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Abstract—With the increasing deployment of offshore wind 
power plants (WPPs), the grid-forming (GFM) battery energy 
storage system (BESS) has recently emerged as an attractive 
solution to improve the dynamic performances of WPPs. However, 
the control interactions of the GFM-BESS and offshore WPP, 
under different grid strengths, tend to complicate the controller-
parameter tuning. This paper presents a modeling method for 
analyzing control interactions of offshore WPP and GFM-BESS, 
which sheds clear insights into the critical controller parameters 
to the system dynamics. Differing from conventional methods, a 
frequency-domain model of GFM-BESS, obtained by taking the 
Laplace transform of the corresponding state-space model, is 
developed first. This allows the impedance model of offshore WPP, 
including a black-box model of long transmission cable, to be 
flexibly integrated. Based on the model, both closed-loop transfer-
function and pole-based dynamic analyses are then performed. 
Electromagnetic transient simulations corroborate the 
effectiveness of the model and analysis. 

 
Index Terms—battery energy storage system (BESS), control 

interaction, grid-forming, offshore wind power plant (WPP) 

 

I. INTRODUCTION 

HE burgeoning offshore wind power plants (WPPs) have 
posed challenges to the reliable operation of power systems 

and, particularly the offshore WPPs that are connected through  
long underground and submarine cables to the onshore grid, e.g., 
Horns II in Denmark [1]. The dynamic interactions of wind 
turbines (WTs) can induce undesirable harmonics, resonances 
and instability issues due to the long medium- and high-voltage 
alternating current cables [2], [3]. 

To improve the dynamic performance of offshore WPPs, the 
static synchronous compensator (STATCOM) is widely used in 
offshore WPPs [4], [5]. The STATCOM can provide reactive 
power and voltage regulation [6] as well as resonance damping 
for WPPs [7]. Nevertheless, it is unable to perform the active 
power-related services, e.g., to smoothen the power fluctuation 
of WPPs [8]. Thus, the STATCOM with battery energy storage 
system (BESS) is recently introduced in [9], [10], featuring both 
active and reactive power controllability. However, in offshore 
WPPs, the long power transmission cables may result in a low 
short-circuit ratio (SCR) at the WT terminals. The negative 
damping of phase-locked loop (PLL) in WTs will destabilize 

the system [11] as the increase of the installed WPP capacity. 
To mitigate the instability issue of WPPs in weak grids, the 

STATCOM-BESS that is equipped by the grid-forming (GFM) 
control, referred to GFM-BESS hereafter, is recently introduced 
[12]–[14]. In contrast to the PLL-synchronized STATCOM, the 
GFM-BESS not only can operate stably in ultra-weak grids [15], 
but provides also more services, e.g., black-start capability and 
inertial responses [16], [17]. Several studies have reported the 
stability and control analysis of GFM-BESS [14], [18], [19]. It 
is proved in [14] that the GFM-BESS equivalently enhances the 
grid stiffness for wind farms in virtue of its inductive 
impedance characteristic, which is helpful to suppress the sub-
synchronous resonance (SSR). However, the existing research 
focused more on the GFM-BESS itself [18], [19] or SSR 
damping [14], rather than the interactions analysis revealing the 
closed-loop dynamic behaviors for the offshore WPPs and 
GFM-BESS. Yet, unknown control interactions of GFM-BESS 
and offshore WPP may still lead to undesired oscillations under 
certain grid conditions. 

To do so, the small-signal models of the overall system 
including controller details should be built first. The modeling 
methods can be categorized into four groups, which are 1) 
impedance-based model [20]–[22], 2) the state-space model 
[23], [24], 3) the component connection method (CCM) [25], 
[26], and 4) closed-loop transfer function model [27], [28]. 

The impedance-based model can effectively predict the 
system stability at the terminals of the subsystems including 
black box models based on generalized Nyquist criterion [21]. 
However, the impedance models are all relied on the terminal 
voltage-current relations, which works well with stability 
analysis yet fails to characterize closed-loop responses of power 
control loops. As for the state-space model, it is commonly used 
in the white-box system stability analysis, which provides 
insight on oscillation modes of the whole system [23]. However, 
the derivation of large-scale WPPs is computationally intensive 
and complicated. Hence, the CCM is increasingly used to derive 
the state-space model [25], [26]. The CCM combines the state-
space model of each subsystem based on interconnection matrix 
to reduce the computational effort. However, most controllers 
are initially designed in the form of transfer functions, such as 
low-pass filters [29] and virtual resistance [30] in GFM control. 
They should be transformed into the time domain to be 
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integrated into the state-space model. Further, the extension of 
CCM model, e.g., different control structures, is non-trivial, due 
to the cross couplings of control loops [26]. The final method, 
closed-loop transfer function model [27], is a straight-forward 
way to design the controllers based on the reference-to-output 
dynamic analysis. Nevertheless, most of them focus on the 
modeling of one converter with the dedicated control, rather 
than a more generalized method that can be used to identify the 
interactions between different components in a large-scale 
system, i.e., grid, GFM-BESS and offshore WPPs. 

This paper thus proposes a modeling and analysis method to 
identify the control interactions and dynamic behaviors for the 
GFM-BESS usage in high-power offshore WPPs. First, a 
transfer-function-based model is developed from Laplace 
transform of a time-domain state-space open-loop plant, which 
not only simplifies the formulation of closed-loop transfer 
function matrix, but also facilitates the integration of black-box 
cable models. Then, two types of interaction analyses are 
presented for the GFM-BESS and offshore WPPs, i.e., 1) the 
assessments of the closed-loop control bandwidth and coupling 
effect of power control loops, which are based on the frequency 
response of reference-to-output transfer function matrix, and 2) 
the dynamic behaviors evaluation of critical controller 
parameters and different SCRs of the grid, which are based on 
the sensitivity analysis. The simulation results prove the 
effectiveness of the proposed modeling method and analysis. 

II. SYSTEM DESCRIPTION AND MODELING METHOD 

A. System description and assumptions 

The diagram of an offshore WPP system with GFM-BESS is 

depicted in Fig. 1. The system is simplified from a practical case 

– Horns II project [1]. The 400 MW offshore WPP connects to 

the onshore point of common coupling (PCC) via underground 

and submarine cables with shunts for reactive power 

compensation. The onshore grid impedance is denoted by 

inductance . A 112 MVA GFM-BESS with 50 MW battery 

packs installed at the DC-link supports the voltage and 

frequency at the PCC. To focus on the studies of GFM and PLL 

features, the following assumptions are made: 
1) The WPPs are represented by an aggregated 400 MW PLL-

synchronized grid-following (GFL) [25], [31] converter 
shown in Fig. 1 for simplicity, since the differences of WTs 
are comparatively small. The LC output filter is used. 

2) The studied GFM dynamics are mainly in low-frequency 
range due to the low bandwidth of outer loops [29]. Hence, 
the L output filter is modeled [27], [30] in GFM-BESS 
irrespective of different topologies for simplicity. 

  The detailed control diagrams of GFM-BESS and GFL-WPPs 
will be shown in Section III and IV. 

B. Modeling method and system partitioning 

To analyze the control interactions, the small-signal model 
needs to be developed step-by-step. Therefore, the flow chart of 
the proposed modeling method is presented in Fig. 2. 

First, the system is partitioned into two subsystems at the 
PCC as shown in Fig. 1. The subsystem I represents the GFM-

BESS, which will be modeled based on transfer function 
matrices. The inputs of the model of subsystem I preserve the 
control references and PCC terminal voltages. The subsystem 
II contains the grid impedance, shunts, cables, transformers and 
WPP, which will be modeled as an equivalent impedance that 
characterizes the voltage-to-current behaviors. Hence, the two 
subsystems are modeled separately and then integrated together 
based on the PCC terminal voltage and current relations. In this 
way, the closed-loop GFM control dynamic performances can 
be explicitly captured with the interacted WPP under different 
grid conditions. 

The rest of the paper will follow the modeling steps in Fig. 2. 

III. SUBSYSTEM I – TRANSFER FUNCTION-BASED MODELING 

OF GFM-BESS 

A. GFM controller model 

According to Fig. 2, the GFM-BESS will be modeled first in 
step 2.1). Fig. 3 shows the GFM control diagram, including the 

power synchronization control (PSC) [27], reactive power 
control (RPC), alternating voltage control (AVC) [29], and 
virtual resistance (VR) [30]. The output voltage is sampled at 

the high-voltage (HV) side of the transformer, which is 
modeled as the leakage inductance Ll and resistance Rl [32] in 
Fig. 3 for simplicity. The inner current control is designed for 

current limitation, which is only activated when the references 
exceed the limits in faults [29]. In normal operation (small-
signal analysis), the current control is transparent and shows no 

influence [30], thus is neglected in Fig. 3. Focusing on the outer 
loops with VR, the transfer functions , and 

 denote the expressions of controllers, which can be 

 
Fig. 1.  Diagram of a simplified offshore WPP system with GFM-BESS. 

 

Fig. 2.  Flow chart of the small-signal modeling approach. 
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flexibly adjusted for different functions, such as with or without 
inertia. Besides, the outer loop bandwidth is quite low, hence 

the delays of GFM-BESS are not modeled in this study [29], 
[30]. Then, the controller model of PSC is first derived as 

  (1) 

where  

  (2) 

The variables with a hat, e.g., the control voltage angle  and 

active power , represent the small-signal perturbations. ksi 

denotes the integral gain or the so-called droop value. A low-

pass filter (LPF) with cut-off frequency  is normally applied 

to filter the calculated instantaneous active power. Next, the 

linearized dynamics of cascaded RPC and AVC are modeled as 

  (3) 

where 

  (4) 

 denotes the magnitude perturbation of control voltage. 

The RPC and AVC also apply the LPFs for the calculated 

reactive power  and voltage magnitude . kei denotes the 

integral gain of AVC. kq is the proportional gain of RPC, while 

it is set as 0 in this case for simplicity. Then, the controller 

models (1) and (3) can be organized into a matrix form as 

follows for easier integration in the following step 2.3). 

  (5) 

where 

                  (6) 

In (5),  denotes the vector of the controller outputs, 

is the vector of input references, and  is the vector of GFM-

BESS system outputs. These variables are all in the s-domain. 

B.  Open-loop GFM plant model 

It is known that the GFM control regulates the magnitude and 

angle of the control voltage . Hence, in dq frame, the small-

signal perturbations of GFM control voltages in time-domain 

 and  can be linearized as [27] 

                           (7) 

where 

  (8) 

The subscript that includes “0” indicates the steady-state 

value of the variable. Then, the small-signal model of the open-

loop control in dq frame is expressed as 

 (9) 

where 

  (10) 

The per-unit values in TABLE I are used for (9), where the base 

frequency is  rad/s. The output voltage is the high-

voltage side of the transformer in Fig. 3. Thus, the equivalent 

transformer leakage inductance Ll and resistance Rl [32] should 

be added with the filters in the model. Next, substituting (7) into 

(9), the open-loop GFM plant in time-domain state-space is 

  (11) 

where 

 (12) 

 is already given in (8). (11) is a typical time-domain 

state-space model. The states are output currents, and the inputs 

are output voltages, magnitude and angle of control voltages. 

To facilitate the integration of s-domain models including the 

controllers, performing Laplace transform [32], [33] to (11) 

with the zero-initial state, , yields 

  (13) 

where 

  (14) 

 

Fig. 3.  Control diagram of the GFM-BESS. 
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 and  is already given in (6). The variables , , 

 and  are all in the s-domain. Please note that the argument 

“ ”, e.g., , is omitted for simplification. 

Then, consider the virtual resistance, which can be regarded 

as a part of the plant, i.e., an additional resistance to Req in  

[29] as (13) is already in s-domain, yielding 

 (15) 

where 

  (16) 

The VR in (16) is realized by a proportional gain Ra with a 

high-pass filter (HPF) for power resonance damping near 50 Hz 

[29]. αc denotes the cut-off frequency of the HPF, which can be 

chosen as 31.4~62.8 rad/s [30]. 

C. Independent GFM-BESS model 

The outputs  of the controller model in (5) are the inputs 

of the open-loop state-space model (15). Hence, by inserting (5) 

into (15) gives 

  (17) 

where 

 (18) 

 and  are given in (6),  and  are given in (12). 

Please note that (17) is still an independent GFM-BESS model, 

since it preserves the PCC terminal voltages  as inputs, thus 

the dynamics of subsystem II are not included yet. The final 

integration will be presented in Section V. The coefficient 

matrices in (15) and (17) ,  and  are 

high-order s-domain transfer functions. Hence, the models (15) 

and (17) are actually based on the transfer function matrices, 

which distinguishes from the traditional time-domain state-

space model (11). The output currents are explicit, whereas 

other states are implicit in the model. In this way, the s-domain 

controllers (5) can be flexibly integrated into the model, saving 

the computational effort to transform them into time-domain 

and derive the high-dimensional constant matrices. 

IV. SUBSYSTEM II – IMPEDANCE MODELING 

A. Impedance modeling of all components 

In the step 3.1), all the components in the subsystem II are 
modeled as impedances or admittances. They can be divided 
into 4 types: 

1) Grid impedance ( ) and shunt (120 Mvar at PCC). 

These passive components are simplified as inductors. The 

values of  will be changed to analyze different SCR 

conditions in Section IV. Based on the reactive power of 

the shunt in Fig. 1, the real value of the shunt inductance is  

  (19) 

The per-unit value is  over the base inductance at 

HV-side of transformer TI in TABLE I. The impedance 

models should be in dq-frame, e.g., the grid impedance is 

  (20) 

Then, the grid admittance  equals to the inverse 

matrix of , which is calculated numerically by 

Matlab. The shunt  is the same but with different 

inductance value. 
2) Offshore WPP transformer TII. This is an aggregated 

transformer that links the WPP to the transmission. The 
transformer TII is modeled as equivalent leakage 
inductance LT and resistance RT for simplicity, where their 
detailed values are listed in TABLE I. Thus, in dq-frame, 
the impedance of TII is given as 

  (21) 

3) Transmission network from bus BI (high-voltage side of TII) 
to PCC. This is a two-port network containing long cables 
and shunts. The traditional cable models in [32] are hard to 
capture the accurate dynamics with multiple resonances. 
Therefore, this study applies the black-box modeling in 
simulations as shown in Fig. 4 to simplify the complex 
derivation with satisfying accuracy. A typical flow of the 
two-port black-box modeling is: i) frequency scans at both 
ports; ii) transform to an equivalent PI-section in Fig. 4; iii) 
vector fitting (VF) of transfer functions. To be detailed, the 
frequency scans from two ports are performed in 
simulations to build the terminal characteristics. The 

 

Fig. 4.  Black-box modeling of the long cables network. 

 
Fig. 5.  Bode plots of the PI-section model of long cables network.  
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measurements are conducted four times – each port two 
times by setting v1 = 0 and v2 = 0 in Fig. 4 (connect to the 
ground). Then the admittance of the two-port network can 
be measured and calculated by 

  (22) 

In this passive network, Y12 equals to -Y21. Next, the two-
port network is transformed into an equivalent PI-section 
in Fig. 4, that is described as 

  (23) 

In this way, the network can be easily integrated with other 
components. The frequency scans are conducted in 
PSCAD/EMTDC from 1 Hz to 3 kHz, and the bode plots 
of the PI-section model are depicted in Fig. 5. Finally, the 
VF algorithm [34] in Matlab is utilized to obtain the s-
domain transfer functions of the black-box model based on 
the data shown in Fig. 5. The frequency response of VF can 
be expressed as a sum of partial fractions [35], i.e., 

  (24) 

where N stands for the number of poles, cm and am are the 
residues and poles, d and e are optional. In this study, N = 
18 is enough for accuracy, and the error is around 2%. 

4) Aggregated GFL converter (WPP). Fig. 6 shows the block 
diagram of the GFL control as well as PLL for WPP. The 
power control (APC and RPC) in Fig. 6 applies PI 
controller, i.e., 

  (25) 

 is an LPF for voltage feedforward. The current 

controller is a proportion gain . The PLL also uses a PI 

controller, which is designed as [36] 

  (26) 

where  is the proportional gain, which denotes the PLL 

bandwidth [36].  is chosen as . The small-signal 

models of GFL control in Fig. 6 are well developed in [21], 

[31]. This study applies the same dq-frame impedance 

model in [31], expressed as  in following figures. 

B. Equivalent impedance modeling 

After all the impedance/admittance models are obtained, the 

network is replotted in the first block of Fig. 7, which gives an 

overview of how the subsystems are integrated together from 

step 3) to 5). Then in step 3.2), the equivalent impedance model 

of the network   seen from the PCC is calculated based 

on the series-parallel relations of the components, i.e., 

  (27) 

where 

  (28) 

As a result, the network including WPPs and black-box 

transmission models is represented by an equivalent impedance 

model (transfer functions matrix) , which contains the 

dynamics of GFL control as well as the passive network. 

V. MODEL INTEGRATION 

In step 4),  in (27) will be integrated with the GFM-

BESS model (17). According to the diagram in step 4) of Fig. 

 

(a) Control diagram and simplified WPP circuit 

 

(b) Block diagram of PLL 
Fig. 6.  Block diagram of the GFL control. 

  

Fig. 7.  Overview of modeling flow in Fig. 2 from step 3) to step 5). 
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7, the terminal characteristics at PCC that link the two 

subsystems are expressed as 

  (29) 

where  and  are given in (12). Then substituting (29) into 

(17), the system model is derived as 

  (30) 

where 

 (31) 

(30) contains all components in Fig. 1. Finally, the control 

reference-to-output transfer function model is given as 

  (32) 

where the input  and output  are given in (6) and Fig. 7. 
The model (32) describes the dynamic behaviors of the control 
references including power and voltage magnitude to outputs. 
It contains the coupling effects between different loops and 
components. Thus, the dynamic interactions for controller 
tuning in various conditions, e.g., SCRs, can be performed 
based on the model. The stability evaluation and sensitivity 
analysis can also be conducted by checking the poles of  

 [33]. 

VI. EMT VERIFICATION AND INTERACTIONS ANALYSIS 

The main circuit and controller parameters of the studied 

system are listed in TABLE I and II. The per-unit value 

calculation is given in [36], but please note the base frequency 

in this study is set as  rad/s. The long cable network is 

obtained as a black-box model presented in Section IV–A. The 

measured maximum SCR (  = 0) for the offshore WPP is 3.7. 

The onshore grid impedance  will increase from 0 to emulate 

different cases (SCR = 3.7~1.7). 
In this section, the EMT verification of the reference-to-

output transfer function matrix (32) is given first. Then, the 
dynamic interactions of GFM control loops and WPPs are 
analyzed in different cases based on the bode plots. Finally, the 
controller parameter-dependent interactions are studied by the 
sensitivity analysis. The delivered information and conclusions 
will be summarized in the end. 

A. EMT verification 

The step responses of reference-to-output model in Matlab 
and EMT simulation waveforms in PSCAD are presented in Fig. 
8. The Pref to P responses are given in Fig. 8(a), where a small 
step (0.9%) is performed on the reference. The model (wider 
blue line) shows almost identical results as the EMT 
simulations, indicating high accuracy. Fig. 8(b) shows an 
evident coupling ripple on P when Vref changes from 1 p.u. to 
0.98 p.u., and the model is also very closed to the EMT result. 
Similarly, when reference Pref changes, coupling effects on 
output voltage magnitude Vo is also observed in Fig. 8(c), where 

very small errors exist around 0.05~0.15 s. Finally, the step 
responses of Vref

 to Vo indicate satisfying accuracy too. 

B. Transfer function-based interactions analysis 

Based on the reference-to-output transfer function matrix, the 
dynamic interactions between control loops, GFM-BESS and 
offshore WPPs are analyzed in different cases. 

Fig. 9 shows the frequency responses of the model when SCR 

decreases from 3.7 to 1.7 (  increases). Fig. 9(a) gives the 

control dynamics of PSC from Pref to P, where the control 

bandwidth decreases with lower SCRs. This conclusion can be 

verified by the EMT simulation in Fig. 10(a). 
The coupling effect from Vref to P is depicted in Fig. 9(b). 

The frequency responses in 1~10 Hz range are over 0 dB, and 
the coupling is more obvious in stronger grid, which is proven 
by EMT step responses in Fig. 10(b). 

TABLE I.  
MAIN CIRCUIT PARAMETERS 

Parameter Base value Per-unit value 
Circuit parameters of offshore WPP 

Rated voltage  0.69 kV (L-L RMS) 1 p.u. 
Rated capacity  444 MVA  1 p.u. 

Rated active power  400 MW 1 p.u. 
Nominal frequency  1 rad/s 314 p.u. 
Filter inductance  1.072 mH 0.12/314 p.u. 

Inductor ESR  1.072 mΩ 0.01 p.u. 
Filter capacitance  1.072 mF 0.02/314 p.u. 

Circuit parameters of GFM-BESS 
Rated voltage  33 kV (L-L RMS) 1 p.u. 
Rated capacity  112 MVA 1 p.u. 

Rated active power  50 MW 1 p.u. 
Filter inductance  9.723 H 0.1/314 p.u. 

Filter ESR  9.723 Ω 0.005 p.u. 

Onshore grid 
Rated voltage  220 kV (L-L RMS) 1 p.u. 

Transformer TII of offshore WPP 
Primary voltage  220 kV (L-L RMS) 1 p.u. 

Secondary voltage  0.69 kV (L-L RMS) 1 p.u. 
Rated capacity  450 MVA 1 p.u. 

Leakage inductance  107.6 H (HV-side) 0.08/314 p.u. 
Copper loss  107.6 Ω (HV-side) 0.002 p.u. 

Transformer TI of GFM-BESS 
Primary voltage  220 kV (L-L RMS) 1 p.u. 

Secondary voltage  33 kV (L-L RMS) 1 p.u. 
Rated capacity  112 MVA 1 p.u. 

Leakage inductance  432.1 H (HV-side) 0.1/314 p.u. 
Copper loss  432.1 Ω (HV-side) 0.002 p.u. 

TABLE II 
MAIN CONTROL PARAMETERS 

GFL control parameters of offshore WPPs 

PLL bandwidth  10π rad/s 

Current controller (CC)  1.2 p.u. 

Power controller (PC) 
 0.5 p.u. 
 140 p.u. 

Control delay  250 μs 

GFM control parameters of BESS 

PSC controller 
 0.016  p.u. 

 20π rad/s 

AVC controller 
 20 p.u. 
 20π rad/s 

VR controller 
 0.1 p.u. 
 10π rad/s 
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Similarly, the coupling effect from Pref to Vo is given in Fig. 
9(c). The output voltage Vo is more robust in comparison with 
P in Fig. 9(b), and the magnitudes are smaller than -30 dB in all 
frequency ranges. Hence, the couplings can be neglected, 
though it shows an opposite rule when decreasing SCRs as Fig. 
9(b), which are verified in Fig. 10(c). 

The dynamics of AVC from Vref to Vo are shown in Fig. 9(d). 
The AVC bandwidth increases with lower SCRs, which is 
opposite to PSC, and the bandwidth variation is quite obvious. 
These features can also be proven by simulations in Fig. 10(d). 

Fig. 11 presents the frequency responses of the model when 
the active power of WPP Pw increases from 0 to 1 p.u. It directly 
reflects the interactions between WPP and GFM-BESS. Fig. 
11(a) depicts the control dynamics of PSC from Pref

 to P. The 
PSC bandwidth slightly increases with higher active power of 
the WPP, which is validated by simulation results in Fig. 12(a). 
Fig. 11(b) illustrates the control dynamics of AVC from Vref to 
Vo. It shows similar rules as PSC, and the EMT verification is 
shown in Fig. 12(b). As for the coupling effects, the influences 
are much smaller, thus are neglected. 

Fig. 13 shows the frequency responses when the active power 
of GFM-BESS P increases from -1 to 1 p.u. The directions of P 
also influence the control dynamics. Fig. 13(a) shows the 
coupling from Vref to P, and the magnitude definitely grows 
with higher generated active power of GFM-BESS. Similar 
coupling effects from Pref to Vo in Fig. 13(b) can also be 
observed, but the magnitudes are much smaller. These features 
are verified by the simulation results in Fig. 14. As for the 
diagonal PSC and AVC dynamics, the influence of steady-state 
points of P is not obvious, thus not presented in this study. 

In summary, the following information can be delivered 
based on the analysis above: 
1) The highest bandwidth of PSC will be identified in the case 

with the strongest grid and the highest active power 
generation of WPP. The integral gain ksi of PSC as well as 
the VR needs to be tuned in this case to avoid potential 

resonance near 50 Hz. On the contrary, the AVC shows an 
evident bandwidth growth in weaker grids. 

2) In comparison with the offshore WPP, the grid is much 
stronger for the onshore GFM-BESS, since its capacity is 
much lower and it is closer to the main grid. In this case, 
the voltage reference-to-power coupling is quite obvious, 
especially with higher SCR and power. A compromise 
solution is to reduce the AVC bandwidth to mitigate the 
undesirable coupling. By contrast, the voltage magnitude 
showcases a more robust profile, hence the coupling from 
active power can be neglected in the controller tuning. 

C. Sensitivity-based interaction analysis 

Two poles are focused in this study, which are respectively 

(a) Step responses of P when Pref changes 

(b) Step responses of P when Vref changes 

(c) Step responses of Vo when Pref changes 

(d) Step responses of Vo when Vref changes 
Fig. 8.  Step responses of the proposed model and EMT simulation. 

 
(a) Frequency responses from Pref to P 

  
(b) Frequency responses from Vref to P 

  
(c) Frequency responses from Pref to Vo 

  
(d) Frequency responses from Vref to Vo 

Fig. 9.  Frequency responses of GFM-BESS when SCR decreases (3.7~1.7). 

 

(a) 0.9% Pref step responses of P         (b) 2% Vref step responses of P 

 

(c) 0.9% Pref step responses of Vo         (d) 2% Vref step responses of Vo 
Fig. 10. EMT step responses when SCR decreases (3.7~1.7). 
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related to the low-frequency features of PLL in WPP and PSC 

in GFM-BESS. The identification of the two poles are given as 

follows: i) when the PLL bandwidth  of WPP increases from 

the nominal value in TABLE II, a pair of poles will gradually 

move to the right-half-plane (RHP), hence they are defined as 

λPLL; ii) when the PSC integral gain ksi of GFM-BESS increases 

from the nominal value in TABLE II, another pair of poles will 

gradually move to the RHP, thus they are identified as λPSC. The 

following analysis will investigate the interactions between the 

WPP and GFM-BESS based on λPLL and λPSC that characterize 

the GFL and GFM dynamics. 
Fig. 15 depicts λPLL when SCR decreases. λPLL evidently 

moves to the right in weaker grids, indicating undesirable 

stability performances of GFL-based offshore WPP. In contrast, 
Fig. 16 presents the λPSC when SCR decreases, and λPSC moves 
to the left with lower SCRs, bringing more stability margin. 
This phenomenon indicates that the PSC is indeed suitable for 
the weak grid operation [15], [29]. 

Sensitivity analysis is performed for the damping ratios of 

λPLL and λPSC to evaluate the interactions regarding to different 

control parameters of WPP and GFM-BESS as well as SCRs. 

The damping ratios (  of λPLL,  of λPSC) can be obtained 

from pole-zero plots by the model, then the sensitivity (taking 

λPLL as an example) is calculated as [26] 

  (33) 

where  is the ith parameter ( ),  denotes its 

original value and  is 5% of . A screening method [37] 

is applied based on (33) to provide more insights from the 

analysis, i.e., the calculation in (33) is performed for different 

original values  (10 points within 50~150%) of each 

parameter, then the average value and standard deviation [37] 

(representing non-linearity) for the 10 points are obtained. The 

results are shown in the heatmaps for λPLL and λPSC from Fig. 17 

to Fig. 20. The positive value indicates when the parameters 

increase, the damping ratios grow. The following knowledge 

can be delivered from the heatmaps. 
1) The virtual resistance Ra provides evident positive 

damping to the WPP λPLL in Fig. 17, whereas it shows 
opposite influence on the GFM-BESS λPSC in Fig. 18. This 
trade-off limits the damping effect of VR.  

2) In comparison with PLL bandwidth , the proportional 

gains of current and power controller (kp and kpp) are more 

sensitive to λPLL in Fig. 17, while they all indicate small 

influences on λPSC of the GFM-BESS in Fig. 18. 
3) The SCR shows opposite damping effects on λPLL and λPSC 

in Fig. 17 and 18, and indicates the strongest non-linearity 
in Fig. 19 and 20. Please note that the capacity of onshore 
GFM-BESS is normally much lower than offshore WPP 
due to the cost of batteries. Hence, the SCR seen from the 
GFM-BESS is much higher than the one from the WPP. It 
is therefore suggested to tune and evaluate the GFM-BESS 
in a strong grid (high SCR) as the worst case due to the 
negative sensitivity of SCR in Fig. 18, rather than design 
and operate for a very weak grid. 

 
Fig. 15. Comparisons of λPLL when SCR decreases (from 3.7 to 1.7).  

 
Fig. 16. Comparisons of λPSC when SCR decreases (from 3.7 to 1.7).  

 
(a) Frequency responses from Pref to P 

 
(b) Frequency responses from Vref to Vo 

Fig. 11.  Frequency responses of GFM-BESS when active power of offshore 
WPP increases (0~1 p.u.). 

 

(a) 0.9% Pref step responses of P         (b) 2% Vref step responses of Vo 
Fig. 12. EMT step responses when active power of WPP increases (0~1 p.u.). 

 
(a) Frequency responses from Vref to P 

 
(b) Frequency responses from Pref to Vo 

Fig. 13.  Frequency responses of GFM-BESS when P increases (-1~1 p.u.). 

 
(a) 2% Vref step responses of P           (b) 0.9% Vref step responses of P 

Fig. 14. EMT step responses when P increases (-1~1 p.u.). 
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VII. CONCLUSION 

This paper presents a control interaction modeling and 
analysis method for the GFM-BESS with the offshore WPPs. 
The case analysis of the proposed model offers explicit insights 
of the interacted dynamic behaviors and identifies the critical 
controller parameters under different conditions. Some 
conclusions are summarized as follows. 
1) The PSC bandwidth increases with higher SCRs and higher 

active power of the WPP. On the contrary, the AVC 
bandwidth decreases evidently in stronger grids. Since the 
grid is much stronger for the GFM-BESS in comparison 
with the WPP, the voltage reference-to-power coupling is 
quite obvious, thus lower AVC bandwidth is suggested. 
The power reference-to-voltage coupling, on the other 
hand, can be fully neglected in this case. 

2) The virtual resistance of GFM-BESS showcases positive 
damping effects on the WPP, whereas it indicates opposite 
influences on the GFM-related poles. The SCR also has 
similar opposite effects. A strong grid for GFM-BESS is a 
typical condition in this application. Hence, the GFM-
BESS control needs to be tuned and assessed in the highest 
SCR as the worst case rather than a traditional weak grid. 

3) The proportional gains of current and power controllers of 
WPP as well as virtual resistance of GFM-BESS are 
actually more sensitive than the PLL bandwidth to the 
poles that related to PLL dynamics. In contrast, the GFM-
BESS poles, which reflect the PSC dynamics, are much 
more robust to the WPP control parameters.  
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