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Abstract—The expansion of offshore wind power plants
(OWPP) necessitates power system studies of wind power plant
due to large number of interfaced converters in wind turbine.
The traditional detailed model of wind farms although provides
high fidelity but leads to computational complexity and long
simulation time. Due to this, simplified equivalent modeling
approaches such as the single-machine (SM) equivalent model
are commonly adopted in the system studies. This approach
considers similar wind incident on all turbines and ignores the
losses due to collector cables which is unsuitable due to the
complexity and scaling of the network. However, the suitability
of such equivalent representation for large OWPPs under
multiple-event scenarios remains insufficiently examined in the
existing literature. Therefore, this paper investigates the dynamic
suitability of a single-machine and multi-machine equivalent
model for a 400 MW HVDC-connected OWPP in DIgGSILENT
PowerFactory. Both aggregated models are examined against
each other and the detailed WPP under sequential event
scenarios. The comparison is performed based on the RMS
dynamic response as well as quantitative performance metrics
such as root mean square error (RMSE) and fit percentage.
The results indicate that the SM equivalent model only captures
the dominant dynamic behavior and reduces the computation
time by 84%, whereas the multi-machine model provides an
improved accuracy for transient response with a reduction of
computation time by 77%.

Index Terms—Equivalent Model, Wind Power Plant (WPP),
DFIG, transient stability, dynamics, DIgSILENT PowerFactory.

I. INTRODUCTION

The expansion projects of offshore WPPs, particularly at
gigawatt-scale capacities is reshaping the dynamic behavior
of modern power systems [1]. The Inter-national Renewable
Energy Agency (IRENA) predicts nearly 500 GW of global
cumulative offshore wind installed capacity by 2030 from
the current 75.2 GW [2], [3]. In the Esbjerg Declaration,
Denmark, Germany, Netherlands, and Belgium have agreed to
develop a common offshore wind power plants in the North
Sea with a capacity of 300GW by 2050 [4]. Compared to
traditional onshore wind farms, OWPPs consist large number
of wind turbines interfaced with converter controls and
connected to main grid through high-voltage direct current
(HVDC) and HVAC networks [5]. This high dependence
on wind requires a detailed dynamic model of the network
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for power system studies. It includes modeling of all wind
turbines (WT) in the wind power plant, HVDC transmission
system with converter control, offshore transformer and
cables for transient stability studies. In such a case, OWPP
with large number of WTs create a high order model that
increases complexity and the simulations require a significant
amount of computation time [6], [7].

To address this issue, a concept of dynamic
equivalent/aggregate model of very large power systems
have been proposed. It retains the required level of accuracy
for system level studies [5]. A similar approach can be
applied to represent an aggregated response of wind farms
during transient stability studies of large power system [9].
Several methodologies on equivalent WPP modeling have
been proposed over the past decade [10] - [15] primarily
aimed at reducing simulation time and computational burden
during transient stability analysis.

In [10], [12], a single-machine aggregate WT model is
developed based on identical incoming winds. An equivalent
model based on WT clustering techniques with rotor speed
[13], wind speed [11] are proposed. Moreover, aggregate
model based on different wind speed and wake effects have
been implemented in [14], [15]. These methods have improved
the modeling efficiency; however, most studies are validated
for onshore or moderate-scale wind farm installations under
isolated tests. Due to this, the dynamic suitability for large
scale HVDC-connected OWPPs under sequential multi-event
scenarios remain unexplored.

Therefore, this paper presents a single-machine equivalent
model for a 400 MW HVDC-connected offshore wind power
plant using RMS simulations in DIgSILENT PowerFactory.
The aggregated models are evaluated against a detailed
WPP model under sequential event scenarios including wind
speed variation, reactive power reference change, and fault
disturbances. In addition to the SM model, a multi-machine
equivalent model is also examined to assess its capability in
preserving the distributed dynamic behavior of wind power
plant. Quantitative fitting metrics such as RMSE and fit% are
used to evaluate the dynamic fidelity between the detailed and
aggregated responses and assess the computational burden.



The rest of the paper is organized as follows. Section II
explains the offshore modeling and aggregation framework.
Equivalent modeling methodology is discussed in Section III,
and extensive dynamic analysis is performed in Section IV.
Finally, Section V concludes the main findings and directions
for future research.

II. SYSTEM MODELING AND AGGREGATION FRAMEWORK
A. Detailed Offshore Wind Power Plant Model

The offshore WPP model shown in Fig. 1 is considered for
this study. It is based on the built-in DIgSILENT PowerFactory
HVDC-connected offshore wind power plant [16]. The system
represents a 400 MW offshore installation consisting 80 wind
turbines rated at 5.556 MVA. The power plant is linked to
the onshore 380 kV transmission system by a voltage source
converter (VSC) based HVDC connection. The main network
parameters are detailed in Table 1.
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Fig. 1. Single-line detailed model of the 400 MW HVDC-connected offshore
wind power plant.

The wind turbine models used in WPP are generic double-
fed induction generator (DFIG) type-3 models. The dynamic
model of the DFIG is shown in Fig. 5. It is mainly regulated
by a mechanical and electrical control system. The mechanical
power extracted from the wind is determined by the aerody-
namic characteristic of the turbine and is expressed as

1.
Py = 5pAv,Cy(A, B) (1)

where p is the air density, A is the rotor swept area, v, is
the wind speed and C), is the power coefficient dependent
on the tip-speed ratio A and pitch angle 5. The turbine and
generator dynamics are represented using a two-mass shaft
system capturing the torsional interaction between the turbine
and generator. The pitch angle controller is activated at high
wind speed to control the overloading of generator/converter
and reduce the mechanical power extracted by WT.

The electrical control of the DFIG is implemented through
a cascaded controllers consisting of speed, power, and current
control loops. The speed controller generates the active power
reference P..; based on the generator speed deviation. The
outer loop power controller regulates the stator active and

TABLE I

KEY PARAMETERS OF THE 400 MW OFFSHORE WIND POWER PLANT
MODEL

Component Specification

Wind Turbine Rated power (per unit): 5 MW

Wind Turbine Type: Double-Fed Induction Generator

(Type-3)

Voltage level: 0.69 kV

Number of turbines: 80

Total installed capacity: 400 MW

Voltage level: 33 kV

Voltage level: 155 kV

0.69/33 kV, S, = 5.6 MVA, uk = 6%
33/155 kV, Sn = 240/120/120 MVA,
uk = 13/10/13%

110/380 kV, Sy, = 450 MVA, uk = 11%
Type: Sea Cable; Rated Current: 1 kA;
Rated Voltage: 33 kV; Length: 1.5 km
Type: DC Line; Rated Current: 1.4 kA;
Rated Voltage: 150 kV; Length: 100 km
DC voltage: 150 kV; Onshore AC voltage:
110 kV

Voltage level: 380 kV

Control mode: DC voltage / AC voltage
control

Wind Turbine

Wind Farm

Wind Farm

Collector Grid
Offshore Bus
Transformer (LV/MV)
Transformer (MV/HV)

Transformer (MV/HV)
Transmission Line (Offshore)

Transmission Line (Onshore)
HVDC Link

Onshore Slack
HVDC Converter

reactive power by producing the reference currents igref
and i,ref. These references are tracked by the inner current
controller that determines the rotor-side converter voltage usr,
ust, enabling active and reactive power control during dynamic
operation.

The following section introduces an equivalent modeling
approach aimed at reproducing the dominant dynamic behavior
of the WPP while reducing the overall computational effort.

B. Single-Machine Equivalent Model

It is assumed that the identical WT are used in the WPP with
uniform wind incident on all the wind turbines. For simplicity,
wake effect and collector cable modeling are not considered
for a single-machine equivalency. Each wind turbine in the
large-scale WPP of [16] shows similar dynamic characteristics
that allows to aggregate the equivalent model of generator
and transformer by using the capacity weighting method as
detailed in 2.

Seq = Zn:Szv
=1
Peq = Z P,
i=1
ST—eq = ZST,i7
=1

Z
Zrreq = ?T

2

where Seq, Feq are the rated capacity, active power of
equivalent WT, S7_cq, Z7_cq are the rated transformer capacity
and impedance of the equivalent transformer.

When n number of parallel wind turbines are aggregated
into a single equivalent model, the overall capacity of the
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Fig. 2. Single-Machine Equivalent model of 400 MW HVDC-connected
offshore wind power plant.

equivalent wind power plant and wind power converters is
scaled to n times that of the actual converter. Due to this
standardization process. it iS not necessary to adjust the
control parameters after the expansion of converter capacity.
Additionally, the values of inductive and resistive filters need
to be reduced by one nth of the original value.

C. Multi-Machine Dynamic Aggregation

In this method, the detailed OWPP is represented by two
equivalent wind turbine models. The structure of this dynamic
representation is motivated by the configuration of the detailed
wind power plant model available in the DIgSILENT [16].

In single-machine dynamic equivalent method, the losses
due to collector cables of the WPP is typically neglected and
all turbines are aggregated into a single wind generator repre-
sentation at the point of connection. However, in this approach
the collector system is retained by representing it through
an equivalent network connected to the first aggregated wind
power plant (OWPP 1), as illustrated in Fig. 3. The collector
cables are aggregated using an equivalent impedance obtained
by equal power loss method [7] described in 3 respectively:

ZZI(PglzL)
(i, P)?

where m is the number of wind turbines in aggregated
model, Z;; is the cable impedance and P; is the active power
of the ¢th WT branch and P; si the total active power flowing
through impedance Z;.

Zeq = (3)
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Fig. 3. Multi-Machine Equivalent model of 400 MW HVDC-connected
offshore wind power plant.

Furthermore, the aggregation is performed at the medium-
voltage (MV) level of the offshore system using a capacity-
weighted aggregation method described in Eq. 2. The offshore
HV/MV transformer are maintained as detailed elements in
order to preserve the electrical interface between the offshore
wind farm and the HVDC transmission system.

III. METHODOLOGY

This section describes the framework adopted for the equiv-
alent models and evaluates their dynamic performance against
the detailed WPP. The overall procedure followed in this study
is shown in Fig. 4.

Detailed
Model

[Dynamic Aggregation Procedure]

v

[Multi-Machine Equivalent]

](7

[Single-Machine Equivalent]

v v

[ Multi-event dynamic simulation

(Pref, Qref, fault disturbance)

[ Performance metrics (RMSE/fit%) J

Suitability Assessment

Fig. 4. Workflow of the Dynamic Aggregation and Validation Procedure.

A. Simulation Framework

To perform a transient stability analysis on the detailed
machine model and the equivalent models to assess their time-
domain response, a unified simulation scenario was created as
detailed in Table II.

TABLE I
SUMMARY OF DYNAMIC VALIDATION TEST CONDITIONS

Test Configuration

50 s

Speedyer: 1.2 pu. — 1.0 p.u. (10-20 s)
Three-phase fault at 25 s (At = 200 ms,
Ry =3Q,X;=9Q)

Qref: 0 pu. — 0.2 p.u. (3040 s)

10 (Strong)

RMSE, Fit (%)

Onshore PCC [P, Q]

Parameter
Simulation Duration
Active Power Step
Disturbance Test

Reactive Power Step
SCR Level

Comparison Metrics
Compared Variables

A dynamic RMS simulation was performed over a 50 s
with time step of 1 ms, starting from a steady-state operating
condition. To evaluate reference tracking performance, exter-
nal speed reference and reactive power reference blocks were
added as time-series input to the DFIG block as depicted in
Fig. 5. The three-phase fault disturbance of 200 ms duration



was applied at the offshore bus to assess the disturbance
response behavior.

Both models (detailed and aggregated) were subjected to
identical boundary conditions such as the same external grid
configuration, identical short-circuit ratio (SCR) settings, iden-
tical active and reactive power reference profiles, and identical
disturbance timing and duration.
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Fig. 5. Model of DFIG wind generator.

B. Performance Metrics

To quantify the dynamic resemblance between the detailed
WPP model and the aggregated model, time-domain perfor-
mance metrics are evaluated over the simulation interval.

First, the RMSE is used to evaluate the magnitude of
deviation between the responses of the aggregated models
and the detailed model within specific time intervals of the
simulation. The RMSE is defined as

RMSE =

N “4)

(yi — 9i)°

-

i=1

where y; represents the response of the detailed model, ¥;
represents the response of the aggregated model, and N is the
total number of time samples. In this study, RMSE is computed
for different event windows of the simulation to assess the
transient error between the single-machine and multi-machine
equivalent representations with respect to the detailed model.

In addition, the normalized fitting percentage is used to
evaluate the overall similarity between the dynamics of the
aggregated and detailed models over the entire simulation. The
fitting metric is defined as

Fit(%) = 100 (1 - ”yy|> (5)
ly — 9l

where y denotes the response of the detailed model, §
represents the response of the aggregated model, and ¥ is
the mean value of the detailed model response over the time-
domain simulation.

In this assessment, the Fit(%) metric is computed over the
entire simulation to provide a global measure of dynamic
resemblance, while the RMSE metric is evaluated within
individual event intervals to quantify the transient deviations

between the aggregated and detailed models during different
operating conditions.
Both metrics are calculated for the active power (FP) and

reactive power ((Q) responses at the point of common coupling
(PCC).

IV. DYNAMIC PERFORMANCE ANALYSIS

This section evaluates and compares the dynamic perfor-
mance of different equivalent models with a detailed machine
representation.

A. Time-Domain Response Analysis

The dynamic response of active power and reactive power
at onshore PCC are presented in Fig. 6 and 7 for the de-
tailed model, single-machine equivalent and the multi-machine
equivalent model.

During the speed reference variation at 10 s, both equivalent
models exhibit similar transient trends and converge to the
same steady-state operating point. This indicates that the
aggregated representations are capable of reproducing the
overall power control behavior of the WPP. However, small
deviations can be observed in the transient region where
the SM equivalent exhibits a slightly different overshoot and
settling trajectory compared to the detailed model.
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Fig. 6. Active power response of detailed and Equivalent model at PCC.

The differences are more evident during the three-phase
fault disturbance at 25 s. As illustrated in the zoomed region,
the disturbance leads to a sharp drop in active power and
rise in reactive power followed by a recovery period after
200 ms. Although the SM equivalent reproduces the general
trend of the disturbance response but the transient recovery
dynamics deviate from the detailed model. In particular, the
SM model shows a smoother and slower recovery trajectory,
which indicates that some dynamic effects present in the
detailed model are not fully preserved in the SM equivalent.

On the contrary, the MM equivalent captures the disturbance
response quite accurately. It closely follows the detailed model
during the post-fault recovery phase. This improvement can be



attributed to the partial preservation of the internal dynamic
characteristics of the WPP through multiple equivalent units
and consideration of collector cables. It allows the aggregated
model to properly represent the distributed inertia and control
interactions in the detailed system.
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Fig. 7. Reactive power response of detailed and Equivalent model at PCC.

These observations highlight an important limitation of the
single-machine aggregation concept. The SM equivalent is
capable of reproducing the dominant steady-state and large-
scale dynamic trends but tends to smooth or distort certain
transient behaviors during disturbance events. Consequently,
while the SM approach provides a simplified representation
for general system studies, its accuracy is insufficient when
precise transient dynamics of large-scale offshore wind power
plants need to be captured.

B. Quantitative Performance Evaluation

To quantify the dynamic resemblance between the detailed
model and the aggregated representations - the normalized
fitting percentage and event-wise RMSE metrics are evaluated
for the active and reactive power responses at the PCC.

TABLE III
FIT % COMPARISON OF AGGREGATED MODELS.

PCC
P %) Q%
91.24 92.08
95.03 96.31

Model

Single-Machine Equivalent
Multi-Machine Equivalent

The overall fitting percentage computed over the entire
simulation interval are reported in Table III. Both aggregated
models showcases a high degree of similarity with the detailed
model, indicating the resemblance of dominant dynamic be-
havior of the WPP. However, the multi-machine equivalent
consistently achieves higher fitting percentages compared to
the single-machine equivalent. In particular, the fitting accu-
racy improves from 91.24% to 95.03% for active power and
from 92.08% to 96.31% for reactive power. This indicates that
the multi-machine representation with proper consideration

better preserves the distributed dynamic characteristics of the
wind farm.

To further investigate the transient accuracy of the aggre-
gated models, the RMSE are evaluated over different event
intervals of the simulation as presented in Table IV. The
RMSE results clearly reveal that the deviation between the
aggregated and detailed models becomes more pronounced
during dynamic events. In particular, during the fault and post-
fault recovery period (25-30 s), the single-machine equivalent
exhibits the largest error with an RMSE of 10 MW in active
power. It indicates the limited capability to accurately cap-
ture the transient recovery dynamics following severe distur-
bances. This limitation arises from the inherent simplification
of the aggregated representation, where internal interactions,
distributed inertia, and network dynamics are neglected. As
a result, the SM model tends to produce a smoother and
slower recovery response compared to the detailed system.
Similar improvements are also observed for the reactive power
response.

TABLE IV
EVENT-WISE RMSE AT PCC FOR AGGREGATED MODELS
Interval Single-Machine Eq. Multi-Machine Eq.
P MW) Q MVAr) | P(MW) @Q (MVAr)
Initial steady state
(0-10 s) 0.983 0.00 \ 0.954 0.00
Speed variation
(1020 s) 1.957 0.153 | 1.093 0.087
(Fault + recovery)
25-30 s 10.00 0.663 | 4515 0.271
(Qref variation)
3040 s 3.793 0.265 | 2139 0.133
Final steady state
(40-50 s) 2.536 0.117 | 2.065 0.083

A comparable trend is observed during the speed variation
(10-20 s) causing active power change and the reactive power
reference step (3040 s), where the multi-machine equivalent
consistently produces lower RMSE values than the single-
machine representation. These results again confirm that the
single-machine equivalent is capable of reproducing the overall
dynamic behavior of the WPP but tends to smooth or distort
certain transient responses particularly during extreme distur-
bance conditions.

Overall, the quantitative results support the observations
from the time-domain response analysis. The single-machine
aggregation captures the dominant system dynamics but ex-
hibits larger deviations during transient events, whereas the
multi-machine equivalent improves the accuracy by partially
preserving the distributed dynamic characteristics of the off-
shore wind farm.

C. Implications for Offshore Deployment

The computational performance of two models are evaluated
and reported in Table V under identical RMS simulation. The
aggregated models provide a significant advantage compared
to the detailed WPP model. In the present study, the SM equiv-
alent reduces the RMS simulation time by approximately 84%
relative to the detailed model, enabling faster computation of



multiple operating conditions and contingency scenarios. The
multi-machine equivalent requires slightly higher computation
time than the SM model due to the additional dynamic
components in the model.

TABLE V
SIMULATION TIME COMPARISON FOR DIFFERENT MODEL
REPRESENTATIONS

Model Simulation Time (s) | Reduction %
Detailed Model 62 -
Single-Machine Equivalent 10 83.8%
Multi-Machine Equivalent 14 77.4%

The present study also highlight the important implications
for future large-scale offshore wind power plants. The SM
aggregation method based on capacity weight technique is
widely used due to its simple approach but limits the ability
to fully represent the detailed dynamic behavior of large
offshore WPP. As offshore installations continue to increase
in size and complexity, factors such as spatial wind variations,
wake interactions, and internal network dynamics will become
increasingly significant. Under these conditions, other equiva-
lent methods such as multi-machine equivalent representations
offer a more suitable approach for capturing the dynamic char-
acteristics of offshore wind power plants while maintaining a
reasonable computational burden for large-scale power system
stability studies.

V. CONCLUSION AND FUTURE RESEARCH

This paper examined the suitability of a single-machine
dynamic equivalent model for a 400 MW HVDC-connected
OWPP using time-domain simulations under multiple dynamic
scenarios.

The results of this study demonstrate that the single-
machine aggregated model resembles the dominant dynamic
behavior of the detailed offshore wind power plant. At the
same time, the aggregation approach significantly reduces
the computational burden, achieving approximately an 84%
reduction in simulation time compared to the detailed machine
model. However, the comparative analysis also indicates that
the multi-machine equivalent provides better accuracy in rep-
resenting transient responses, particularly during disturbance
and recovery periods, by partially preserving the distributed
dynamic characteristics of the wind farm.

These findings confirm that the SM aggregation remains
a practical and computationally efficient representation for
medium-scale offshore wind power plants under similar wind
speeds, but the simplified assumptions limit its ability to
fully represent the distributed dynamics of large OWPPs. As
offshore wind capacity continues to expand toward future
European deployment targets, additional factors such as spatial
wind variability, wake interactions, and topology changes due
to turbine outages are expected to increase the internal dy-
namic complexity of offshore systems. Under such conditions,
more advanced aggregation approaches, such as multi-machine
equivalents, will become increasingly important to accurately

represent the dynamic behavior of OWPPs in power system
stability studies.

Therefore, the future research will focus on proposing
the enhanced dynamic equivalency concepts for large-scale
offshore plants capable of capturing wind variability , topol-
ogy dependent behavior, and complex grid interactions under
weak-grid conditions in support of Europe’s offshore wind
target.
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