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Abstract-The offshore wind energy is increasing rapidly 
due to higher stability and efficiency than onshore one. However, 
offshore wind fanns suffer from typhoon activities, which cause 
unpredictable outages and threaten the system secure operation. 
Previously, few studies consider the operating risk of offshore 
wind farm under typhoon conditions. To bridge this gap, this 
paper assesses the risk of offshore wind farm outages facing 
typhoon disasters. First, based on a data-driven method, 
typhoon tracks are simulated using empirical fonnulas 
considering uncertainties. Then the typhoon influence on 
offshore wind fanns is analyzed to obtain the dynamic power 
generation. Finally, the dispatchable region is enveloped to 
identify power system risk states. On this basis, the resilience 
indices are calculated for the system secure operation. 
Numerical experiments are carried out to validate the proposed 
models and methods. The simulation results show that the 
operation risks of the power system can be effectively assessed 
under typhoon conditions. 

Keywords-typhoon disaster, offshore wind farm, risk 

assessment, uncertain track. 

I. INTRODUCTION 

The offshore wind energy is increasing rapidly due to 
higher stability and efficiency than onshore one [ 1 ] .  For 
example, the installed capacity of offshore wind power has 
increased to 40GW around the world [2] . However, offshore 
wind farms are susceptible to extreme weather events such as 
typhoons [3], which is also this paper focuses on. Typhoons 
can cause wind farm outages and bring power imbalance, 
which threaten the power system's  voltage and frequency 
security [ 4]. 

To address this issue, Yang et al. [5] propose a new 
quantitative resilience assessment index for power 
transmission systems considering the duration and disruption 
features of typhoons. Sang et al. [6] study the transmission 
tower structural model and propose an integrated preventive 
framework considering weather forecast to reduce typhoon 
damages. However, these papers mainly focus on resilience 
assessment of the power transmission system, including 
transmission lines, towers and substations, while not the 
influence on offshore wind farms. Actually, offshore wind 
farms stand in the breach of typhoon and are most likely to 
shut down because of the high wind speed. When the reserve 
is inadequate to cover the wind power gap, there is a severe 
active power imbalance between the supply- and demand-side, 
causing the power system insecurity and instability [7] . Thus, 
it is critical to assess the power system operation risks arising 
from offshore wind farm outages. 

The operation states of offshore wind farms are directly 
impacted by the weather conditions. Many papers reveal the 
typhoon influence considering failure mechanism of power 
system components. For example, the deterministic typhoon 
track model is used for the reliability and damage assessment 
in [8] . Specific typhoon tracks and time-varying impacts are 
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utilized to achieve grid hardening strategy against typhoons in 
[9] . A probabilistic line failure model is used to construct the 
line failure ambiguity set in [ 10] ,  while the uncertainty of 
hurricane track is not revealed. Therefore, this paper simulates 
typhoon tracks using empirical formulas considering 
uncertainties based on a data-driven method. Then the 
typhoon influence on offshore wind farms is analyzed to 
obtain the dynamic power generation. Finally, the 
dispatchable region is enveloped to identify power system risk 
states [ 1 1 ] .  On this basis, the resilience indices are calculated 
for the system secure operation. Numerical experiments are 
carried out to validate the proposed models and methods. The 
simulation results show that the operation risks of the power 
system can be effectively assessed under typhoon conditions. 
To sum up, this paper uses a data-driven method to generate 
typhoon track scenarios and assesses the operating risks 
identified by the dispatchable region during typhoon landings. 

The rest of this paper is organized as follows. Section II 
and III introduces the typhoon model and offshore wind farm 
model respectively. Section IV presents the dispatchable 
region and risk indices in power system assessment and 
Section V provides the numerical experiments. Conclusions 
are drawn in Section VI .  

II. MODELING OF TYPHOON CONDITIONS 

In this section, the spatial temporal characteristics of 
typhoons are first introduced to study the typhoon impacts on 
offshore wind farms. Considering typhoon affects offshore 
wind farms with intense wind force, a typhoon center track 
model is formulated based on the empirical formulas. In the 
day ahead forecast, the typhoon track prediction is not very 
accurate. Thus we use a statistical method to obtain the track 
uncertainties. 

A. Modeling of typhoon forecast track 

The typhoon track model includes the typhoon translation 
model and typhoon central pressure model. An empirical track 
model is developed in [ 12] to describe the typhoon 
translational wind speed and heading direction, as follows: 

L'llnc = a1 (t) + a2 (t)ij/(t) + a3A.(t) + 
a4 (t) ln c(t) + a5 (t)B(t) + sc

' 

L'lB = q (t) + b2 (t)lj/(t) + b3A.(t) + b 4 (t)c(t) + 
b5 (t)B(t) + b6 (t)B(t - L'lt) + s8 

( 1 )  

(2) 

where c represents the translational wind speed; e is the 
heading angle; L'llnc= lnc(t+L'lt) - lnc(t); L'llnB = lnB (t+L'lt) 
lnB (t); L'lt is the time step length; lj/and ).. denote the typhoon 
latitude and longitude, respectively. The residual terms Sc and 
se are assumed to follow the normal distribution with the mean 
value equal to zero. The interested typhoon active area is 
divided into 5°X5° grids. Each grid has its own parameters to 
model the typhoon location in the next time step. The 
parameters a1(t) � as(t) and b1(t) � bs(t) are model coefficients 
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for each region calculated from historical data through linear 
regressiOn. 

The typhoon relative intensity model can be used to 
calculate the central pressure and gradient wind field. The 
relative intensity is related to sea surface temperature [8] : 

ln l(t + L'lt) = d1 (t) + d2 (t) lnl(t) + d3 ln l(t - L1t) + d4 (t) (3) 
ln!(t - 2L1t) + ds (t)Ts (t) + d6 (t)(Ts(t + L'lt) - Ts(t)) + &I '  

where Ts(t) i s  the sea surface temperature; d1(t) to d6(t) are 
model coefficients derived from the above 5°X5° grids. The e1 
is the residual terms. In the simulation process, the historical 
typhoon data is collected in time interval of 6 hours by 
Tropical Cyclone Center of China Meteorological 
Administration [ 13 ] .  

B. Mode ling of typhoon track uncertainties 

In last subsection, a simulated typhoon track is presented. 
However, it remains forecast errors which will accumulate 
over time. The historical data are exploited to obtain the 
forecast error and model the track uncertainty. The probability 
distribution of the forecast track error is obtained in the 
following steps. Here we take six hours forecast error for 
example, as shown in Fig. 1 .  

- -
- - -

- - -- - - - -

_ _ _ _ _ _ _ _ _ _ _ _ 

.. �c t.s 

A B 

Fig. 1. Typhoon track forecast error 
1 )  Input the locations of two adjacent historical point (e.g. 

A and B) from typhoon track data. 
2) Use empirical formula to calculate forecast location C 

in the next time interval based on A 
3) Obtain the distance of A and C as the track forecast error. 
4) Input typhoon historical track and obtain a series of 

forecast errors in the six hours. 
5) The probability density ftmction (PDF) is deduced by 

kernel function estimation. 

C. Modeling of typhoon wind field 

The typhoon wind field is portrayed as a vortex and the 
field contour lines are concentric circles [ 14] .  At each time 
snapshot, the static wind field of a typhoon can be determined 
as a function of the distance to the typhoon center (eye): 

{ Kwm [l - exp( -ax)],O :::; x :::; rmw 

W1 = Wm exp[-ln ,B * (x - rmw ) f (rs - rms )l, rmw :o:; x :o:; rs (4) 
O,rs < X  

where 
1 Q 

a = - ln(--) .  
rmw Q - 1 

(5) 

The Q reflects the typhoon boundary and K is typhoon speed 
parameter; Wm is the maximum wind speed at about 10m 
above the surface and r mw is the distance from typhoon eye 
correspond to the maximum wind speed. The typhoon 
boundary (rs) is assumed to be a circle where the typhoon wind 
speed has reduced to Wml ,B. The area that lies outside the 
typhoon boundary will not be impacted by the typhoon. 
Symbol x denotes the distance from the typhoon eye to the 
offshore wind farms. In this paper, the parameters K and Q are 
set to 1 . 1 4  and 1 0, respectively. Accordingly, the wind speed 
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is depended on time-varying parameters Wm, rmw and rs given 
the typhoon center location. 

In order to estimate the parameters Wm, rmw and rs, this 
paper adopts the model in [ 1 5] ,  as follows : 

lnr mw = 2.636 -0.0005086L1p2 + 0.03948991j/ , (6) 

wm = �BL'lp I ep , (7) 

B = 1 .38 + 0.00184L1p -0.00309J?,ax . (8) 

In (6), the central pressure difference (/':,p) is calculated 
from relative intensity I(t) in (3), the relationship of two 
parameters can be described as [ 16] :  

I (t) = _!':,p--"--- (9) 
Pda - Pdc 

where paa represents the surface value of the partial pressure 
of ambient dry air; pac denotes the minimum sustainable 
surface value of central pressure for a typhoon. 

III. MODELING OF OFFSHORE WIND FARMS 

A. Typhoon wind speed at the offshore wind farm sites 

During typhoon crossing period, the offshore wind farms 
are affected by storm wind. When the typhoon center location 
with a probability information is given, the wind speed at each 
offshore wind farm site depends on the distance from the 
typhoon center, as follows: 

( 10) 

where (x(t), y(t)) and (xw(t), Yw(t)) are the location of the 
typhoon center and the offshore wind farms, respectively; d is 
the distance between them. 

B. The output power of the offshore wind farm 

The wind turbines only operate if the wind speed is 
between the cut-in speed and cut-off speed. The output power 
of the wind farm is as follows: 

( 1 1 )  

where Pout i s  output power o f  the offshore wind farm; Wei and 
Wco are the cut-in wind speed and cut-out wind speed, 
respectively; v, is the rated wind speed; P, is the rated output 
of the offshore wind farm. In this paper, the cut-in, cut-out 
and rated wind speeds are set to 3 ,  1 2  and 20 m/s, respectively. 

IV. OFFSHORE WIND FARM OUTAGE RISK AND RESILIENCE 
ASSESSMENT METHOD 

Based on the typhoon model and wind farm model in the 
last sections, this paper considers the simulated typhoon and 
track uncertainties to analyze its influence on the offshore 
wind farms. In this section, the system security states are 
assessed and resilience indices are proposed and calculated. 
The paper follows the classical reliability indices considering 
the probability of power unsafe states and expected power loss. 
We assume the offshore wind farms are affected by the 
typhoon activities and the wind power outputs deviating the 
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forecast ones threatens the power balance in real time dispatch. 
Thus, the risk index R in a period time can be formulated as: 

R = "LT fs · ;\,pT , ( 12) 

where Is is the sign function representing the system security 
and 6.pT denotes wind power output deviations causing load 
loss at the T time slot. The dispatchable region [ 1 1 ]  of a power 
system is defined as the largest range of a power injection that 
the power system can accommodate in a certain dispatch 
interval. Thus, the dispatchable region is utilized to identity 
the power system operating states in the following steps:  

Fig. 2 .  The risk states identified by dispatchable region 

The assessment process is illustrated in the following flow 
chart in Fig. 3 .  

Typhoon _ 
model 

Offshore 
wind 
farm 

r .___:A..:...::de::.:t::.:erm.:..:..::.i n:.:.:ic.:cst:.:.:ic'--"'typ
-Fho::.:o:.:.:nc.:t::.:ra:.:c.::.k...cm::.:o:.:d:.:.el:...._--' 

Typhoon track uncertainty 

Wind speed power curve 

Output power of the offshore wind farm 

Power injection variation !!.p 
Dispatchable region to identity risk system 

states 

Probability Risk scenarios 

Resilience indexes calculation and risk 
assessment 

Fig. 3. The flow chart of the assessment process 

1) Formulate the deterministic typhoon track. Obtain the 
initial conditions of typhoon (the observed typhoon location, 
relative intensity at that time) and simulate the deterministic 
typhoon track based on the empirical formula (1 )-(3). 

2) Calculate the typhoon track uncertainty. The track 
forecast errors in different time ahead are collected. The 
kernel density estimation is utilized to predict the forecast 
track error and probabilistic information. 
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3) Determine the typhoon center and wind speed at the 
offshore wind farm sites. The typhoon track uncertainty leads 
to variable wind speed at the offshore wind farm sites, which 
results in uncertain output power and different operational 
states. 

4) Obtain the output deviation of offshore wind farms and 
calculate the dispatchable region. Identity the risk system state 
and calculate the risk index. 

V. CASE STUDIES 

A modified IEEE 30-bus system with two offshore wind 
farms at buses #1  and #22 and a simulated typhoon are used 
to illustrate the proposed method. The topology of the test 
system is presented in Fig. 4. Two offshore wind farms are 
located at 25°N,l20°E and 24.3°N,l23°E, respectively. The 
capacity of these two wind farms are 40 MW and 60 MW, 
respectively. The daily maximum load demand is scaled up to 
241 . 1 6  MW. 

Fig. 4. The topology of the modified IEEE 30-bus system 

A. Typhoon simulation 

We assume the typhoon landing is located in China 
southeastern coast and the interested typhoon active area 
extends from 10°N to 25°N (northern latitude), l l 0°E to 
1 30°E (east longitude), divided into 1 2  regions. The simulated 
typhoon is moving in the northwest direction in Fig. 5 .  

24.5 

24 

.lJ 23.5 
.g j 23 

22.5 

22 

21.5 

21'---�--�----'---�--�--�'---�--�--� 
116 117 118 119 120 121 122 123 124 125 

Longitude 
Fig. 5 .  Typhoon track and offshore wind farm sites 

The blue solid line is the real track obtained from typhoon 
historical data and the blue dotted line is the forecast track 
simulated by the empirical formula (1 )-(3). The light gray 
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lines are the possible paths indicating the typhoon forecast 
errors and track rmcertainty. 

The typhoon forecast track errors affect the distance from 
typhoon center to wind farms, which leads to uncertain wind 
generation and rmpredictable wind farms operating states. To 
reveal the typhoon track rmcertainty, the forecast errors of the 
simulated typhoon track are collected in Section II-B. The 
kernel density estimate method is used to obtain the 
probability distribution information. The probability density 
distribution (PDF) and the cumulative distribution frmction 
(CDF) of the typhoon track forecast errors are shown in Fig. 6 
and Fig. 7. It is formd that regarding the typhoon track 
uncertainty (Case 3) figures out more precise wind farm 
output expectation while the forecast typhoon track (Case 2) 
fails to predict output deviation in wind farm 2 (W2). 

0.03 

c � 0.02 
£ 

0.01 

0.8 

E o.6 
� .r> 
£ 0.4 

0.2 

-100 0 100 
Forecast track error (km) 

Fig. 6. PDF of typhoon track error 

CDF of typhoon track error 

200 

o L-------��----�------�------� -200 -100 0 100 
Forecast track error (km) 

Fig. 7. CDF of typhoon track error 

B. Risk assessment 

200 

During the typhoon activity, the offshore wind farms are 
influenced due to the violent wind speed. This paper assesses 
the power system operating risks with wind power deviation. 
Suppose the typhoon track is known in advance, system 
operators are supposed to carry out proper preventive dispatch 
strategy to minimize the load shedding and wind power loss. 
In this section, we analyze different day ahead unit 
commitment (UC) strategies, Case 1 and Case 2, and calculate 
their operating risks during the typhoon activities. 

Case 1 : The typhoon landing is ignored and day ahead unit 
commitment is calculated based on normal weather condition. 
The forecast outputs of two offshore wind farms are shown in 
Fig. 8 and the UC is presents in Fig. 9. 

Case 2 :  The forecast outputs of the offshore wind farms 
are affected by the typhoon track is plotted in Fig. 10  and the 
corresponding UC is shown in Fig. 1 1 .  

Under actual circumstances with rmcertainty, the power 
outputs are deviated from the forecast ones and the power 

978-1 -6654-0823-3/22/$31 .00 ©2022 IEEE 

imbalances threaten the real time dispatch. In every time 
interval, the output deviations, /':,pr, are input into dispatchable 
region to make sure the power system operating states are safe 
or not. Is is determined by the dispatchable region in Fig. 12 .  
The risk indices are calculated based on (12) in TABLE I .  

60 

� 50 
� 40 
" 
-$' 30 0 
� 20 0 Po< 

1 0  

Power outputs o f  offshore wind farms 

5 10  15  20 
Time step (h) 

Fig. 8. Forecast outputs of two wind farms regardless of typhoon 
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- G2 
- G3 
- G4 

5 10  15  20 
Time step (h) 

Fig. 9. Security constrained UC regardless of typhoon 

Power outputs of offshore wind farms 

60 

�

50 
� 40 -s 
-$' 30 0 

� 20 0 Po< 
1 0  

5 10  15  20 
Time step (h) 

Fig. 10. Two wind farms under forecast typhoon track 

140 ______ P,ow __ er_o_u�tp�u_ts,o_f_c_o_nv_� __ ti,on_a_l�g� __ er_a_to.�----.---
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;0: 80 60 
!; 
� 40 
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- G2 
- G3 

10  15  20 
Time step (h) 
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Fig. 1 1 .  Security constrained UC under forecast typhoon track 

0.5 

&' 
� 0 
0 0 

'";_<-> -0.5 

<l 
- 1  

-1 .5  

Case 

Case 1 
Case 2 

-2 -1  0 

t, w 1 (1 OOMW) 
Fig. 12. The dispatchable region in 6th time slot 

TABLE I 
UNSAFE STATES AND RISK INDICES 

Unsafe states Risk indices 

12 1 .6045 
4 0 . 1 124 

2 

In cases 1 and 2, the wind power outputs are outside the 
dispatchable region because of the large power imbalance. 
Compared to Case 1 ,  Case 2 considers the simulated typhoon 
track and the forecast wind power outputs are more accurate 
resulting in smaller total risks and less unsafe states. 

The unsafe states of Cases 1 and 2 are displayed in Fig. 1 3  
and Fig. 1 4. The average risk in different time steps indicate 
the riskiest states are among 23 � 24 time intervals in both 
cases. However, regardless simulated typhoon can reduce the 
average risks and total unsafe states. 

0.3 

� 0.2 

0.1 

O L-----��----�--0.�� 
0 5 10  1 5  20 25 

Time step (h) 
Fig. 13 The unsafe states regardless of typhoon 

0.06 

� 0.04 

0.02 

5 10  1 5  20 25 
Time step (h) 

Fig. 14 The unsafe states regarding simulated typhoon 
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VI. CONCLUSIONS 

The paper assesses the power system operating risks 
caused by offshore wind farm outages under typhoon 
conditions. A simulated typhoon with uncertain track is 
revealed to study the spatial temporal feature and its impact 
on offshore wind farms. The dispatchable region is utilized to 
assess the power system operating security. It is found the 
simulated typhoon with track uncertainty can better seek out 
the operating risks of offshore wind farms with probabilistic 
information. The proposed method can not only calculate the 
total operating risk during typhoon activities, but also identity 
the unsafe states in different time slots. Future work may focus 
on the unit commitment and anti-risk dispatch strategy. 
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