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A B S T R A C T

Grid-forming control techniques are required to achieve a high penetration of power electronics-
based renewable energy sources for decarbonized electric systems. However, different grid-
forming control strategies can operate in the same grid, and grid stability shall be warranted.
This paper analyses the use of different grid-forming control strategies for diode rectifier-based
wind power plants. The analysed grid-forming controllers are the well-known droop control,
an advanced droop control, and the virtual synchronous machine control. The controllers’
analysis validates the three grid-forming controllers’ interoperability, identifying each control
parameter’s contribution to the stability of each system state variable. Furthermore, the analysis
allows a better tuning of the control parameters. Additionally, a fault-ride-through strategy
that improves the system restoration after faults is proposed and validated. The proposed
fault-ride-through strategy achieves a soft restoration of the active power.

1. Introduction

The challenges produced by climate change, along with the increasing concerns about energy supply and costs, are gaining
relevance among government authorities and society. Consequently, national administrations reevaluate their energy generation
strategies by increasing their renewable resources. Offshore wind power plants (WPPs) are expected to provide global energy due
to high wind speeds and stable conditions.

Different alternatives have been explored to integrate offshore WPPs generation into the grid through high-voltage direct current
(HVDC) grids, as [1], which compares some control methods for Multi-Terminal HVDC systems. Diode rectifiers (DRs) are a technical
solution for linking offshore WPPs to an HVDC grid. This approach, employed within the study, reduces the cost of offshore WPPs by
up to 30% while also improving the efficiency and reliability of the entire system [2–4]. Recent investigations such as [5,6] propose
novel control solutions for the offshore WTGs connected through DRs but the coexistence of different grid-forming controllers among
the WPP is not addressed.

Installed WPPs are integrated into the electrical grid with grid-connected converters operating in grid-following mode. WTGs
require a connection to the electrical grid to operate without an inertia control loop, which makes them incapable of responding
to dynamic frequency changes in the system. Conversely, grid-forming WTGs can establish their own grid without an external grid.
This technology benefits grid restoration after an outage, demonstrating their self-sufficiency and resilience in power generation
and grid support [7,8].

Different grid-forming controls (droop, Virtual Synchronous Machine, dispatchable Virtual Oscillator Control) are compared to
find a generic grid-forming model in [9]. Yet, they were individually tested when connected to the infinite power grid through an
LCL filter instead of a converter-dominated grid, and their interoperability was not tested.

∗ Corresponding author.
E-mail address: adbeba@upv.edu.es (A. Beneit-Barajas).
https://doi.org/10.1016/j.matcom.2024.09.014
Received 19 January 2024; Received in revised form 3 July 2024; Accepted 16 September 2024
vailable online 20 September 2024 
378-4754/© 2024 The Authors. Published by Elsevier B.V. on behalf of International Association for Mathematics and Computers in Simulation 
IMACS). This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 

https://www.elsevier.com/locate/matcom
https://www.elsevier.com/locate/matcom
mailto:adbeba@upv.edu.es
https://doi.org/10.1016/j.matcom.2024.09.014
https://doi.org/10.1016/j.matcom.2024.09.014
http://creativecommons.org/licenses/by-nc-nd/4.0/


A. Beneit-Barajas et al.

p
t
c
c
S
A
t

g
i
s

f
T
i
f
c
d

l
b

t
a
s

N
u
g
S
e
o

i
a
d

w
c
a
w
c
v
t
p
W

s
r

2

2

T
a
s
r

Mathematics and Computers in Simulation 229 (2025) 1–14 
In [10], authors compare three types of grid-forming controls (droop, synchronverter, and matching control). They evaluate the
erformance of these controls in a system-level simulation case study that uses the IEEE 9-bus test system. The study examines
heir performance in black start, set-point tracking, and load-sharing. However, the system has three identically tuned grid-forming
ontrollers in the main system, so the interoperability between them is not studied nor tested in a DR-based WPP. In [11], researchers
onducted additional studies to analyse the black start process using four grid-forming controls: Direct Power Control, VSM, Power
ynchronous Control, and Distributed-PLL based. The study involved a system in which 400 MW WPPs were connected to an onshore
C grid. Nevertheless, the study addresses neither the interoperability of different grid-forming control strategies nor fault-ride

hrough.
Some recent investigations analyse the dynamic relationship between grid-forming converters operating in parallel in the same

rid. [12] studies the operation of several aggregated VSMs, finding design procedures to ensure stability by decoupling outer and
nner control loops when the number of parallel converters increases. However, the aggregated converters had identical control
trategies.

Special attention to researches [13,14] that employ eigenvalue analyses to study the system stability when two identical grid-
orming controllers feed a common load, concluding that even controllers with identical dynamics can oscillate against each other.
hey respectively found that proper selection of the filter inductance and voltage feed-forward into the current controller can prevent

nstabilities. Still, a grid-forming controller was tested without any control parameter optimization to ensure stability, avoiding
ilter inductance selection. A specific case is investigated in [15] where it was proved that capacitive loads lead to instability if the
ontrollers reach current saturation. However, there is still a need to explore the interaction between grid-forming converters with
ifferent control strategies.

On the other hand, grid-forming and grid-following WTGs interoperability was tested when connected to a DR-based HVDC
ink using the same fault-ride-through strategy [16]. Therefore, no considerations have been made regarding the interoperability
etween different grid-forming controllers in offshore WPPs connected to DR-HVDC.

However, most research focuses on the grid-forming control during steady-state conditions without considering the fault-ride-
hrough capability. In [17], the authors propose a grid-forming controller with two active power loops to maintain the frequency
nd the AC offshore voltage. The proposed control includes a current control loop for current limitations during faults without any
trategy to achieve a soft restoration after faults.

In [18], the fault ride-through capability of a 40 MW offshore wind farm remained examined using the EOn grid code.
evertheless, alternative control methodologies and their combination between controls were not investigated. Moreover, [19]
ses only droop control and proposes a fault-mode controller and dynamic virtual damping controller to test during very weak-
rid conditions. [20] considered three different control schemes (Virtual Synchronous Machine, Distributed PLL-based, and Power
ynchronization Control). These control schemes are implemented in an islanded grid where WTGs supply power to a passive load,
valuating their performance during three-phase symmetrical faults. As seen in this paper, the compatibility among different types
f grid-forming control during faults has not been thoroughly studied or only studies one controller.

[21] includes an improved current limiting control method for a grid-forming system with an adaptive virtual impedance. This
mpedance automatically adjusts, adapting to various fault situations in the power grid. Furthermore, [22] proposes a method to
dapt the droop gain with respect to the current magnitude, improving the stability limit and dynamic behaviour, but for advanced
roop and VSM is not proved.

Therefore, the main objective of this paper is to analyse the effects that WPP converters with different grid forming strategies
ould have on the overall system small signal stability and also on fault recovery, considering the specific case where the WPP is

onnected to an HVDC link via a diode rectifier. To that avail, this paper conducts an analytical study to test the technical feasibility
nd interoperability of the HVDC connection for a mix of grid-forming sources. The study includes a small signal stability analysis
ith three grid-forming controllers (droop control, advanced droop control and VSM) that allow a proper tuning of the grid-forming

ontroller parameters, ensuring stability and maximizing performance. Results with active power reference changes are included to
alidate the interoperability of the three considered grid-forming controllers. The paper also includes a fault-ride-through strategy
hat achieves a soft power restoration. Then, simulation results with faults are included to validate the fault strategy. The presented
rocedure allows for detailed small signal and fault analysis of mixed grid-forming techniques, showing that adequate tuning of all
PP grid-forming parameters is required for robust, stable operation of the complete system.
This paper consists of five sections and includes a description of the system, the three grid-forming control strategies, a small

ignal stability analysis to study the interoperability of the controllers, including the proposed fault-ride-through strategy, simulation
esults that validate the compatibility of the controller and the fault strategy, and a discussion of the corresponding conclusions.

. System description

.1. General system description

The proposed system consists of an offshore WPP connected to an onshore grid via a DR-HVDC link, as depicted in Fig. 1.
he WPP comprises 3 clusters with 50 Type-4 grid-forming WTGs, with a total nominal power of 400 MW each. These WTGs are
ggregated following the technique proposed in [23]. Furthermore, the DR-HVDC link includes three DR platforms connected in
eries on the DC side and in parallel on the AC side. Each DR station contains two 12-pulse DR bridges, complemented by the
espective transformers and AC filters.
2 
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Fig. 1. WPP with 3 clusters of 400 MW, each one connected to the on-shore grid through a DR-based HVDC link.

Fig. 2. Wind power plant controller.

2.2. Control strategy

The strategy implemented for controlling the offshore WPP consists of a Wind Power Plant controller that regulates the power
transmission through the DR-HVDC link and the WTG controls, which include voltage and current loops and the power-sharing
controllers. Fig. 2 shows the Wind Power Plant controller, which sets the reference voltage magnitude (𝑉 ∗

𝑟𝑒𝑓 ) for all WTGs. The
control consists of a PI controller that uses the sum of the produced active power (𝑃𝑊𝑃𝑃 𝑖) and the available WTG power (𝑃 ∗

𝑊𝑃𝑃 𝑖).
Eq. (1) shows this control strategy, where ∑

𝑃 ∗
𝑊𝑃𝑃 𝑖 = 𝑃 ∗

𝑊𝑃𝑃1 + 𝑃 ∗
𝑊𝑃𝑃2 + 𝑃 ∗

𝑊𝑃𝑃3 and ∑

𝑃𝑊𝑃𝑃 𝑖 = 𝑃𝑊𝑃𝑃1 + 𝑃𝑊𝑃𝑃2 + 𝑃𝑊𝑃𝑃3. The
Wind Power Plant Controller is implemented with a 10 ms sampling period (400 times slower than the WTG controllers), with an
additional 10 ms delay.

𝑉 ∗
𝑟𝑒𝑓 (𝑠) =

(

∑

𝑃 ∗
𝑊𝑃𝑃 𝑖 −

∑

𝑃𝑊𝑃𝑃 𝑖(𝑠)
)

(

𝐾𝑝,𝑉 𝑟𝑒𝑓 +
𝐾𝑖,𝑉 𝑟𝑒𝑓

𝑠

)

(1)

Fig. 3 shows the grid side converter control of each WTG. It is divided into two levels: the power-sharing control and a cascaded
control loop that regulates voltage and current. Each WTG has a fault ride-through strategy to restore the system after faults. This
approach ensures efficient and stable energy generation by enabling effective coordination throughout the offshore WPP, with each
control level playing a specific role in optimal system performance.

2.2.1. Wind turbine grid-forming power control
Each WTG implements a 𝑃∕𝜔 and 𝑄∕𝑉 grid-forming controller that sets the phase and magnitude of the reference voltage for

each WTG. The controller uses filtered active power (𝑃𝑊𝑃𝑃 𝑖) to calculate the angular frequency (𝜔), which is then used to calculate
the voltage angle of the WTGs grid-side converters. In parallel, the filtered reactive power (𝑄̂𝑊𝑃𝑃 𝑖) is used to calculate the voltage
magnitude (𝑉𝑖,𝑑) of each WTG. Local measurements of active power (𝑃𝑊𝑃𝑃 𝑖) and reactive power (𝑄𝑊𝑃𝑃 𝑖) are filtered with a 10
rad/s low pass filter. Three different grid-forming controllers are designed and compared:
3 
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Fig. 3. Control strategies for grid-forming WPPs.

Fig. 4. Grid-forming control strategies.

• Droop control: calculates the angular frequency (𝜔) and the voltage (𝑉𝑖,𝑑 ) for WTGs’ grid-side converters based on the active
power and reactive power values [24,25]. A proportional droop gain (𝑚𝑝) is used for this, as shown in Fig. 4(a). Eq. (2) describes
the angular frequency (𝜔) calculation, and Eqs. (3) and (4) describe how the dq voltage reference (𝑉𝑖,𝑑𝑞) is calculated.

𝜔 = 𝜔∗ + 𝑚𝑝(𝑃 ∗
𝑊𝑃𝑃 𝑖 − 𝑃𝑊𝑃𝑃 𝑖) (2)

𝑉𝑖,𝑑 = 𝑉 ∗
𝑟𝑒𝑓 + 𝑛𝑝(𝑄∗

𝑊𝑃𝑃 𝑖 − 𝑄̂𝑊𝑃𝑃 𝑖) (3)

𝑉𝑖,𝑞 = 0 (4)

• Advanced Droop Control: is an improved version of droop-based control. This control method introduces two additional
coefficients for active power control: the derivative coefficient (𝑀𝑑) and the integral coefficient (𝑀𝑖). By using this approach
(shown in Fig. 4(b)), transient response characteristics can be modified while still maintaining the static droop behaviour [26].
The frequency is generated using Eq. (5), while Eqs. (3) and (4) remain unchanged in this control.

𝜔 = 𝜔∗ +
(

𝑀𝑝 +
𝑀𝑖
𝑠

+𝑀𝑑𝑠
)

(𝑃 ∗
𝑊𝑃𝑃 𝑖 − 𝑃𝑊𝑃𝑃 𝑖) (5)

• Virtual Synchronous Machine (VSM): it replicates the dynamic properties of a conventional synchronous generator using a
power converter. This method is useful in renewable energy and distributed generation systems as it integrates the benefits
of synchronous generators, such as inertia and islanded operation. VSM provides the flexibility to fine-tune its parameters to
suit the specific requirements of the grid or installation. The generator mechanical swing equation is emulated with inertia
constant (𝐻) and damping gain (𝐷𝑝). The frequency and active power relation are the same as for droop control (Fig. 4(c)).
Eq. (6) generates the frequency, and Eqs. (3) and (4) remain unaltered.

𝜔 = 𝜔∗ +
(

1
)

(𝑃 ∗
𝑊𝑃𝑃 𝑖 − 𝑃𝑊𝑃𝑃 𝑖) (6)
𝐻𝑠 +𝐷𝑝

4 
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2.2.2. Wind turbine voltage and current control
Eqs. (7) and (8) describe the voltage control loop, while Eqs. (9) and (10) describe the current control loop. 𝑉𝑖,𝑑 is the reference

voltage generated by grid-forming control through Eqs. (3). 𝐾𝑝,𝑉 𝑑 , 𝐾𝑖,𝑉 𝑑 , 𝐾𝑝,𝐼𝑑 and 𝐾𝑖,𝐼𝑞 are the proportional and integral of the PI
controllers, and 𝑉𝑇 ,𝑑 , 𝑉𝑇 ,𝑞 , 𝐼𝑇 ,𝑑 and 𝐼𝑇 ,𝑞 represent the measured voltage and current in d and q axis (Fig. 3).

𝐼∗𝑑 = (𝑉𝑖,𝑑 − 𝑉𝑇 ,𝑑 )
(

𝐾𝑝,𝑉 𝑑 +
𝐾𝑖,𝑉 𝑑

𝑠

)

+ 𝐼𝑇 ,𝑑 (7)

𝐼∗𝑞 = (𝑉𝑖,𝑞 − 𝑉𝑇 ,𝑞)
(

𝐾𝑝,𝑉 𝑞 +
𝐾𝑖,𝑉 𝑞

𝑠

)

+ 𝐼𝑇 ,𝑞 (8)

𝑉 ∗
𝑊 ,𝑑 = (𝐼∗𝑑 − 𝐼𝑊 ,𝑑 )

(

𝐾𝑝,𝐼𝑑 +
𝐾𝑖,𝐼𝑑

𝑠

)

+ (𝑉𝑇 ,𝑑 − 𝐼𝑊 ,𝑞𝐿𝜔
∗) (9)

𝑉 ∗
𝑊 ,𝑞 = (𝐼∗𝑞 − 𝐼𝑊 ,𝑞)

(

𝐾𝑝,𝐼𝑞 +
𝐾𝑖,𝐼𝑞

𝑠

)

+ (𝑉𝑇 ,𝑞 + 𝐼𝑊 ,𝑑𝐿𝜔
∗) (10)

2.3. Problem statement

Different grid-forming controllers have been tested in previous research efforts. However, the novelty of this study lies in
evaluating their interoperability. In particular, this study involves applying different control strategies in each WPP cluster and
analysing its stability. Moreover, each WTG implements a fault ride-through strategy that allows system recovery after clearing
faults and achieves a soft restoration to normal operation. The proposed fault ride-through strategy modifies the parameters of the
grid-forming control when a fault occurs. Once the fault is cleared and the system is restored, these values revert to their original
state.

3. Controller implementation

3.1. Design methodology

The offshore grid is represented by its most impactful components, including each WPP’s coupling transformer and a common
capacitor that characterizes the interconnection lines and the DR filters. A transformer linked to the rectification process’s equivalent
point represents the DR system. All component values are referred to the WPP voltage level and can be found in Table 3.
Eqs. (11)–(16) rule the described circuit and are defined in a dq reference frame rotating at nominal frequency.

𝑉𝑊𝑃𝑃 ,𝑖,𝑑 = 𝑖𝑊𝑃𝑃 ,𝑖,𝑑𝑅𝑊𝑃𝑃 +
𝑑𝑖𝑊𝑃𝑃 ,𝑖,𝑑

𝑑𝑡
𝐿𝑊𝑃𝑃 − 𝜔∗𝐿𝑊𝑃𝑃 𝑖𝑊𝑃𝑃 ,𝑖,𝑞 + 𝑉𝐶,𝑑 (11)

𝑉𝑊𝑃𝑃 ,𝑖,𝑞 = 𝑖𝑊𝑃𝑃 ,𝑖,𝑞𝑅𝑊𝑃𝑃 +
𝑑𝑖𝑊𝑃𝑃 ,𝑖,𝑞

𝑑𝑡
𝐿𝑊𝑃𝑃 + 𝜔∗𝐿𝑊𝑃𝑃 𝑖𝑊𝑃𝑃 ,𝑖,𝑑 + 𝑉𝐶,𝑞 (12)

𝑉𝐶,𝑑 = 𝑖𝐷𝑅,𝑑𝑅𝐷𝑅𝑇 +
𝑑𝑖𝐷𝑅,𝑑

𝑑𝑡
𝐿𝐷𝑅𝑇 − 𝜔∗𝐿𝐷𝑅𝑇 𝑖𝐷𝑅,𝑞 + 𝑉𝐷𝑅,𝑑 (13)

𝑉𝐶,𝑞 = 𝑖𝐷𝑅,𝑞𝑅𝐷𝑅𝑇 +
𝑑𝑖𝐷𝑅,𝑞

𝑑𝑡
𝐿𝐷𝑅𝑇 + 𝜔∗𝐿𝐷𝑅𝑇 𝑖𝐷𝑅,𝑑 + 𝑉𝐷𝑅,𝑞 (14)

𝑖𝐶,𝑑 = 𝐶
𝑑𝑉𝐶,𝑑

𝑑𝑡
− 𝜔∗𝐶𝑉𝐶,𝑞 (15)

𝑖𝐶,𝑞 = 𝐶
𝑑𝑉𝐶,𝑞

𝑑𝑡
+ 𝜔∗𝐶𝑉𝐶,𝑑 (16)

∑

𝑖𝑊𝑃𝑃 ,𝑖,𝑑𝑞 = 𝑖𝐶,𝑑𝑞 + 𝑖𝐷𝑅,𝑑𝑞 (17)

Eqs. (18) and (19) describe each WPP’s filtered active and reactive power (𝑃𝑊𝑃𝑃 ,𝑖, 𝑄̂𝑊𝑃𝑃 ,𝑖).

𝑑𝑃𝑊𝑃𝑃 ,𝑖

𝑑𝑡
= 𝜔𝑓 (

3
2
(𝑉𝑊𝑃𝑃 ,𝑖,𝑑 𝑖𝑊𝑃𝑃 ,𝑖,𝑑 + 𝑉𝑊𝑃𝑃 ,𝑖,𝑞𝑖𝑊𝑃𝑃 ,𝑖,𝑞) − 𝑃𝑊𝑃𝑃 ,𝑖) (18)

𝑑𝑄̂𝑊𝑃𝑃 ,𝑖

𝑑𝑡
= 𝜔𝑓 (

3
2
(𝑉𝑊𝑃𝑃 ,𝑖,𝑞𝑖𝑊𝑃𝑃 ,𝑖,𝑑 − 𝑉𝑊𝑃𝑃 ,𝑖,𝑑 𝑖𝑊𝑃𝑃 ,𝑖,𝑞) − 𝑄̂𝑊𝑃𝑃 ,𝑖) (19)

Finally, the remaining equations refer to the control algorithms defined in Section 2. The cascaded voltage and current control
are omitted from the system’s equations, assuming they are properly tuned to generate the targeted voltage waveform at the WPP’s
output. Consequently, the focus can be directed towards the power-sharing controllers.

Each WPP cluster integrates one of the three grid-forming control strategies listed in Section 2.2.1. Eqs. (20)–(25) describe the
system dynamics to apply the control strategies of Eqs. (2), (5), and (6). The 𝛾 variables are added to account for the dynamic
control laws of advanced-droop and VSM control algorithms. The 𝑁 coefficient corresponds to the fast filter required to make the
PID transfer function proper.

𝑑𝛿1 = 𝑚𝑝(𝑃 ∗ − 𝑃𝑊𝑃𝑃 ,1)
𝜔∗

(20)

𝑑𝑡 𝑊𝑃𝑃 ,1 𝑃𝑛𝑜𝑚

5 
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Table 1
Maximum variation of eigenvalue position for the 30 considered cases.

Maximum variation of eigenvalue position for the 30 considered cases

𝜆5 = 0.2845; 𝜆15,16 = 0.2824; 𝜆17,18 = 0.2345; 𝜆13,14 = 0.1317; 𝜆12 = 0.1003; 𝜆10,11 = 0.0182; 𝜆6,7 = 0.0167;
𝜆21 = 0.0080; 𝜆20 = 0.0078; 𝜆8,9 = 0.0014; 𝜆19 = 0.0003; 𝜆3,4 = 0.0003; 𝜆1,2 = 0.0002; 𝜆22 = 0.0000

𝑑𝛿2
𝑑𝑡

= (𝑀𝑝(𝑃 ∗
𝑊𝑃𝑃 ,2 − 𝑃𝑊𝑃𝑃 ,2) +𝑀𝑖𝛾1 +𝑀𝑖𝑁𝛾2 −𝑁2𝑀𝑑𝛾1 −𝑀𝑑𝑁(𝑃 ∗

𝑊𝑃𝑃 ,2 − 𝑃𝑊𝑃𝑃 ,2))
𝜔∗

𝑃𝑛𝑜𝑚
(21)

𝑑𝛿3
𝑑𝑡

= 𝛾3 (22)
𝑑𝛾1
𝑑𝑡

= (𝑃 ∗
𝑊𝑃𝑃 ,2 − 𝑃𝑊𝑃𝑃 ,2) −𝑁𝛾1 (23)

𝑑𝛾2
𝑑𝑡

= 𝛾1 (24)

𝑑𝛾3
𝑑𝑡

= (𝑃 ∗
𝑊𝑃𝑃 ,3 − 𝑃𝑊𝑃𝑃 ,3)

𝜔∗

𝑃𝑛𝑜𝑚𝐻
+

𝐷𝑝𝛾3
𝐻

(25)

Eqs. (2)–(6) denote the produced dq voltage references (𝑉𝑖,𝑑𝑞) generated by the control strategies. However, these voltages are
efined within the local WPP’s reference frame. The variable 𝛿𝑖, such that 𝛿̇𝑖 = 𝜔𝑖−𝜔∗, is introduced to correlate them to the common
eference frame employed in Eqs. (11)–(19).

(

𝑉𝑖,𝑑,𝑙𝑜𝑐𝑎𝑙
𝑉𝑖,𝑞,𝑙𝑜𝑐𝑎𝑙

)

=
(

cos(𝛿𝑖) sin(𝛿𝑖)
sin(𝛿𝑖) cos(𝛿𝑖)

)

⋅
(

𝑉𝑖,𝑑,𝑐𝑜𝑚𝑚𝑜𝑛
𝑉𝑖,𝑞,𝑐𝑜𝑚𝑚𝑜𝑛

)

(26)

Substituting expressions (3) and (4) into (11)–(19) and replacing the variables in local axis through (26) yields (27)–(34) as
ollows:

𝑑𝑖𝑊𝑃𝑃 ,𝑖,𝑑

𝑑𝑡
= ((𝑉 ∗

𝑟𝑒𝑓 + 𝑛𝑝(𝑄∗
𝑊𝑃𝑃 ,𝑖 − 𝑄̂𝑊𝑃𝑃 ,𝑖)

𝑉𝑛𝑜𝑚
𝑃𝑛𝑜𝑚

) cos(𝛿𝑖) − 𝑖𝑊𝑃𝑃 ,𝑖,𝑑𝑅𝑊𝑃𝑃 + 𝑖𝑊𝑃𝑃 ,𝑖,𝑞𝐿𝑊𝑃𝑃𝜔
∗ − 𝑉𝐶,𝑑 )

1
𝐿𝑊𝑃𝑃

(27)

𝑑𝑖𝑊𝑃𝑃 ,𝑖,𝑞

𝑑𝑡
= ((𝑉 ∗

𝑟𝑒𝑓 + 𝑛𝑝(𝑄∗
𝑊𝑃𝑃 ,𝑖 − 𝑄̂𝑊𝑃𝑃 ,𝑖)

𝑉𝑛𝑜𝑚
𝑃𝑛𝑜𝑚

) sin(𝛿𝑖) − 𝑖𝑊𝑃𝑃 ,𝑖,𝑞𝑅𝑊𝑃𝑃 − 𝑖𝑊𝑃𝑃 ,𝑖,𝑑𝐿𝑊𝑃𝑃𝜔
∗ − 𝑉𝐶,𝑞)

1
𝐿𝑊𝑃𝑃

(28)

𝑑𝑖𝐷𝑅,𝑑

𝑑𝑡
= (𝑉𝐶,𝑑 − 𝑖𝐷𝑅,𝑑𝑅𝐷𝑅𝑇 + 𝜔∗𝐿𝐷𝑅𝑇 𝑖𝐷𝑅,𝑞 − 𝑉𝐷𝑅 cos(𝛿𝐷𝑅))

1
𝐿𝐷𝑅𝑇

(29)

𝑑𝑖𝐷𝑅,𝑞

𝑑𝑡
= (𝑉𝐶,𝑞 − 𝑖𝐷𝑅,𝑞𝑅𝐷𝑅𝑇 − 𝜔∗𝐿𝐷𝑅𝑇 𝑖𝐷𝑅,𝑑 − 𝑉𝐷𝑅 sin(𝛿𝐷𝑅))

1
𝐿𝐷𝑅𝑇

(30)

𝑑𝑉𝐶,𝑑

𝑑𝑡
= (

∑

𝑖𝑊𝑃𝑃 ,𝑖,𝑑 − 𝑖𝐷𝑅,𝑑 + 𝜔∗𝐶𝑉𝐶,𝑞)
1
𝐶

(31)
𝑑𝑉𝐶,𝑞

𝑑𝑡
= (

∑

𝑖𝑊𝑃𝑃 ,𝑖,𝑞 − 𝑖𝐷𝑅,𝑞 − 𝜔∗𝐶𝑉𝐶,𝑑 )
1
𝐶

(32)

𝑑𝑃𝑊𝑃𝑃 ,𝑖

𝑑𝑡
= 𝜔𝑓 (

3
2
((𝑉 ∗

𝑟𝑒𝑓 + 𝑛𝑝(𝑄∗
𝑊𝑃𝑃 ,𝑖 −𝑄𝑊𝑃𝑃 ,𝑖)

𝑉𝑛𝑜𝑚
𝑃𝑛𝑜𝑚

)(𝑖𝑊𝑃𝑃 ,𝑖,𝑑 cos(𝛿𝑖) + 𝑖𝑊𝑃𝑃 ,𝑖,𝑞 sin(𝛿𝑖))) − 𝑃𝑊𝑃𝑃 ,𝑖) (33)

𝑑𝑄̂𝑊𝑃𝑃 ,𝑖

𝑑𝑡
= 𝜔𝑓 (

3
2
((𝑉 ∗

𝑟𝑒𝑓 + 𝑛𝑝(𝑄∗
𝑊𝑃𝑃 ,𝑖 −𝑄𝑊𝑃𝑃 ,𝑖)

𝑉𝑛𝑜𝑚
𝑃𝑛𝑜𝑚

)(𝑖𝑊𝑃𝑃 ,𝑖,𝑑 sin(𝛿𝑖) − 𝑖𝑊𝑃𝑃 ,𝑖,𝑞 cos(𝛿𝑖))) − 𝑄̂𝑊𝑃𝑃 ,𝑖) (34)

Eqs. (20)–(25) and (27)–(34) form a non-linear space–state system that defines the system dynamics. From the non-linear system,
parameter sensitivity analysis has been carried out to ascertain how each different grid-forming controller impacts overall system

tability. In order to generalize the previous results to a wide range of operating conditions, the sensitivity analysis of all controller
arameters (𝑚𝑝, 𝑀𝑝, 𝑀𝑖, 𝑀𝑑 , 𝐷𝑝 and 𝐻) has been repeated for each one of the thirty considered operating points in Table 7.

Fig. 5 shows the sensitivity analysis to controller parameter variation, corresponding to case 14 in Table 7. The figure shows the
ominant poles, especially the ones that might shift toward the unstable zone. Eigenvalues such as 𝜆13,14, 𝜆15,16 and 𝜆20 are sensitive
o changes in control parameters from all three control strategies, proving that the controller dynamics are not decoupled from
ach other. Specifically, 𝜆13,14 might become unstable with changes in 𝑚𝑝, 𝑀𝑖, 𝐷𝑝 and 𝐻 , confirming that unstable poles depend
n parametric changes of several grid-forming control strategies. Therefore, global stability cannot be necessarily inferred from the
tability of individual grid-forming strategies.

The sensitivity analysis in Fig. 5 has been carried out for the 30 considered cases, showing a very small sensitivity to load
hanges (Table 1). The worst operating point corresponds to the loading conditions of case 7 (i.e. the VSM-controlled cluster (𝑊𝑃𝑃3)
roduces 1 pu while the other two produce 0 pu), where the dominant eigenvalues 𝜆13,14 are closer to the imaginary axis.

Moreover, for each one of the considered cases, the system becomes unstable for controller parameter values that are very similar
or all 30 cases. Table 2 shows the range of each controller parameter that makes the system unstable for the considered cases.

Since the controller parameters that make the system unstable are very similar for different operating points, it is possible to
xtend the study’s conclusions in Fig. 5 to all considered cases, including the aforementioned worst-case scenario. The phase margins
6 



A. Beneit-Barajas et al. Mathematics and Computers in Simulation 229 (2025) 1–14 
Fig. 5. Eigenvalue sensitivity for control parameter variation.

Table 2
Parameter stability limits for all considered cases.

Parameter stability limits for all considered cases

Grid forming controller Droop Advanced Droop Advanced Droop Advanced Droop VSM VSM
Parameter mp Mp Mi Md Dp H
Stability limit range 0.41375–0.4175 0.707–0.713 0.3025–0.305 0.0017463–0.0017575 65.3–65.7 7.3–7.7

for all the considered cases are in the range of 32.34◦ to 33.94◦, therefore showing that the controlled system is robust in terms of
stability within the full range of loading conditions of the three WPP clusters.

On the other hand, the participation factors in Fig. 6 allow the analysis of each state-variable’s impact on the eigenvalues. The
system’s eigenvalues are divided between the ones affected by the power-related states and those influenced by current and voltage
states, which are not under study. Generally, the eigenvalues are simultaneously influenced by states related to all three grid-forming
control strategies. Some eigenvalues, such as 𝜆5 and 𝜆22, depend strongly on the PI controller variables 𝛾𝑛 of the advanced droop
controller.

These analyses allow the identification of the most influential eigenvalues to the controlled state-variables and their sensibility
to the control parameters. The control parameters are then tuned to the values in Table 5 to achieve the system’s desired response.

3.2. Fault ride through strategy

The system is tested for fault response by analysing a symmetrical three-phase fault. This fault is applied to the 66 kV array
cable as shown in Fig. 1. The fault clearance takes about 300 ms.

Current is limited to 𝐼𝑚𝑎𝑥 = 1.2 ⋅ 𝐼𝑛, and an anti-windup method is required to restrict the integral action when the system
reaches the saturation limits. In WTGs’ P/𝜔 control, a droop gain (𝑚𝑝) is employed by (35). Nevertheless, when a fault occurs
within the system, a non-linear response is observed. To address this issue, the gain is temporarily reduced to a value known as
𝑚𝑝,𝑓𝑎𝑢𝑙𝑡 immediately upon fault detection. 𝛼 can take two values as defined in (36). Once the fault is cleared, this parameter gradually
returns to its initial value (𝑚 ). This methodology is proven in droop control and advanced droop control.
𝑝

7 
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Fig. 6. Participation factor depending on state-variable and eigenvalue.

In VSM control, there is an initial value of 𝐷𝑝. In faults, the value transitions to 𝐷𝑝,𝑓𝑎𝑢𝑙𝑡. This adaptive control mechanism ensures
system stability and reliable response during fault conditions, contributing to the overall robustness of the power grid.

𝑚𝑝 = 𝛼 ⋅ 𝑚𝑝,𝑓𝑎𝑢𝑙𝑡 (35)

𝛼 =

{

1, 𝐼𝑛 ≤ 1𝑝.𝑢.
0.2, 𝐼𝑛 > 1𝑝.𝑢.

(36)

4. Results

Following the paper’s aim, this section shows the results of the grid-forming controllers during active power reference variations
in the described system in Section 2. The active power reference steps are applied with the same grid-forming controller in all the
WPP clusters and with different grid-forming controllers in each WPP cluster to validate the grid-forming controller interoperability.
Additionally, the section includes results during faults to validate the proposed fault-ride-through strategy.

4.1. Active power reference steps

The first step is validating each grid-forming controller operation when the three WPP clusters implement the same controller.
Fig. 7 shows an active power step applied to the first cluster 𝑊𝑃𝑃1. The active power reference 𝑃 ∗

𝑊𝑃𝑃1 decreases from 0.8 p.u. to
0.625 p.u. Each graph shows the active power in each WPP cluster. The results show that there is power coupling between the WPP
clusters. Moreover, the advanced droop results obtain the best response with less overshooting than the droop and the VSM. The
coupling between WPP clusters is also better using the advanced droop.

The following step is the interoperability evaluation of the three grid-forming power controllers. The first WPP cluster (𝑊𝑃𝑃1)
implements a droop controller, the second cluster (𝑊𝑃𝑃2) employs an advanced droop controller, and the third cluster (𝑊𝑃𝑃3)
implements a VSM controller.

Fig. 8 shows the interactions between the three grid-forming controllers for active power step changes. The interaction is tested
by applying a power step in each different WPP cluster from their initial value (𝑊𝑃𝑃1 = 0.8 pu; 𝑊𝑃𝑃2 = 𝑊𝑃𝑃3 = 0.75) to a
0.625 pu. All controllers have been tuned to show the same rise time for active power and reactive power step changes.
8 
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Fig. 7. Comparison of grid-forming controller performance for each WPP during active power step changes in WPP1.

Fig. 8. Interaction between different grid-forming controllers for active power step changes in each WPP.

Clearly, the interaction is relatively large when the active power step change occurs in the WPP with the droop control (WPP1)
r with the VSM control (WPP3). On the other hand, the interaction is much smaller when the active power set-point change occurs
n the WPP with advanced droop control (WPP2), as the additional degrees of freedom for the grid forming controller allow for a
etter decoupling of system dynamics and active power sharing.

In any case, the interoperability of the three grid-forming controllers is also validated in a realistic scenario of a DR-based offshore
PP.

.2. Communication loss to the WPP controller

Secondary control is included within the WPP controller, which send active power set-points to the individual WTGs. Therefore,
study on the communication loss between cluster 𝑊𝑃𝑃1 and the WPP controller is carried out. Fig. 9 shows the results when a

eference step of −0.175 pu is applied to the clusters 𝑊𝑃𝑃1 during the loss of communication with the WPP controller.
The communication loss occurs at 2 s. The active power reference 𝑃 ∗

𝑊𝑃𝑃1 decreases 0.175 pu at 3 s, and the WPP controller
hanges the power reference ∑

𝑃 ∗
𝑊𝑃𝑃 𝑖, which reduces the off-shore AC voltage. There is no communication between the WPP

ontroller and the cluster 𝑊𝑃𝑃1, so the WPP control is not receiving the active power 𝑃𝑊𝑃𝑃1, and the cluster 𝑊𝑃𝑃1 is not receiving
he active power reference change 𝑃 ∗

𝑊𝑃𝑃1 and the voltage reference 𝑉 ∗
𝑟𝑒𝑓 that calculates the WPP controller. The system remains

table as shown in Fig. 9, but the reactive power sharing is not optimal because each cluster is applying a different voltage reference
∗
𝑟𝑒𝑓 . Nevertheless, the active power sharing works as expected. None of the clusters are receiving an active power reference change.
hen, the power reference change is assumed by the three clusters and each cluster reduces the generated active power in the same
atio until the active power transmitted by the DR is controlled (0.0875 pu each one, that is a total of 0.2625 pu as the WPP
ontroller is not detecting the active power reduction of 𝑊𝑃𝑃1).

.3. Fault-ride-through

The following step consists of validating the fault-ride-through capability of the grid-forming controllers. This includes testing
he three different controllers implemented in each WPP cluster (𝑊𝑃𝑃1: droop; 𝑊𝑃𝑃2: advanced droop; 𝑊𝑃𝑃3: VSM). A fault is
pplied to the 66 kV AC offshore grid and cleared after 300 ms.
9 
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Fig. 9. Performance during an active power reference step when communication loss between the WPP controller and the cluster 𝑊𝑃𝑃1.

Fig. 10. Comparison of grid-forming controller performance for each WPP cluster during faults (active power, current and voltage).

Fig. 10 shows active power, current module, and voltage module drop in each WPP cluster during faults. The implemented
fault-ride-through strategy achieves a fast grid recovery in less than 150 ms after fault clearance. When the fault is cleared, the
system remains controlled and stable. Currents increase during the fault up to the limited value (1.2 p.u.). Simulations conclusively
demonstrate compatibility when implementing all three types of control in the same system, showcasing their ability to work
harmoniously together during fault.

A current limitation is implemented during a fault event to prevent potential damage to the components. Once the fault is
cleared, the current is restored to its normal state. WPP1, where the fault occurs, undergoes the most significant voltage drop.
Upon clearing the fault, the voltage returns to its initial state. Minimizing current limitation relative to its initial value necessitates
more significant adjustments to specific parameters of the 𝑃 − 𝜔 control. This is attributed to the reduced margin of operation,
emphasizing the delicate balance between mitigating potential damage during faults and the subsequent need for adjustments in
control parameters for optimal system performance.
10 
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5. Conclusions

This paper analyses the interoperability between three grid-forming control strategies (droop control, advanced droop control,
nd VSM) in a DR-connected offshore WPP. The WPP consists of three clusters of WTGs. Each grid-forming control strategy has
een validated separately (the three WTG clusters implement the same controller) and with the other control strategies (each cluster
mplements a different grid-forming control).

The presented small signal stability analysis shows how each grid-forming control parameter affects the system stability, in
ddition to detecting the contribution of each control parameter to the stability of each state variable. The study shows that the most
elevant dominant eigenvalues are influenced simultaneously by parameters of the three grid-forming control strategies. Therefore,
he analysis of the complete system is paramount when a new grid-forming WTG cluster is to be connected. For example, it has
een shown that eigenvalues 𝜆13,14 may cause instability due to control parameter changes in any of the grid-forming WPP clusters
droop 𝑀𝑝 coefficient, advanced droop 𝑀𝑝 and 𝑀𝑖 coefficients and VSM 𝐻 and 𝐷𝑝). The oscillations caused by these eigenvalues
re in the range from 3.1 Hz to 16 Hz.

Additionally, the participation factors show that there is a relatively large decoupling between current and voltage loop dynamics
nd active and reactive power dynamics. This result shows that the design of inner and outer loops for the WPPs can be carried out
ndependently of each other.

The sensitivity studies for 30 cases have shown that the stability margins, defined as the maximum variation of a control
arameter leading to instability, are relatively independent of the operating point. The 30 cases show a 0.7% variation in the
elative position of the dominant eigenvalues from their nominal value. The system’s robustness was also assessed by calculating
he phase margin, resulting in a range of 32.34◦ to 33.94◦ among the considered cases. The worst-case scenario corresponds to case
, where the VSM-controlled cluster (𝑊𝑃𝑃3) produces 1 pu while the others produce 0 pu. These results confirm the analysis’s
alidity and the system’s overall robustness for any load condition.

From the large signal studies, it is clear that classical droop and VSM cause larger disturbances on the active power response of
he other clusters, whereas active power step changes on the advanced droop WPP have better damping and lead to smaller active
ower oscillations on the other clusters. The likely reason is that the advanced droop has additional degrees of freedom that allow
ecoupling of active power dynamics and active power sharing.

The effect of communication loss between the WPP controller and the WTG controller has been studied, and it has been shown
hat secondary control is lost for both active and reactive power. Nevertheless, primary control remains stable and ensures reasonable
haring of active power amongst WTGs. During communication loss, the reactive power sharing performance is not optimal as the
entral controller can no longer dispatch the adequate voltage set-points and/or reactive power references to the WTGs. In any case,
he system is robust against communication loss, albeit with a degraded performance.

Finally, the WTGs implement a fault-ride-through strategy to recover the system after faults that involves modifying the
arameters of the grid-forming control when during faults, and once the fault is cleared, these values revert to their original state.
his method has been tested through simulations with the described DR-based offshore WPP, confirming the good operation during
aults and a soft restoration of the transmission power after fault clearance.

Therefore, this work has shown that wind turbine clusters with different grid forming strategies can be connected to the same
R-HVDC converter with good small and large signal dynamic behaviour for a large range of operating conditions. In any case,
ontroller design and tuning have to be verified by using the complete system models, as all kind of grid-forming controllers largely
nfluence the critical dominant poles of the complete system (e.g. 𝜆13,14).
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ppendix

Table 3 shows three of the operating point where the system has been linearized, Table 5 shows the parameters of the three grid
orming controllers, Table 6 shows the electrical parameters of the overall system, and Table 4 shows the system eigenvalues for
he selected operating point for the results (𝑃𝑊𝑃𝑃1 = 0.8 𝑝𝑢, 𝑃𝑊𝑃𝑃2 = 𝑃𝑊𝑃𝑃3 = 0.75 𝑝𝑢).
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Table 3
System values for theoretical study.

Electrical circuit

𝑅𝑊𝑃𝑃 = 9.5220 ⋅ 10−6 Ω; 𝐿𝑊𝑃𝑃 = 6.8196 ⋅ 10−7 H; 𝐶 = 0.1337 F
𝐶 = 3.864 F; 𝐿𝐷𝑅𝑇 = 2.526 ⋅ 10−8 H; 𝑅𝐷𝑅𝑇 = 2.381 ⋅ 10−6 Ω
𝜔𝑓 = 10 rad

s
; 𝑃𝑛𝑜𝑚 = 400 MW; 𝑉𝑛𝑜𝑚 = 690 V

Equilibrium values for linearization 1

𝑖𝑊𝑃𝑃 ,1,𝑑 = 348.7 kA; 𝑖𝑊𝑃𝑃 ,2,𝑑 = 326.3 kA; 𝑖𝑊𝑃𝑃 ,3,𝑑 = 326.3 kA
𝑖𝑊𝑃𝑃 ,1,𝑞 = 238.3 kA; 𝑖𝑊𝑃𝑃 ,2,𝑞 = 233.1 kA; 𝑖𝑊𝑃𝑃 ,3,𝑞 = 233.1 kA
𝑃 ∗
1 = 320 MW; 𝑃 ∗

2 = 300 MW; 𝑃 ∗
3 = 300 MW

𝑃1 = 320 MW; 𝑃2 = 300 MW; 𝑃3 = 300 MW
𝑄∗

1 = 0 MVA; 𝑄∗
2 = 0 MVA; 𝑄∗

3 = 0 MVA
𝑄1 = −161 MVA; 𝑄2 = −161 MVA; 𝑄3 = −161 MVA
𝛿1 = 0.133 rad; 𝛿2 = 0.129 rad; 𝛿3 = 0.129 rad
𝛾1 = 0; 𝛾2 = 0; 𝛾3 = 0
𝑉𝐶,𝑑 = 580 V; 𝑉𝐶,𝑞 = 40 V; 𝑖𝐷𝑅,𝑑 = 1049.3 kA
𝑖𝐷𝑅,𝑞 = 0.33 kA; 𝑉𝐷𝑅 = 579 V; 𝛿𝐷𝑅 = 0 rad

Equilibrium values for linearization 2

𝑖𝑊𝑃𝑃 ,1,𝑑 = 438.8 kA; 𝑖𝑊𝑃𝑃 ,2,𝑑 = 438.6 kA; 𝑖𝑊𝑃𝑃 ,3,𝑑 = 438.6 kA
𝑖𝑊𝑃𝑃 ,1,𝑞 = 233.2 kA; 𝑖𝑊𝑃𝑃 ,2,𝑞 = 233.2 kA; 𝑖𝑊𝑃𝑃 ,3,𝑞 = 233.2 kA
𝑃 ∗
1 = 400 MW; 𝑃 ∗

2 = 400 MW; 𝑃 ∗
3 = 400 MW

𝑃1 = 400 MW; 𝑃2 = 400 MW; 𝑃3 = 400 MW
𝑄∗

1 = 0 MVA; 𝑄∗
2 = 0 MVA; 𝑄∗

3 = 0 MVA
𝑄1 = −132 MVA; 𝑄2 = −132 MVA; 𝑄3 = −132 MVA
𝛿1 = 0.171 rad; 𝛿2 = 0.171 rad; 𝛿3 = 0.171 rad
𝛾1 = 0; 𝛾2 = 0; 𝛾3 = 0
𝑉𝐶,𝑑 = 575 V; 𝑉𝐶,𝑞 = 52 V; 𝑖𝐷𝑅,𝑑 = 1379.1 kA
𝑖𝐷𝑅,𝑞 = 1.1 kA; 𝑉𝐷𝑅 = 573 V; 𝛿𝐷𝑅 = 0 rad

Equilibrium values for linearization 3

𝑖𝑊𝑃𝑃 ,1,𝑑 = 42.4 kA; 𝑖𝑊𝑃𝑃 ,2,𝑑 = 42.37 kA; 𝑖𝑊𝑃𝑃 ,3,𝑑 = 42.36.3 kA
𝑖𝑊𝑃𝑃 ,1,𝑞 = 23.83 kA; 𝑖𝑊𝑃𝑃 ,2,𝑞 = 23.83 kA; 𝑖𝑊𝑃𝑃 ,3,𝑞 = 23.83 kA
𝑃 ∗
1 = 40 MW; 𝑃 ∗

2 = 40 MW; 𝑃 ∗
3 = 40 MW

𝑃1 = 40 MW; 𝑃2 = 40 MW; 𝑃3 = 40 MW
𝑄∗

1 = 0 MVA; 𝑄∗
2 = 0 MVA; 𝑄∗

3 = 0 MVA
𝑄1 = −202 MVA; 𝑄2 = −202 MVA; 𝑄3 = −202 MVA
𝛿1 = 0.02 rad; 𝛿2 = 0.02 rad; 𝛿3 = 0.02 rad
𝛾1 = 0; 𝛾2 = 0; 𝛾3 = 0
𝑉𝐶,𝑑 = 588 V; 𝑉𝐶,𝑞 = 50 V; 𝑖𝐷𝑅,𝑑 = 133.2 kA
𝑖𝐷𝑅,𝑞 = 0.025 kA; 𝑉𝐷𝑅 = 573 V; 𝛿𝐷𝑅 = 0 rad

Table 4
Eigenvalues.

Eigenvalues

𝜆1,2 = −10.283 ± 2486.4𝑖; 𝜆3,4 = −10.385 ± 1858.2𝑖; 𝜆5 = −997.84; 𝜆6,7 = −16.183 ± 312.67𝑖
𝜆8,9 = −30.882 ± 313.82𝑖; 𝜆10,11 = −25.482 ± 312.28𝑖; 𝜆12 = −56.426; 𝜆13,14 = −2.8545 ± 18.577𝑖
𝜆15,16 = −4.996 ± 14.917𝑖; 𝜆17,18 = −12.377 ± 12.997𝑖; 𝜆19 = −10.51; 𝜆20 = −11.21
𝜆21 = −11.211; 𝜆22 = −0.0010001

Table 5
System control parameters.

WT central controller

𝐾𝑝,𝑉 𝑟𝑒𝑓 = 10−7; 𝐾𝑖,𝑉 𝑟𝑒𝑓 = 10−5;

WT grid-forming power control

Droop: 𝑚𝑝 = 0.01; 𝑚𝑖 = 0; 𝑚𝑑 = 0; 𝑚𝑝,𝑓𝑎𝑢𝑙𝑡 = 0.002
Advanced Droop: 𝑀𝑝 = 0.01; 𝑀𝑖 = 0.00001; 𝑀𝑑 = 0.005; 𝑀𝑝,𝑓𝑎𝑢𝑙𝑡 = 0.002
VSM: 𝐷𝑝 = 100; 𝐻 = 2; 𝐷𝑝,𝑓𝑎𝑢𝑙𝑡 = 500
Reactive power control: 𝑛𝑝 = 0.01;

WT Voltage and current control

𝐾𝑝,𝑉 𝑑 = 8000; 𝐾𝑖,𝑉 𝑑 = 60; 𝐾𝑝,𝑉 𝑞 = 9000; 𝐾𝑖,𝑉 𝑞 = 20000
𝐾𝑝,𝐼𝑑 = 10−4; 𝐾𝑖,𝐼𝑑 = 0.1; 𝐾𝑝,𝐼𝑞 = 10−4; 𝐾𝑖,𝐼𝑞 = 0.1
12 
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Table 6
Electrical system parameters.

Wind power plant

Grid-side converter: 400 MW; 690 Vac; 50 Hz
Grid-side filter: 𝑅𝑇 = 9.5220 μω; 𝐿 = 68.196 μH; 𝐶 = 0.1337 F
Transformer: 400 MVA; 0.69∕66 kV; 𝑋𝑊 = 0.08 pu
Power reference: 𝑃 ∗

𝑊𝑃𝑃1 = 320 MW; 𝑃 ∗
𝑊𝑃𝑃 2 = 300 MW; 𝑃 ∗

𝑊𝑃𝑃 3 = 300 MW

DR platform

Transformer: 240 MVA; 66∕43∕43 kV; 𝑅𝐷𝑅 = 0.002 pu; 𝑋𝐷𝑅 = 0.08

Table 7
List of cases for linearization.

Study Cases

Operating point 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
𝑃𝑊𝑃𝑃 ,1 100% 50% 10% 0% 100% 10% 0% 50% 10% 10% 100% 10% 0% 80 25%
𝑃𝑊𝑃𝑃 ,2 100% 50% 10% 0% 50% 100% 0% 0% 50% 100% 0% 0% 10% 75 10%
𝑃𝑊𝑃𝑃 ,3 100% 50% 10% 0% 0% 10% 100% 10% 50% 10% 0% 10% 0% 75 100%

Operating point 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
𝑃𝑊𝑃𝑃 ,1 75% 0% 100% 0% 75% 0% 25% 0% 10% 80% 75% 75% 0% 50 25%
𝑃𝑊𝑃𝑃 ,2 25% 80% 0% 25% 0% 25% 50% 0% 100% 0% 80% 75% 80% 25 0%
𝑃𝑊𝑃𝑃 ,3 0% 10% 75% 25% 0% 0% 10% 50% 75% 10% 75% 80% 0% 75 10%
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