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Abstract. A large offshore wind farm usually consists of dozens or even hundreds of wind turbines. Due to

the limitation of the simulation scale, it is necessary to develop an equivalent model of offshore wind farms
for power system studies. At present, the aggregation method is widely adopted for wind farm equivalent

modeling. In this paper, the topology, electrical parameters, operating conditions and individual turbine
characteristics of the offshore wind farms are taken into consideration. Firstly, the output power distribution
of offshore wind farm, the voltage distribution of the collector system and the fault ride-through
characteristics of wind turbines are analyzed. Then, a dynamic equivalent modeling method for offshore
wind farms is developed based on the fault characteristics analysis. Finally, the proposed method is

validated through time-domain simulation.

1 Introduction

Offshore wind farms (OWFs) have broad prospects and
space for development [1]. With the development and
maturity of offshore wind power technology, the scale of
OWFs will become larger. A large OWF usually contains
a great number of wind turbines (WTs). In power system
time-domain simulation analysis, the utilization of
detailed model of each WT will result in massive
computation, long time, large memory usage and
difficulties in data processing and results analysis [2].
Therefore, it is necessary to establish an equivalent model
for stability analysis of OWFs integrated power systems,
which could accurately reflect the dynamic characteristics
of OWFs under grid faults.

At present, the aggregation method is widely adopted
for wind farm equivalent modeling. The wind farm is
aggregated into a single or multi-machine equivalent
model by preserving the model structure of WT and
reducing the number of WTs in the wind farms [3]. The
equivalent model and the detailed model of the wind farm
have the same voltage, current and power characteristics
at the point of common coupling (PCC). To establish an
accurate equivalent model of a wind farm, two main steps
need to be taken: the cluster division and parameter
aggregation of WTs. The cluster division mainly
considers the type and operating point of WTs and the
studies in which the equivalent model to be applied [4-6].
The equivalent parameter of the generator can be
obtained by weighting method or parameter identification
[7-8].
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The fault ride-through (FRT) characteristics of WTs
are closely related to the operating points. The offshore
and onshore wind farms have differences in terms of
collector system design and wind conditions. In this
paper, the output power distribution of OWFs, the voltage
distribution of the collector system and the FRT
characteristics of WTs are analyzed. Then, a dynamic
equivalent modeling method for OWFs is developed
based on the fault characteristics analysis. Finally, the
effectiveness of the proposed method is verified through
time-domain simulation.

2 Operation characteristics of OWFs

2.1. Voltage distribution of collector system

At present, OWFs usually adopt a two-stage boosting
mode. The output voltage of the WT is 690V which is
boosted to 35kV by the box-type transformer. Then, the
output power of WTs are collected to the 110kV or
220kV substation through the 35kV submarine cable.
Finally, the OWF is integrated to the utility grid through
the 110kV or 220kV line. Generally, the offshore
substation has a distance of 20-80km with the onshore
substation, and the submarine cable is wused for
transmission. The OWF is arranged in a trunk line. The
WTs are divided into groups with each group of WTs
connecting to the same feeder cable and 0.5-1km distance.
The OWF integrated system model is established based
on this exemplary topology. The transmission distance of
each 220kV submarine cable is 50km. The distance of
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each 35kV cable is 10km with 10 WTs integrated. The
power factor of WTs in OWF are set to be 1.0. The grid
side voltage is running at 1.0 pu. The voltage distribution
characteristics of the OWF integrated system is shown in
Fig. 1. In the wind farm output range, the terminal
voltage from the #10 to #1 is increasing with 0.010 pu
voltage difference.

2.2. Output power distribution of OWFs

Compared with onshore wind farms, OWFs are generally
unaffected by topographical features. The sea surface is
flat and the wind speed is stable, which has a constant
dominant wind direction, for most cases. Fig. 2 shows the
wind speed variation of WTs at different locations in an
OWF. The wind speed is mostly in the range of
7m/s~10m/s.

When the wind speed is low, the WT operates in the
maximum power point tracking (MPPT) state. When the
wind speed is higher than the rated, the WT operates in
the limited power mode with the action of pitch angle
control. Figure 3 shows the power curve of a 3MW WT
at standard air density 1.225kg/m’. In the range of
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7m/s~10m/s, the WT output power is about 0.7pu~1pu.
Therefore, WTs in the OWF have a smaller ratio of the
output fluctuation to installed capacity than the onshore
wind farm. The output power of the WTs at different
locations of an OWF is relatively closer than the onshore
wind farm.

2.3. FRT characteristics of WT

Different types of WTs adopt different low-voltage ride-
through (LVRT) control strategies and parameters, which
will show different FRT characteristics under grid faults.
However, according to the process of grid fault
occurrence and clearance, the basic form of active and
reactive characteristics of WTs under grid faults is as
shown in Fig. 4. Three steps are included: the period of
LVRT, recovery start and recovery process. During the
period of LVRT, the WT outputs a certain dynamic
reactive power to support the grid voltage. After the
clearance of the fault, the WT reactive power gradually
stabilizes at the initial value after a transient process. In
addition, the FRT characteristics of the WT IS related to
the initial output state.
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Fig. 1. Voltage distribution of OWF integrated system.
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Fig. 2. Wind speed variation of WTs in an OWF.
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Fig. 3. Power curve of a WT at standard air density.
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Fig. 4. Basic form of active and reactive power characteristics of WTs under grid fault.

3 Equivalent modeling method based on
fault characteristics analysis

3.1. Equivalent method

When the aggregation method is used to equivalent
modeling of OWFs, the division of the cluster is firstly
carried out. The main considerations include the output
power distribution of the OWF, the voltage distribution
of the collector system and the FRT characteristics of the
WT.

(1) The voltage distribution of WTs on the same
feeder of an OWF is relatively close. Therefore, in
principle, WTs of one feeder can be grouped to one
cluster. For special cases where the feeder is long with
many wind turbines connected, WTs of one feeder can be
grouped to multiple clusters based on the voltage
distribution.

(2) According to the FRT characteristics analysis, the
required number of equivalent machines for the divided
clusters is determined. The WT under grid fault is
simulated to analyze the FRT characteristics. The FRT
process is divided into three stages: pre-fault (A), fault
period (B) and post-fault (C) according to the fault time
sequence. The active and reactive power average absolute
deviation of three stages are calculated as follows:
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where, Xy is the power simulation value of each WT in
the cluster at the actual wind speed, Xg is the weighted
average value of the initial operating power of all WTs.
Ksuar and Kgpq respectively indicate the sequence numbers
of the data for each period of A, B, and C.

The weighted average absolute deviation of the active
and reactive power is calculated as follows:

FGfP =K, *Fp+ Ky * Fpp+ Ko * Fop

Fo o=K *F y+ K" Fpo+ K *Fyy ()
where K, Kp and K¢ are weighting coefficients, generally
can be taken as 0.1, 0.6 and 0.3. The size of Fg p and
Fg ¢ determines the number of equalizers in each cluster
in step (1). The smaller the value F¢ p and Fg o, the
higher the equivalent precision.

(3) Performing wind speed configuration to
determine the initial operating power of the equivalent
machine as the weighted average of the initial operating
power of all wind turbines.

(4) After determining the principle of the cluster
division of OWFs, the parameters are aggregated for the
WT and the wind farm collector system. Finally, the
equivalent model is compared with the detailed model.

The flow chart of the equivalent modeling of OWFs
based on fault characteristics analysis is shown in Fig. 5.
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Fig. 5. Flow chart of equivalent modeling of OWFs based on
fault characteristics analysis.

3.2. Simulation analysis

The structure of the OWF detailed model used in the case
study is shown in Fig. 6. The WTs are all full-power
wind turbines. According to the voltage distribution
analysis, feeder 1 and feeder 2 are each divided into a
cluster. Based on wind speed distribution and FRT
characteristics analysis, cluster feeder 1 is aggregated into
one equivalent machine and cluster feeder 2 is aggregated
into two equivalent machines. Therefore, the OWF
equivalent model consists of three machines. The
comparison results between the detailed model and the
equivalent model are shown in Fig. 7. The simulation
results show that the equivalent model can accurately
reflect the dynamic characteristics of the detailed model
of the OWF under grid fault.
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Fig. 6. Structure of OWF detailed model.
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Fig. 7. Comparison of detailed and equivalent model of OWF
under grid fault.

4 Conclusions

In this paper, the cluster division in the equivalent
modeling of OWFs is studied. Some analytical
conclusions are given, including that the output power of
the WTs at different locations of an OWF is relatively
close, the voltage distribution of WTs on the same feeder
of an OWF is relatively close, and different types of WTs
show different FRT characteristics under grid faults.
Taking into account the output power distribution of the
OWEF, the voltage distribution of the collector system and
the FRT characteristics of the WT, a dynamic equivalent
modeling method for OWFs based on fault characteristics
analysis is proposed. Finally, the effectiveness of method
is validated through the time-domain simulation.
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