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ABSTRACT Wind power has emerged as a clean alternative to traditional power production, with a
significant increase in its installed capacity observed over the past decade. In numerous regions, wind power
producers are now afforded the opportunity to participate in day-ahead energy and reserve markets. In this
context, the wind turbines can provide ancillary services such as frequency containment reserve (FCR).
However, the provision of ancillary services is known to affect the physical loading on a wind turbine. This
loading on different parts of the wind turbine can possibly result in sub-optimal performance leading to a
reduced net power output or even a faster degradation of the wind turbine. On the other hand, no or low
participation of a wind turbine in ancillary services market will lead to a lesser revenue on a long term.
Moreover, low participation of wind turbines in the ancillary market will eventually limit the amount of
wind power, since the ancillary services are needed to stabilise the grid and must then be provided by other
energy sources. Addressing this challenge requires a holistic method to gauge both load and revenue for
wind power producers (WPP), thus enabling them to make informed decisions. This study firstly presents
a method of calculating major loads on the wind turbine. Then, a load-aware optimisation method of wind
power scheduling in the joint day-ahead energy and reserve market (JERM) is proposed that provides WPPs,
an ability to strike a balance between revenue and the physical loading of wind turbine.

INDEX TERMS Ancillary services, Frequency containment reserve, Wind turbines, Wind turbine loading,
Wind turbine operation strategy

I. INTRODUCTION

IN 2022, 77.6 GW of new wind power installations were
added globally. This sizeable increment brought the global

installed wind energy capacity to 906.2 GW. The record
installations from European nations, Sweden, Finland and
Poland brought the total installed wind capacity in Europe in
2022 to 255.5 GW [1]. According to the International Energy
Agency, the aim to achieve 61% of total electricity generation
from renewable energy by 2030 will only be possible with
a threefold increase in renewable energy installations. The
biggest contribution will be from wind and solar energy [2].
The net zero emissions by 2050 scenario requires a wind
power generation of 7400 TWh per year by 2030 [3]. Only the
future holds the answer to whether such monumental increase
in renewable, and especially in wind power will be achieved.

Nevertheless, a significant growth is inevitable and necessary.
The energy markets around the world are being reshaped due
to the escalating share ofwind energy in the global powermix.
The reserve market landscape is also evolving due to these
changes, as grid codes now allow wind power producer’s
(WPP) to participate in the provision of ancillary services [4].
As a result, extensive studies have been conducted within

this domain. The possibility of temporary power over-
production in variable speed wind turbines is explored in [5].
In [6], an active control of wind turbine for ancillary services
using pitch and torque control methods is explored. The study
presented in [7], presents a wind turbine participation in ancil-
lary services market by the means of rotational kinetic energy.
A grid frequency stabilisation strategy using inertial control
of the wind turbine incorporating energy storage systems is
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presented in [8]. The present studies are not only confined to
frequency support service. In [9], a method of voltage control
from a power plant is presented. The capability of wind farms
to provide reactive power ancillary services is explained in
[10] and [11]. Another study presented in [12] explores the
coordination strategy of large wind farms for voltage support
by the means of high converter capacity. An ancillary services
provision method by the means of coordination between wind
turbine and electrolysis systems is presented in [13]. The
evolution of fast acting control systems for wind turbines
has enabled the integration of wind farms into the ancillary
services market [14]. In [15], a control system is presented
that is capable of following the grid frequency with minimal
error. An advanced converter control maintaining a transient
frequency stability is presented in [16]. The study presented
in [17], proposes a coordinated control strategy to efficiently
utilise energy in permanent magnet synchronous generators
(PMSG). A hybrid control strategy of frequency based power
point tracking method is presented in [18]. In [19] control
system capability for frequency containment reserve (FCR)
and fast frequency response (FFR) is shown. A strategy in-
corporating wake control for optimised operation of wind
farms providing FCR is proposed in [20]. These control
techniques have made it possible for the wind turbines to
have a deeper integration in ancillary services market. Crucial
grid frequency services such as FCR and FFR can greatly
benefit from these enhanced control capabilities of the wind
turbines to swiftly respond to the grid frequency fluctuations.
Grid services essential to maintain the grid stability such as
synchronous inertial response, enhanced frequency response
and fast post-fault active power recovery can also benefit from
increased wind energy participation in the ancillary services
market [21].
Studies point to an increase in the revenue of WPPs as a
result of participating in the ancillary service market. A study
exploring the advanced bidding strategy dedicated to optimal
dispatch of WPP in the JERM is presented in [22]. The
revenue generated using this technique has shown an increase
in the revenue ofWPP. A data-driven probabilistic energy and
reserve bidding approach for wind turbines participating in
reserve market has also concluded similar results [23].

Although the ancillary servicesmarket is a lucrative avenue
for the WPPs, the physical loading of the wind turbine may
be affected by these control techniques. There has been some
research regarding the physical loading of the wind turbine.
The impact of loads on composite wind turbine blades is
studied in [24]. Loads on wind turbine blades are studied
by using finite element analysis in [25]. Load identification
of a wind turbine tower using Kalman filtering techniques is
presented in [26]. Dynamic analysis of offshore wind turbine
tower subjected to wind and wave loading is shown in [27].
There are also studies that explore the global physical loading
of the wind turbine [28], [29] and [30]. Amidst all these
studies, there exists limited literature on the effect of ancillary
services provision on the loading of the wind turbine compo-
nents. In [31], a study about the dynamic frequency control

considering wind turbine fatigue is presented. The effects
of power reserve control on the structural loading of wind
turbines are discussed in [32]. A control design to reduce the
drive-train, blades and tower mechanical stresses of a wind
turbine participating in the grid primary frequency regulation
is presented in [33]. A non-linear virtual inertia control of
wind turbines in order to enhance primary frequency response
and suppressing drivetrain torsional oscillations is presented
in [34]. A study presented in [35] studies the effect of primary
reserve provision on the main bearing loads. These studies
point to the different impacts of ancillary services provision
on the wind turbine. However, none of the existing studies
aims to combine these qualitatively to provide a metric for the
overall loading of the wind turbine.Moreover, the economical
aspect of the loading is not taken into account when consider-
ing the wind turbine participation in JERM. Hence, there is a
need to quantify the overall major loads on awind turbine, and
moreover, to study the impact of ancillary service provision
on these loads while integrating the techno-economic impact
on the JERM participation.
To this end, this study proposes a load-aware optimisation

method of wind power bidding in the JERM. The purpose
of the developed method is not only to maximise the profit
of the WPP but also to create an optimal balance between
the net market revenue and the physical loads on the wind
turbine. Firstly, a methodology is developed to calculate the
physical loading on different components of the wind turbine,
namely, the main bearing, the blades, the shaft and the tower.
These loads are calculated for different reserve market bids.
These loads are then used as an input into an optimisation
problem that generates energy and reserve market bids for
profit maximisation of the WPP while taking into account the
wind turbine loading. This results in a load-aware operation
strategy compromising economic profit with structural load-
ing, which is the main novel contribution of this work.
This article is organised as follows: Section II describes

the model and data used in this study. Section III presents the
methodology used to calculate the loads on the wind turbine
as well as the optimisation strategy. In Section IV, results
from this study are discussed. The conclusion of this study
is derived in Section V.

II. MODELS AND DATA
The models used in the study include the wind turbine, the
PMSG and the control systems used for torque and pitch
control of the wind turbine. Wind data is used to simulate
these models for different cases. These models and data are
detailed in this section.

A. WIND TURBINE AND WIND FIELD DESIGN
This study employs the NREL 5 MW offshore wind turbine
model [36]. The model has been chosen for its high corre-
spondence on the REpower 5M machine, which is a widely
used wind turbine. The NREL 5 MW model is generally
recognised and used as a benchmark in the field of wind
energy. Its design and characteristics closely align with the
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TABLE 1. Wind turbine properties

Property Specification
Power rating 5 MW
Nominal torque 4 MNm
Rotor orientation & configuration Upwind, 3 blades
Rated rotor speed 12.1 rpm
Rotor and hub diameter 126 m and 3 m
Hub height 90 m
Cut-in, Rated and Cut-out wind speed 3 m/s, 11.4 m/s and 25 m/s

real-world offshore wind turbines, offering a realistic repre-
sentation for simulations and studies. The model incorporates
design information gathered from various sources, including
published documents from reputable turbine manufacturers.
To develop and simulate the model, a wind turbine simulator
called FAST v8 is used, which was developed by the Na-
tional Renewable Energy Laboratory [37]. FAST v8 features
several different modules including aerodynamics, structural
loads, electrical system and hydrodynamic loads. To have a
greater control on the control mechanism for this study, the
electrical and pitch systems have been separately developed
in Simulink. Moreover, the hydrodynamic loads module has
not been included in this study as the focus of this study is on
analysing the impact of dynamic control of the electric power
on the turbine’s structural loading. The primary characteris-
tics of the wind turbine are listed in the Table 1.

The specified wind turbine operates in distinct regions,
each of which is determined by the free-flow wind speed
measured on the rotor of the turbine. These regions, depicted
in Figure 1, are based on the wind speed at the turbine rotor. In
Figure 1, Region 1 corresponds to wind speeds below 3 m/s,
which is below the cut-in speed of the wind turbine. In this
region, no torque is generated, and no power is extracted. In
Region 2, thewind turbine functions inmaximumpower point
tracking mode. Region 2.5 is the transition zone between
Regions 2 and 3. Finally, in Region 3, the wind speeds exceed
the nominal wind speed, and control methods limit the torque,
speed, and power to prevent overloading of the drivetrain
components. If the wind speed exceeds 25 m/s, the wind
turbine enters the cut-out region, and no power is generated.

The wind data used for the simulations in this research
work are generated by using TurbSim [38]. Two different
cases have been simulated with the mean wind speed of 6 m/s
and turbulence intensities of 5 % and 20 %, as presented in
Figure 2 and Figure 3.

B. PERMANENT MAGNET SYNCHRONOUS GENERATOR
The study employs a PMSG. To accurately control the gen-
erator’s performance, a rotating direct, quadrature (d,q) refer-
ence frame representation of the generator is used. Table 2
provides a comprehensive list of the generator parameters
used in developing the model [39], [40]. It is worth noting
that PMSGs have become increasingly popular in recent
years due to their superior efficiency, high power density, and
low maintenance requirements. Furthermore, modern wind
turbines are increasingly using PMSGs, as they can operate
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FIGURE 1. Power curve of a 5 MW wind turbine
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FIGURE 2. Wind profile with 5% turbulence intensity
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FIGURE 3. Wind profile with 20% turbulence intensity

efficiently in variable speed conditions and allow direct-drive
operation without gearbox.

C. CONTROL

The different control schemes used in the study are detailed
in this section.

TABLE 2. Generator properties

Property Specification
Rated power 5 MW
Rated speed 12.1 rpm
Nominal efficiency 93%
Pole pairs 117
Nominal voltage 1950 V
Nominal current 876 A
Rs, Lq 98.5 mΩ, 5.86 mH
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1) Torque Control
The effectiveness of this study relies heavily on the accurate
control of torque in the PMSG. To achieve this, Field Oriented
Control (FOC) is employed in Simulink . In addition to FOC,
other control strategies such as model predictive control and
sliding mode control have been proposed for torque control
in PMSG-based wind turbines [41]- [43]. However, FOC
remains one of the most popular control strategies due to
its simplicity and robustness [44], [45]. FOC regulates the
quadrature current component îq proportionally to the torque
setpoint while keeping the direct current component îd at zero
for field orientation. The torque control scheme is depicted
in Figure 4, with the Proportional Integral (PI) controller’s
proportional and integral gains set at 0.0001. All symbols
represent the numerical values of the quantities in SI units.
At each time step, the PI controller generates a current signal
based on a comparison between the reference power P̂ and
actual power P. The current controller ensures that the desired
current is generated to control the torque effectively. The
reference power is determined by the grid frequency and
the amount of contracted ancillary reserve. The Clarke-Park
transformation is used to transform the three-phase abc cur-
rent signals into the two-phase dq current components [46].
The resulting dq components are then used for torque control.
The inverse Clarke-Park Transformation is subsequently ap-
plied to convert the dq components back to three-phase abc
signals for modulation [47]. The PI controller is configured
to minimise the tracking error by minimising overshoot and
settling time. Although the controller’s performance varies
with changing wind speeds and the rate of change of the
reference power, it is capable of tracking the reference power
with minimal error. It is worth noting that accurate torque
control is crucial for PMSGs to operate efficiently and deliver
the desired power output.

FIGURE 4. Field oriented control

2) Pitch Control
The Simulink-developed pitch control system is integrated
with the wind turbine model in FAST to ensure smooth opera-
tion. During each iteration of the simulation, the pitch control
system transmits a pitch command to each of the three blades
of the wind turbine. Figure 5 illustrates the block diagram of

the pitch control system, which employs a PI controller with
proportional and integral gains of 206.3 and 25, respectively.
The PI controller continuously compares the reference rotor
speed, Ωref , a preset parameter, with the actual rotor speed,
Ω, at each time step. The gain scheduling technique utilised
a dimensionless gain correction factor, G, defined as in (1).
The pitch angle, θ, plays a critical role in the gain scheduling
process, and a tuning parameter, θd , is set to 0.055 radians to
optimise its performance [48].

G =
1.6

1 +
(

θ
2θd

) (1)

+

-

FIGURE 5. Pitch control of the wind turbine blades

III. METHODOLOGY
The methodology used in this study is developed for a wind
turbine participating in JERM, where bids are submitted
day-ahead for energy and reserve markets by the WPP. The
methodology is outlined in Figure 6. With the inputs of wind
profile, grid frequency, model parameters and the reserve
market bid, software-in-the-loop simulations are performed
to calculate the loads on different sections of the wind turbine.
As an output from these simulations a mapping between
the reserve bid and total loading is achieved. Incorporating
the derived loading map as a penalty term into the WPP’s
scheduling objective function, our proposed model strategi-
cally optimizes the WPP profit while mitigating wind turbine
loads. The optimal decision variables of the model yield re-
serve and energy market bids. Additionally, the revenues and
real-time compensations are also calculated. The following
subsections present the calculation methods in detail.

A. LOAD CALCULATION
The total load on the wind turbine, referred to as L consists
of 4 different loads. The RMS values of these loads from
simulations for a time period of 300 s for each case are used.
These loads associated with the main bearing, blades, shaft
and the tower are presented in the following subsections.

1) Bearing load
The bearing load calculations are performed based on the
method presented in [35]. The forces acting on the main
bearing of the wind turbine are, axial force Fa (in N), lateral
force Fv and vertical force Fl . Figure 7 shows these three
forces acting on the wind turbine. Fa is calculated as the
average of the 3 blade root forces Fb1, Fb2 and Fb3 as in
(2). The radial force Fr (in N) is calculated using Fl and
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FIGURE 6. Methodology

Fv as in (3). The root mean square (RMS) of the two forces
are then used to calculate the dynamic equivalent force Lbr
acting on the main bearing as in (4). Here, t and T represent
the time variable and the total duration of the simulation,
respectively. bx and by are dimensionless empirical factors for
load calculations in a spherical roller bearing.

Fa =
Fb1 + Fb2 + Fb3

3
(2)

Fr =
√
F2
l + F2

v (3)

Lbr =

√
1

T

∫ T

0

[
bxFr(t) + byFa(t)

]2
dt (4)

2) Blade load
In the wind turbine model used for the simulations, each of
the three blades are divided into 9 spans along the length of
the blade. Each of these spans are subjected to forces directed
along x, y and z axis. These forces and the division of the
wind turbine blade in 9 spans is represented in Figure 7. The
equivalent of the 3 forces on each span is calculated as per
(5), where n is the number of blade (from 1 to 3) and m is the
number of the span (from 1 to 9). The total blade load Lbl is
then calculated as the RMS of the individual forces on each
span of each blade as in (6). Note that the time dependence
(t) is omitted to not overload the equations.

Fbln,spm =
√
Fx2bln,spm + Fy2bln,spm + Fz2bln,spm (5)

Fzbln,spm
Fxbln,spm

Fybln,spm Fv
Fl Fa

shaft

FzTB

FxTB
FyTB

FIGURE 7. Forces acting on the wind turbine

Lbl =

√√√√ 1

T

∫ T

0

(
9∑

m=1

Fbl1,spm + Fbl2,spm + Fbl3,spm

)2

dt

(6)
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3) Shaft load
The shaft load comprises of rotating shaft bending moment
at the shaft’s strain gauge along y and z axis (in Nm). The
bending moments are then divided by the distance from rotor
apex to calculate the two equivalent forces Fysh and Fzsh (in
N) along y and z axis, respectively. These coordinates follow
the similar plane as Fl and Fv, as shown in Figure 7. Finally,
the total shaft load Lsh is calculated using the RMS of the
equivalent forces as shown in (7).

Lsh =

√
1

T

∫ T

0

[
Fy2sh(t) + Fz2sh(t)

]
dt (7)

4) Tower load
The tower loads are divided into two categories, the loads
associated with the main structure of the tower LTM and the
loads at the base of the tower LTB. For the calculation of LTM ,
the tower is divided into 9 sections. Each section of the tower
is subjected to forces FxTM , FyTM and FzTM along x, y and z
axis, respectively. The section of the wind turbine tower and
associated forces are presented in Figure 7. The equivalent
force at each of the sections is calculated as in (8), where k
represents the section of the tower from 1 to 9. LTM is then
calculated as the sum of loads on each of the section as in (9).
The tower base loads FxTB, FxTB and FxTB (in N) are directed
along x, y and z axis respectively. The equivalent load on the
tower base, LTB is calculated as in (10). Finally, the total tower
load Ltwr is calculated as the sum of towermain and base loads
as in (11).

LTM (k) =
√
Fx2TM (k) + Fy2TM (k) + Fz2TM (k) (8)

LTM =

√√√√ 1

T

∫ T

0

(
9∑

k=1

LTM (k, t)

)2

dt (9)

LTB =

√
1

T

∫ T

0

[
Fx2TB(t) + Fy2TB(t) + Fz2TB(t)

]
dt (10)

Ltwr = LTM + LTB (11)

5) Equivalent load
The total load on the wind turbine L is calculated as weighted
sum the four individually calculated loads as in (12). Here, a,
b, c and d are the weight factors associated with the loads.
To determine the values of these weight factors, informed
by their economic implications, a base case simulation is
conducted over a duration of 3000 s. The weight factors based
on the base case are setup such that each individual term
on the right hand side of (12) is equivalent to 0.25. Hence,
making the base value of L equal to 1. This arbitrary choice
is made to demonstrate the functioning of the methodology.
However, these are adjustable factors and can be tuned by the
wind farm operator based on the economic costs associated
with each of these components.

L = aLbr + bLbl + cLsh + dLtwr (12)

B. OPTIMISATION
The optimisation strategy presented in [22] proposed a wind
power scheduling framework that accounts for the revenue
stream from both day ahead and real-time stages of the energy
and reservemarkets. However, in this strategy the loads acting
on the wind turbine due to the optimal bids in JERM are not
accounted for. For this study, the optimisation strategy has
been improved to include the effect of wind turbine loading.
The optimisation is performed in Matlab, using the Gurobi
optimiser [49]. Based on the optimisation, optimal decisions
are made to maximise the revenue of the WPP while taking
the wind turbine physical loading into account. The objective
function is stated in (13). Here, L as defined in (12) is the
factor based on the mapping generated from the load calcu-
lations. The day-ahead bids related to the energy and reserve
markets are, respectively, shown by Embid and Rmbid. α is a
dimensionless variable weight factor associated with the load
L. λsp and λcap are the spot market and the reserve capacity
prices, respectively. λBU and λBD are imbalance prices for sur-
plus and deficit, respectively. λcp is the unavailability penalty
price for the reserve. πω is the probability of occurrence
of the scenario. δt is the market time unit equal to 1 hour.
Ω/ω represents the scenario index/set. ∆Puω , ∆Pdω are the
positive and negative deviation of injected power at scenario
ω. ∆Rdω is the deviation of available capacity margin from
the offered bid at scenario ω.

J = −αL+ λspEmbid∆t + λcapRmbid +
∑
ω∈Ω

πω {∆t (λBU∆Puω − λBD∆Pdω − λcp∆Rdω)}
(13)

The loading constraint used for the optimisation is shown
in (14). This constraint takes into account the impact of
increasing Rmbid on the overall loading of the wind turbine.
The choice of using only reserve market bid is based on the
fact that themost influential factor of the wind turbine loading
is the amount of reserve power provided since it has to be
injected to the network dynamically thus affecting the load
on the wind turbine. The values of p1 and p2 are calculated as
shown in (15) and (16), where n refers to the number of data
points simulated related to α.

L = p1Rmbid + p2 (14)

p1 =
n
∑n

i=1(RmbidiLi)−
(∑n

i=1 Rmbidi

) (∑n
i=1 Li

)
n
∑n

i=1 Rm
2
bidi −

(∑n
i=1 Rmbidi

)2
(15)

p2 =

∑n
i=1 Li − p1

∑n
i=1 Rmbidi

n
(16)

The other constraints associated with the optimisation are
listed in (17)-(26). Here, Qc is the amount of the offered bids
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for the day-ahead market. Pω , Rω and Qω are the delivered
power to the energy market, available reserve power and
the total available wind power at scenario ω. M is a large
positive constant for mixed integer programming. δ is the
binary variable associated with the sufficient power capacity.

Embid +Rmbid = Qc (17)

Pω +Rω = Qω (18)

Embid − Pω = ∆Pdω −∆Puω (19)

Rmbid − Rω ≤ ∆Rdω (20)

Qω − Rmbid −Mδ ≤ 0 (21)

Qω − Rmbid +M(1− δ) ≥ 0 (22)

Rω ≤ Rmbid (23)

Rω ≤ Qω (24)

Rω ≥ Rmbid −M(1− δ) (25)

Rω ≥ Qω −Mδ (26)

C. REVENUE CALCULATION
The revenue calculations for a wind turbine participating in
JERM are presented in this section. The total revenue consists
of energy and reserve market revenues. All the revenue calcu-
lations are performed for a duration of 1 hour. The combined
revenue from energy market and imbalance settlement, REI is
calculated as shown in the (27). It accounts for the spot market
price, the optimal reserve power bid, the positive and negative
deviations of injected power and the respective imbalance
prices for surplus and deficit.

REI = λspEmbid∆t +
∑
ω∈Ω

πω∆t(λBU∆Puω − λBD∆Pdω)

(27)
The revenue generated by WPP in the day-ahead reserve

market,RDR is determined bymultiplying the reserve capacity
price by the optimal reserve power bid, as shown in (28).

RDR = λcapRmbid (28)

In (29), unavailability penalty price for the reserve and
deviation of available capacity margin from the offered bid
are used to calculate RPB, the penalty incurred byWPP during
the balancing stage.

RPB =
∑
ω∈Ω

πω∆t(−λcp∆Rdω) (29)

The total revenue from participating in the reserve market
and balancing stage, RRB, as shown in (30), encompasses
both the reserve capacity price and penalties. It takes into
account the optimal reserve power bid, the unavailability
penalty price, and the deviation of available capacity margin
from the offered bid.

RRB = λcapRmbid +
∑
ω∈Ω

πω∆t(−λcp∆Rdω) (30)

The overall profit R is the sum of various revenue com-
ponents, including revenue from the energy market, reserve
market, and imbalance settlement as shown in (31).

R = λspEmbid∆t + λcapRmbid +
∑
ω∈Ω

πω∆t (λBU∆Puω − λBD∆Pdω − λcp∆Rdω)
(31)

IV. RESULTS AND DISCUSSION
A first set of simulations is performed to find a mapping
function between the reserve market bid and the loading of
the wind turbine. The reserve bid is varied in the range of
0 MW to 0.75 MW in steps of 0.05 MW. These simulations
are performed with a 6 m/s wind profile with 5 % and 20 %
turbulence as shown in Section II-A. The other inputs to
the coupled model of wind turbine and generator are, grid
frequency, model parameters and the reserve market bid, as
presented in Figure 6. For each of these simulations, the loads
on different parts of the wind turbine are analysed. Figure 8
shows the forces in the base case which is simulated to define
the base values of the weight factors associated with each of
the 4 loads, as explained in Section III-A5. This simulation
is performed for a duration of 3000 s. Figure 8 (a) and (b)
show the axial and radial forces on the wind turbine bearing.
Figure 8 (c) and (d) show the loads on the span 1 and span 9
of the blade. Figure 8 (e) and (f) show the load on shaft along
the y and z axis. Figure 8 (g) and (h) show the main load and
base load of the tower.
Table 3 and Table 4 present the results from the simulations

in terms of the normalised loading for the cases of 5 % and
20 % wind turbulence intensity. Here, Lbr , Lbl , Lsh, Ltwr and
L represent the bearing, blades, shaft, tower and the total
loading respectively. The data in Table 3 and Table 4, while
demonstrating a clear increasing trend in loading with respect
to Rmbid, also reveal a predominantly linear characteristic.
This validates our decision to employ linear regression as
detailed in Section III-B, through (14) - (16). As Rmbid

increases from 0 to 0.75MW, there is a noticeable rise in each
of the loading terms. For the 5 % turbulence case, Lbr exhibits
a consistent increasing progression with its value increasing
from 0.471 for no reserve bid to 1.027 for the highest reserve
bid in the range. For the case of 20 % turbulence, this rise is
from 0.378 to 0.897. Similarly, Lbl shows a consistent incre-
ment from 0.403 to 0.828 for 5 % turbulence case and 0.335
to 0.726 for the 20 % turbulence case, as Rmbid increases. In
contrast, for the 5% turbulence case, Lsh and Ltwr demonstrate
a relatively marginal increase from 0.236 to 0.246 and 0.25
to 0.251 across the same Rmbid range, respectively. Notably,
Lsh stabilises from Rmbid value of 0.25 MW onwards. A
similar trend is observed for the case of 20 %wind turbulence
intensity. With the maximum influence coming from Lbr and
Lbl , Ltotal shows a consistent upward trend. The increased L
is due to the increased control action that in turn effects the
forces acting on different components of the wind turbine.
This dataset establishes the relationship between Rmbid and
the corresponding load variations, indicating a trend of load
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FIGURE 8. Forces acting of different wind turbine components

increases with the rise in Rmbid. A corresponding graph
between the cumulative L and Rmbid is shown in Figure 9.
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FIGURE 9. Reserve market bid versus Loading

The next set of simulations are performed by the optimi-
sation model (13)-(26), to evaluate the optimal market bids
in order to balance the wind turbine loads and the WPP’s
revenue. The values of λsp, λcap, λBU , λBD and λcp for rev-
enue related calculations are =C 33, =C 34, =C 30, =C 35 and
=C 45, respectively. These market rates are in a similar and
comparable range as in the related literature [22], [23] and
several European electricity markets, such as in Denmark,
Norway, and Belgium [50], [51]. In these simulations of a
time period of 1 hour each, different scenarios are studied in
terms of α, which is the weight factor associated with L. The

intent is to analyse the impact of weightage (α) of L on the
revenue and the optimised bids. Table 5 and Table 6 present
a synopsis of the reserve market bids and expected revenue
from JERM for the two simulated cases of 5 % and 20 %
wind turbulence intensity, respectively. An examination of the
data shows the impact of changing α on the optimal bid and
various presented revenues. Firstly, it is evident that Rmbid

decreases with the increasing α. For the 5 % turbulence case,
the maximum reserve bid of 0.60 MW is offered when α is
zero. This bid is the maximum possible reserve market bid,
equivalent to a bid when the L is not taken into account for
the optimisation. As the value of α gradually increases, a
decreasing trend is observed in the Rmbid. Eventually, for α
values 75 and higher, the corresponding Rmbid is zero. For
the case of 5 % turbulence intensity, the maximum Rmbid of
0.28 MW is observed when α is zero. It can be noticed that,
Rmbid offered for the case of 20 % turbulence intensity is
lower in comparison to th 5 % turbulence intensity case. This
is due to the fact that with a higher level of turbulence in the
wind,more fluctuations in thewind are present that eventually
lead to more instances of lower wind speed. The optimisation
algorithm developed for this study takes these uncertainties
into account for the calculation of the optimal Rmbid.

The revenues associated with each scenario and the total
profit are presented in Table 5 and Table 6. The revenue from
energy market and imbalance settlements, REI shows propor-
tionate changes to the values of α. For the 5 % turbulence
case, the value of REI rises from =C 5.02 to =C 24.52, as α

8 VOLUME 11, 2023

This article has been accepted for publication in IEEE Access. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/ACCESS.2024.3350439

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License. For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/



Author et al.: Preparation of Papers for IEEE TRANSACTIONS and JOURNALS

TABLE 3. Normalised loading associated with the changing Rmbid [MW], wind turbulence intensity 5 %

TABLE 4. Normalised loading associated with the changing Rmbid [MW], wind turbulence intensity 20 %

increases up to 75. Whereas, for the case of 20 % turbulence,
REI increases from =C 18.63 to =C 27.49. The growth indicates
that the increasing values of α positively influence the rev-
enue from the energy market. This is because with higher
values of α, a greater portion of energy is designated for
Embid, while a lower amount is set aside for Rmbid. This
occurs due to the negative term L in the objective function
being directly influenced by Rmbid. Expanding on this, it
can be observed that for both the turbulence case, the revenue
for the reserve market, RRB is highest for the lower values
of α and gradually decreases as the value of α increases.
However, it should be noted that the RRB is the less dominant
mode of revenue for the case of 20 % turbulence as compared
to the 5 % turbulence case. This is due to the optimisation
algorithm that accounts for the reserve unavailability. RRB is
a combined sum of the revenue in the reserve market RDR and
the penalty in balancing stage RPB. RDR is bound with α and
thereby by Rmbid. Similar is the case for RPB. As α grows,
the amount of reserve offered reduces. As a result, due to the
lower WPP’s deviations from the planned capacities, lower
penalties are incurred. The overall profit of the wind turbine
participation in JERM, the total revenue, R is also presented
in Table 5 and Table 6. The values of R include the revenues
from energy and reserve markets along with the penalties due
to the unavailability. It can be seen here that the maximum
profit is earned when the value of α is zero, indicating that
the impact of loading, L is not taken into account. The least
revenue is observed for the higher values of α.

Another key observation is made by identifying the knee
point in the data trend. This is achieved by calculating the
difference between consecutive data points of Rmbid and
R. The allocated reserve bid Rmbid and total revenue R, as
presented in Table 5, pinpoint a knee point at the α value of
75, as illustrated in Figure 10 and Figure 11. This suggests
that decision-makers can prioritize the loading of the wind
turbine over a broad range without sacrificing profit, up to
an α value of 75. However, if the emphasis on the wind
turbine loading becomes significantly pronounced, the rate of
change in revenue (or the potential for revenue loss) becomes
steeper, rather than gradual. It should be noted that the values
presented here are for a single wind turbine, for 1 hour and
for a low wind speed scenario. The cumulative difference in
the profit for a longer duration and for an entire farm can be
highly significant in the interest of WPPs.

V. CONCLUSION
This study presents a novel method of wind turbine participa-
tion in JERMusing a load-aware profit maximising approach.
A methodology is developed to aggregate the major loads of
the wind turbine and present it as a single unit. The loading
factor generated from this methodology acknowledges the
loads on the blade, main bearing, shaft and the tower of
the wind turbine. The aggregate loading is then used as an
input to the optimisation problem that, given the constraints,
maximises the WPP’s profit while minimising the physical
loading of the wind turbine. The results of this study indicate
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α

 Rmbid 

[MW]
REI 

[€]
RRB 

[€]
RDR 

[€]
RPB 

[€]
R 
[€]

0 0.60 5.02 20.04 20.29 -0.25 25.06
5 0.59 5.15 19.91 20.15 -0.24 25.06
10 0.59 5.31 19.75 19.97 -0.22 25.06
15 0.58 5.47 19.59 19.78 -0.19 25.06
20 0.57 5.70 19.36 19.53 -0.17 25.06
25 0.57 5.83 19.23 19.38 -0.16 25.05
30 0.56 6.05 19.00 19.14 -0.14 25.05
35 0.56 6.26 18.79 18.91 -0.12 25.05
40 0.55 6.45 18.59 18.70 -0.10 25.05
45 0.54 6.73 18.31 18.40 -0.09 25.04
50 0.53 6.99 18.05 18.12 -0.08 25.04
55 0.52 7.53 17.50 17.55 -0.05 25.02
60 0.49 8.25 16.75 16.79 -0.03 25.01
65 0.46 9.19 15.79 15.81 -0.01 24.98
70 0.44 10.16 14.79 14.80 0.00 24.95
75 0.00 24.52 0.00 0.00 0.00 24.52
80 0.00 24.52 0.00 0.00 0.00 24.52

TABLE 5. Revenues as a function of α, wind turbulence intensity 5 %

α

 Rmbid 

[MW]
REI 

[€]
RRB 

[€]
RDR 

[€]
RPB 

[€]
R 
[€]

0 0.28 18.63 9.01 9.63 -0.61 27.64
5 0.26 19.39 8.25 8.75 -0.50 27.64
10 0.25 19.68 7.96 8.42 -0.46 27.64
15 0.24 19.95 7.69 8.12 -0.43 27.64
20 0.22 20.38 7.25 7.63 -0.38 27.63
25 0.21 20.73 6.90 7.24 -0.34 27.63
30 0.18 21.61 6.02 6.28 -0.26 27.62
35 0.18 21.78 5.83 6.08 -0.25 27.62
40 0.14 22.98 4.62 4.78 -0.16 27.60
45 0.13 23.25 4.34 4.49 -0.15 27.59
50 0.12 23.69 3.89 4.02 -0.12 27.59
55 0.06 25.64 1.90 1.94 -0.04 27.54
60 0.04 26.35 1.18 1.20 -0.02 27.53
65 0.02 26.94 0.57 0.58 -0.01 27.51
70 0.00 27.41 0.09 0.09 0.00 27.50
75 0.00 27.49 0.00 0.00 0.00 27.49
80 0.00 27.49 0.00 0.00 0.00 27.49

TABLE 6. Revenues as a function of α, wind turbulence intensity 20 %

that the physical loading of the wind turbine can be effectively
modeled as a function of the reserve bid. It is observed that
when considering the wind turbine loading in wind power
scheduling, a lower reserve bid is achieved as the loading
weight increases. Similarly, as the loading weight rises, the
market revenue decreases. This is because, unlike traditional
scheduling models that overlook the wind turbine loading and
its hidden costs, our model implicitly accounts for the costs
associated with the wind turbine physical health. Another
crucial consideration for decision-makers is that the profit
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FIGURE 10. Variation in Rmbid with respect to α
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FIGURE 11. Variation in R with respect to α

and loss remains minimal across a broad range of loading
weights before experiencing a significant drop with only a
slight change in loading weight. Therefore, decision-makers
should identify the knee point in their data, as demonstrated
in this study, to ensure a profit that does not compromise
turbine health significantly. The weight factors a, b, c and
d associated with the loads as defined in the study, provide
the WPP a useful tool at their disposal. These factors can be
tuned as per the costs and condition of these wind turbine
components. Additionally, the factor α associated with the
physical loading in the bidding optimisation is an adjustable
factor that can be tuned to balance the revenue and the loading
as per the requirement of the WPP. In this way the WPPs
always have a trade-off option to create a balance between the
physical load on the wind turbine and the monetary benefit.
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