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ABSTRACT Grid-forming (GFM) converter control technology and synchronous condensers (SCs) have
both been reported to improve the overall stability of a power system. GFM technology is being considered
for offshore wind power plants (OF WPPs) due to their stabilising effect, and SCs are being integrated into
OF WPPs as they increase the short circuit level of the system. This paper investigates the effect of SCs on the
small-signal stability of an OF WPP with different converter control strategies, namely grid-following (GFL)
and grid-forming (GFM). Primarily, the effect of SCs can be two-fold: (1) overall stability enhancement of
the WPP by providing reactive power support, and (2) contribution to the effective short circuit ratio (SCR)
of the WPP by fault current support. Therefore, this paper focuses on studies concerning these effects on an
aggregated model of a WPP connected to the grid. This paper also tries to compare the stabilising effects of
GFM converters and SCs by comparing the small-signal stability of the test system with GFL control and
SC and with GFM control. To that end, a state-space model of the test system is developed for small-signal
stability assessment and the SC’s effect on its stability. In addition, a mathematical explanation of SCR
enhancement with an SC is provided and is verified against the fault MVA calculations done on time-domain
simulation models.

INDEX TERMS Grid-following, grid-forming, offshore wind power plants, stability, synchronous
condensers, weak grids.

I. INTRODUCTION

Modern offshore wind power plants (OF WPPs) are
connected to the grid via long sea cables characterised
by their low X/R ratio and low short circuit ratio (SCR)
[1]. WPPs connected to weak grids need to supply larger
reactive power to supply the same active power than WPPs
connected to stronger grids (ref. Appendix C, Figure 10).
The low SCR and low inertia of the existing power grid
imply lower fault current contribution from the grid; thus, the
grid connection is termed a weak grid. Small-signal stability
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studies have shown that low SCR weak-grid connections
can introduce an open-loop zero in the right half plane of
the system, leading to oscillations that are poorly damped
or undamped [2]. The low X/R ratio also enhances the P-V
and Q-f coupling, which would otherwise be negligible in a
grid with a high X/R ratio since the resistance is negligible
compared to the reactance [1]. In a weakly connected OF
WPP, a reactive power support device at the point of common
coupling (PCC) helps to supply higher fault currents [3],
provide better reactive power support, and aid in post-fault
voltage recovery [4]. This further aids the WPP in operating
smoothly during steady state as well as during fault-ride
through (FRT).

© 2024 The Authors. This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.
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Synchronous condensers (SCs) have been known to
stabilise power systems by providing damping to generator
power swings and reactive power injection [5]. Stability
enhancement by compensation devices such as SCs, SVCs,
and STATCOMs spans localised parts of power systems such
as WPPs and large-scale national and regional interconnected
power systems. Energinet, the Danish transmission system
operator (TSO), also believes synchronous condensers can
ensure power system stability [6] and also provide ancillary
services [7]. It is understood that improving voltage regula-
tion and reactive power compensation is an important factor
for stable power system operation [8]. The Nordic TSOs
agree that adding rotating masses, such as SCs, can help
tackle the low-inertia issue in large-scale power systems [9].

There have been some examples of stability enhancement
of OF WPPs with the help of a reactive power support device
such as STATCOM, static var compensator (SVC), or SC.
e.g., A WPP connected to Texas’ ERCOT grid experienced
low-frequency oscillations due to weak-grid connections,
which were subsequently seen to be damped by SVCs
and SCs [10]. The Granite substation in Vermont-US also
used an SC to enhance the stability and reactive power
capability [11]. The academic literature also includes works
on applying SCs for frequency support and reactive power
support services. e.g., [12] show that SCs can also improve
the frequency. However, [13] claims that a power electronics
converter-based frequency support system can provide better
frequency support than the SCs provided it is connected
to a generation source. A real-life application of SCs for
frequency stability includes the Talega substation in Califor-
nia, where the SC was applied to support the power system
voltage and frequency stability [14]. The authors of [14]
also compare the features of SCs, static var compensators
(SVCs), and STATCOMs, which shows that an SC has an
overall superior performance to SVC and STATCOM as it
provides short-circuit power contribution, dynamic reactive
power support, voltage recovery after a fault, inertial response
and frequency support, and exhibits resilience to harmonics
and over/under-voltage capacities. SCs can also help control
the wind-farm transient voltage under communication failure
using an ‘online sequential extreme learning machine’ based
voltage prediction method [4].

In a comparative analysis between STATCOM and SCs for
wind-farm applications, results show that SCs can improve
the stability of a WPP with grid-following (GFL) type-
IV wind turbine generators (WTGs) connected to a weak
grid; it is seen to improve the system stability even when
it is not injecting any reactive power [15]. On the other
hand, a STATCOM improves the stability of a WPP only
by injecting reactive power. Grid-forming (GFM) converter
control technology is also reported to have increased the
system stability for weakly connected systems [16] and is the
subject of a vast amount of ongoing research.

Previous work supports using SCs in modern power
systems as they increase the short-circuit performance,
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overload capabilities, and inertial support and facilitate the
integration of more inverter-based resources [17]. Weak-
grid applications of SCs have been proposed along with
battery energy storage systems (BESS) in [18], where the
SC significantly improved overload capacity while retaining
the fast response of a converter-integrated BESS. A similar
application could be found for OF WPPs with weak-grid
connections. Although SCs can enhance the protection
performance of a type-IV WPP, it has been seen that the
converter control strategy also highly affects the overall
performance of the WPP [19].

Optimal allocation of SCs in a simplified Danish grid
model is provided in [20], where the authors state that the
use of SCs improves the SCR of the system. However,
a mathematical quantification for SCR enhancement is
not presented. Additionally, they follow the approach of
converting the Thevenin equivalent model of SC to the
Norton equivalent model. In contrast, our work uses the
Thevenin equivalent for the SC model as it aids in deriving
the expression for the equivalent SCR of the system.

Research works on optimal placement of SCs in
wind-dominated power grids are presented in [21], where
the authors show the SCR improvement in the power system
with the help of synchronous condensers. However, the
work primarily focuses on the optimal allocation of SCs to
minimise the total cost, and insights on small-signal stability
or mathematical re-formulation of the improved SCR are
lacking. Our work, although not focussed on the optimal
placement of SCs due to the scope of the research, succeeds
in mathematically quantifying the SCR enhancement by SCs
and demonstrates the improvement of small-signal stability.

A comparison of SCs with STATCOMs in a doubly-fed
induction generator (DFIG) and permanent magnet syn-
chronous generator (PMSG)-based wind farms is presented
in [22] with some insights on small-signal stability; however,
the focus is on sub/super-synchronous oscillations. Further,
the small-signal stability studies presented in [22] are limited
by eigenvalue trajectories for cases with and without SCs
at different wind speeds. In contrast, our work presents
eigenvalue plots for various operating points for different grid
SCR values, as well as WTG power and voltage controller
step responses. Further, a participation factor analysis of
one unstable pole pair is presented in the Appendix for
reference.

Previous works discussed herewith adopted time-domain
approaches to study the reactive power and frequency support
aspect of SCs. Some studies related to transient stability,
dynamic voltage stability, small-signal stability studies, and
sub/super-synchronous oscillation studies are also seen in the
recently published research. However, the existing literature
does not present detailed small-signal stability studies,
including eigenvalues and controller step responses. Further,
as discussed above, although some works indicate the SCR
enhancement of an existing system via SCs, they do not
include an expression for the equivalent SCR enhancement
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and their verification against SCR values obtained from fault
simulations. Further, no comparative analysis could be seen
in the existing literature which addresses the topic of SCs
on OF WPPs and how SCs impact the stability of OF WPPs
with different converter control technologies, namely GFM
and GFL. Our paper fills the identified research gaps: the
small-signal stability effect of SCs on an OF WPP, SCR
enhancement, and its performance for WPP with GFM and
GFL technologies.

The key contributions of this paper are summarised
as:

« Small-signal stability of an OF WPP with the addition
of SCs and cases for GFM and GFL technologies in the
WTGs.

o Quantification of SCR enhancement of an OF WPP with
the addition of SCs.

The paper layout is as follows: Section II describes the sys-
tem setup, its modelling (time-domain and frequency-domain
small-signal model development), and adopted methodology
(small-signal stability analysis and time-domain fault simu-
lation). Section III describes the mathematical formulation
of the equivalent SCR enhancement due to the effect of the
SC. Section IV provides the results obtained and a detailed
analysis and discussion of the results. Finally, Section V
summarises the findings and provides a conclusion based on
the studies presented in the paper.

Il. SYSTEM SETUP AND MODELLING

For various simulation-based studies of a power system,
including an offshore wind power plant, various modelling
practices could be adopted based on the requirement.
Whenever an overall view of system static and dynamic
operation and stability analysis is required, full-order non-
linear dynamical models in EMT domains, reduced-order
RMS models, and linearised small-signal models are used
in unison. Various modelling practices offer different fidelity
and have advantages and drawbacks over the other modelling
practices [23]. For our study, a small-signal model is
crucial and more relevant for stability studies over a wide
range of operating points, while time-domain simulations
based on higher-order models were necessary to verify
SCR enhancement with SCs. Thus, the primary modelling
practice followed in this paper is small-signal modelling
(Section II-B), with some use of detailed time-domain models
(Section IV-C).

The system under study consists of an aggregated WPP
connected to a grid through an array cable and a transformer,
as shown in figure 1. The array cable has an impedance Z,,
and the grid has an impedance Z, = R, + jX,. An SC
with sub-transient reactance Zs, = jX,. is connected at
the PCC.

All parameters are represented in pu; differential and
algebraic variables are represented in small-signal pu when
denoted by a lowercase letter and are in large-signal SI units
when denoted by an uppercase letter.
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A. GRID AND SYNCHRONOUS CONDENSER MODEL
The grid is modelled as a Thevenin equivalent source, i.e.,
an ideal voltage source (f/g = 1/0°) behind an impedance
Zg,. The load-flow behaviour of a grid thus modelled would
be that of a P — § bus. The mathematical model of the grid
used to build its time-domain model can be written as:

Ve = 1£0°, )

N VA ¥

I, = F—1=, 2
R, + jX,

Se = Py +jQ = VI, )

where, \7g is the grid voltage, Vpcc is the PCC voltage,
Z; = R; +jX, is the grid impedance, ig is the current flowing
from the grid towards PCC, and S, = P, + jQ, is the grid
apparent power whose real part P, is the active power and
imaginary part Q, is the reactive power. The (") above the
variables indicate that they are phasor variables.

The state equation relating to the small-signal model of the
grid is,

Loigdg = —Rei) +iXeig) +v5) —v30 (@)

Similar to the grid, an SC is modelled as a Thevenin
equivalent model, i.e., an ideal voltage source behind the
sub-transient reactance. This modelling approach is valid for
small-signal stability and fault studies since during the fault
cases and fast transients, the sub-transient reactance of the
SC becomes active [24], [25] and has also been adopted in
the academic literature [20]. Energinet also follows a similar
modelling approach for some of their studies [26].

SC controls are bypassed for this study as their responses
are very slow and only impact the low-frequency ranges. The
load-flow behaviour of the SC is that of a P — V bus with a
small active power loss |P| < 1 pu. The mathematical model
of the SC is thus given as,

ch = /gy, (5)

y Vie =V,

I = ”\’C—pCC’ (6)
JXsc + er +JXtr

Ssc = Psc +stc = VSCIS*C ~ Qsm (7)

where Vi is the SC voltage, I, the current, X, the sub-
transient reactance, and Q. is its reactive power contribution.
The transformer is modelled inside the abovementioned equa-
tions, and R, + jX; represents the transformer impedance.
The transformer used in this paper is a Y — Y transformer;
thus, no phase-shift adjustment is necessary.

Now, the state equation relating to the small-signal model
of the SC is written as,

Xsc (SC)

” = Ryl + (X + Xepige + Ve =V (8)

The equivalent circuit of the power grid and SC thus
modelled are shown in Figure 2.
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FIGURE 2. Thevenin equivalent models for (a) power grid and (b) SC and
transformer used in the study.

B. WPP CONVERTER MODELS

Two different control methods for the WPP converters are
selected for the studies, namely grid-following (GFL) control
and grid-forming (GFM) control, as shown in Figure 1.
Although the detailed modelling of these controls is not
included, an averaged state-space model is presented in this

paper.

1) GRID-FOLLOWING CONTROL (GFL)

The converter control model is derived from [27]. The grid
following control includes a phase-locked loop (PLL) as the
synchronizing unit which is modelled as:

| K
Opit = wo + (KIS””) + ’T) Vgs 9

where, 6, is the PLL phase angle, wp = 27fj is the nominal
angular frequency, v, is the quadrature axis voltage which

VOLUME 12, 2024

PLL proportional and integral gains respectively.
The power controller generates a current reference signal
for the current controller which is given as:

. 1
l;; =" - Ppe) (Klgpc) + ;Ki([w)) ) (10)
i =0, (a1

where, ppe = Vaiqa + v4ig, and gpe = Vg4ig — vaiq are the
small-signal active and reactive powers of the converter in
pu, K9 and K are the PI-gains of the power controller,
and vy, and iy, represent the voltage and current at the
measurement points.

The current controller is implemented as a PI-controller,
and the control method is given as:

K.(CC)
Gpie(s) = Ky + = —, (12)
Vitg = Vo - Gie()(ilyy — iag) + Xpidg.  (13)

Here, v}, g are the inverter reference voltage signals, which,
when transformed into the abc—frame, are fed into the
PWM block. Gp;c(s) is the Pl-controller transfer function
implemented for current control.

The linearised state-space equations of the GFL converter
can be summarised as follows:

bpt = wo + KPPy, + KPS, (14)
S =v, (15)
oK - ¥ (16)

V=——osV T —ooia

%) %o
. KP KP

Odq = ij;q - idq» (17
168021
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where, 6, is the PLL phase angle, wy = 2nfy is
the nominal angular frequency, and K,E” " and Ki(p”) are
the PLL proportional and integral gains respectively. y
is the power controller state given as the integral of
small-signal power mismatch, i.e. y = p* — pyc. ppc and
gpc are the small-signal active and reactive powers of the
converter, vg, and ig, represent the voltage and current at
the measurement points, S is a PLL-state which is given as
S = vy, and Oy, are the current controller states. Now, the
converter voltage reference signals can be written as:

Vi = V) + KO, — iag) + KOy (18)

2) GRID-FORMING (GFM) CONTROL
A virtual synchronous machine (VSM) based GFM control is
implemented. The GFM converter control used in this paper
is adapted from [28].

The power controller dynamics of the GFM converter
control method are given as:

1
9pc = / |:600 + Js+D, (17* _Ppc):| dt, (19)

Vi = vn — Kg(q" = qpe) (20)
Vi =0. Q1)

Here, J is the VSM inertia constant, D, is the VSM
damping term, and 6. is the angle given by the power
controller.

The voltage control loop dynamics is implemented as a PI
controller and is governed by the following equations:

K.(VC)
Gpin(s) = K"+ = —, (22)
. | Jvd
5y = 15 + Gpin($)(V, — vag) + X—C" (23)

f

Here, Gy (s) is the voltage controller transfer function.
These current reference signals iy, are sent to the current
controller, which compares it with the current measurement.
The current controller is also a PI-based controller, and its
dynamics are given as:

(cc)

Gpie(s) = K+ ——, (24)
Vit = VIt Gicl)(iy — iag) +iXsidg.  (25)

The linearised state-space equations of the GFM converter
are given as:

Ope = Wpc (26)
Jiype = p* = Ppe — Dppe @7)
Mag =V, — Vg (28)

Odg = iy — idg (29)

where, and My, and Oy, are the voltage controller and
current controller states respectively. The voltage controller
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and current controller output equations are written as follows.

(pcc) J Vdq

i:!q =l T Gpiv(s)(ngq — Vdg) + )E, (30)
Vidg = vg;"‘" + Gpic($)ig, — idg) +jXridgs (31)

where Gy, (s) = Kpy + éK,’v and Gpjc(s) = Ky + %Kic denote
the PI-controller implemented in the voltage and current
control loops respectively.

The PWM block is modelled as a delay of T, given as
follows:

Gpwnm (s) = e, (32)

A Pade approximation of this delay is performed with a
sampling time of T is given as:

1-— %s
Gpwm (s) ~ T (33)
I+ 3s

3) FILTER AND ARRAY CABLE MODEL

Based on Kirchhoff’s voltage and current laws, the
state-space model of the converter’s filter and array cable can
be written as a set of differential-algebraic equations and are
given as:

Lyir.aq = =Ryig.aq +Xrif.ag = veag + v, (34
CrVe,dg = if,dg +JjwoCrve,dg — ia,dgs (35)
La,tfi.a,dq = Ve, dg — Ra,tfia,dq +an,tfia,dq - V;{Z]CC). (36)

Here, Ry, Ls, Cy are the filter resistance, inductance,
and capacitance, L,, R, are the array cable inductance and
resistance, and Ly, Ry are the transformer inductance and
resistance respectively. Also, R,y and L, are given as
Rq + Ry and L, + Ly respectively and X, f = woLa,f.

IIl. SCR ENHANCEMENT

The short circuit ratio of a WPP at any given point is given
as the ratio of the grid’s fault MVA contribution to the WPP-
rated power.

: Se.f
ie. SCR = ——, (37)
wpPP
where, S, is the grid fault contribution and Swpp is the
WPP’s rated apparent power.
Assuming 1 pu voltage being maintained at the grid during
the fault, and Swpp = 1 pu, we can rewrite the system SCR
as:

ng,pu/|Zg,le| _ 1
1 pu |Zg,pu| ’

SCR = (38)

An SC behaves as a voltage source behind its sub-transient
reactance under conditions valid for small-signal studies [24],
[25]. Assuming 1 pu voltage behind the sub-transient
reactance, an SC can be aggregated with the grid to observe
an effective rise in the equivalent short circuit ratio (ESCR)
at PCC.

VOLUME 12, 2024
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From (38), we know that the SCR of a WPP at PCC can be
given as the reciprocal of the pu grid impedance at 1 pu grid
voltage. In a WPP, the base SCR value at WT MV terminals
without considering the SC is written as:

1
Zgpu + Zaif pu .

Here, the impedance Z, ,, = |Zgpul and Zy py =
|Zapu + Zif pul are the absolute value of the sum of the
respective impedances. Henceforth, unless otherwise stated,
the same convention is followed for all other impedances.

Considering the stabilising effect and fault MVA contribu-
tion of an SC on SCR evaluation, we can view the grid and SC
pair from PCC as two parallel voltage sources. Thus, we can
write for the pu impedance seen at PCC as

ie. SCR, = (39)

Zg,pu : Zsc,pu
Zg.pu + Zsc.pu

The effective SCR at WT MV terminal can now be written
as:

ZPCC,pu = < min (Zg,pua Zsc,pu)~ (40)

1
ZPCC,pu + Za,tf,pu ’

SCR. = 41)

Here, since Zpcc pu < Zg pu» it implies that
SCRy. > SCR,,. Thus, effective SCR at the WT MV terminal,
considering the SC, is higher than without the SC. The
physical interpretation of this is that the short-circuit MVA
contribution of the SC increases the overall fault MVA of the
system, thus increasing the effective SCR.

‘We can now write for this new effective SCR, including the
effect of the SC as:

Zg,pu + Zsc,pu
Zg,pu : Zsc,pu + Za,tf,pu(zg,pu + Zsc,pu).
The SCR enhancement quantification provided in
equation (42) is verified with SCR values calculated from

time-domain fault simulations, including the effect of SC in
the system.

SCRy. =

(42)

IV. RESULTS AND DISCUSSION

The small-signal and time-domain simulation models devel-
oped for the test system presented in Figure 1 are subjected
to different tests. Frequency domain studies involving the
step-responses of power and voltage controllers of the
converter controls are presented in this section, where
small-signal stability information is observed, e.g. controller
reference tracking, oscillations and damping based on step
responses, and stability/instability based on eigenvalue plots.
The WPP’s SCR is calculated before and after the addition
of the SC based on (a) fault simulations and (b) theoretical
calculations based on the method described in Section III, and
are presented in this section.

Different grid conditions and operating points are cho-
sen for the frequency-domain analysis and studies. IEEE
guidelines [29] classify system strength in terms of SCR:
a very weak grid has very low SCR< 2, a weak grid has
2 < SCR < 3, and a strong grid has SCR> 3. An OF
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WPP’s SCR is measured from the turbine MV terminals.
SCR has a critical effect on system stability, and the study
of extreme SCR cases becomes necessary for such systems.
In order to study the effect of SCs on the stability of a
WPP for different grid strengths, three grid strength cases
are chosen and summarised in Table 1 in terms of grid SCR
and X/R.

TABLE 1. Grid cases in terms of SCR at WT MV terminal.

Grid Case Base-Case SCR X/R Ratio
Weak Grid 1.6 5
Normal Grid 32 14.8
Strong Grid 4.12 14.8

The grid parameters, namely grid resistance and reactance,
are defined based on the SCR and X/R values since we
perform the simulations and calculations for different grid
strength levels. From equation (38), we can obtain the
magnitude of the grid impedance |Z, ,,| for different SCR
values in Table 1 as |Z; | = 1/SCR. Further, the respective
X/R ratios are provided in Table 1, which could be used
to calculate the grid impedance in terms of resistance and
reactance as,

1 .
Zepu = SCR (cos o +jsin ) 43)

where o = tan~! (X /R) is the impedance angle.

A. CONVERTER CONTROL STEP RESPONSES

The step responses of the power and voltage controllers
for each of these cases are presented in Figure 3 (weak
grid), Figure 4 (normal grid), and Figure 5 (strong grid).
System references/operating points for the presented step
responses are grid reference voltage V;‘ = 1 pu, turbine
reference voltage V,» , = 1 pu, and turbine reference power
Py .., = 1 pu, respectively.

1) WEAK GRID CASE

The step responses in Figure 3 show that for the provided
system, i.e. a weakly connected WPP with GFL control,
adding an SC at PCC can stabilize the previously unstable
system. Furthermore, although instability is not observed in
the response of GFM control, the inset in the power controller
step responses shows that the initial oscillations are damped
with the addition of an SC.

For the unstable case observed herewith, we perform a
participation factor (PF) analysis to gain a deeper insight
into the stability mechanism, especially to find out the states
participating in such unstable modes. Since our approach
does not involve system control parameters tuning, the PF
analysis result is only included in Appendix B in Table 7 for
general reference.

2) NORMAL GRID CASE
For the given operating point in a normal grid-connected
GFM WPP, Figure 4 shows that no instability issue is seen
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Power Controller Step Responses (Weak Grid)
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FIGURE 3. Power and voltage controller step response of GFL and GFM
converters in a weakly connected WPP with and without an SC.

Power Controller Step Responses (Normal Grid)
T T T T T T T
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FIGURE 4. Power and voltage controller step response of GFL and GFM
converters in a normal-grid connected WPP with and without an SC.

in the base case, and there is no significant effect on power
and voltage controller step responses after the addition of the
SC. The inset on the power controller step response plot also
clarifies that apart from minor differences in the transient
behaviour of the controller, there is no major impact on
system performance. The voltage controller response shown
in Figure 4 shows that the SC has made the voltage controller
response slower. However, no further noticeable difference
in dynamic or steady-state performance is seen to have been
introduced by the SC, suggesting that an SC can enhance the
system damping.

3) STRONG GRID CASE

The system is further tested on a high SCR grid (strong-grid
case with SCR = 4.12). The step plots shown in 5 show that
in a strongly connected WPP, the addition of an SC doesn’t
change the system stability and small-signal performance in
any significant way.
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FIGURE 5. Power and voltage controller step response of GFL and GFM
converters in a strongly connected WPP with and without an SC.

B. EIGENVALUE ANALYSIS

To better understand the impact of SCs on WPP sta-
bility, further analyses are presented in terms of system
eigenvalues for different operating points. For each of the
sub-cases in Table 1, eigenvalue analysis is performed
for a range of 27 different operating points defined as
grid voltage reference(Vg*), wind turbine voltage reference
(V;;rb), and wind turbine power references (Pfu ) s shown

in Table 2.

TABLE 2. WTG operating points utilised for eigenvalue studies.

Reference Values

Grid Voltage Reference (V) [0.95 1.0 1.05]

Turbine Voltage Reference (V) [0.95 1.0 1.05]
Turbine Power Reference (P* ) [0.1 0.5 1.0]

turb

The eigenvalues of the system for the 27 operating points
given in 2 are coalesced in one figure and plotted in Figure 6
for weak-grid case, Figure 7 for normal-grid case, and 8.
Eigenvalue damping is also defined and marked in the
eigenvalue plots with dotted lines. The eigenvalue damping
is given as:

M)
= ——, 44
Gi ] (44)
where A; is the i" eigenvalue. Eigenvalue damping

ratios marked in the plots are helpful for understand-
ing system stability as low and near-synchronous fre-
quency oscillations with higher than 20% damping ratio
ensure well-damped oscillations during normal operating
conditions.

1) WEAK GRID CASE

The poles on the right-hand side of the s—plane in figure 6
suggest that irrespective of GFL or GFM control, for
operating points with low grid and turbine voltage references
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Vi = 0.95 pu, Vg = 0.95 pu), the weakly connected
OF WPP exhibits small-signal instability. For the nominal
operating point, the step responses in Figure 3 showed that
the GFM WPP system stayed stable even without the addition
of the SC. However, for other operating points, as seen from
Figure 6, the system becomes unstable, and the addition of
an SC at the PCC stabilises it. Near-synchronous frequency
modes with poor damping (i.e. poles with ¢ < 20%) are also
seen in cases where turbine and grid voltage references were
at their lower levels, i.e. V7, = 0.95 pu, Vg* = 0.95 pu.

System Eigenvalues for the WPP (Weak Grid)
: : e ;

o
e
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x
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-200 xx ¥y
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FIGURE 6. Eigenvalues for weak-grid case (27 standard operating points
superimposed).

2) NORMAL GRID CASE

The normal-grid connected case for the OF WPP did not
exhibit any stability issues with or without the SC across
the selected 27 operating points. There are some changes
in the eigenvalue location as shown in Figure 7; however,
the eigenvalue damping and frequencies change only slightly,
and there is no significant change in system stability. This was
also observed in the step responses calculated for the nominal
case in Figure 4. Further, the low-damped, near-synchronous
eigenvalues from the weak-grid case are well-damped in this
case. This further suggests that some unstable system modes
are stabilised with SCs in a weakly connected system. At the
same time, a normal-grid connection does not necessarily
require SCs to enhance system stability. Furthermore, poorly
damped near-synchronous oscillatory modes (not prevalent in
normal grids) are not strongly affected by SCs in weak grids;
grid strength plays a crucial role in the elimination/damping
of near-synchronous modes than SCs do.

3) STRONG GRID CASE

Further eigenvalue analysis for a strong grid with
SCR = 4.12 is performed on all the predefined operating
points (see Table 2). The eigenvalue plots for this case
presented in figure 8 also show that for a strongly connected
OF WPP, adding an SC does not change the system poles in
any discernible way.
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FIGURE 7. Eigenvalues for normal-grid case (27 standard operating
points superimposed).
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FIGURE 8. Eigenvalues for Strong-grid case (27 standard operating points
superimposed).

4) LOWEST EIGENVALUE DAMPING

For the normal operating point V; = 1.0, V7, = 1.0,
v = 1.0, the following table (Table 3) summarises the

most critical modes which exhibit lowest system damping.

TABLE 3. Summary of lowest damped modes (,;,) and damping ratio

(¢) for the normal operating point V_,’; =10,V ,=10,P; =10
WPP Control Weak Grid Normal Grid Strong Grid
GFL W/O SC 7.54 £j33.13 -5.24 £j12.13 -5.73 £j12.48

(=-2219% ¢ =39.65% (=4172%

GFL W SC -5.68 £ j12.46 -5.17 £j12.03 -5.66 £ j12.41
C=4147% ¢ =39.48 % ¢ =41.49 %

GFM W/O SC  -35.13 £j54.86  -19.93 £j92.33  -32.44 £ j84.63
¢=53.92% ¢ =21.09 % ¢=3579%

GFM W SC -32.67 £j86.41  -20.18 £j100.15  -31.21 £j93.27
¢ =3536% ¢=19.75% C=3173%

As seen from Table 3, SC enhances the small-signal
stability for a weak-grid case by increasing the lowest system
damping for GFL OF WPP. However, its impact is minimal
on the small-signal stability of a normal-grid-connected
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and strong-grid-connected OF WPP. No significant damping
improvements are seen for GFM OF WPP, suggesting that
SC offers overall system damping improvement as opposed
to GFM converter control. It must be noted that this table
summarises the most critical modes over one standard
operating point.

Further, based on the eigenvalues plotted for various
operating conditions and grid strengths in Figures 6, 7, and 8,
a summary of the lowest damped modes and the respective
damping ration for each case is presented in Table 4 below.
This table summarises the most critical modes with the least
damping over the 27 operating points defined earlier in
Table 2.

TABLE 4. Summary of lowest damped modes (1,,;,) and damping ratio
(¢) for the 27 standard operating points Vg =[0.951.01.05],

V;,, =[0.951.01.05] P} , =[0.10.51.0].
‘WPP Control Weak Grid Normal Grid Strong Grid
GFL W/O SC 54.54 -21.21 +984.19i -5.17 + 76.401
(unstable) ¢=2.15% ¢ =6.75 %
GFL W/ SC -5.16 + 76.591 -5.18 + 75.561 -5.17 + 76.341
¢ =6.72 % ¢ =6.83 % ¢ =6.75 %
GFM W/OSC 4697 +0.00i -19.93 +580.121  -22.97 + 584.90i
(unstable) ¢ =343 % ¢ =3.92%
GFM W/ SC -0.87 +5.271  -20.18 + 629.261  -23.05 + 587.41i
¢ =16.26 % ¢ =320 % ¢ =392%

An analysis of the lowest system damping and associated
critical modes over the 27 standard operating points studied in
this paper shows that SC enhances the small-signal stability
for a weak-grid case by increasing the lowest system damping
for both GFL and GFM-controlled OF WPP. However,
its impact on the small-signal stability of a strong grid
is minimal. For a normal-grid-connected case, the lowest
system damping could be improved for GFL OF WPP with an
SC. However, no significant damping improvements are seen
for GFM OF WPP, suggesting that SC offers overall system
damping improvement as opposed to GFM converter control.

C. EQUIVALENT SHORT CIRCUIT RATIO

The ESCR of the system before and after the addition of the
SC was calculated using the time-domain simulation models
as well as based on the procedure described in III. Short-
circuit levels for both these methods are presented in figure 9.
The short-circuit MVA is presented in pu with the base of the
WPP apparent power rating Sypp. Table 5 below summarises
the SCR values based on these results. In either of these
cases, the contribution of converters to the effective SCR is
not considered.

From 9 and Table 5, the effective SCR of the WPP is
seen to have increased significantly after the introduction
of the SC. This also shows a good match between the
theoretical calculation and time-domain simulation-based
results. Based on Figure 9 and Equation (42), the SCR
enhancing properties of SCs is elaborated. Further, (42) could
be utilised to estimate the enhanced short-circuit level of the
WPP, including the effect of the SC. This expression not only
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FIGURE 9. SCMVA levels based on theoretical calculation and
time-domain simulations.

TABLE 5. SCR enhancement of a WPP at WT MV terminals based on
theoretical calculation vs fault MVA simulations: with and SC.

Grid Case W/O SC W/ SC (theoretical) W/ SC (simulation)
Weak Grid SCR=1.6 SCR =2.67 SCR =2.58
Normal Grid ~ SCR =3.2 SCR =4.28 SCR =4.11
Strong Grid ~ SCR=4.12 SCR =5.71 SCR =5.37

helps illustrate the SCR-enhancing properties of SC in an
OF WPP but also aids in the short-circuit calculations and
further assists in other power plant design considerations.
However, for specific converter control methods, the effective
contribution to system strength needs to be quantified
and proposals on such are available in the academic
literature [30]. Furthermore, since the scope of our work
is related to small-signal studies and SCR calculations, for
study considerations regarding converter and SC control
interactions, further detailed information on the overall
system stability needs to be gathered with a more detailed SC
model, including its control dynamics and immittance-based
stability analysis methods.

V. CONCLUSION

A small-signal and a time-domain model of the aggregated
OF WPP were constructed, and the effect of the addition
of an SC in such a system was studied for different
cases. The analysis shows that for a weakly connected OF
WPP, an SC can have a significant positive impact on
stability. It can enhance the small-signal stability, improve the
system response by damping out oscillations, and enhance
the SCR of the system. The stabilizing effect is more
significant for GFL WPPs than for GFM WPPs. For a
normal-grid-connected and strongly connected OF WPP,
no significant stability improvements were observed for the
tested 27 operating points. However, the effective SCR of the
system was seen to have been improved due to the addition
of the SC in both these cases. Even though frequency domain
analysis didn’t show significant improvement in the small
signal stability of the WPPs in these two cases, the SC can
still aid in the overall fault response of the WPP and improve
the dynamic stability.
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With GFM control of the WTGs, stability issues were
observed for fewer operating points. Further analysis seems
necessary to fully understand the stability performance of
SCs and GFM converters and to investigate if a GFM
converter can have the same or better stability performance
as a GFL converter and SC pair. However, as seen from
the eigenvalue analyses and study of ESCR, it is clear that
although GFM converters do not enhance system ESCR, they
can still improve the system small-signal stability. Further
work on re-defining ESCR for power systems with GFM
converters included is needed to understand the overall
impact of GFM converters on system strength. Furthermore,
SCs are seen to improve both ESCR and system stability.
After appropriate quantification of system ESCR with GFM
converters, our work can help choose between a GFM
OF-WPP and GFL OF-WPP with an SC based on small-
signal stability, converter-driven stability, voltage stability,
and system strength perspective.

VI. FUTURE WORKS

For any study type, model fidelity and applicability are
crucial points. The studies that could be performed on
a specific model are dependent on the type of models
considered. For future studies, such as harmonic analyses,
full switching models of the converters, the inclusion of SC
control dynamics, and the full EMT model of the overall
system can be utilised. Further, the future stability impact
of other support devices, such as STATCOM and energy
storage devices, could also be compared against both SCs
and GFM OF WPPs. As HVDC-connected OF WPPs and
HVDC hubs such as energy islands and multi-terminal
HVDC projects are being studied in Europe and other parts
of the world, SCs and GFM converters can both be invaluable
for localised stability improvement, reactive power support,
and inertial support. Thus, for MMC-based HVDC converters
used in such projects, small-signal stability studies are not
sufficient. Thus, further time-domain dynamic studies based
on full-order EMT models and detailed harmonic studies will
be crucial. Considering this, further research could include
the study of overall stability enhancement (small-signal
stability, harmonic stability, transient stability, and voltage
stability) via synchronous condensers and GFM converters.

LEGAL DISCLAIMER

This work was supported by Innovation Fund Denmark
under the project Ref. no. 0153-00256B. Figures and
values presented in this paper should not be used to judge
the performance of Siemens Gamesa Renewable Energy
technology as they are solely presented for demonstration
purposes. Any opinions or analyses contained in this paper
are the opinions of the authors and are not necessarily the
same as those of Siemens Gamesa Renewable Energy.

CONFLICT OF INTEREST
The authors declare no conflict of interest.

VOLUME 12, 2024

APPENDIX A

TEST SYSTEM PARAMETERS

The system parameters used in this paper are summarised
below in Table 6.

TABLE 6. System parameters used in the simulation studies. All
parameters are in pu unless otherwise stated.

Parameter Notation Value

SC impedance Zsc,pu jo.14

SC transformer impedance Zir pu 0.0016+j0.08

Array transformer impedance  Zyr 0.0008+j0.004

Filter parameters Zy 0.0063+j0.0265

Filter capacitance Cr 5x 10~6

PLL PI gains KD kP 0,025, 1.5

PLL Bandwidth Awprr 7.5 Hz

Virtual inertia J 1

Damping constant D, 50

PC Bandwidth Awpe 50 Hz

Reactive power droop K, 0.2

GFM VC PI gains kY, kM) 0.05,0.039

GFM CC P-gain Kk 105,16

GFL CC PI gains KK 0.05,0.30

GFL CC Bandwidth Awee 150 Hz

PWM Delay Tpwm 0.19 ms

Sampling Time Ts 0.2 ms

SC rating Sse 0.5Swpp

System base power Shase Swpp
APPENDIX B

PARTICIPATION FACTOR ANALYSIS FOR THE UNSTABLE
POLE PAIR

A participation factor analysis is performed for a pair of
unstable poles in one of the study cases (Weak Grid GFL W/O
SC, Vg = 1.0 pu, V,,, = 1.0 pu, P}, = 1.0 pu) and is
presented in Table 7 below.

The participation factor analysis for the unstable mode
(pole pair) shows that the current and voltage controller states
participate in unstable modes. Although this indicates the
stability problem as a controller-driven stability problem,
some participating states are also related to the cable states
and shall not be overlooked. Current and voltage controller
states are current and voltage measurements after filtering,
and the cable states are cable currents and voltages. Thus,
although a preliminary participation factor analysis shows the

TABLE 7. Participation factor analysis of the unstable mode
(f = 4.63 Hz, ¢ = —22.27) in the unstable case (Weak Grid
GFL W/0 SC, V; =1.0pu, Vg , =1.0pu, Py . =1.0pu).

S.No.  State Name  Participation Factor
1 CCtrlStatel 20.26 %
2 VCtrlStatel 11.67 %
3 CCtrlState2 11.47 %
4 PLL State2 10.66 %
5 VCtrlState2 7.67 %
6 PLLState2 4.48 %
7 VCtrlState3 2.58 %
8 VCtrlState4 2.34 %
9 CableStatel 2.33 %
10 CableState2 2.29 %
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impact of the faster inner control loops on the system stability,
it must be noted that the impacting states are dependent on
cable states. Thus, the instability issue could be solved either
as a control or as a system issue. Our results also support
this statement as the inclusion of a synchronous condenser
in the OF WPP solved the issue for GFL control case, as well
as the use of a GFM converter instead of a GFL converter
solved the issue; however, this depends on the grid strength.
For reference, Figures 3, 4, and 5, and Table 3 can be useful.

APPENDIX C

PQ DIAGRAMS

Figure 10 shows the reactive power delivery by a GFL OF
WPP (from Figure 1) for different active power set-points
at various grid SCR values. The figure suggests that for a
strong-grid connected case indicated by high SCR, the OF
WPP needs to supply minimal reactive power to facilitate
the power flow. However, for a weak-grid connected case,
depending on the active power set-point, the OF WPP needs
to supply larger reactive power to facilitate the power flow.

0.35 : . : :
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03kLl—SCrR =2
SCR = 2.5
——SCR =
025} SO = 1
SCR = 10
02F| —SCR =20
——SCR = 50

Reactive Power (Q, pu)
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Active Power (P, pu)

FIGURE 10. PQ relationship diagram for an offshore WPP connected to a
power grid of different grid strength.
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