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Abstract—In coastal regions of China, offshore wind farm ex-
pansion has spurred extensive research to reduce operational
costs in power systems with high penetration of wind power.
However, frequent extreme weather conditions such as typhoons
pose substantial challenges to system stability and security. Pre-
vious research has intensively examined the steady-state opera-
tions arising from typhoon-induced faults, with a limited em-
phasis on the transient frequency dynamics inherent to such
faults. To address this challenge, this paper proposes a frequen-
cy-constrained unit commitment model that can promote ener-
gy utilization and improve resilience. The proposed model ana-
lyzes uncertainties stemming from transmission line failures
and offshore wind generation through typhoon simulations.
Two types of power disturbances resulting from typhoon-in-
duced wind farm cutoff and grid islanding events are revealed.
In addition, new frequency constraints are defined considering
the changes in the topology of the power system. Further, the
complex frequency nadir constraints are incorporated into a
two-stage stochastic unit commitment model using the piece-
wise linearization. Finally, the proposed model is verified by nu-
merical experiments, and the results demonstrate that the pro-
posed model can effectively enhance system resilience under ty-
phoons and improve frequency dynamic characteristics follow-
ing fault disturbances.

Index Terms—Frequency constraint, offshore wind farm, ty-
phoon uncertainty, unit commitment.

I. INTRODUCTION

N light of environmental deterioration and increasing con-
cerns on energy security, China has embarked on plan-
ning an advanced power system dominated by wind energy,
photovoltaic energy, and other renewable energy sources
with the aim of peaking carbon dioxide emissions by 2030
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and achieving carbon neutrality by 2060. The related studies
have shown that China has abundant wind energy resources
capable of harvesting 12900-15000 TWh of wind energy an-
nually [1]. Wind power generation is typically categorized
based on its installation location into onshore and offshore
types. In the past decade, onshore wind power generation
has experienced rapid development due to its easy installa-
tion and maintenance processes. However, constrained by its
potential, the onshore wind power development is approach-
ing a saturation level. In contrast, offshore wind power gen-
eration has a great untapped potential since the average wind
resource in the coastal areas is much greater than the on-
shore one and is closer to the population-dense regions. For
example, Guangdong Province, China has a potential off-
shore wind energy of 1584.4 TWh [2]. The annual growth
rate of installed capacity for offshore wind power is 6.3%,
and the newly added capacity is expected to reach 30 GW
by 2027 [3].

As climate change progresses, there have been frequent
extreme weather events such as floods and typhoons [4].
The power systems with offshore wind farms are susceptible
to destructive impacts from typhoons in coastal areas of Chi-
na [5]. Therefore, system operators tended to shut down off-
shore wind farms to prevent damages during typhoons, re-
sulting in significant energy wastage. For example, when Ty-
phoon Ampil hit Jiangsu Province, China, in 2017, wind gen-
eration increased to 1560000 kWh, thus almost doubling the
output observed under normal operational conditions [6]. In
recent years, certain advancements have been made in the
anti-typhoon design of offshore wind turbines; for example,
the 5.5 MW typhoon-resistant floating offshore wind tur-
bines have been developed [3]. By employing control strate-
gies of the pitch and yaw systems, the wind load on the tur-
bine during a typhoon can be reduced, ensuring structural
safety and functional integrity [7]. Despite the potential
threats of typhoons, the power system operators aim to en-
large wind power generation and improve the power system
resilience during typhoons through reasonable operation and
application of control strategies [8]. Hence, the objective of
this study is to develop a proactive unit commitment strate-
gy aimed at improving the utilization of offshore wind re-
sources and system resilience under typhoon conditions.

For power systems with high penetration of offshore wind
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power, typhoons primarily affect two system components: (D
renewable energy sources such as offshore wind farms, and
@ transmission line systems. To evaluate the typhoon im-
pact on offshore wind farms, [9] performed weather-research
simulations to forecast the failure rates of offshore wind tur-
bines. Similarly, [10] analyzed the feasibility of wind turbine
under stochastic weather conditions. With respect to vulnera-
ble overhead transmission systems, [11] investigated the cor-
relation between the weather intensity and the history failure
rates of transmission lines. In [12], the tower and line fragili-
ty were modeled based on the structural and statistical analy-
ses. Nevertheless, addressing the inherent uncertainties asso-
ciated with the typhoon impact is challenging. Various opti-
mization models, including stochastic programming [13] and
robust optimization [14], have been employed to accommo-
date renewable energy effectively, thus mitigating the opera-
tional cost and risks. In addition, the treatment of uncertain-
ty based on three prediction error levels (i.e., high, medium,
and low levels), which was conducted in [13], is rather
coarse. In [14], only the impact of a single typhoon track
was considered. In addition, the robust optimization models
[15], [16] with innovative uncertainty sets accounting for ty-
phoon track uncertainties considered only load shedding in
the worst-case scenarios, which is over-conservative.

The above-mentioned studies have primarily emphasized
the steady-state operation of power systems under extreme
weather conditions, paying less attention to the frequency
stability of a power system. After a generation-load power
imbalance caused by contingencies during a typhoon, uncon-
trolled frequency fluctuation might lead to emergent load
shedding and generation loss [17]. In [18], the frequency
controls of wind farms were studied in addressing severe fre-
quency contingencies. In [19], an innovative frequency crite-
rion for optimal generator and flexible load scheduling under
transmission line failure during typhoon was proposed. To
enhance the resilience of a power system with offshore wind
farms during a typhoon, [20] considered the frequency secu-
rity requirements of the proactive unit commitment problem.
Nevertheless, the aforementioned studies have not consid-
ered the operational shifts in offshore wind farms and the
power disturbances arising from transmission line failures
during a typhoon. In reality, the unavailability of virtual iner-
tia and reserves from wind farms, coupled with failures in
overhead transmission lines, exacerbates the frequency stabil-
ity of the power system, which has often been overlooked.
When a significant number of lines in a power system are
damaged, the power system can become segmented into dif-
ferent regions with their own frequency dynamics, and using
a unified frequency model for different regional frequencies
might result in significant errors. Previous studies have main-
ly considered a predefined power disturbance such as the
maximum generator output loss or a fixed percentage load
increase [19], [21], [22], while the power disturbances
caused by the generation-load power imbalances during grid
islanding have not been discussed.

To overcome the aforementioned limitations, this study in-
troduces a proactive unit commitment for power systems
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with high penetration of offshore wind power. In contrast to
our previous work [23], this paper further considers the
transmission line failure contingencies and addresses the as-
sociated post-fault frequency issues. The main contributions
of this study can be summarized as follows.

1) A proactive unit commitment for power systems with
high penetration of offshore wind power is proposed. It pro-
motes wind power utilization and improves grid resilience
during typhoons. In this study, both the steady-state opera-
tional states and the transient frequency dynamics are consid-
ered. To capture the spatial-temporal impacts of typhoon on
the offshore wind farms and overhead transmission lines, rep-
resentative scenarios are generated through Monte Carlo sim-
ulations, involving uncertain wind generation and topologi-
cal changes during typhoons.

2) The proposed model incorporates two types of power
disturbances stemming from wind farm cutoff and grid is-
landing (caused by transmission line failures) events. In addi-
tion, it further considers the consequences of topological al-
terations on system inertia and the regulating reserves within
the frequency constraints. Further, the nonlinear frequency
constraints are reformulated using the piece-wise lineariza-
tion, and the optimization problem is modeled as a tractable
scenario-based two-stage stochastic programming.

Numerical experiments show that the proposed model re-
duces the operational costs and improves the frequency sta-
bility of a power system during grid islanding events.

The rest of this paper is organized as follows. Section II
introduces the typhoon model and explains its spatial-tempo-
ral impact on power system components. Section III de-
scribes two types of power disturbances during frequency
regulation and defines frequency response constraints. Sec-
tion IV introduces the proactive two-stage stochastic unit
commitment model. Section V presents the case studies. Fi-
nally, Section VI summarizes our conclusions.

II. TYPHOON MODEL AND ITS SPATRAL-TEMPORAL IMPACT
ON POWER SYSTEM COMPONENTS

This section introduces the typhoon model, considering
the empirical track and wind field models. In addition, uncer-
tainties associated with typhoon tracks are considered
through typhoon simulations. Further, the spatial-temporal
impact of typhoon on crucial power system components (i.e.,
offshore wind farms and transmission lines) is analyzed. Fi-
nally, a scenario generation method is used to capture the
stochastic nature of the wind farm cutoff and grid islanding
events.

A. Typhoon Track Model

In day-ahead planning, system operators usually receive
early warnings of an ongoing typhoon activity and use the
current typhoon conditions obtained from the meteorological
department to forecast its impacts on a power system. To
model a specific typhoon track, the heading direction and
translation speed are calculated using an empirical typhoon
track model as [24]:

Alnc(t)=a,+a,p(t)+a; M)+ a, Inc(t)+a0()+e,

()
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AO()=b, +byy(t)+ b, A1)+ b,c(t) + b0 + b O — )+, (2)

where c(¢) is the translation speed; 6(¢) is the heading direc-
tion (in degrees calculated from the north) of a typhoon eye;
w(f) and A(f) are the latitude and longitude of the typhoon
eye, respectively; ¢, and ¢, are the residual terms obeying
Gaussian distributions; and a,-a5 and b, -b, are the fitting
coefficients for each 5°x 5° grid in the sea.

After collecting historical data of ¢, and &,, typhoon track
scenarios can be generated by adding sampled prediction er-
rors from ¢, and ¢, to the forecasted ¢ and @ obtained by (1)
and (2), respectively. More details about the stochastic ty-
phoon track sampling can be found in [23].

The relative intensity / related to the sea surface tempera-
ture at time ¢ is calculated by:

Ini(t+)=d,+d, Inl(t)+d; Ini(t—)+d, InI(t—2)+
dsS (O)+ds (S, t+ D=5 O)+¢, 3)

where S, () is the sea surface temperature at time f; d-d, are
the model coefficients corresponding to each 5°x5° grid on
the sea; and ¢, is the random error term.

To estimate the coefficients in (1)-(3), this study performs
the least square fitting on historical typhoon data recorded in
a 6-hour interval, which were collected from the Tropical
Cyclone Center of the China Meteorological Administra-
tion [25].

B. Typhoon Wind Field Model

For a specific typhoon track, wind speeds can be estimat-
ed at different locations using the typhoon wind field model
[26]. The wind speed wy, at a specific location represents a

function of its distance d to the typhoon eye, which can be
calculated as:

KW, (1-e*) 0<d<r,,

— -Ing d=r, 4
Wep e T P <AST 4)
0 ro<d
1, K
o K- )

where W is the maximum wind speed; K is the typhoon
speed parameter; r,, is the radius corresponding to the maxi-
mum wind speed; f is the boundary parameter; and r, is the
boundary radius of the typhoon influence, where the wind
speed is reduced to W, /p.

In this study, K and f are set to be 1.14 and 10, respec-

tively, and the estimates of the time-varying parameters W,

rme and 7 are obtained as [26]:
Inr,,,=2.636—0.0005086Ap" +0.0394899y 6)
B=1.38+0.00184Ap—0.00309r,,,, (7
VVm =V BAp/(paire) (8)

where B is the Holland pressure parameter; Ap is the central
pressure difference; and p,, is the density of air.

Ap is associated with the relative intensity /(f), which is
calculated by:
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()= —2
Paa—Pac

where p,, is the surface value of the partial pressure of ambi-

)

ent dry air; and p,. is the minimum sustainable surface value
of the central pressure for a typhoon.

C. Typhoon Impact on Power System Components

Along a typhoon track, the power system components in
different regions are subjected to different degrees of ty-
phoon impacts due to the spatial-temporal wind speeds [16].
Moreover, they experience two different operational states:
normal state and emergent state. For example, in the normal
state, offshore wind farms provide wind power and opera-
tional reserve. However, in the emergent state, they might be
cut off, causing power disturbances, and lose frequency sup-
port.

1) Offshore Wind Generation

The wind speed at the location of power system compo-
nent depends on its distance to the typhoon eye, i.e., d,
which can be calculated using the typhoon wind field model
(4) as:

d=\/ (= XO) +(,,—p(0)) (10)
where (A(2), w(¢)) is the location of typhoon eye; and (4,,y,,)
is the location of power system component.
The available wind generation P"* can be obtained from
the wind speed power curve as:

0 W, SW 0T W, 2 W,
1

Wa__ ) 1 3
P = 2mepAwSp Wy <wg, Sw,

(11)

P W, <wy, <w,

T

oi» Weor and w are the cut-in, cutoff, and rated wind

speeds, which are 3 m/s, 20 m/s, and 12 m/s, respectively;
and C,, 4, and P, are the rotor power coefficient, the blade
swept area, and the rated power, respectively.
2) Failure Rate of Transmission Line

Overhead transmission lines are vulnerable to typhoons,
and their failure rates are associated with wind speed, as pre-
sented in Fig. 1 [12]. Because any independent failure of the
conductor segment can result in a failure of the correspond-
ing line, the failure rate of line 7, i.e., 7, (#), can be calculated
as:

where w_, w

7,0=1- [ -7, (12)

where N

n

failure rate of a line segment # of a line ij.

is the number of line segments; and 7, (7) is the

1.0

0.5

Failure rate

0 10 20 30 40 50 60 70
Wind speed (m/s)

Fig. 1. Fragility curve of transmission lines under a typhoon.
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D. Typhoon Scenario Generation

In day-ahead scheduling, system operators only know the
initial conditions of the coming typhoon, and the trajectory
of a typhoon is highly uncertain during its active period. We
consider the impacts of two types of uncertainties on the
power system: the long-term and the short-term uncertainties
in Fig. 2. The long-term uncertainty stems from the stochas-
tic nature of typhoon paths, encompassing the uncertainty of
tracks in each scheduling period stage by stage. The short-
term uncertainty refers to the uncertainty of the status of var-
ious power system components under a specific wind speed
during a dispatch interval, as depicted in Fig. 2 at time ¢,.
The output of offshore wind farms p}Z and the failure rate of

transmission lines 7;, are determined by wind speed. The ex-

pectation of the binary variable representing the transmission
line state /;, is equal to 7, . The long-term uncertainty is ad-
dressed by considering future typhoon track scenarios
through stochastic programming, while the short-term uncer-
tainty is addressed by considering possible network topology
scenarios after transmission line failures using robust optimi-

zation.

t=1

Typhoon track 1

Typhoon track 2
Long-term

uncertainty

Typhoon track s

I.
Short-term ity

uncertainty

Fig. 2. Framework of two-level uncertainties.

Then, this study conducts typhoon track simulations, calcu-
lates the wind speeds at the locations of power system com-
ponents, and generates scenarios for offshore wind genera-
tion and transmission line states in Monte Carlo simulations,
as shown in Algorithm 1.

[II. DESCRIPTION OF POWER DISTURBANCES AND
FREQUENCY RESPONSE CONSTRAINTS

This section first introduces the frequency dynamic mod-
el, and then derives frequency response constraints of three
indices, namely rate of change of frequency (RoCoF), quasi-
steady-state frequency (QSS), and frequency nadir. Subse-
quently, it analyzes the impact of a typhoon on the system
frequency dynamics and presents two new types of power
disturbances. Finally, the multi-region frequency constraints
are defined considering variations in the power network to-

pology.
A. Frequency Dynamic Model

As investigated in [19] and [22], the system-level frequen-
cy dynamics after a sudden power disturbance AP, can be
described by a first-order ordinary differential equation as:

2H df "

7o o= SAPE+ DUAPY - AP,
0

ieTC ieTV
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Algorithm 1: scenario generation for offshore wind generation and trans-
mission line state determination under uncertainties

Input: locations of offshore wind farms and transmission lines, initial net-
work topology, initial typhoon position, empirical formulas for the fore-
casted typhoon track, and prediction errors

Output: typhoon track, wind speeds at locations of power system compo-
nents, available offshore wind generation, failure rates of transmission
line, normal or post-fault network topology required for steady-state
constraints along with their estimated probabilities, and constraints for
two types of transient events (grid islanding and wind farm cutoff
events): occurrence time, the topology of separated regions, and the con-
ventional or wind units included

1: Determine the coordinates of midpoints for transmission line segments
and offshore wind farms

Repeat

2: Obtain the current coordinate, translation speed, and heading direction
of a typhoon, and calculate the typhoon movement in the next time
step using empirical formulas (1) and (2)

3: Sample random prediction errors ¢, and ¢, add them to the calculated
typhoon movement obtained in Step 2, and determine the typhoon co-
ordinate in the next step

Until the maximum number of typhoon track samples N, ..« i reached

4: Perform scenario reduction on N, .4 scenarios and record the probabil-
ities corresponding to each of the scenarios

for each reduced typhoon track numbered from 1 to
Repeat

for =1 to T (the period of the time span) do

5: Determine the wind field of the current typhoon by (6)-(8), calculate
distances from the typhoon eye to the power system components
(i.e., wind farms and transmission lines) using (10), and obtain the
corresponding wind speeds at the locations of power system com-
ponents by (4) and (5)

6:  For each offshore wind farm, calculate wind power output by (11),
record the moment ¢ ., if the wind turbine operates at time
tindeo— 1 but is forced to cut off at time ¢

7. For each transmission line, calculate the failure rate of transimission
line by (12), randomly sample z, from a uniform distribution
U(0, 1), and determine the transmission line state /,, as:

ijt
0 m<m;@)orl;, =0
it~ 1

8:  Inspect the connectivity of the network topology after determining all
transmission line statuses. If the power grid separates into multiple
regions at #,,, record the moment ¢,;, and the corresponding topolo-
gy, and use this islanding information to analyze the frequency dy-
namic

end for

9: Record the network topology during period 7 under the current ty-

phoon track and use it to describe the steady operational state
Until the maximum number of steady-state operational topology samples
is reached

do

reduced

windco

(13)

otherwise

NtopologyA max

end for

where H, f,, Af, and D are the system-level inertia, nominal
frequency, frequency deviation, and damping factor, respec-
tively; Z¢ and % are the sets of buses equipped with a con-
ventional generator and a wind farm, respectively; and AP?
and AP}" are the generation increments of conventional gen-
erator and wind farm after a power disturbance, respectively,
representing piece-wise linear functions, which are defined
as [21]:

0 t<tpg
APiG: R?(t_tDB)/td top St<tpg+iy (15)
RY top+1,<t
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0 t<tpg
AP;'W: sz(t_[DB)/td lpgSt<tIpg+1g
RY I +1g<t
where RY and R} are the reserves from the conventional gen-
erators and wind farms at bus i, respectively; and 7., and ¢,
are the dead-band time and the delivery time of frequency re-
sponse, respectively.

This paper considers a system aggregated inertia obtained
by the sum of inertia from synchronous units and wind
farms [21]. The wind turbine provides a fixed virtual inertia
in pitch control mode [27]. Substituting (15) and (16) into
(14) and solving it yields the following expression for fre-
quency deviation:

D
2A};di8(1 _ezH’)

(16)

1<tps

[RD(t— ty )+ AP 1,D—2HR]+

Af=1 D%t ()
Dty
2H AP .. L
21;13;2 -l Mty Sttt
d
R= E‘API. + z AP; (18)
ieZb ieI®
H= z HEPuS + z HY P uy (19)

f;) ieZ®

where R and H are the total system-level regulating reserve
and inertia, respectively; HS and H” are the inertia con-
stants of conventional generator and wind farm, respectively;
PV and P are the capacities of conventional generator
and wind farm, respectively; and u_ and u) are the on/off
states of conventional generator and wind farm, respectively.
According to the frequency requirements, the RoCoF,
QSS, and frequency nadir should be constrained as fol-
lows [21].
1) RoCoF Constraint
The largest RoCoF RoCoF,,, is at the instant when a pow-
er disturbance occurs, which can be derived from (14) as:
1 AP,
2 RoCoF o

ieTV

(20)

2) OSS Constraint

Given the frequency reaching a constant level and the full
delivery of reserves, the QSS A can be derived from
(14) as:

max
qss

APdm DAfmaX <R

ass = 21
3) Frequency Nadir Constraint

The frequency nadir represents the minimum value during
the frequency dynamics in the interval [tpg,fp+7¢,] There
are mainly three models to derive the analytical frequency
nadir expressions. The discretized frequency dynamic model
in [28], considering speed governors, energy storage system
(ESS), and load damping, can be more accurate if an appro-
priate time step is selected. The system frequency response
(SFR) model makes some simplifications as setting similar
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time constants for all synchronous units and neglecting the
limiters and the dead zones of the governors. Moreover, the
frequency nadir expression in [29] exhibits considerable com-
plexity and incurs a high computational burden of a mixed-
integer non-linear program (MINLP) formulation, which
needs further linearization. In this paper, we follow the iner-
tia-dependent frequency model, which is easy to handle and
widely adopted in many day-ahead scheduling problems
[19], [21], [30]. By setting dAf/d¢=0 and substituting the so-
lution into (17), the frequency nadir Af,,,. can be limited as:

adir

|Afnadir =Afppt+ Apd%DAfDB +
2HR In 2HR < Af max
t,D*  2HR+1,D(APy,— DAfpg) — nadir (22)
where Afpp is the frequency dead band; and Afi: is the

maximum value of Af, ;..

Due to the nonlinear characteristics of (22), incorporating
this formula into the optimization problem poses computa-
tional challenges. In [22], a unique relationship between
AP, and x (k=HR) was demonstrated. In this work, the rela-
tionship between AP and « is determined through numeri-
cal calculations f'(x, APdis)=O:

2K
e A )= I 1 D(AP g~ DAy
D*(A n’;‘cﬁi—AfDB)+D(APdis—DAfDB) (23)

Then, n data points (Ap,.x,), (Ap,.%,), ..., (Ap,.x,) are
obtained, and the piece-wise linearization method is em-
ployed to approximate the mentioned relationship. As shown
in Fig. 3, the curvature of the curve, which is composed of
black dots, gradually increases along the horizontal axis. Fi-
nally, the conservative approximation of (22) can be ob-

tained as:

K,—K,
Apm Ap— APy —Ap, )+k, <k Vm=12,...n (24)

m—1
150

~ 100

2

S

= 50

o1 2 3 4 5
AP (pu.)
Fig. 3. Piece-wise linear fitting curves of x and AP,

It should be noted that the bilinear term HR (x=HR) in
(26) can be decomposed into multiple products of continu-
ous and binary variables, and thus can be transformed into a
mixed-integer linear programming (MILP) problem using the
big-M method. In scenario s, the nadir constraints are de-
fined as:

k< | DVHSPU XS+ S HY P XY (25)

- its
fZ) ieI® ieTV
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M1 -uf)<X3- > RG- z RY<M(1-u$) VieI®
iel ieTV (26)
~M(1-ul)<X, Z RS — 2 RY<M(1-u)) VieTV
ieZC ieTV (27)
~Mu$<XS<MuS VieI® (28)
~Mu) <X <Mu) VieI" (29)

where M is a large number; and X, and X, are the auxil-

iary variables for the bilinear term of conventional generator
and wind farm, respectively.

B. Typhoon Impact on System Frequency Dynamic

The previous subsection has analyzed the dynamic fre-
quency response of a power system. However, under ty-
phoon conditions, a power system experiences significant
changes in its state and operation. Previous studies have con-
sidered power disturbances under predefined conditions, e.g.,
the maximum generator output loss or fixed percentage load
increase, but they have not addressed two types of power
disturbances related to the operational state of power system.
1) Two Types of Power Disturbances Under Typhoon Condi-
tions

This study analyzes two types of power disturbances un-
der typhoon conditions, which result from the forced wind
farm cutoff and grid islanding caused by transmission line
failures. As shown in Fig. 4, the offshore wind farm in re-
gion 2 operates at time #,,,— 1 but is forced to cut off at a time
t4i due to the influence of a typhoon. This power disturbance
AP 4, 1s modeled with the wind turbine disconnection as:

disw
w
2 pm un‘v ul t+1ls
APdisw: ie1" - zpus(l 11+1§) (30)
0 otherwise ie®
where p). is the output of wind farm at bus i.
//' Reglonl RN P, /// ReglonZ -

,/ \\ ’ \

|—I \
| ! Tie-line \ B
. S =gl S

. Conventional generator; . Load; . Offshore wind farm

Fig. 4. Two types of power disturbances.

In Fig. 4, the tie-line functions normally at time 7,,— 1 but
is broken at a time 7, due to excessively high wind speeds,
which separates the grid into two distinct regions. In each of
the two regions, a power disturbance arises from the imbal-
ance between the active power generation and the particular
load demand. For example, the power disturbances in re-
gions 1 and 2 are denoted as P; then, the gird islanding dis-
turbance, AP, in region r can be expressed as:
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dlSl z pm

ieI°NT’

: IIS‘

ieTVNT'

+ > (Ph-ph)

Vr
ieI°NI’ (31)
where Z" is the set of buses in region r; Z® is the sets of
buses equipped with load; p$ is the output of conventional
generator at bus #; and p> and pl, are the load demand and
load shedding at bus i, respectively.

After the grid islanding events, the frequency response re-
sources, i.e., inertia and reserve, decrease in each separated
region. When two disturbances occur simultaneously, the sys-
tem response time is shorter, and there is less frequency re-
serve and inertia constant, resulting in more severe frequen-
cy deviations. This paper considers the worst-case scenario,
where both grid islanding and wind farm cutoff events occur
simultaneously, and the system must meet the frequency re-
quirements. Combining the two aforementioned types of
power disturbances, the following expression can be derived
by adding (30) and (31):

dlS 2 plfS z (pz[t) _pz]';s) +
ieI°NT’ ieI°NI"
z pz\x_ 2 pl\;‘;(l_ lt+1r) vr (32)
ieTVNT ieIVNT

2) Multi-region Frequency Constraints

Based on the previous analysis, the impact of a typhoon,
which can cause specific overhead transmission lines to fail
and result in grid islanding, initiates independent frequency
response processes for each isolated region. Therefore, three
different frequency indices, constrained by (20), (21), (25)-
(29), must be considered individually for each isolated re-
gion. In contrast to the discussion in Section III-A, here, it
is considered that the inertia and regulating reserve for each
region undergo changes following the topological alteration.
For region r, the inertia and regulating reserve, depending
on the system topology and the corresponding RoCoF and
QSS constraints, are defined as:

fO di G pGU,_,G W pWU, W
is HP P> uy + H P ™ u" Vr
(33)
max G 4
APdiS_D ” gzeIZﬁIAP zeI‘Z’ﬂI’APi v (34)

The frequency nadir constraints are modified by (25)-(29),
which are adjusted to the specific subset of generators and
wind farms, as:

(25-29) VieZI°NZI orieIVNI",Vr (35)

IV. TWO-STAGE STOCHASTIC UNIT COMMITMENT MODEL

This section presents the framework of the two-stage sto-
chastic unit commitment model, as presented in Fig. 5. The
proposed framework considers typhoon track uncertainties
and formulates them as a two-stage stochastic problem. In
the first stage, operators determine the on/off states of units,
i.e., the here-and-now decisions in the day-ahead time; in the
second stage, they determine adjustable generator output, re-
serves, and load shedding, i.e., the wait-and-see variables, to
address the realized typhoon uncertainties in the real-time
dispatch. On the one hand, the steady-state operational con-
straints denote the steady-state limitations that must be met
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following a line failure and subsequent redistribution of sys-
tem power. On the other hand, in scenarios where the sys-
tem network is partitioned into different segments due to
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transmission line failures, transient constraints are necessary
to ensure frequency stability in each segment.

First-stage:

typhoon tracks

Typhoon scenario 1

i i 1} 3 3 here-and-now 3
3 l 3 WA O e ‘ 1 3 ‘ On/off states of units ‘ |
! } 3 Wind speed at each line and | | JDecision variable
} l ! derivation of failure rate 3 e EELEEEEAEEEEEEEEEEE ‘
" [ Wind field || Empirical | | | l s Sec?“d‘ztagei :
! model track model | | [ D _Wattandsee |
| | ' | Line status from Monte Carlo | « i .
| i | : L  Typhoon scenarios |
! ! | sampling v : . !
1 i Scenario | Dl meebeeeofolL oo
1 Spatial-temporal reduction| | l feceeo_____tv i Typhoonscenario2 . |

‘ Operating topology }—}A—%»‘ Steady-state operation ‘ 3

Fig. 5. Framework of two-stage stochastic unit commitment model.

A. Objective Function

The objective function of two-stage stochastic unit com-
mitment model is defined as:

min €y =Cy+ Coy+ Cpy+ Cp+ Cpt C, (36)
C,= 2 z max {0, c;(ug—ugq )} (37)

t jeZ"
Cy=> > max{0,ct(-ul+ul_)} (38)

t jeZ®
zn S (s +ciph) (39)

t jez®

Cpr: ZEXZ Z‘oc Rl/v (40)
= ZR}Z EI‘WC Rll&‘ (41)
271— Z EI‘DCIS its (42)

where C,,, is the total operational cost; C,, and C are the
start-up and shut-down costs with coefficients ¢, and cg, re-
spectively; C,, is the power generation cost with linearized
coefficients cg and c,; C, and C,, are the reserve costs for
thermal and wind generators with coefficients c,, and c,,, re-
spectively; C is the load shedding cost with coefﬁ01ent €1
and 7, is the probability of the steady operational state of
power system.

B. First-stage Constraints

In the first stage of the two-stage stochastic programming,
the conventional generators should satisfy the following con-
straints:

70
(-
=1

G _
uip=1

VieI® (43)

t+T -1

TU(ult_utt 1)< z l/l

VieT% Vi= T0+1T°+2 LT=-TV+1  (44)
T
0< Dl (i —uf, )]
 VieZIONVi=T-TU+2.T-T+3,...T  (45)
T,L
2ui=0
= Viel (46)
”:('.}0:0
t+TP-1
TiD(uSt 17 )< z (1 uzz
VieZIC, Vt—TL+1TL+2 T-T°+1 (47)
T
0< D1 —ui—fy—u)]
VieZ® Vi=T-TP+2,T-TP+3,...T  (48)

where TV and TP are the minimum up and down time, re-

spectively; and T° and T\ are the initial periods when the
unit must be online and offline, respectively, and they are
calculated by T°2=min{T, (T'-T° " u$} and T'=
min {7, (T°-T")1-u$)}, and T°" and T'' are the periods
when the unit has been online and offline prior to the first
period of the time span, respectively.

Constraints (43) - (45) denote the minimum uptime con-
straints in the initial 7° periods, consecutive periods of a
size T, and the final 7”—1 periods, respectively; and the
minimum downtime constraints (46) - (48) are identical to
(43)-(45) after the replacement of 1-u$, T, and T° with

l[’ i
ug, TP, and T', respectively [31].

C. Second-stage Constraints

The second stage contains frequency constraints (33)-(35)
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and steady-state operational constraints (49)-(57) (the scenar-

io index pL is omitted for brevity), which are defined as:
Pi+PY +pi—ph= > Py ViV 49)
jeT
—Fyl,<p,<F;l, ViVt (50)

_M(l _]ijt)spijt_(eit_ejt)/)(ijSM(l _[ijt) VU, Vi (51)

G_ .G GU, G SU/,,G_ .G
Pi =P SR w] R (uy —ug,

) VieI® Vi (52)
pf,fl—pSSRiGDuS+RiSD(uSFl—uS) VieIC Vt (53)

PMul+ R <pi<PNui-R; VieI® Vi (54)
0<R<yP" VieI®Vit (55)
RY<py<P)*-R) VieI% Vi (56)
0<ph <p? VieIP vt 57

where p;, and [, are the power flow and operational status
of a branch 7, respectively; 6, is the phase angle at bus i; Z*
is the set of buses connected to bus i; X and F, are the reac-
tance and capacity of branch ij, respectively; P is the mini-
mum outputs at bus i; R and R°® are the ramp-up and
ramp-down limits at bus i, respectively; and RV and R" are
the start-up and shut-down ramp limits at bus i, respectively.

Constraint (49) represents the power balance of a bus, and
constraints (50) and (51) limit the power flow on a branch ij
considering its operational status. For each conventional gen-
erator, constraints (52)-(55) ensure compliance with the spec-
ified ramp-up, ramp-down, generator output, and reserve lim-
its, respectively. Constraint (56) describes the wind power
and the reserve of a wind farm in the deloading operational
mode [32]. Constraint (57) limits the maximum load shed-
ding.

Based on the analyses presented in Sections III and IV,
the two-stage stochastic unit commitment is reformulated as
an MILP problem with objective (36)-(42) and constraints
(43) - (48), (49)-(57), (33)-(35), which can be efficiently
solved by commercial solvers, such as Gurobi [33].

V. CASE STUDIES

The proposed frequency-constrained unit commitment is
verified by case studies using the modified IEEE 5- and 30-
bus systems. A predefined typhoon moves northwest, as
shown in Fig. 6. Two levels of uncertainties stem from the
typhoon track and the power network topology. For each ty-
phoon track, the spatial-temporal failure rates of transmis-
sion lines are established, determining the topology scenari-
os for steady operational states and islanding events. To miti-
gate the computational burden of numerous scenarios, fifty
samples of typhoon track scenarios are generated, and five
scenarios (scenarios 1-5) with probabilities of 0.14, 0.28,
0.1, 0.38, and 0.1, respectively, after scenario reduction are
obtained [34]. In Fig. 6, the reduced typhoon tracks 1-5 in
scenarios 1-5 are indicated by cyan solid lines; and /,-/; are
transmission lines. In the test systems, the generator parame-
ters are set as H" =65, H9=4s, and RPV/R°=0.25PF"; sys-
tem parameters are set as 7,=10s, D=0.1p.u., f,;=50Hz,
and fp;=15mHz; frequency requirements are defined as
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RoCoF,,,=02Hz, Af;*=0.2Hz, and A

qgss

mx_ (.5 Hz [21].
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Fig. 6. Typhoon track simulation.

To verify the proposed model, the comparison are per-
formed with the other four test models, which are introduced
as follows.

1) M1: the proposed model considers two types of power
disturbances with multi-region frequency constraints.

2) M2: this model considers only the wind cutoff events
with unified frequency constraints while ignoring the grid is-
landing events.

3) M3: this model ignores frequency requirements.

4) M4: this model considers multi-region frequency con-
straints without virtual inertia and regulating reserve from
offshore wind farms.

5) MS5: this model considers multi-region frequency con-
straints without wind generation.

A. Modified IEEE 5-bus System

The modified IEEE 5-bus system consists of three conven-
tional generators (G1-G3) at buses 2, 3, and 5, two offshore
wind farms (W1 and W2) at buses 1 and 3, and three elec-
tricity loads at buses 2, 3, and 4 [35], respectively. The in-
stalled capacity of conventional generators is 930 MW, and
the wind power penetration rate is 50%. After typhoon simu-
lation and scenario reduction, the temporal variation of avail-
able wind generation under each typhoon track is deter-
mined, as shown in Fig. 7, and the weighted average of the
line failure rates under all typhoon tracks is obtained, as pre-
sented in Fig. 8. Due to the stochastic nature of transmission
line failures, 100 samples are used for each typhoon track to
acquire steady operational states and record system topolo-
gies during islanding events. Table I presents reduced ty-
phoon track and two types of power disturbances, i.e., the
most frequent grid islanding and wind farm cutoff events.

1) Significance Validation of Multi-region Frequency Con-
straints

In this analysis, a grid islanding event under typhoon
track 1 is considered. It occurs at hour 14 when the system
is separated into two regions, as shown in Fig. 9.
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Fig. 7. Wind generation under each typhoon track.
After solving optimization models M1-M3, the power out-

puts of each generator are obtained, and the frequency indi-
ces during frequency dynamics are calculated.
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Fig. 8. Weighted average of transmission line failure rates.

TABLE I
REDUCED TYPHOON TRACK AND TWO TYPES OF POWER DISTURBANCES

Reduced typhoon Probability of Number of steady

Grid islanding Wind farm cutoff moment (hour)

track reduced track operational topologies Most frequent topology Moment (hour) W1 w2
Typhoon track 1 0.14 8 [1-2], [3-5] 14, 15, 16 12, 14 18
Typhoon track 2 0.28 13 [1-2, 4-5], 3 6,7,8,9,10, 11 24
Typhoon track 3 0.10 15 [1-2], [3-5] 15, 16, 17 14
Typhoon track 4 0.38 3 [1, 3-5], 2 12, 13
Typhoon track 5 0.10 18 [1, 3-5], 2 6,7,8 14 22

Note: the symbol [] represents nodes in the same region.

\;\}2 is on

Region 1

Region 2

Fig. 9. Gird islanding event 1 and system topology.

The power disturbances include the power imbalance in
each region and wind power curtailment from W1 in region

1. As shown in Table II, M1 could reduce the power distur-
bances by balancing power in each region and turning off
W1 in advance. In comparison, M2 with a unified frequency
in all regions considers only the cutoff disturbance in WI,
while ignoring the grid islanding. As a result, although the
whole system reaches a power balance, all three frequency
indices in region 1 and both QSS and frequency nadir in re-
gion 2 exceed the frequency requirements. Further, M3, with-
out frequency constraints, could handle neither grid island-
ing nor wind farm cutoff events, which results in more se-
vere frequency deviations in all frequency indices in both re-
gions.

TABLE 11
SYSTEM FREQUENCY DYNAMICS OF M1-M3 UNDER GIRD ISLANDING EVENT 1

Model Region R (p.u.) H (s) AP (pu) AP, (pu.) RoCoF (Hz/s) QSS (Hz) Frequency nadir (Hz)
Mi Region 1 0 12.4 0 0 0 0 0
Region 2 0 51.0 0 0 0 0 0
N2 Region 1 0 12.4 0.23 0 0.47 2.31 2.81
Region 2 0 51.0 0.23 0 0.11 2.31 2.81
M3 Region 1 0 12.4 0.09 0.38 0.94 4.65 5.15
Region 2 0 51.0 0.09 0 0.04 0.89 1.39

By considering the steady-state operation and frequency
dynamics in different typhoon scenarios, the operational
costs of M1-M3 are compared, as shown in Table III. The re-
sults in Table III show that M2, which neglects the grid is-
landing events, and M3, which lacks frequency constraints,

have lower operational costs and less load shedding in the
system compared with M1. This is because M1 requires
more load shedding and wind power reduction in separated
regions to maintain power balance. However, M2 and M3
both fail to meet the frequency requirements under the pow-
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er disturbances caused by the typhoon. Table IV presents the
violated scenario probability and average frequency devia-
tions of M1-M3 in 106 power disturbances scenarios, includ-
ing grid islanding and wind farm cutoff events. The results
indicate that M1 has fewer scenarios with frequency devia-
tions than other two models, and the deviations are smaller.

TABLE III
OPERATIONAL COSTS OF M1-M3

Operational cost (k$)

Model Start-up and Power  Generator Wind  Load
Total  shut-down of . .
generation  reserve  reserve shedding
generators
Ml 4998 0.2 285.4 1.3 1.1 211.8
M2 44938 1.7 275.4 0.1 0.1 172.5
M3 448.7 1.7 274.6 0 0 172.4
TABLE IV
VIOLATED SCENARIO PROBABILITY AND AVERAGE FREQUENCY DEVIATIONS
OF M1-M3
Violated scenario probability Average frequency deviation
Model  RoCoF QSS  Frequency RoCoF  QSS  Frequency
(%) (%) nadir (%)  (Hz/s) (Hz) nadir (Hz)
Ml 8 1 1 0.01 0.03 0.03
M2 70 84 84 0.70 8.69 8.00
M3 70 88 88 0.71 8.80 8.97

2) Role Validation of Offshore Wind Farms

In the power system operation, offshore wind farms not
only provide active power to balance the electricity load but
also offer virtual inertia and primary frequency regulation to
address disturbances during a typhoon. Next, the role of
wind farms is illustrated in the example of a faulty scenario
under typhoon track 5. The grid islanding event occurs at
hour 12 when the system is separated into three regions, as
shown in Fig. 10. The power disturbances include only the
power imbalance in each region since no wind farm is cut
off at hour 12. To calculate three frequency indices under
this event, the optimization models M1, M4, and M5 are
solved, and the power disturbances, system inertia, and regu-
lating reserve are derived, as shown in Table V. After grid is-
landing, region 1 experiences redundant power generation,
with G3 operating at the minimum output, and all models
satisfy the RoCoF requirement. M1 allocates more regulat-
ing reserves and inertia to meet the QSS and frequency re-
quirements, whereas both M4 and M5, lacking reserves, sur-
pass these two criteria. In region 2, M1 experiences the
smallest power disturbance caused by grid islanding, with
only the RoCoF value exceeding the frequency requirement.
In contrast, M4 surpasses the frequency requirements for
both QSS and frequency nadir; moreover, M5 fails to meet
all three frequency criteria. In region 3, M1 prepares an ade-
quate amount of frequency reserves and virtual inertia to sat-
isfy all frequency requirements. However, in M4, the inca-
pacity of wind turbines to provide virtual inertia leads to the
RoCoF value exceeding the frequency requirements. Further,
M5 meets the frequency criteria and experiences substantial
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load shedding due to the considerable deficit in active pow-
er, as it lacks the wind turbine output. Thus, wind turbines
providing active support and virtual inertia could mitigate
load shedding and enhance the frequency response perfor-

mance.
:
3
LA
I 7é ;
- W2 is on

cut off
Region 1 Region 2 Region 3
Fig. 10. Gird islanding event 2 and system topology.
TABLE V
SYSTEM FREQUENCY DYNAMICS OF MODELS UNDER GIRD ISLANDING
EVENT 2
Model  Region R (p.u.) H(s) (A;S“) IEOH(;;)SI; C()l_SI)ZS) l;r;;lllrle(rgz)
Region 1 1.9000 22.8 0.70  0.770 0 0.0430
M1  Region2 03100 124 029  0.590 0 0.0690
Region 3 0.7500 51.0  0.41 0.200 0 0.0260
Region 1 0 0 0.70 1.260  7.00 7.5000
M4  Region2 03100 124  0.53 1.060  2.17 0.1900
Region 3 04200 16.8 0.17  0.260 0 0.0250
Region 1 0 0 0.70 1.570  7.00 7.5000
M5  Region2 0.0025 124  0.68 1.370  6.75 5.2400
Region 3 0.0025 16.8 0.02  0.033 0.20 0.0376

Amid the influence of typhoons and unpredictable system
typologies, the operational costs of M1, M4, and M5, ac-
counting for the distinct roles of wind farms, are compared,
as shown in Table VI. M1 achieves the lowest operational
cost among all the models. M4 could not use wind turbine
reserves, resulting in higher operational costs. M5, lacking
wind power and experiencing significant load shedding due
to insufficient active power supply, exhibits a considerably
higher operational cost. The violated scenario probability
and frequency deviations of M1, M4, M5 are presented in
Table VII.

TABLE VI
OPERATIONAL COSTS OF M1, M4, AND M5

Operational costs (k$)

Start-up and

Model Power  Generator ~ Wind Load
Total shut-down of . .
generation reserve  reserve shedding
generators
Ml 499.7 0.2 285.4 1.3 1.1 211.8
M4 505.6 0.2 285.4 1.6 0 218.4
M5 1259.6 0.2 372.7 0.3 0 886.4

The results indicate that M1 violates the RoCoF index
slightly more than M4 and M5, and the average deviations
in all frequency indices are less than those in the other two
models.
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TABLE VII
VIOLATED SCENARIO PROBABILITY AND AVERAGE FREQUENCY DEVIATIONS
OF M1, M4, AND M5

Violated scenario probability Average frequency deviation

Model  RoCoF QSS  Frequency RoCoF  QSS  Frequency
(%) (%) nadir (%) (Hz/s) (Hz) nadir (Hz)
M1 8 1 1 0.01 0.03 0.03
M4 8 3 2 0.02 0.09 0.08
M5 3 5 8 0.03 0.15 0.15

Therefore, the offshore wind farm could leverage frequen-
cy reserves to alleviate the impact of diverse disturbances
during a typhoon.

3) Sensitivity Analysis of Wind Power Penetration Rate

We compare the economic and feasibility aspects of the
unit commitment model under different wind power penetra-
tion rates. Economic performance is reflected in the system
operational costs, while feasibility is indicated by the penal-
ty terms of the slack variables for load shedding and frequen-
cy deviation. As shown in Table VIII, with an increase in
wind power penetration rate (keeping the capacity of conven-
tional generators fixed and increasing the installed capacity
of wind power), the total installed capacity of the system in-
creases, and the amount of load shedding decreases. With
more wind power generation, fuel consumption decreases,
leading to lower operational costs. The value of the frequen-
cy deviation penalty is relatively small compared with the
operational cost and is dependent on the frequency penalty
cost setting (10* $/Hz) [36], with little impact from the wind
power penetration rate.

TABLE VIII

ECONOMIC AND FEASIBILITY ANALYSIS OF UNIT COMMITMENT MODEL
UNDER DIFFERENT WIND POWER PENETRATION RATES

Penetration ~ Operational cost ~ Load shedding  Frequency deviation
rate (%) (k$) cost (k$) penalty (k$)
30 723.1 379.6 4.5
40 602.7 285.3 42
50 504.1 214.6 5.0
60 436.1 174.2 54
70 392.4 151.2 3.2

B. Modified IEEE 30-bus system

The proposed model is also verified on the modified IEEE
30-bus system [37]. A typhoon is assumed to pass the test
system, as shown in Fig. 11. Six conventional generators
(G1-G6) are located at buses 1, 2, 22, 27, 23, and 13, and
two offshore wind farms (W1 and W2) are located at buses
16 and 28, respectively. The total installed capacity of con-
ventional generators is 198 MW. The capacities of W1 and
W2 are 20 MW and 40 MW, respectively. After the typhoon
simulation and scenario reduction, the steady operational
state typologies and typhoon-induced wind farm cutoff and
grid islanding events are obtained. The operational costs of
M1-M5 are shown in Table IX, and the average frequency
deviations are presented in Table X. By comparing the re-
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sults in Tables IX and X, it can be observed that improper
frequency constraints in M2 and M3 lead to prominent fre-
quency deviations under typhoon-induced events. M4 exhib-
its slightly inferior performance to M1, which could be main-
ly attributed to the surplus reserves from conventional gener-
ators. Finally, M5 experiences greater load shedding and in-
creased operational costs due to the absence of wind power
generation.

Fig. 11.

Modified IEEE 30-bus system with a typhoon.

TABLE IX
OPERATIONAL COSTS OF M1-M5

Operational costs (k$)

Model Start-up and Power Generator ~ Wind Load
Total  shut-down . .
generation  reserve  reserve shedding
of generators
M1 19.202 0.3370 9.553 0.046 0.003 9.264
M2 16454 0.3220 9.537 0 0 6.595
M3 16.352 0.3220 9.441 0 0 6.590
M4 19.203 0.3370 9.552 0.051 0 9.264
M5 22.794 0.2367 11.010 0.066 0 11.482
TABLE X
VIOLATED SCENARIO PROBABILITY AND AVERAGE FREQUENCY DEVIATIONS
OF M1-M5
Violated scenario probability Average frequency deviation
Model  RoCoF  QSS Frequency = RoCoF QSS Frequency
(%) (%) nadir (%) (Hz/s) (Hz)  nadir (Hz)
Ml 4 3 5 0.04 0.01 0.02
M2 83 82 88 1.17 0.90 1.08
M3 84 83 90 1.22 0.99 1.17
M4 4 3 5 0.05 0.01 0.02
MS 4 2 5 0.05 0.01 0.02

VI. CONCLUSION

This paper proposes a two-stage stochastic unit commit-
ment to improve the resilience of power systems integrating
offshore wind energy during typhoon events. The proposed
model comprehensively addresses the steady-state operation
and the transient frequency dynamics under typhoon-induced
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faults. The proposed model incorporates uncertainties arising
from transmission line failures and offshore wind power gen-
eration through representative typhoon scenarios. The analy-
sis includes two distinct types of power disturbances, lead-
ing to the development of innovative frequency constraints.
Numerical results demonstrate the importance of accounting
for grid islanding in the analysis of frequency dynamics, as
well as the advantageous role of offshore wind farms in pro-
viding frequency support. In this paper, we neglect the vari-
ability of wind turbine virtual inertia under virtual synchro-
nous machine (VSM) control parameters and instead adopt a
constant inertia. In future work, we will consider more de-
tailed frequency models, including the control strategies of
power electronics converters in the voltage source converter
based high-voltage DC (VSC-HVDC) transmission systems
and the VSM-based wind turbines, to further explore the im-
pact of frequency dynamics on wind turbine operation.
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