each rated at 8MW, 0.69/66kV, and operating at a power factor of
0.9. Multiple WTs are connected in various radials, which are then
linked together at the AC-collection bus T5 to form the 432 MW wind
farm. The entire wind farm is connected via a 66/220kV transformer
to the offshore substation, which serves as the offshore terminal T4
of the HVAC 220kV transmission network. This network consists of
two 60km submarine cable sections (C2 and C3) and a 40 km onshore
underground cable (C1). To accurately capture dynamics and multiple
resonances, the 220kV export cables are modeled utilizing the PSCAD
cable modeling toolbox, incorporating cable parameters supplied by
industrial partners. Reactive power compensation for the export cable
network is facilitated by the installation of shunt reactors at various
locations along the HVAC-transmission system. The sizing and loca-
tion of these reactors are based on an actual case study conducted
together with the industrial partners and using the analysis presented
in [21]. Consequently, shunt reactors of 120 MVAr, 170 MVAr, and
90 MVAr are positioned at buses T1, T3, and T4, respectively. Fur-
thermore, a 112 MVA ES-STATCOM is interconnected via a 112 MVA,
33/220kV step-up transformer to the onshore terminal T1 to enhance
stability, improve power quality, and provide voltage regulation. To
enable active-power-based functionalities such as inertial response and
power oscillation damping from the ES-STATCOM, typically, an energy

Electric Power Systems Research 234 (2024) 110801

T4 Tl

. o 60 km 60 km 40 km
Generator-side  Grid-side Submarine T3 Submarine T2 Underground
converter converter

0 0.69/220kV|  cable cable cable Ry, Ly
(Coc 1] C3 C2 Cl
) A'_.A ReLg e S

42MW 432 MW Lys

ES-STATCOM 33/220 KV

Unct e
nLle TR %Lm
112 MVA !

%LR-»

Fig. 2. Simplified model of the considered WPP..

storage device, such as a supercapacitor with limited storage capac-
ity, is installed at the DC side. However, since the primary focus is
not on evaluating the impact of the energy storage technology, an
ideal-voltage source is assumed at the DC side of the ES-STATCOM,
as illustrated in Fig. 1. Lastly, the onshore AC transmission grid is
represented by its Thévenin equivalent, composed of a 220 kV ideal-
voltage source situated behind a grid impedance. The grid impedance
is adjusted based on the specific grid strength under investigation.
Additional system parameters can be found in [22]. In this paper, the
entire system encompassing all components from the WTs to bus T1 is
referred to as the WPP.

As a trade-off between the complexity of the derived mathemat-
ical model for small-signal analysis and its accuracy, simplifications
are made to the offshore network of the considered WPP from its
practical configuration. Considering that one of the main objectives of
the small-signal analysis performed in this study is to assess harmonic
interactions between the WPP and the onshore AC transmission grid,
the control interactions among WTs are disregarded. Instead, the WTs
are collectively depicted as an aggregated 432 MW converter system, as
shown in Fig. 2. Additionally, collector feeders linking the WTs to the
66 kV offshore substation are omitted. Instead, the WTs are directly
linked via a 0.69/220kV transformer to the offshore terminal T4, as
illustrated in Fig. 2. Nevertheless, in order to verify the accuracy of the
small-signal model derived from the simplified system, detailed time-
domain simulations are performed. In these simulations, the number of
radial connections within the offshore wind farm is limited to three
due to constraints on the number of electrical nodes in the utilized
simulation software. The findings of these simulations are then outlined
in Section 4.

3. Controller design and system modeling

In this section, a description of the different control structures
governing the operation of both the WTs and the ES-STATCOM is pro-
vided. Additionally, frequency-dependent AC-side input admittance/
impedance models are derived to facilitate the analysis of closed-loop
stability for the entire wind power plant (WPP).

3.1. Description and admittance model of the wind turbine

The WT system considered here is constituted by a rotating ma-
chine connected to the offshore grid through a back-to-back converter
as illustrated in Fig. 2. As the dc-link of the back-to-back converter
decouples the machine-side ac system from the grid under normal
system operations, the equivalent circuit in Fig. 3 can be employed for
analysis purpose, where a variable current source is used to represent
the machine side and the rectifier stage of the WT [23]. The rest of
the system to the right side of the offshore terminal T4 is represented
by its Thévenin equivalent in Fig. 3. The main control loops of the
WT as shown in Fig. 3 are implemented in the rotating dg-reference
frame (using power-invariant transformation), which is defined using
the estimated grid-voltage angle obtained from the PLL, @g, and is
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Fig. 3. WT main circuit diagram and control system..

aligned with the measured grid-voltage vector. Therefore, the estimated
angle from the PLL is given by

oL
f—___—/h.—_._\
s 1 KiprL e ay
0, = ~(Kypip + ytan! (=) + 2N &)
S N e

g
where K, p;; and K;p; represent the proportional and integral gains
of the PLL, respectively. The term s is the Laplace-transform variable,
which should be interpreted as d/dr wherever appropriate. With ap ;.
denoting the loop bandwidth of the synchronization algorithm, these
gains are selected as K, p;;, = 2ap; and Kjp;; = agLL [23].

As shown in Fig. 3, the control algorithm for WT has a cascade
structure, with an inner ac-current controller and two outer-loop con-
trollers, namely, the reactive-power controller and dc-voltage con-
troller. The reactive-power and dc-voltage controllers generate the
reference reactive- and active-current components, respectively, for the
inner vector-current controller that calculates the converter voltage ref-
erence, ¢, for the modulation stage of the converter. The implemented
current controller has a classical structure and is based on a PI regulator
with cross-coupling cancellation and voltage feed-forward that is low-
pass filtered with a closed-loop bandwidth of a;;. The current controller
calculates the converter-voltage reference as

Hgp Gee
—
—
* % o Lo K Kice x 2
&= T, G TION tlp + (Kpee + ME = ip)- @

N

K} cor Kicc denote the proportional and integral gains of the PI regulator
for the current controller, respectively, and “x” denotes a reference
signal in the notations. These gains are calculated using the classical
loop-shaping approach as K, .. = a..Ly and K; ., = a. Ry, where a
denotes the loop bandwidth of the current controller [23].

The reactive-power controller is used to regulate the reactive power,
Q,, injected by the WT to the grid. It calculates the reference reactive-
current component, i‘f’*, as
Q7 - Qg); G K;

_ iqc
P =0 ¢ Ge= = &)

where O* denotes the reference reactive power and Ey is the rated
line-to-line voltage of the converter. With «y, denoting the closed-loop
bandwidth of the reactive-power controller, the integral gain is selected
using the loop-shaping approach as K; ;. = —ay. [23].

The dc-voltage controller is used to regulate the direct voltage, Eg,
of the converter, which is measured across the dc capacitance, Cg.. It
calculates the reference active-current component, if * as [23]

. K, ao(E}?/2 - EX /2) + Hy P,
9% = , (C))

Eq
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where E} is the reference dc voltage of the converter and E, denotes
the magnitude of the grid voltage. The power from the machine-side
converter in the WT, P, = E, I, (see Fig. 3), is filtered using a low-pass
filter represented by the transfer function Hy, and added as a feed-
forward term in (4) to enhance the system dynamics. With a4, denoting
the closed-loop bandwidth of the dc-voltage controller, the proportional
gain is selected as K, 4. = —aq.Cy. [23]. Neglecting the converter losses,
the de-link voltage dynamics can be expressed as

Cy. 9E;

d
2 TC=PW_Pconv’ )

where P, ,, denotes the converter output active power at its ac-side
terminal.

In order to account for the dynamics of the PLL in the system model,
the input admittance of the converter is derived in the dq-frame, which
is defined by the angle 6y, obtained by integrating the rated angular
frequency, wy, and having a zero initial phase. For this, the controller
dynamics described above should be transformed to this frame (referred
here as source dq-frame). It can be observed from (1) that the angle 0y
is given by

o
-0, with 6 = FPLLtan‘l(ﬁ), (6)
g

On =0,
where 6, represents the angle difference between the converter dq-frame
(defined by the PLL) and source dq-frame. Thus, any space-vector y
defined earlier can be transformed to the source dq-frame using the
following relation

¥ =yt @)

where the superscript s is used to represent entities in the source
dq-frame.

In order to derive the input admittance, the small-signal models of
grid-voltage, converter current and converter-voltage reference can be
transformed from converter dq-frame to source dq-frame and expressed
in scalar form using (1), (6) and (7) as

GTx
——
degy] _ [cosby sinbg| [dey +
deg g ~ |-sinf, cosf, de;
24 8)
GepLL
A
GpLL [ AF B ] es'd )
Eyysinby —Egycosbpg Aeg’q
Aiy d] Aig 4
= GT s |t
[Azf,q * AI;’q
GipLL 9
G A; B; desy
PLL | [y sinfpy  —Ipgcos g deg ’
Ae* Sk
cod] =G [
T

[Ae; X Aeéil]

Gd,PLL (10)

G Aq By e _
PLL\E o sinf, —Ey cosfy, deg

The expressions for Gpy1, A, B, Ey, Aj, B, Ig, Ag, By, and E are
provided in the appendix. Note that “A” denotes small-signal pertur-
bations around the steady-state quantities represented by the subscript
“0” in the notations.
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The small-signal model of the converter-voltage reference can be
expressed in its scalar form using (2) as

Gy G
— —N— .
" .
[Aec,d] _ [Hff 0 ] [Aeg,d] + [Gcc 0 ] |:Alf,d:|
* - Sk
Aec_q 0 iIﬁ» Aequ 0 G.. Alf’q an
——

+ [_Gcc —wNLf] [Aif,d].
wnL¢ -G, Aifvq
By using the expressions (8)—(11) the small-signal model of the
converter-voltage reference can be expressed in the source dg-frame as

[Aeif‘ G7l G (Gry + Gepry) [Aegd]
sk | = O (b e.PLL 5
Aec,q Aeg.q
Ai* Ail
-1 f -1
+ GTx Gc Ai*’d + GTx YiGTx Al-.ts'd:| (12)
f.q f.q
-1 de g -1 e,y
+GTinGi,PLL Aeéyq _GTdevPLL Ae;q :

The small-signal model of the converter output voltage in the source
dg-frame can be expressed in scalar form as

Zg

[Aezyd] - [Ae;d] N [Rf +sL¢
Aeéq Aez,_q wn L

where I denotes the identity matrix. Using the expressions for the reac-
tive power injected into the grid, O, = —¢’ ;if +e; i, the converter

S
€od'tq T Ceqlta
1 — S 58 S S i M
output active power, Py, = e] i, + €qlty grid-voltage magnitude,

E, = (e; Paks (e3 q)2, and converter output voltage in (13), the small-

signal model of the reference active- and reactive-current components
can be obtained from (3)-(5) and (13) as

—onLe | [4itg as3)
Ry +sLg| | 4if a ’

Ai* AE;, AiS Ae®

£l = Foq | 407 [+ G Ll 4y, ed a4
Ai* — T Qdc g Qdc Ais Qdc Ae’ ’

f.q AP, f.q 24

where the power generated from the wind turbine is considered as an
input in (14). The expressions for the transfer matrices Ggg, and Y4,
are provided in the appendix. However, since the transfer matrix F,
is not utilized further in the analysis, its expression is not included in
the manuscript.

Since one of the objectives of the study conducted here is to examine
the grid-forming properties of the WPP, which are typically defined
in the subsynchronous frequency range (where the PLL and outer-
power controllers are predominantly active), the influence of delays
resulting from the discretization of measured quantities and those
arising from the modulation stage are disregarded in the derived small-
signal models. Consequently, the small-signal model of the converter
output voltage can be equated to that of its reference, i.e.,

4e! | 4e’ 1s)
4e Aegz '
Finally, by using expressions in (12)-(15), the input admittance of the
WT, Yy, in the source dg-frame is derived as.!

. AE .
Al 2 Gur | 40% | - vy | 220 (16)
ais | = Gwr q WT )

fa AP,

1 Since the direction of current flowing out of the converter in Fig. 3 is
taken as positive, the negative sign for Yy is used in (16)
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Fig. 4. Single-line diagram of the ES-STATCOM and block scheme of DCCV..

where Yy is given by

- _ -1
YWT = [GTi YiGTx + GTi GcGQdc - Zf]
[GL G (Gry + Geprr) + G Y Gipr .
- GLlGyprr + G G Yoy — 1]

3.2. Description and admittance model of the ES-STATCOM

3.2.1. ES-STATCOM operated in GFM mode

Fig. 4 shows the single-line diagram of the considered ES-STATCOM
together with a block-scheme of the implemented GFM control. Given
its high-power and high-voltage nature, the double-Y modular multi-
level converter topology is frequently employed for STATCOM appli-
cations [24]. However, since this study primarily concerns the system
dynamics in the subsynchronous frequency range, the specific topology
of the converter itself does not significantly influence the outcomes.
Consequently, an average model of the converter is utilized to represent
the ES-STATCOM.

The GFM control adopted in this work for the ES-STATCOM is based
on the direct control of converter voltage (DCCV) approach from [22].
In this type of control strategy, the ac-voltage controller typically
regulates the magnitude of the voltage at the PCC and calculates the
reference value of the converter-voltage magnitude, EX; whereas, the
active-power controller calculates the converter-voltage angle, 6.. If
necessary, a droop-based frequency-control loop can be incorporated
in cascade with the active-power controller to regulate the frequency
and calculate the reference for the active power, P*. However, given
the assumption of limited energy storage for the TES-STATCOM, this
loop is disregarded. All controllers described here are designed in the
converter dg-reference frame (using power-invariant transformation),
which is defined by the angle output of the active-power controller.

To facilitate fault-ride-through operation of the ES-STATCOM, an
embedded current controller is employed with this specific control
strategy [25]. This controller is triggered only when the converter cur-
rent surpasses its maximum allowable value, particularly during fault
conditions. In normal operation, which is the criteria for conducting
small-signal analysis, the current controller remains inactive and does
not affect the system [25]. Therefore, it is omitted from the block
diagram of the DCCV shown in Fig. 4, and it is not considered in the
derivation of the linearized model of the ES-STATCOM.

The ac-voltage controller implemented here comprises of a pure in-
tegrator. Accordingly, the converter voltage reference, e, is calculated
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as [22]
Gie Himy Ghpf
K
! “a \ e
eF = Ey+ —= (B - —™ _F)- Rli.. a7)
= & s+ Ay S+ oppp a-f

The term «;,,,, denotes the cut-off frequency of the low-pass filter for the
capacitor voltage measurement. A transient damping term comprising
of high-pass filtered converter current is added at the output of the ac-
voltage controller to prevent a poorly damped closed-loop system. R!
denotes the active resistance and a;, the cut-off frequency of the high-
pass filter, whose values are selected as suggested in [22]. The integral
gain of the controller, K., can be calculated using the loop-shaping

approach as, K;,, = %
closed-loop bandwidth. X inmthegnotations denote the reactance of the
corresponding inductance. In order to guarantee the desired speed of
response for all grid conditions, X o is typically set for the strongest grid

strength provided by the system operator [22].

, where a,. denotes the desired

The active-power controller calculates the converter-voltage angle
as [22]

Gpe
———
*
1 Ki,pc (Pg _Pg)
0, = ;[(vapC + . )S—N R,— S +a)N] (18)

The parameters of the active-power controller are tuned to obtain
a first-order closed-loop response from Pg* to P, [22]. Accordingly,

Kope = SN, Kipe e Sy and R, = K., with a. the loop
bandwidth (m rad/s) of the active-power controller and synchronizing

E E,
power coefficient given by K, = m

In order to account for the dynamics of the active-power controller
in the system model, the input admittance of the converter is derived in
the source dg-frame. For this, the controller dynamics described above
should be transformed to this frame. It can be observed from (18) that
the angle 6y is given by

1 [GpC(Pg* - Pg) - Ran]

-0y, ith o, = - s 19
L, Wi L= Sx (19)

On =6,
where 6; represents the phase-angle difference between the converter-
voltage and the ideal-voltage source, and can be interpreted as the
converter’s load angle. Thus, any space-vector z defined earlier can be
transformed to the source dq-frame using the following relation
28 = ze/0, (20)
Using (17)—(20), the small-signal model of the converter-voltage
reference in the source dq-frame can be expressed as

’
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-
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where the expression P, = egd fd + egq fr and E, = (eg,d) + (eg,q)

are used for the active power injected to the grid and PCC-voltage
magnitude, respectively. Now by neglecting the impact of delays and
utilizing the small-signal model for the current dynamics in the source
dg-frame, which is given by

gz = gg + ja)NLfL'? + ng';' + stg';', (23)
the input admittance of the ES-STATCOM in GFM mode is derived as

-1
Yerm = [G1Gpyer + Gpp — Z]

, , 24
[G1Gpvyz — G\ Gpy,, — 11,
N TSk

3.2.2. ES-STATCOM operated in GFL mode

When the ES-STATCOM is operated in GFL mode instead, a similar
control structure to the one described for WTs is implemented, with
the only difference lying in the outer control loops. In this case, the
active-power controller calculates the active-current component as

(P*-P) K.

dx g g’ _ Thpe
lf —GPCE—N, GpC_ T (25)
The integral gain is selected as Kipe = ap. On the other hand, the
PCC-voltage controller calculates the reactlve current component as

i,ve

Ks
Gye=— (26)

¥ =G (E) - Eyp);

where the integral gain is selected as K; . = %
trl

Accordingly, the small-signal model of the reference active- and
reactive-current components can be obtained from (25) and (26) as
;S

Ai;‘ J AP* Ai d
4 | = Fry AE* FGry | g |+ ey
q f.q
The expressions for the transfer matrices Gpy and Ypy are provided
in the appendix. However, since the transfer matrix Fpy is not utilized
further in the analysis, its expression is not included in the manuscript.
By utilizing Egs. (12), (13), (27) and neglecting the impact of delays,
the input admittance of the ES-STATCOM for this case is given by
YorL = [GLYiGr, + G1L G Gpy — Z]™!
[GLiGt(Grye + Geprp) + Gl Y Gipr .
— GLlGypL + GG Ypy — I1.

Ae’
gdf @7
Aef,’q

3.3. Impedance model of the transformers and shunt reactor

For simplicity, the transformers are modeled as their respective
equivalent leakage inductance L.y and resistance R,y (N € {1,2}).
Thus in dg-frame, the impedance of transformers is given as

RtrN + SLtrN

N Ler . (28)
onLyN

Zy\ =
! RtrN + SLtrN
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Fig. 5. Black-box modeling of the HVAC transmission network.

The impedance model of the 120 MVAr shunt reactor at the terminal
T1 in dg-frame is given by

sLg;  —onLg;

s (29)
oy Ly, sLg,

Zy, =
where Ly, denotes the inductance of the shunt reactor.
3.4. Admittance model of the transmission network

To accurately capture the dynamics of the transmission network, a
two-port black-box modeling approach is employed in this study, as
illustrated in Fig. 5. The admittance matrix of the two-port network
from terminal T4 to T1 is obtained by conducting frequency scans in
PSCAD at terminals T1 and T4. The methodology outlined in [26] is
adopted to extract the elements of the admittance matrix from the
simulation model.

To conduct the frequency scan at terminal T1, a voltage source
is connected to terminal T1 while terminal T4 is grounded. The dg-
components of the source voltage are independently perturbed at var-
ious frequencies ranging from 1 Hz to 1 kHz. For each perturbation,
the resulting perturbations in the dg-components of the currents at the
two ports are measured, and the elements of the admittance matrix of
the two-port network are extracted using Discrete Fourier Transform
(DFT) calculations. Similarly, to perform the frequency scan at terminal
T4, a voltage source is connected to terminal T4 while terminal T1 is
grounded, and the aforementioned process is repeated.

Once the admittance matrix of the two-port network is obtained,
it is transformed into an equivalent z-section, as depicted in Fig. 5.
Finally, the vector fitting algorithm in MATLAB is utilized to derive
the s-domain transfer functions for the elements of the admittance
matrices, Yr;, Yp, and Yp3.

3.5. Admittance model of the WPP and its verification

Once the admittance/impedance models of all the components of
the WPP are obtained, the equivalent admittance of the WPP at the
terminal T1 can be obtained from the series/parallel relations of the
components as

Ywpp = [[[Yip + Zypol ™' + Y37 + Y571 + Yoy

+ Yope + Zuel™ + [ Zgy 17"

(30)

To verify the analytically derived Yypp, a detailed time-domain sim-
ulation of the WPP network shown in Fig. 2, including all control
loops (implemented in discrete time) is used and a stiff-grid connection
G.e., L, =R, = 0) is assumed. A similar methodology as described
earlier is used to obtain Yypp from the simulation model.

The system and control parameters used for the WT and
ES-STATCOM are listed in Table 1 and 2, respectively. The simulation
tests are performed with the following conditions; the WPP is operated
at half of its nominal value, the reactive power set-point of the WTs and
active power set-point of the ES-STATCOM is zero, and the voltage at
the connection point of the ES-STATCOM is regulated at its rated value.
As an example, Fig. 6 shows the frequency response of the real and
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Table 1
Main System and control parameters for the WT.

System parameters Control parameters

Sx 480 MVA (1.0 pu) [ 27500 rad/s

Ey 0.69 kV (1.0 pu) g 27500 rad/s

oy 314.16 rad/s [ 275 rad/s

R; 0.012 pu e 275 rad/s

L 0.12 pu app 275 rad/s
Table 2

Main system and control parameters for the ES-STATCOM.

System parameters Control parameters

Sy 112 MVA (1.0 pu) e 275 rad/s
Ey 33.0 kV (1.0 pw) . 271 rad/s
wy 314.16 rad/s [ 275 rad/s
R; 0.005 pu [/ 27100 rad/s
L 0.05 pu R, 0.1 pu
0.2
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Fig. 6. First row elements of the input-admittance matrix, Yypp, obtained analytically
(solid-blue curves) and from simulation model (dotted-red curves) for the case with
ES-STATCOM in GFM mode (top) and GFL mode (bottom).

Fig. 7. Equivalent circuit representation of an aggregated model of a grid-connected
WPP.

imaginary parts of the first row elements of Yypp obtained analytically
(solid-blue curves) and from the detailed simulation model (dotted-red
curves) for the two cases (ES-STATCOM in GFM/GFL mode). The results
show a very good match between the simulation and the analytical
frequency characteristics, thereby verifying the validity of the obtained
analytical model.

4. Comparative analysis of the small-signal stability of the grid-
connected WPP

Using the equivalent circuit shown in Fig. 7, the line-current dy-
namics can be expressed in scalar form as

l'S I'S eS
[lf’d] =+ YWPPZg]_l < |:[IS\qu,d:| — Ywpp [ei’d] > 31
24 Neq.q 5,q
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Fig. 8. Dominant poles of Yypp with ES-STATCOM in GFM mode (green markers) and
GFL mode (red markers) for different values of the voltage controller bandwidth. Left:
a,. =271 rad/s; right; «,, =2710 rad/s.
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Fig. 9. Generalized Nyquist plot of Gop, = YyppZ, with ES-STATCOM in GFM mode
(green curves) and GFL mode (red curves) for different values of the voltage controller
bandwidth. Left: a,, =0.02 pu; right: a,. = 0.2 pu.
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Fig. 10. Impact of the voltage controller bandwidth. Top: voltage magnitude at
terminal T1 of the WPP with ES-STATCOM in GFM mode (green curve) and GFL mode
(red curve); bottom: bandwidth of the voltage controller..

where Z, denotes the impedance matrix of the grid. For the investigated
system, the current and voltage inputs as well as the individual subsys-
tems are stable and therefore the stability of the interconnected system
in (31) can be studied using the total open-loop gain, G, = YyppZ,
through frequency-domain analysis.

For a generic multiple-input-multiple-output (MIMO) system as the
one in (31), the generalized Nyquist criterion for the open-loop transfer
matrix can be used to study its closed-loop stability. The Nyquist
curve is obtained by plotting together the frequency response of the
eigenvalues of Ggp. In this criterion, given the stability of the two
subsystems — namely, the WPP and the onshore grid — represented by
their transfer matrices Yypp and Z, respectively, the closed-loop (inter-
connected) system described in (31) is stable if the Nyquist curve does
not encircle the point (-1, 0). In general, the onshore AC transmission
grid, represented by its Thévenin equivalent, does not have any right-
half plane poles, and hence, it is stable. Furthermore, by analyzing the
dominant poles of Yypp shown in Fig. 8, it can be understood that
for the case studies considered in this section, the two subsystems are
stable.
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Fig. 9 shows the generalized Nyquist plot of Go; when ES-STATCOM
is in GFM mode (green curves) and GFL mode (red curves) for two dif-
ferent values of the voltage controller bandwidth. The grid impedance
corresponding to SCR of 1.5 at the onshore terminal T1 is selected for
the case study here. It can be observed from the left side generalized
Nyquist plot that with «,, = 0.02 pu and the ES-STATCOM operated
in GFL mode, both the gain and phase margins of the interconnected
system are reduced compared to when the ES-STATCOM is operated
in GFM mode. Furthermore, increasing the bandwidth of the voltage
controller to «,, = 0.2 pu renders the interconnected system unstable
when the ES-STATCOM is operated in GFL mode as can be observed
from the right side generalized Nyquist plot.

To verify the theoretical findings presented above, detailed time-
domain simulations are performed in PSCAD. An offshore wind farm
configuration comprising three radials is considered due to aforemen-
tioned limitation in the number of electrical nodes in the simulation
software. System and control parameters listed in Tables 1 and 2 are
used for the WT and ES-STATCOM, respectively. Fig. 10 depicts the
impact of varying the loop bandwidth of the voltage controller on
the system stability for the two cases. From the theoretical analysis
conducted above, instability is expected for the case with the ES-
STATCOM in GFL mode when «,, = 0.2 pu. It can be observed from
the plot of the voltage magnitude at terminal T1 of the WPP, shown in
Fig. 10, that with the ES-STATCOM operated in GFL mode (red curve),
oscillations commence when «,, = 0.2 pu, while the system stabilizes
when the loop bandwidth is reduced back to «,, = 0.02 pu. The
frequency of the oscillations matches with the one obtained from the
generalized Nyquist plot in Fig. 9 for the unstable case. Furthermore,
it can be observed from Fig. 10 that increasing the bandwidth of the
voltage controller while operating the ES-STATCOM in GFM mode
(green curve) does not destabilize the system, which aligns with the
analysis from the generalized Nyquist plot in Fig. 9. The results ob-
tained from electromagnetic transient (EMT) simulations thus validate
the correctness and acceptable accuracy of the small-signal models.

5. Analysis of grid-forming capabilities of the WPP

The emergence of grid-forming capability requirements is a recent
development in grid codes [13]. Currently, there is no universally
accepted method for demonstrating the provision of these capabilities.
In [15], various approaches such as small-signal and impedance-based
analyses, root mean square (RMS), electromagnetic transient (EMT)
time-domain simulations, and real-time simulations are discussed as
means to assess compliance with grid-forming requirements and to
verify the absence of adverse control interactions. Guidelines accom-
panying the German HVDC standard VDE-AR-N 4131 contain a set
of scenarios for time-domain simulations with predefined performance
envelopes for acceptable behavior [27]. In contrast, [28] takes a dif-
ferent approach, showcasing the magnitude and phase of active-power
response to a disturbance in grid voltage frequency and comparing it to
a synchronous machine’s (SM) response in a network frequency pertur-
bation (NFP) plot. This method has received further discussion in [29]
and has been acknowledged by National Grid ESO as a means to demon-
strate grid-forming performance and the absence of adverse control
interactions [30]. Consequently, in this study, the NFP plot is employed
to determine whether the WPP offers grid-forming capabilities at the
point of grid-connection (POC).

5.1. Methodology to generate and interpret NFP plots
NFP plots in this work are generated by performing time-domain

simulations with a subsequent Fourier analysis of the results.? In order

2 As mentioned in [22], it is also possible to conduct an analysis of
the linearized system’s closed-loop transfer function from the grid-voltage
frequency to the tested unit’s active-power variation.
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Fig. 11. Test network for generating NFP plot using time-domain simulation.

to obtain the NFP plot from time-domain simulation, a device under
test (DUT) is placed in a test environment as illustrated in Fig. 11, and
its active-power response when subjected to frequency perturbation
is recorded. The frequency perturbation is generated by varying the
frequency of the source voltage, f; in sinusoidal fashion according to

fs@® = fx + Af; cosx fppt + nppp)s (32)

where fy is the nominal frequency, and the perturbation is charac-
terized by its amplitude Af;, modulation frequency fygp and phase
¢nrp - The modulation frequency is swept across the range of interest,
typically between 0.01 and 30 Hz. To prevent saturation in the control
loops of the DUT, Af, should be kept small. The DUT responds to the
frequency variations with a modulated active-power response, which is
characterized by

Py(t) = Py + AP, cos(2x fxpp! + nppp)s (33)

where per-unit quantities are used for the power. This allows to calcu-
late the NFP response as
AP, Znppp

Rypp = A7,

, (34
f—Ns ZNpp s

employing a Fourier analysis of the measured or simulated active power
P, to calculate the amplitude 4P, and phase ¢ygpp of the active-power
variation. This response can then be plotted similar to a Bode diagram
with separate plots for magnitude and phase, usually on logarithmic
axes.

Fig. 12 shows the NFP plots for an ideal synchronous condenser
(SC), a GFM converter, and a GFL converter, all of similar ratings (as
that of the ES-STATCOM in the considered WPP) for a fair comparison.
In the plot, the SC’s response is represented in blue, the GFM converter
in green, and the GFL converter in red. The SC’s response exhibits four
distinctive features. Firstly, when the machine provides any frequency
droop, the response’s magnitude should approach the droop constant,
and the phase should approach a value of 180° for fygpp — 0. In
cases where, like this SC, no droop is provided, the magnitude should
tend towards O instead. The frequency range where droop behavior
dominates is typically defined as 0 to 0.2Hz. The second key feature
relates to the provision of inertia. The response of a pure inertial
response, without droop, rotor resonance, or damping, is referred to
as the inertia asymptote and is represented by the dashed magenta
curve. Approaching the inertia asymptote in both magnitude and phase
within the inertia region (typically 0.2 to 2Hz) signifies the provision
of an inertial response. As seen in the figure, the SC approaches the
inertia asymptote due to its mechanical inertia. The third key feature
is a resonance that occurs at the characteristic frequency of the second-
order transfer function describing the system behavior. Typically, this
resonance falls within a frequency range of 1 and 3Hz, depending
on factors such as the device’s inertia constant, damping coefficient,
and the total reactance between the device and the grid’s Thévenin
voltage. The low damping coefficient characteristic of synchronous
machines results in a pronounced resonance peak and a steep phase
transition in the SC’s response. The fourth key feature is the response to
rapid changes or oscillations in grid frequency or voltage phase angle,
characterized by the response in the damping region (above 2.0 Hz).
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Fig. 12. The NFP plot of an ideal SC (blue curves), a GFM converter (green curves),
GFL converter (red curve) and the WPP with a GFM ES-STATCOM (dashed-black
curves). The amplitude response of the GFL converter is below the y-axis’ lower limit
and therefore is omitted from the figure..

For a SM, this response is characterized by a continuous decrease in
magnitude, coupled with the phase approaching 90°, indicating the
provision of synchronizing torque.

By examining the adherence of an investigated device to these
features that characterize the NFP plots of SM, it is possible to assess
whether and to what extent grid-forming capabilities are provided. As
can be observed from the red curve in Fig. 12, the GFL converter does
not exhibit droop or inertial response, as the magnitude of the response
is too low. Concerning the damping region, it should be noted that
the phase angle of the response drops below 90° and becomes negative
for frequencies above 10 Hz, indicating negative damping and synchro-
nizing power components. In contrast, the GFM converter, designed
without a droop response, closely resembles the SC’s response in all four
key features. The main distinctions are a less pronounced resonance
peak and a smoother phase transition, attributed to the higher damping
coefficient in the converter.

5.2. NFP plots of the WPP

The behavior of the WPP with a GFM ES-STATCOM is assessed
through its NFP plot. This plot is generated by introducing a frequency
perturbation in the voltage at POC denoted as T1 in Fig. 2. To facilitate
comparison with previous example cases, the measured active power is
normalized with respect to the ES-STATCOM'’s rating of 112 MVA. The
resulting response is represented by the dashed black curves in Fig. 12.
It can be observed that the WPP’s response closely aligns with the
behavior of a pure GFM converter, depicted by the green curves, and
exhibits a similar adherence to the four key characteristics observed
in the SC’s response. A comprehensive study, involving various WT
operating points and different ES-STATCOM sizes employing DCCV
type of GFM control, revealed only minimal impact on the WPP’s NFP
response. In summary, the NFP plot confirms that the presence of
a GFM ES-STATCOM at the WPP’s grid connection point can impart
grid-forming behavior to the WPP at that specific location.
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6. Conclusions

This paper has investigated the influence of converter control meth-
ods in an ES-STATCOM responsible for voltage control and stabil-
ity enhancement within an offshore WPP connected to the grid via
HVAC transmission network. Through the application of the gener-
alized Nyquist criterion to a linearized system model, the study has
shown that employing GFM control in the ES-STATCOM yields an
enhanced stability margin compared to GFL control. Subsequently, the
study has utilized NFP plot to assess whether the WPP exhibits GFM
characteristics at the POC when the ES-STATCOM operates in GFM and
the WTs use GFL control mode. A comparison with the NFP responses
of a SC and a pure GFM converter illustrates that the WPP is indeed
capable of manifesting GFM behavior, given the selected relative size
of the GFM ES-STATCOM. Further investigations have affirmed that this
conclusion holds regardless of the operating point of the WTs.
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