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Abstract—The high share of intermittent wind power jeopar-
dizes system frequency security in isolated offshore field mi-
crogrids (IOFMs). Existing scheduling strategies, mainly focus-
ing on stable energy supply and demand, fail to ensure frequen-
cy security due to the limited flexible and dispatchable resourc-
es in the IOFM. Thus, this paper proposes an optimal schedul-
ing model of wind power generators with unified frequency re-
sponse and spinning reserve constraints to assist operators in ef-
ficiently managing turbine generators. Frequency security indi-
ces are introduced to quantify the impact of both sudden wind
power shortages and continuous wind power fluctuations on the
frequency dynamics under different control modes. Based on
these indices, unified frequency response and spinning reserve
constraints are analytically derived to support the optimization
of the control mode and on/off status of wind power generators.
These highly nonlinear unified constraints are then reformulat-
ed as mixed-integer linear constraints, which are integrated into
the scheduling model with operating costs as the objective. The
proposed model is tested using a modified real-world IOFM.
The results demonstrate that the proposed model not only en-
sures system frequency security but also reduces operating costs
and carbon emissions.

Index Terms—Frequency response, frequency security, mi-
crogrid, offshore oil and gas field, optimal scheduling, wind
power, spinning reserve.

[. INTRODUCTION

O meet the escalating global energy demands while con-

currently reducing carbon emissions, the pioneering in-
tegration of offshore wind power with traditional offshore oil
and gas fields marks a significant shift in the energy sector
[1]. As of now, notable projects in China and Norway under-
score its viability [2]-[4]. However, the integration of wind
power brings new challenges in the safe and economic opera-
tion.
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Frequency stability is one of the operational challenges.
Due to space and weight-bearing limitations, the rated capac-
ity of gas/diesel turbine generators (TGs) is usually within
the range of 1-10 MW with low rotational inertia. Signifi-
cant frequency deviation occurs due to wind power fluctua-
tions, which may lead to the tripping of wind turbines and
TGs, as well as load shedding. These events pose a signifi-
cant risk to the production safety of offshore oil and gas
fields. The modelling of frequency dynamics within schedul-
ing models is a relatively new research direction. The majori-
ty of studies focus on low-inertia bulk power systems, which
can offer valuable insights for the isolated offshore field mi-
crogrid (IOFM).

Frequency security indices are the key factors to construct-
ing frequency security constraints. Rate of change of fre-
quency (RoCoF), frequency nadir, and quasi-steady-state fre-
quency deviation are pivotal frequency security indices in
the bulk power system [5], [6]. It is challenging to model
frequency security indices due to the high complexity of fre-
quency dynamics. By incorporating these indices, transient
simulation and optimal scheduling are the two dominant
methods for developing optimal operational strategies. Tran-
sient simulation evaluates the impact of wind power fluctua-
tions on system frequency by simulating a multitude of oper-
ational scenarios and strategies [7]. Although this facilitates
the derivation of secure operational strategies, it is resource-
intensive and time-consuming. Consequently, the optimal
scheduling attracts substantial attention. Notably, the frequen-
cy nadir exhibits significant nonlinearity. Incorporating the
highly nonlinear frequency nadir constraint (FNC) poses a
major challenge in its application.

To address this issue, several methods have been proposed
to simplify the FNC, including constant parameter simplifica-
tion model, reduced-order frequency response model, and
machine learning techniques. In the method with the con-
stant parameter simplification model, the rate of change in
power disturbance and ramp rate of generators are simplified
as constants [8], [9]. Despite its simplicity, this method can-
not reflect the dynamics of the power-frequency response of
generators, leading to an overestimation of the frequency reg-
ulation capability. Alternatively, methods with frequency re-
sponse reduced-order models or machine learning techniques
are developed to reformulate the linear FNC, offering a bal-
ance between computation feasibility and model fidelity. In
the method with the reduced-order frequency response mod-
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el [6], [10]-[12], a second-order model is derived to charac-
terize the nonlinear FNC. Furthermore, the piece-wise linear-
ization or convex hull estimation is used to transform the
nonlinear FNCs into linear FNCs relevant to key parameters
such as the droop coefficient, inertia constant, and fraction
of total power from conventional generators. In [12], the
governor model is further considered, but the dynamics of
the prime mover are ignored. In [6], the consistent dynamics
of the governors and prime movers of diesel generators as a
generation group are taken into account. The criterion indi-
cates that the frequency nadir is directly proportional to pow-
er disturbance magnitude. Nonetheless, the frequency nadir
is still a nonlinear function regarding the parameters of gov-
ernors and prime movers. To further improve the accuracy
of the FNC model, machine learning techniques such as deci-
sion tree [13], deep neural network [14], [15], and extreme
learning machine [16] are used to train the full-order fre-
quency response model to estimate the frequency nadir.
However, in comparison to methods based on the reduced-or-
der model, machine learning techniques are susceptible to
challenges in stability and robustness. These shortcomings
stem from their limited interpretability, strong reliance on da-
ta quality and quantity, and uncertainty in generalization abil-
ity [17]. Such limitations may lead to the misidentification
of unsafe operational areas, thereby posing a dramatic im-
pact on the frequency stability.

The control mode employed by multiple TGs plays a key
role in the frequency regulation, which makes it more diffi-
cult to quantify frequency security constraints. In the IOFM,
the control mode for TGs with frequency response capacity
includes droop speed control (usually represented directly by
DROOP) mode and isochronous speed control (ISOCH)
mode [18], [19]. The ISOCH mode is capable of automatical-
ly maintaining the system frequency at a set value. The
DROOP mode can only achieve differential frequency adjust-
ment and requires secondary adjustment to restore the sys-
tem frequency to the set value. Among the aforementioned
studies, only [6] and [12] are based on the ISOCH mode,
while the others use the DROOP mode. This discrepancy un-
derscores the need for further research tailored to the IOFM,
particularly regarding the frequency regulation capability un-
der different control modes.

Sufficient spinning reserves are indispensable for provid-
ing active power flexibility to support frequency regulation.
The spinning reserve is vital in mitigating frequency devia-
tions caused by wind power uncertainty. The difference in
control parameters can lead to different allocation patterns of
total spinning reserve among all online TGs when participat-
ing in frequency regulation. Existing studies on the spinning
reserve in bulk power systems or microgrids are mostly
based on statistical analysis of historical data [16], which
faces critical limitations. On the one hand, the reliability of
spinning reserve results may be jeopardized by the potential
inadequacy or inaccuracy of historical data. On the other
hand, it cannot reflect the distribution principle of spinning
reserve among online TGs. Hence, it is necessary to quantify
the total spinning reserve and clarify its distribution principle.

To fill the above gaps, an optimal scheduling model for
TGs with unified frequency response and spinning reserve
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constraints is proposed for the IOFM. The main contribu-
tions are summarized as follows.

1) Two typical wind power disturbances are investigated
to characterize the impact of wind power uncertainty on the
frequency behaviors under normal and fault conditions. Nov-
el frequency security indices are introduced to quantify fre-
quency dynamics under different conditions and control
modes. These indices could reflect the frequency security
level and assist operators in monitoring frequency safety
margins and the maximum wind power penetration level
(MWPPL).

2) Existing DROOP-based frequency response and spin-
ning reserve constraints for TGs are extended to incorporate
fast regulation requirements for frequency response under
various control modes. With the constraints, the proposed
model could give optimal TG control mode, which plays a key
role in supporting the integration of intermittent wind power.

3) An optimal spinning reserve allocation strategy under
different control modes is proposed to ensure that all online
TGs have sufficient spinning reserves for frequency regula-
tion. This strategy would facilitate operators in determining
the on/off status and control mode along with the variation
of wind power penetration levels.

II. OPERATION STRATEGIES OF IOFM

Figure 1 shows a schematic diagram and operation strate-
gy of IOFM. In the IOFM, multiple TGs (indexed by tg)
and wind turbines supply power to the loads without relying
on external grid support. As a result, the TGs and wind tur-
bines need to be regulated frequently to maintain the balance
of power supply and demand in the IOFM. The TGs in the
IOFM can be operated in three control modes.

Group 1
On/off
o/m o5
CCM
P, .
On/off e B
0123456 CCM ; Load
Scheduling period o/m g
| Optimal scheduling | Group 2
- On/off
Wind $—Forecast o/m
power |—Power limitation | ot [COM >l N
PrgH— S
On/off - Wind
power
CCM ;
0123456 o/m n
Scheduling period

Power limitation
Scheduling signal; — CCM signal; P,,: GT power
8 DROOP (TG is on); @ ISOCH (TG is on); 0 Off

Fig. 1. A schematic diagram and operation strategy of IOFM.

1) Full isochronous control mode (FICM). TGs that are
close to each other and equipped with compatible controllers
are grouped together. TGs in different groups (e.g., group 1
and group 2) cannot cooperate with each other. Online TGs
in either group 1 or group 2 operate in the ISOCH mode.
Through the coordinative control of communication and con-
trol modules (CCMs), online TGs can operate stably at the



1982

same load level [18]-[20]. Without CCMs, online TGs may
interfere with each other during frequency regulation, which
casily leads to system instability.

2) Full droop control mode (FDCM). All TGs operate in
the DROOP mode, responding locally to wind power fluctua-
tions based on system frequency. It can only achieve differ-
ential adjustment of system frequency. It is necessary to re-
distribute the load shared by TGs through the energy man-
agement system (EMS), so that online TGs can operate at
the same load level and system frequency can be restored to
the set value.

3) Hybrid control mode (HCM). Some online TGs in ei-
ther group 1 or group 2 operate in the ISOCH mode, while
the other TGs operate in the DROOP mode. When power
fluctuations occur, all online TGs participate in frequency
regulation. TGs in the ISOCH mode absorb all unbalanced
power, while the power of TG in the DROOP mode returns
to the initial setpoint. The EMS will periodically redistribute
the power output setpoint of each TG and ensure that the
TGs operate at the same load level.

To maximize wind power utilization while ensuring opera-
tion security, an operation strategy is proposed for TGs and
wind turbines. An optimal scheduling model is proposed to
implement the strategy. The on/off status and control mode
of TGs are adjusted dynamically as wind power changes.
And wind power operates in power-limited mode with pow-
er limitation signal from the proposed model. The model in-
corporates not only traditional steady-state operation con-
straints, but also frequency response and spinning reserves
under different control modes, as shown in Fig. 1.

III. UNIFIED CONSTRAINTS FOR FREQUENCY RESPONSE AND
SPINNING RESERVES

A. Frequency Security Indices Under Different Control Modes

This paper investigates the impact of wind power uncer-
tainty on frequency safety under two typical operating condi-
tions. Normal conditions examine the effects of continuous
wind power fluctuations during normal operation. Fault con-
ditions address the consequences of wind power tripping
caused by accidents.

At present, the IOFM does not have strict requirements
for RoCoF. Therefore, the frequency nadir and quasi-steady-
state frequency deviation are regarded as frequency security
indices to quantify the frequency characteristics of the
IOFM. Corresponding to the two operating conditions, three
frequency security indices are proposed, as shown in Fig. 2.

Assume that spinning reserves are sufficient regardless of
the control mode in which online TGs operate. When distur-
bances occur at time ¢, the system frequency declines from
its rated value f;, as TGs operate in different modes includ-
ing FDCM, FICM, and HCM. During wind power tripping,
the system frequency undergoes a sharp drop. Conversely,
when wind power fluctuates continuously, the system fre-
quency changes more gradually. Specially, in Fig. 2(a), on-
line TGs operate in the FDCM, which prevents automatic
elimination of frequency deviation. Then, EMS redistributes
power among the online TGs at time ¢,, allowing the system
frequency to progressively return to its rated value. In re-
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sponse to these disturbances, three indices are proposed to
ensure the system frequency stability and protect the equip-
ment security.

Frequency

Jol=

Disturbance

(b)
Normal condition; - - - - Fault condition

Fig. 2. Frequency security indices of IOFM under two operating condi-
tions. (a) FDCM. (b) FICM or HCM.

1) Afiormair 1 the frequency nadir deviation under normal
conditions (represented by NFND). Frequent wind power
fluctuations may cause the frequency to frequently exceed
the normal operating range, which affects its operation safety.

2) M iipmar 18 the frequency nadir deviation under fault
conditions (represented by FFND), which is usually smaller
than Af,, ... 10 the IOFM. The sudden power loss caused by
wind power tripping will lead to a rapid decrease in frequen-
cy. Exceeding a protection threshold will result in other gen-
erator trips or low-frequency load shedding, threatening the
production safety.

3) Miip.ess 18 the quasi-steady-state frequency deviation un-
der fault conditions (represented by FQSFD). The index is
crucial for the IOFM to maintain stable operation until the
EMS restores the system frequency to its set value. When
FQSFD exceeds the acceptable threshold, it easily leads to
system instability or potential equipment damage. Especially,
since spinning reserves are sufficient when TGs operate in
FICM or HCM, if there is a TG that operates in the ISOCH
mode, Af,

rip, ess = O

B. Aggregated Frequency Response Model Under Different
Control Modes

The aggregated frequency response model under different
control modes includes speed governor, prime mover, inertia
and damping, and wind power, as shown in Fig. 3. Part of
online TGs operate in the ISOCH mode. The others operate
in the DROOP mode. In Fig. 3, s is the Laplace operator;
Af(s) is the frequency deviation; AP, (s) is the mechanical
power variation of prime movers; AP, (s) is the total load
variation; APy (s) is the wind power variation; H and D are
the aggregated inertia time constant and damping coefficient,
respectively; 7, is the time constant of the prime mover;
and K, , and K, are the proportional and integral gains of
the governor, respectively. Specially, K ,=0 represents the
DROOP mode, and K, ,# 0 represents the ISOCH mode.

According to the swing equation [16], the system frequen-
cy in the frequency domain is expressed as:
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Fig. 3. Aggregated frequency response model in IOFM.
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Vig
where T, is the aggregated time constant of the prime mov-
er; K, and K, are the aggregated proportional and integral
gains of the governor, respectively; g is the index of TGs in
the IOFM, g e G, and G is the set of TGs; u,, is the on/off
status of TG #g; and Sy, is the rated power capacity of TG
tg. The derivations of H, T, and K, can be found in [21]
and [22].

The wind power model simulates continuous wind power
fluctuations and sudden power shortages. Under normal con-
ditions, the wind power variation is:

l kWTP WT
Tyrs+1 N

2

APy (8)=—

where ky,; is the fluctuation ratio of wind power; T, is the

time constant of offshore wind power; and Py, is the maxi-

mum wind power that can be accommodated in the IOFM.
Under fault conditions, the wind power variation is:

p

S 3)

APy (8)=—

C. Frequency Response Constraints

Under normal conditions, the frequency response relevant
to wind power fluctuations is expressed as:

AF‘nor (S): AF'nor. step (S)kWTPWT

-1
(Hs*+D s+ K, \Tyrs+1)
where D, =D +K,. Due to D<K, D, =K.

Under fault conditions, frequency response relevant to sud-
den power change is expressed as:

AF‘tlrip (S)ZAFtrip, step (S)ﬁWT
—s(Ts+1) 1
2HT,s*+(2H+DT,)s’+D s +K, §

(42)

AF o1 siep ()= (4b)

(5a)

A}rtrip.step (S): (Sb)

In the IOFM, to automatically achieve the load-sharing at
the same load level among online TGs, the speed governor
controllers of online TGs are set with the same proportional
gains. The load-sharing of TGs in the ISOCH mode is
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achieved with the help of real-time communication through
CCMs [18]-[20]. In this way, it can be equivalent to the
speed governor controllers of these TGs with the same inte-
gral gain.

Analytical expressions of the frequency response con-
straints are given by:

/;10r (I_[’ Kl )kWTPWT < Af‘_nor nadir (63)
ﬁrip (I—I’ KI’ Tt )PWT - Afmp nadir (6b)
pWT < ZDeq Af_trip, ess + (1 - Z)Mbig (6C)

where f

nor

deviations of AF

nor, step

(H,K;) and f; (H,K,,T,) are the frequency nadir
(s) and AF; .., (s), respectively; z is
an ancillary variable for different control modes of TGs,
z=1 represents FDCM, and z=0 represents FICM or HCM;
M, is a constant coefficient and set as 10; Af, is the up-
per boundary of NFND; Af; .. is the upper boundary of
FFND; and Af, is the upper boundary of FQSFD.

rip, ess

or, nadir

D. Unified Spinning Reserve Constraints

The distribution of spinning reserves under different con-
trol modes are illustrated in Fig. 4. The spinning reserves
vary under different control modes. When online TGs oper-
ate in either the FICM or the FDCM, spinning reserves are
provided by all online TGs [18], [23], as depicted in Fig.
4(a) and (c), respectively. In contrast to Fig. 4(a) and (c),
when online TGs operate in the HCM, spinning reserves are
provided by the online TGs in the ISOCH mode, as shown
in Fig. 4(b). Neglecting the influence of control modes on
spinning reserve allocation may result in some TGs reaching
their maximum power prematurely, preventing them from
continuously participating in frequency regulation. Conse-
quently, this reduction in available frequency regulation ca-
pacity can lead to increased frequency deviations.

Rated
power

Rated
power

Rated
power

ISOCH DROOP DROOP DROOP
Gy (G Gy (G Gy (G
Control mode Control mode Control mode

(a) (b) (©
[ Spinning reserve; [__] Power output

ISOCH ISOCH

Fig. 4. Distribution of spinning reserves under different control modes. (a)
FICM. (b) HCM. (c) FDCM.

The unified spinning reserve constraints for TGs are:
lulg (Etg +xlg rev, lg)+lu1gZPrcv g —Plg -

lutg (Ptg Ig rev, tg) :uthP:ev 1g VZg (7a)
X <x, VigeQ,,Vgr (7b)
z X g2X, Vgr (7¢)
VigeQ,,
z=1- zxg,_ZO (7d)
Vgr
where P . and P_ . are the upward and downward re-

serves of TG g, respectively; x,, is a binary variable that de-
notes the control mode of TG #g (when TG tg operates in
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the ISOCH mode, x,=1, and when TG fg operates in the
DROOP mode, x,=0); gr is the index of TG groups in the
IOFM in set S (greS); Q,, is the set of TGs in group gr,
and | JQ, =0, 2,,NQ,,=0, VgrleS, Vgr2eS; and x,,

Vegr
is a binary variable that indicates the operation state of
group gr. When the TGs in group gr are allowed to operate
in the ISOCH mode, x,, = 1; otherwise, x,,=0. Formulas (7b)-
(7d) indicate that there cannot be more than one group of
TGs operating in the FICM or HCM. The TGs in other
groups can only operate in the FDCM. When z=1,
x,,=0,Vgr and x,=0,Vig. In the FDCM, all online TGs op-
erate in the DROOP mode, and the spinning reserves are
shared by all online TGs simultaneously. When z=0, zxgr:

Vgr
1. There is only one group that has at least one TG operating
in the ISOCH mode. And the total spinning reserve is borne by
the TGs operating in the ISOCH mode.
The downward reserve to meet the total load fluctuations is:

Eﬂtg(xtg+zsp)Prev tg—ﬂ zppl (8)

Vig
where £~ is a constant for total loads and downward reserve;
pl is the index of loads in the IOFM in set £ (p/ € £); and
P, is the active power of load pl.

The upward reserve to meet the total load fluctuations and
wind power uncertainty is:

Zﬂtg Xig L ey, tg—ﬁ zppl"' EPwt

Vig Vpl Vwt

grl

9

where f* is a constant related to total loads and upward re-

serve; and wind turbine wt belongs to the set of wind turbines
W wteW).

IV. OPTIMAL SCHEDULING MODEL WITH UNIFIED
FREQUENCY RESPONSE AND SPINNING RESERVE CON-
STRAINTS

A. Objective

Considering fuel and startup costs of TGs, carbon emis-
sion cost, and wind power cost, the objective function is:

min T zz/’ttg,xthg,spcfuel, g +CWTT zszt,xp +

Vsp Vig Vsp Vwt

CCOZTEEIL‘Ig sptrhug, smeOZ,tg + zzcon.tg,sp

Vsp Vig Vig Vsp

(10)

where 7 is the time step of a scheduling period; sp € K, and
K={1,2,...N} is the set of N scheduling perlods w5 18 the
fuel consumption of TG tg during the sp™ scheduling period;
Uy s 18 the on/off status of TG g during the sp" scheduling
period; ¢, 18 the unit cost of the fuel for TG 7g during the
sp"™ scheduling period; cy; is the unit cost of wind power;
Ccop 18 the unit cost of carbon emissions; mc, , is the car-
bon emission of natural gas and crude oil per unit consumed
by TG tg during the sp" scheduling period; P, is the ac-
tive power of wind turbine wr during the sp” scheduling peri-
od; and C,, ,, , is the start-up cost of TG #g during the sp”

scheduling period.
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B. Operational Constraints

1) Offshore Wind Turbine
The operational constraints of wind turbines are expressed
as:

0 M[ rp ut sp VWt’ vsp (1 la)
Q W <thvp<th th vsp (llb)
[Y e =P, tan(arccos (A ) YWEVSp  (11¢)
int%sp = Pwt. sp tan (arCCOS(i lag, wt )) VWt7 vsp (1 ld)
Pyt pSoyp— D Puyp20 YWt Vsp (1le)
Vwt

SBsSP: zlutgsxpSN.tg (llf)

Vig

where P, and O, are the active power and reactive pow-
er of wind turbine wr during the sp™ scheduling period, re-
spectively; [Ai,g i Aiead ] @re the power factor ranges of wind
turbine wt; and (-) and () are the upper and lower boundaries

wLsp

of the variable, respectively. Formula (11e) indicates that the
total active power of wind turbines cannot exceed the upper
limit of wind power allowed to be accommodated by the
IOFM during the sp" scheduling period.
2) TG

The active and reactive power constraints and on/off con-
straints of TGs can be found in [10]. Load-sharing and fuel
consumption constraints of TGs are given by [24]:

P 12, 5p N
gl S 5 Shigyd  VIgVsp (12a)

g

_p,.
6sp +(/utg,sp - 1)5 < % < 55}7 +(lutg,sp - 1) é Vtg, VSP (12b)

1g

Mtg.sp:atéP (12C)

where d,, is the load level of TGs during the sp™ scheduling
period; a,, and b, are the constant coefficients of the fuel-
power characteristic equation; and P, ,, is the rated power of
TG.
3) Power Flow Constraints

Due to the high charging capacitance and large line resis-
tance to reactance ratio (R/X) of subsea cables, the active
power and reactive power are closely coupled and related to
the magnitude and phase angle of the bus voltage. Hence,
power flow constraints are provided in [25].
4) Unified Frequency Response Constraints

Based on (6a)-(6c), the frequency response constraints in
both ISOCH and DROOP are expressed as:

+,u,é3pb Pth Vitg,Vsp

1g.sp

N.zg

Jror (oo Ky o Yowr Pty < Ao vagic V5P (13a)
Foio (H oo Ky s To )Pyt < Moipnagic ISP (13b)
Pyt S Myip essZpDeg + (=2, )My, Vsp (13¢)
P
D Y (139
iz
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EIutg sp Ig sp l 1g N g

K="= Vsp (13e)
v zl’ttg, sp SN, 1g
Vig
vz‘lutg sptotitg N g
T="< o ¥ (13
z:uzg, sp SN, 1g
Vig

Where H,, is the aggregated inertia time constant during the
scheduhng period; K, is the aggregated integral gain of
the governor during the sp" scheduling period; T, w5 18 the ag-
gregated time constant of the prime mover during the sp”
scheduling period; and x,, , is a binary variable that denotes
the control mode of TG tg during the sp™ scheduling period.
5) Unified Spinning Reserve Constraints
The unified spinning reserve constraints in both ISOCH
and DROOP are expressed as:
EIutg Yp Xigsp T Zsp )Prev 1g. w—ﬁ_;PﬁLw Vsp

Vig

(14a)

zlutg sp tg errev tgsp—ﬁ+zppl Yp+ zpwtsp vsp (14b)

Vig Vpl Ywt

P rev, 1g. sp ) + lu 1g.5p z sp P rev, 1g,sp —

:utg,vp (P +X P

—1g 1g.5p g, vp

lutg,sp(Ptg_xtg.spp;rev,tg,xp)_luté spzspPrev 1g,sp Vl‘g, Vsp (140)

Uigp <Xy, VIgEQ,,Vgr,Vsp (14d)
z XigpZ Xy VEIVSp (14¢)
Vige Q,
zy=1- EXgI »20 Vsp (14f)
Vgr
where P, and P . are the upward and downward re-

serves of TG tg during the sp™ scheduling period, respective-
ly; and x,, , is a binary variable that indicates the operation
state of group gr during the sp" scheduling period.

C. Solution Method

The unified frequency response and spinning reserve con-
strained optimal model for the IOFM is:

10)
s.t. (11a)-(14f)

Nonlinear constraints such as (13a) and (13b) significantly
increase the complexity of the optimization problem, thereby
increasing its solution difficulty. Their transformation meth-
ods are as follows.

Formulas (13a) and (13b) are transformed into mixed-inte-
ger linear constraints by linearization techniques. By approxi-
mating the surface f,, (H,,,K; ) with n, fitting planes, the
linear constraints are expressed as:

fnor( sp° lap)>a10+allKlAp+ai,2Hsp Vie{l’27""

(15)

n,},Vsp

(16)
where a,,, a;,, and a,, are the coefficients of the i" fitting
plane of 1., (H,, K, ).

According to practices, f,(H,,K;,,T,,,) is less affected
by K, and can be approximated by f, (H,,, T, ) By ap-
proximating the surface f;, (H,,. T, ) with n, fitting planes,
the linear constraints are expressed as:

1985
ﬁrip (pr’ LSp)>bl 0+b1 1 va+b[,2va Vi 6{1927 e 1y }’ vsp

17)

where b, b,,, and b, are the coefficients of the /" fitting

plane of f,;, (H,. T )

Taking f;,(H,.T,,) as an example, the linearization
method is described as follows. Firstly, the surface that con-
sists of N, discrete points is divided into N,; triangular
planes by the Delaunay triangulation. These planes form a
set as ¢={(a,p.a,1.a,5)a,0+a;, K; vp/+a12HVp/ 0,je
1,2,...N,}. J, is the set of the points in the i" plane. Sec-

ondly, the K-means algorithm is used to cluster these planes
in ¢ into n, clusters. And the clustering error is represented

as 6—22(\ aota, K, +a, H,~ y,VN) where y, is

i jeC

the real value when j € C; and C, is the set of points in the i"

cluster. The method is validated in Supplementary Material A.
To eliminate the bilinear term fnor(HWKw )meps by as-

suming the maximum value of Py, , as 1 and setting

Afrorsp=J oo (Hy,, Ky, ), the linear constraints of (13a) are giv-

en by [26]:

=

1 & -
?;2/‘ ]vlek.xpSAf;lonnadir vsp (183)
Afn Ly ksp S Vlkyp—Afnorzlkxp Vk,Vsp (18b)
Af (=24 S MoV ik S8 (1 =2,4,) Yk Ysp
(18c)

where z,, ,€{0,1} and v, are the ancillary variables,
ke{l,2,...,K}; and K is the number of piecewise linearization
segments.

Juip(Hy, Ky, Ty, ) 18 approximated by j;np(HW T.,) To
eliminate the bilinear term fmp(va, LY[,)PWT . by setting
Afmp‘sp = fmp (H 0 LYp) the linear constraints of (13b) are [26]:

1

2]( zzk 1v2 k,ép_A.f;Tlp nadir (193-)
A\[‘tripzz,kﬁsp SV S Aftripzz,k,xp vk, Vsp (19b)

A.[mp (l ~Zyi sp )S Aftrip, sp Yok, sp < Aﬁrip (l ~Zyi sp ) Vk7 \V/Sp
(19¢)

where z,, , €{0,1} and v, , ., are the ancillary variables.
The linear constraints of (13d) are given by [27]:
VE‘ZH 1g.sp N tgsp zlutg spttigsp N 1g vsp (203_)
ig

/utg,spﬁ < ZH, 1g.sp S/utg,spl—l Vtgv vsp (ZOb)

H(l luzgsp)<H Zngsp—H(l lulgsp) Vtg7vsp (ZOC)

where zy; , , is an ancillary variable.
The linear constraints of (13¢) are given by [27]:

EZKI tg_spSN 1g.sp zzxtgapKI tgspSN tg vsp

o & (21a)
Zxigsp SHigsp V18 V'SP (21b)

Zx 1o SXigyp VI Vsp (21c)

Zxsgsp Zligp T Xigp— 1 V1 Vsp (21d)
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lutg,SpKI SZKI,tg,xp Slutg,spkl Vtg, VSP (216)

K[(l _Iutg,sp)SKI,sp_ZKLtg,spS[ZI (1 _lutg,xp) Vtg’ Vsp (21ﬂ
where zy , , €{0,1} and zy, ,, , are the ancillary variables.
Linear constraints of (13f) are given by [27]:
zZT. tg,spSN, g = E#tg,spTL tg,xpSN, tg vsp

Vitg Vitg

(22a)

Migp L <2140 Stig Ty V1 Vsp (22b)

It (l _lutg,sp )S Tt_ZT,tg,sp S Tt (1 _/utg,sp) Vtg’ vsp (220)

where z; ., is the ancillary variable.

Eventually, the proposed model is transformed into a
mixed-integer convex constrained problem, which can be
solved by commercial solvers such as GUROBI.

V. CASE STUDY

A. System Description

As shown in Fig. 5, a case extracted from a real-world off-
shore oil and gas field in North China is used to test the pro-
posed model. The IOFM consists of four offshore platforms.
Platform Al is close to platform A2, while platform B1 is
similarly close to platform B2. Platforms Al and B1 are in-
terconnected via a 15 km subsea cable. There are nine TGs,
a gas compressor, and two oil pumps. The active power of
typical loads and wind power curves in the IOFM are shown
in Fig. 6. Relevant parameters are illustrated in Supplementa-
ry Material A Table SAI.

Natural gas

H | i
iPlatform Al Platform A2}
Subsea cable
15 km
Offshore wind | PlatformB1 | Platform B2
tubrine E ?
' GG b

Crude oil D : ﬁl/' ;

Fig. 5. System structure of IOFM.

-~ Summer load; - -- - --Mid-season load
---—--Winter load; —— Winter power

0 6 12 18 24
Time (hour)

Active power (MW)
a

Fig. 6. Active power of typical loads and wind power curves in IOFM.
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Four simulation scenarios are used to test the performance
of the proposed model in Table I. Scenario 4 is used to simu-
late traditional IOFM without wind power. Compared with
Scenario 4, Scenarios 1-3 are integrated with wind power to
analyze the impact of wind power integration on the opera-
tion of IOFM. There are no frequency response constraints
and coordinative control in Scenario 3. In Scenario 1, fre-
quency response constraints are considered. No more than
one TG can operate in the ISOCH mode. In Scenario 2, the
coordinative control by CCMs is considered as well as fre-
quency response constraints. All TGs are divided into three
groups in Scenario 2, i.e., G1 and G2, G3-G5, and G6-GY.
Only TGs in one group are allowed to operate in the ISOCH
mode. TGs in other groups operate in the DROOP mode.

TABLE I
FOUR SIMULATION SCENARIOS

oo i USRS o
Scenario 1 J J «
Scenario 2 J J
Scenario 3 J x «
Scenario 4 x % «

B. Result Analysis

1) Scheduling Results with Wind Power

Compared with Scenario 4, the reductions of operating
cost and carbon emission, and the wind power utilization un-
der different simulation scenarios and seasons are illustrated
in Figs. 7 and 8, respectively.

5 i |

O 1

Summer Mid-season

Season

[ Reduction of operating cost in Scenario 1

[N Reduction of operating cost in Scenario 2

N Reduction of operating cost in Scenario 3
Reduction of carbon emission in Scenario 1
Reduction of carbon emission in Scenario 2
Reduction of carbon emission in Scenario 3

Winter

Reduction of operating cost
or carbon emission (%)
(3]
S

Fig. 7. Reductions of operating costs and carbon emissions under different
simulation scenarios and seasons.
100

58 80

£

g g o0

285 4

=2 20
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Season
[ Scenario 1; M Scenario 2; @@ Scenario 3

Fig. 8. Wind power utilization under different simulation scenarios and sea-

sons.
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Compared with Scenario 3, frequency response constraints
are embedded in Scenarios 1 and 2. The reduction of operat-
ing cost in Scenario 1 decreases by 1.27%, 1.63%, and
1.61% in summer, mid-season, and winter in Fig. 7, respec-
tively. In Scenario 2, it decreases by 0.38%, 0.47%, and
1.12%, respectively. Similarly, the reduction of carbon emis-
sion in Scenario 1 drops by 4.30%, 5.69%, and 5.64%, re-
spectively.

In Scenario 2, it drops by 1.52%, 1.66%, and 4.07%, re-
spectively. The wind power utilization is reduced by 11.26%,
18.37%, and 21.39% in Fig. 8, respectively. In Scenario 2, it
is reduced by 4.15%, 5.37%, and 15.45%, respectively. The
results indicate that frequency response constraints limit wind
power utilization while ensuring system frequency safety.

Compared with Scenario 1, CCMs are further considered
in Scenario 2 in addition to frequency response constraints.
The reduction of operating cost in Scenario 2 is increased by
0.89%, 1.16%, and 0.49% in summer, mid-season, and win-
ter, respectively. Carbon emission reduction is increased by
2.78%, 4.03%, and 1.57%, respectively. Wind power utiliza-
tion is increased by 7.11%, 13.00%, and 5.94%, respectively.
The reductions of operating cost and carbon emission, and
wind power utilization in Scenario 2 are greater than those
in Scenario 1, which is influenced by different control
modes caused by CCMs.

2) Scheduling Wind Power and MWPPL

Wind power scheduling results under different scenarios
and seasons are illustrated in Fig. 9. In summer, the maxi-
mum wind power in Scenarios 1 and 2 is 2.40 MW and 2.87
MW in Fig. 9(a), respectively. In mid-season, the maximum
wind power in Scenarios 1 and 2 is 2.78 MW and 3.53 MW
in Fig. 9(b), respectively. In winter, the maximum wind pow-
er in Scenarios 1 and 2 is 3.02 MW and 3.36 MW in Fig. 9(c),
respectively. In different seasons, the wind power in Scenar-
io 3 without frequency response constraints is no less than
that in Scenarios 1 and 2 with frequency response con-
straints. In addition, the wind power in Scenario 2 is greater
than that in Scenario 1, which is impacted by different con-
trol modes.

~5 ~5 p— ~5 —_
=z z foN =2 / \
24 S 4 FEASA S 4 o\
= P jm \ P \
3] 5] | N\, 5] Joeeme s ~
z 3 z 3 b z 3 /7“
=} =} =}
a, a / a.
B2 g2 2?2
B 1 B 1 1 1 1 3 g 1 1 1 1 3
0 6 12 18 24 0 6 12 18 24 0 6 12 18 24
Time (hour) Time (hour) Time (hour)
(a) (b) (©)
Forecast; Scenario 1; ---—- -Scenario 2; - - - - Scenario 3

Fig. 9.  Wind power scheduling results under different scenarios and sea-
sons. (a) Summer. (b) Mid-season. (c¢) Winter.

The MWPPL under different scenarios and seasons is
shown in Fig. 10. The MWPPL in Scenario 1 varies in dif-
ferent seasons. Similarly, the MWPPL in Scenarios 2 and 3
also varies. The MWPPL in Scenarios 1 and 2 is lower than
that of Scenario 3 due to frequency response constraints. In
summer, the MWPPL in Scenarios 1 and 2 is about 37% and

1987

42%, respectively. In mid-season, the MWPPL in Scenarios
1 and 2 is about 41% and 32%, respectively. In winter, the
MWPPL in Scenarios 1 and 2 is about 29% and 37%, re-
spectively. Besides, MWPPL in Scenario 2 is greater than
that in Scenario 1 due to the CCM. Hence, on the premise
of ensuring frequency security, the frequency response con-
straints limit the MWPPL. Moreover, CCMs provide an ef-
fective method to improve the MWPPL.

[ —— 459% 60
£ 50t450, S 50—y
= : : = 52% ,37%
§4O o~ § 40F_ /210
g 37% SO
20 20 20
0 6 12 18 24 0 6 12 18 24 0 6 12 18 24
Time (hour) Time (hour) Time (hour)
(a) (b) (©
Scenario 1;—— Scenario 2;—— Scenario 3
Fig. 10. MWPPL under different scenarios and seasons. (a) Summer. (b)

Mid-season. (¢) Winter.

3) Optimal Control Modes and On/off Status of TGs

The scheduling results of TGs during different seasons in
Scenarios 1-3 are shown in Figs. 11-13, respectively. In Fig.
11(a), the TGs in Scenario 1 operate in the HCM during
summer. The TG G1 adopts the ISOCH mode, while the oth-
er online TGs adopt the DROOP mode. In Fig. 11(b) and
(c), all online TGs operate in the FDCM during mid-season
and winter. In Fig. 12, the TGs in Scenario 2 operate in the
HCM during different seasons. The TGs G1 and G2 adopt
the ISOCH mode, while the other online TGs adopt the
DROOP mode. In Fig. 13, the TGs in Scenario 2 operate in
the FDCM during different seasons. The results indicate that
the proposed model helps the system select the optimal on/
off strategy and control mode for TGs.

29 a9 a9
56 56 g6
= = s
23 g3 23
&) 0000003000000000000 20000000000000000%0 D) 9000000000000000039

0 6 12 18 24 0 6 12 18 24 0 6 12 18 24

Time (hour) Time (hour) Time (hour)
(@) (®) (©
o Off; « On (ISOCH); » On (DROOP)
Fig. 11. Scheduling results of TGs during different seasons in Scenario 1.

(a) Summer. (b) Mid-season. (c) Winter.
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o Off;  On (ISOCH); » On (DROOP)
Fig. 12.  Scheduling results of TGs during different seasons in Scenario 2.

(a) Summer. (b) Mid-season. (¢) Winter.

In addition, compared with Scenario 1, the reductions of
operating cost and carbon emission, and wind power utiliza-
tion in Scenario 2 in summer increase in Figs. 7 and 8. The
results indicate that based on the CCM, the collaborative op-
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eration of multiple TGs under the ISOCH mode can effec-
tively improve the system response to wind power fluctua-
tions and enhance the consumption capacity of offshore
wind power. Furthermore, although frequency response con-
straints limit the wind power utilization of the IOFM, the
proposed model that accounts for TG control modes fully ex-
ploits the frequency regulation capacity of each TG, achiev-
ing the maximum wind power utilization while ensuring fre-
quency safety.
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Fig. 13.  Scheduling results of TGs during different seasons in Scenario 3.
(a) Summer. (b) Mid-season. (c) Winter.

4) Spinning Reserve Allocation
The spinning reserves of TGs during different seasons in
Scenarios 1-3 are depicted in Figs. 14-16, respectively.
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Fig. 14. Spinning reserve of TGs during different seasons in Scenario 1.

(a) Upward reserve in summer. (b) Upward reserve in mid-season. (c¢) Up-
ward reserve in winter. (d) Downward reserve in summer. (¢) Downward re-
serve in mid-season. (f) Downward reserve in winter.
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Fig. 15. Spinning reserve of TGs during different seasons in Scenario 2.

(a) Upward reserve in summer. (b) Upward reserve in mid-season. (¢) Up-
ward reserve in winter. (d) Downward reserve in summer. (¢) Downward re-
serve in mid-season. (f) Downward reserve in winter.
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Fig. 16. Spinning reserve of TGs during different seasons in Scenario 3.

(a) Upward reserve in summer. (b) Upward reserve in mid-season. (c¢) Up-
ward reserve in winter. (d) Downward reserve in summer. (¢) Downward re-
serve in mid-season. (f) Downward reserve in winter.

When online TGs operate in the HCM in Fig. 14(a) and
Fig. 15, the spinning reserve is shared by the TGs in the
ISOCH mode, because all unbalanced power resulting in fre-
quency deviation is absorbed by TGs operating in the
ISOCH mode to restore frequency at the set value. When on-
line TGs operate in the FDCM as shown in Figs. 14(b),
14(c), and 16, the spinning reserve is shared by all online
TGs at the same load level. In this mode, only part of the
unbalanced power resulting in frequency deviation is ab-
sorbed by online TGs, because the FDCM cannot restore fre-
quency at the set value.

VI. CONCLUSION

This paper proposes a unified frequency response and
spinning reserve constrained scheduling model for wind pow-
er generators used in the IOFM, taking into account the
switching of dynamic control modes. The conclusions are
given as follows.

The proposed model realizes the optimal scheduling under
different control modes while ensuring frequency security.
With the introduction of coordinative control, the simultane-
ous operation of multiple TGs in ISOCH mode is achieved.
Compared with the scenario without coordinative control,
the operating costs are reduced by 0.89%, 1.16%, and
0.49%, and the MWPPL is enhanced by 5%, 9%, and 8% in
summer, mid-season, and winter, respectively. In the scenar-
io without coordinative control, the optimal control mode is
HCM in summer, where only one TG operates in ISOCH
mode, and FDCM in mid-season and winter. When the coor-
dinative control is introduced, the optimal control mode in
all seasons becomes HCM, which enables multiple TGs in
one group to operate simultaneously in the ISOCH mode.

These findings underscore the crucial role of coordinative
control among multiple TGs in minimizing the operating
costs and wind power curtailment while ensuring frequency
security in the IOFM. This also highlights the importance of
selecting the control mode in wind power utilization.

Although this paper focuses on the IOFM, it can be adapt-
able to other isolated microgrids with appropriate modifica-
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tions to some operational constraints. Potential applications
include remote mining areas and industrial parks with inte-
gration of renewable energy.

In future works, more detailed theoretical analyses are re-
quired to investigate the relationship between unified fre-
quency security and spinning reserve constraints, and the
key parameters of TGs. And more advanced nonlinear opti-
mization methods or hybrid methods will be conducted to
further improve the precision of frequency security con-
straints without compromising computational efficiency. Ad-
ditionally, the proposed model will be further extended to
the IOFM with energy storage systems and flexible industri-
al demand response.
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