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Resumen

Las condiciones de red débil pueden limitar la capacidad de transferencia de potencia activa de plan-
tas edlicas basadas en generadores de induccion doblemente alimentados (DFIG), reduciendo la reserva
efectivamente entregada en el punto de conexién comiin (PCC). Aunque la operacién con reduccion
de potencia permite crear un margen para participar en servicios de control de frecuencia, esta reserva
tedrica no necesariamente coincide con la potencia adicional que puede ser transferida a la red cuando se
consideran los limites de corriente de los convertidores y la fortaleza del sistema.

En este trabajo se analiza el efecto de la relacion de cortocircuito (SCR) sobre la capacidad de entrega
de reserva de una planta edlica DFIG. El sistema eléctrico, la planta edlica y sus controles fueron im-
plementados en RSCAD y simulados mediante un Real-Time Digital Simulator (RTDS), considerando
distintos valores de SCR, velocidades de viento, niveles de reduccion de potencia (deloading) y regiones
de operacion. La operacion basada en sobrevelocidad se incluyé como referencia cualitativa, mientras
que la evaluacion cuantitativa se concentrd en los casos regulados mediante control del dngulo de paso.
A partir de las simulaciones se determinaron la reserva tedrica, la reserva efectiva promedio entregada
durante los primeros 8 s y la razén de reserva entregada 7)p gs.

Los resultados muestran que la capacidad de entrega de reserva depende de la fortaleza de red y del
punto de operacion de la turbina. Al disminuir el SCR, aumentan las variaciones de tension en el PCC
y la corriente demandada por el convertidor del lado del rotor, reduciendo el margen disponible para la
inyeccion de potencia activa. Cuando se alcanza el limite de corriente, parte de la potencia mecanica
liberada no puede ser transferida al PCC y produce una aceleracion del rotor. Para 20% de reduccion
de potencia y SCR igual a 1.10, 1g g5 disminuyé hasta 36.10% para V,, = 12 m/s y hasta 46.90% para
Vi, = 15 m/s, evidenciando que el margen tedrico puede sobrestimar significativamente la capacidad
real de respuesta.

La razén np g5 fue posteriormente incorporada en una evaluacion econémica desarrollada en Gurobi, en
la que se compararon tres estrategias: energy-only, donde la planta participa inicamente en el mercado
de energia; naive, donde se oferta la reserva tedrica completa sin considerar su entregabilidad fisica; y n-
aware, donde la oferta de reserva se limita mediante 7y g5. Para V,, = 12 m/s, la estrategia naive obtuvo
resultados netos mensuales incrementales respecto de energy-only de 99 EUR, —565 EUR y —5849 EUR
al disminuir la fortaleza de la red, mientras que la estrategia n-aware obtuvo 1458 EUR, 1281 EUR y 388
EUR. Para V,, = 15 m/s, los resultados netos mensuales incrementales fueron —906 EUR, —1184 EUR
y —4561 EUR para la estrategia naive, y 1236 EUR, 1091 EUR y 580 EUR para la estrategia n-aware.
Estos resultados muestran que la estrategia naive puede generar pérdidas por incumplimiento de reserva,
mientras que la estrategia n-aware reduce la exposicion a penalizaciones y mantiene resultados positivos
en todos los casos analizados.

Se concluye que la fortaleza de red y el punto de operacion deben ser considerados al determinar las
ofertas de reserva de plantas edlicas DFIG. El uso de la razén de reserva entregada obtenida a partir de la
respuesta en el PCC permite representar de manera mads realista la capacidad de respuesta de la planta y
evaluar tanto la sobreestimacion de la reserva como el riesgo econémico asociado.
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Abstract

Weak-grid conditions may limit the active-power transfer capability of wind power plants based on
doubly-fed induction generators (DFIGs), reducing the reserve effectively delivered at the point of com-
mon coupling (PCC). Although deloaded operation creates an active-power margin for participation in
frequency-control services, this theoretical reserve does not necessarily coincide with the additional
power that can be transferred to the grid when converter-current limits and grid strength are consid-
ered.

This work analyzes the effect of the short-circuit ratio (SCR) on the reserve-delivery capability of a
DFIG-based wind power plant. The power system, wind power plant, and associated control systems
were implemented in RSCAD and simulated using a Real-Time Digital Simulator (RTDS), considering
different SCR values, wind speeds, deloading levels, and operating regions. Overspeed-based operation
was included as a qualitative reference, whereas the quantitative assessment focused on pitch-regulated
operating cases. The simulations were used to determine the theoretical reserve, the average effective
reserve delivered during the first 8 s, and the delivered reserve ratio 7p gs.

The results show that reserve deliverability depends on both grid strength and the turbine operating point.
As the SCR decreases, PCC-voltage variations and rotor-side converter (RSC) current demand increase,
reducing the current margin available for active-power injection. When the converter-current limit is
reached, part of the released mechanical power cannot be transferred to the PCC and instead causes rotor
acceleration. For 20% deloading and an SCR of 1.10, 1y gs decreased to 36.10% for V,, = 12 m/s and to
46.90% for V,, = 15 m/s, showing that the theoretical margin may significantly overestimate the actual
response capability.

The delivered reserve ratio 7g g5 was subsequently incorporated into a Gurobi-based economic assess-
ment comparing three strategies: an energy-only strategy, in which the plant participates only in the en-
ergy market; a naive strategy, which offers the full theoretical reserve without considering its physical de-
liverability; and an 7-aware strategy, which limits the reserve bid using nr ss. For V,, = 12 m/s, the naive
strategy yielded monthly net increments relative to the energy-only strategy of 99 EUR, —565 EUR, and
—5849 EUR as grid strength decreased, whereas the n-aware strategy yielded 1458 EUR, 1281 EUR, and
388 EUR. For V,, = 15 m/s, the corresponding monthly net increments were —906 EUR, —1184 EUR,
and —4561 EUR for the naive strategy, and 1236 EUR, 1091 EUR, and 580 EUR for the n-aware strat-
egy. Although the absolute monthly outcomes are specific to the analyzed market period and modeling
assumptions, the n-aware strategy consistently outperformed the naive strategy by reducing exposure to
reserve non-delivery penalties under the evaluated weak-grid conditions.

It is concluded that grid strength and the turbine operating point should be considered when determining
reserve bids from DFIG-based wind power plants. Using a PCC-level delivered reserve ratio provides
a more realistic representation of the plant response capability and reduces both reserve overestimation
and the associated economic risk.

Keywords: ancillary services, deloaded operation, DFIG, economic assessment, frequency control,
RTDS, reserve bidding, reserve deliverability, SCR, weak-grid operation.
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1 Introduction

The increasing displacement of synchronous generation by converter-based renewable energy sources
is reducing the equivalent inertia of modern power systems, making frequency support from these re-
sources increasingly relevant. Wind power has received particular attention in this context because recent
grid-code developments have introduced more demanding requirements for active-power control and fre-
quency response [1-4]. Among wind generation technologies, doubly-fed induction generator (DFIG)-
based wind turbines are especially relevant because their converter-based interface allows supplementary
control actions for active-power regulation, frequency support, and reserve provision.

In DFIG-based wind turbines, upward frequency support can be provided through temporary kinetic-
energy release or through persistent reserve created by deloaded operation. In the latter case, the turbine
is intentionally operated below its maximum power point, preserving an active-power margin that can
be released during under-frequency events. However, this aerodynamic headroom does not necessarily
correspond to the active-power reserve that can be effectively delivered to the power system. This distinc-
tion becomes critical under weak-grid conditions, where a lower short-circuit ratio (SCR) strengthens the
interaction between converter-current control, point of common coupling (PCC)-voltage dynamics, and
grid impedance. As a result, converter-current limits and voltage-regulation requirements may reduce the
active-current margin available for additional active-power injection [5-7].

This physical limitation also has a market implication. Ancillary-service markets remunerate reserve
capacity according to the quantity offered and accepted, but actual service delivery depends on whether
the committed response can actually be delivered during activation. Therefore, a wind plant that bids
reserve based only on theoretical aerodynamic headroom may overestimate its deliverable capability,
leading to non-delivered reserve, imbalance costs, reduced revenues, or penalty terms in a market model.
Hence, reserve bidding should account for the reserve that can be transferred to the PCC under the ex-
pected grid-strength and operating conditions.

This work assesses reserve deliverability in a DFIG-based wind power plant under different SCR values,
wind speeds, deloading levels, and operating regions. The main contribution is to quantify the mismatch
between the reserve margin defined by deloaded operation and the reserve effectively delivered at the
PCC using time-domain simulations performed in a Real-Time Digital Simulator (RTDS). The resulting
delivered reserve ratio is then used as an input to an economic assessment that compares an energy-only
strategy, in which no reserve is offered; a naive strategy, in which the bid is based on the full theoretical
headroom; and an n-aware strategy, in which the bid is limited according to the reserve effectively deliv-
erable at the PCC. This comparison links the physical limitations of reserve delivery with their potential
economic consequences in ancillary-service markets.
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Figure 1 summarizes how the physical reserve-deliverability assessment is connected to the market-
oriented reserve-bidding stage. The DFIG-based wind power plant and the weak-grid power-system
model are implemented in RSCAD and executed in the RTDS platform. For each operating scenario, de-
fined by wind speed, deloading level, and SCR, the Electromagnetic Transient (EMT) simulation provides
the theoretical reserve Ry, the effective reserve delivered at the PCC during the first 8 s after activation
Reg 55, and the delivered reserve ratio nrgs. These quantities are then used as physical inputs in the
Gurobi-based optimizer to compare energy-only, naive, and n-aware Frequency Containment Reserve for
Disturbances Up (FCR-D Up) bidding strategies. Therefore, the workflow should be interpreted as an
offline coupling between dynamic simulation results and market assessment, rather than as a closed-loop
real-time control architecture.

EMT Model of DFIG
Wind Plant and Power System

RSCAD®Fx

by

GUROBI

OPTIMIZATION

Real-Time Digital FCR-D Up Market
Simulator Hardware Bidding Optimizer

Figure 1: Offline signal-exchange workflow.

1.1 Hypothesis

A DFIG-based wind power plant can offer energy and frequency-control reserve more effectively when
its operating conditions and physical limits are considered in the market assessment. Under weak-grid
conditions, the reserve effectively delivered at the PCC may differ from the theoretical aerodynamic
headroom; therefore, an RTDS-based delivered reserve ratio provides a more realistic estimation of the
plant capability.

1.2 Research Objectives

The objectives originally presented in the TMT were refined during the development of this work. Their
original scope is still fulfilled, but with a more specific focus on DFIG-based wind plants, weak-grid
reserve deliverability, and FCR-D Up bidding.



DIE UTFSM

1.2.1 Main Objective

Implement and evaluate, using RTDS simulations, the dynamic performance of a DFIG-based wind
power plant participating in energy and frequency-control ancillary-service markets, and assess how the
physical reserve effectively delivered under different operating and grid-strength conditions affects en-
ergy and reserve bidding decisions.

1.2.2 Specific Objectives

1) Implement a dynamic model of a DFIG-based wind power plant in RSCAD/RTDS, including the
aerodynamic model, rotor-side converter (RSC), grid-side converter (GSC), converter-current limits, de-
loading operation, and frequency-control loops required for active-power reserve provision.

2) Develop an optimization-based energy and reserve bidding assessment framework for the wind power
plant, incorporating market revenues, reserve penalties, and physical reserve deliverability to compare
naive and n-aware strategies for FCR-D Up provision.

3) Evaluate, through RTDS simulations, the interaction between the wind plant physical model, the sur-
rounding power system, and the frequency-control service under different operating conditions, including
variations in SCR, wind speed, deloading level, and turbine operating region.

4) Quantify the mismatch between theoretical reserve and effective reserve delivered at the PCC by
means of a delivered-reserve ratio obtained from the simulated active-power response after a full FCR-D
Up activation request.

Table 1: Traceability between the objectives and the results subsections demonstrating their fulfillment.

Research objective Subsections demonstrating fulfillment

Main objective — Assessment of re- | Subsection 5.2, “Reserve Delivery under Different SCR Levels”; Subsec-
serve deliverability and its impact on | tion 5.3, “Comparison between Theoretical and Effective Reserve”; and Sub-
bidding decisions section 5.4, “Economic Impact on Reserve-Bidding Strategies”.

Specific Objective 1 — Implementa- | Subsubsection 5.2.1, “Overspeed Response in the Variable-Speed Region™;
tion of the DFIG-based wind power | and Subsubsection 5.2.2, “Reserve Delivery in the Pitch-Regulated Region”.
plant model in RSCAD/RTDS

Specific Objective 2 — Development | Subsubsection 5.4.2, “Bidding Outcomes”.
of the energy and reserve bidding

framework
Specific Objective 3 — Evaluation | Subsection 5.1, “Physical Scenario Characterization”; and Subsection 5.2,
under different operating and grid- | “Reserve Delivery under Different SCR Levels”.

strength conditions

Specific Objective 4 — Quantifica- | Subsection 5.3, “Comparison between Theoretical and Effective Reserve”.
tion of the mismatch between theoret-
ical and effective reserve
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The remainder of this thesis is organized as follows. Section 2 reviews the literature on wind-power
reserve estimation, weak-grid limitations, reserve bidding, and real-time simulation, identifying the gap
addressed in this work. Section 3 presents the theoretical framework, including the wind-turbine model,
frequency-support strategies, and the selected reserve market. Section 4 describes the integrated method-
ology used to evaluate reserve deliverability through RSCAD/RTDS simulations and to incorporate the
resulting physical capability into the reserve-bidding formulation. Section 5 presents and discusses the
physical and economic results. Finally, Section 6 summarizes the main conclusions, limitations, and
directions for future research, while the appendices provide the detailed system parameters and comple-
mentary analytical developments.
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2 State of the Art

Reserve availability in wind turbines and wind farms has been addressed through different frequency-
support strategies. Bubshait and Simoes quantified the reserve of a deloaded wind turbine by coordinat-
ing rotor-speed and pitch-angle control for primary frequency regulation [8]. Ouyang et al. proposed
a dynamic deloading method for DFIG-based wind farms, estimating positive and negative reserve ca-
pacities according to wind speed, operating limits, forecast errors, and the reserve available from syn-
chronous generators [9]. Du and Yu estimated future frequency-regulation potential under different op-
erating modes using wind-speed predictions [10], while Yan et al. incorporated wind-power forecast
uncertainty into the estimation of frequency-regulation capability [11]. At the wind-farm level, Tian
et al. considered wake losses and optimized reserve allocation among turbines [12]. More recently,
Pan et al. showed that reserve availability also depends on the adopted deloading decision, introducing
decision-dependent uncertainty into the estimation problem [13]. Zhang et al. extended this concept to
a frequency-constrained framework that co-optimizes energy dispatch and reserve allocation while ac-
counting for decision-dependent uncertainties in available and reserved renewable power [14].

These studies provide relevant methods for estimating the aerodynamic and operational reserve avail-
able from wind turbines and wind farms. However, this reserve does not necessarily correspond to the
additional active power that can be sustained and transferred to the grid. This distinction becomes espe-
cially relevant under weak-grid conditions. Guo et al. showed that the active-power transfer capability
of a DFIG can be constrained by its power angle and rotor-current limit in very weak grids [5]. Lu et
al. analyzed the dynamic P-Q capability of DFIG wind turbines considering converter-current limits,
pulse-width modulation (PWM) saturation, rotor speed, and grid conditions [6], while Fedele et al. as-
sessed how weak-grid connections and reactive-power-control strategies affect the operating capability
of a DFIG [7]. These works demonstrate that grid impedance, PCC-voltage variations, reactive-power
requirements, and converter limits can restrict active-power transfer. Nevertheless, they do not quantify
how these constraints affect the reserve effectively delivered during a frequency-support event.

Therefore, although deloading-based reserve provision and weak-grid operation have been studied sepa-
rately, the literature does not fully distinguish between the reserve margin defined at the turbine operating
point and the reserve that can be dynamically transferred to the PCC. Aerodynamic and operational re-
serve estimates are generally formulated independently of the electrical constraints that govern the actual
power transfer. Consequently, the mismatch between theoretical available reserve and effective delivered
reserve under different grid-strength and operating conditions remains insufficiently addressed.

In parallel, several studies have investigated the participation of wind power in energy, reserve, and
frequency-regulation markets. Soares et al. formulated offering strategies in energy and primary-reserve
markets by allocating the potentially available wind generation between both products while account-
ing for regulation costs and penalties associated with reserve non-delivery [15]. A related formulation
considered the allocation of uncertain wind generation between energy and reserve products [16]. Liang
et al. proposed a combined energy and regulation-reserve market model aimed at reducing wind-power
deviation penalties [17], while Edmunds et al. analyzed how market design influences wind participation
in response and reserve markets [18]. Yang et al. further considered wind-power uncertainty in the par-
ticipation of wind farms in energy and frequency-regulation markets [19].

10
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More detailed reserve-bidding formulations have subsequently been proposed. Soares et al. applied
stochastic programming and decision rules to manage wind uncertainty and balancing costs [20]. Hos-
seini et al. incorporated confidence levels associated with real-time reserve provision into day-ahead
energy and reserve bidding [21], while Cao et al. used deep reinforcement learning to coordinate wind-
energy bidding and reserve procurement [22]. Stratman et al. formulated an optimal strategy for partici-
pation in energy and spinning-reserve markets [23], and Hosseini et al. later proposed a multi-resolution
probabilistic approach to represent fast wind variations and reserve-bid reliability [24]. Cheng et al. di-
rectly coordinated frequency-regulation control and bidding decisions for a wind-electrolysis system [25].
This study represents an important link between operational flexibility and market participation, although
the wind-generation capability is described through aggregate models rather than through a detailed DFIG
response under weak-grid conditions.

Recent studies have also incorporated selected physical characteristics into scheduling and market for-
mulations. Jiang et al. jointly scheduled energy reserve and virtual inertia from wind turbines while
considering rotor-speed and frequency-response requirements [26]. Jiang and Zhao incorporated wind-
power inertia and reserve-control capabilities into the scheduling and pricing of frequency-regulation
services [27]. Mabboux-Fort et al. included wake interactions in the joint scheduling of wind-farm en-
ergy and reserve, showing that a more realistic aerodynamic representation can modify production esti-
mates, imbalance penalties, and market revenues [28]. These works demonstrate that physical constraints
can be embedded in market models. However, they rely on reduced-order, aggregate, aerodynamic, or
optimization-compatible representations and do not derive the reserve offer from the detailed electri-
cal response of the DFIG, its converter-control loops, current limits, PCC-voltage dynamics, and grid
strength.

Accordingly, the main limitation of the bidding literature is not the complete absence of physical con-
straints, but the limited consideration of the electrical reserve deliverability obtained from the detailed
dynamic response of the wind power plant. Once aerodynamic, scheduling, uncertainty, and frequency-
security constraints are satisfied, the committed reserve is generally assumed to be physically deliverable.
These formulations do not explicitly evaluate the partial reserve delivery caused by the interaction be-
tween converter limits, PCC-voltage dynamics, and low-SCR grid conditions. Therefore, they do not
assess how a reserve commitment based on aerodynamic headroom may perform when the active-power
support effectively transferred to the PCC is lower than expected.

Real-time simulation has also been used to evaluate the physical delivery of frequency support and other
ancillary services. Tuinema et al. implemented a large-scale electrolyzer model in RSCAD and as-
sessed its frequency-support capability using RTDS [29]. Wang et al. combined FAST, digital real-time
simulation, and hardware-in-the-loop (HIL) to evaluate wind-turbine inertial-control strategies while rep-
resenting detailed mechanical and electrical dynamics [30]. Shao et al. employed an RTDS—-GH Bladed
co-simulation platform to assess inertia-emulation control in DFIG wind turbines, including inertial re-
sponse, weak-grid stability, secondary frequency drops, and mechanical loading [31]. These studies
provide detailed technical validation of control and frequency-support performance, but the resulting
physical capability is not incorporated into a reserve-bidding or market-settlement model.

11
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Some studies have established partial links between real-time physical simulation and economic or co-
ordination layers. Khoshjahan and Kezunovic coupled RTDS and Typhoon-HIL models to evaluate how
the delivery of a predefined spinning-reserve quantity by distributed resources affects voltages, line cur-
rents, and operating constraints in a distribution network [32]. Kezunovic et al. also proposed an HIL
framework for transactive-energy exchange in a nano-grid with photovoltaic generation, battery storage,
and power-electronic converters [33]. These works demonstrate that economic coordination and detailed
physical simulation can be integrated. However, their applications focus on distributed resources, nano-
grids, or distribution networks, and they do not close the loop between reserve bidding, detailed wind-
plant dynamics, reserve delivery at the PCC, and the economic consequences of partial non-delivery.

Thus, the literature contains partial links among four elements: reserve creation through wind-turbine
control, limitations on active-power transfer under weak-grid operation, economic reserve-offering strate-
gies, and real-time assessment of ancillary-service delivery. Market-oriented studies incorporate selected
physical characteristics through aggregate or reduced-order models, whereas detailed real-time studies
generally stop at technical control validation. The limited works that connect physical simulation and
economic coordination mainly address distributed resources and microgrid-scale applications. Within
the reviewed literature, no unified framework was found that evaluates the reserve effectively delivered
by a DFIG-based wind plant at the PCC under different grid-strength conditions and subsequently uses
this information to assess the economic performance of its reserve-bidding strategy. This work addresses
that gap by quantifying the mismatch between theoretical available reserve and effective delivered re-
serve using RTDS-based simulations. The resulting delivered reserve ratio is then used as an input to the
economic assessment to compare a naive strategy, which assumes that the full theoretical reserve can be
delivered, with an n-aware strategy, which limits the reserve bid according to the observed reserve deliv-
erability. This approach allows the impact of physical reserve-delivery limitations on bidding outcomes,
reserve shortfalls, and economic penalties to be evaluated.
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3 Theoretical Framework

3.1 Wind Turbine Modeling

The mechanical power extracted from the wind is described by the aerodynamic power equation

1
Pour = 5pAVCp(A B) (3.1)

where p is the air density, A = 772 is the swept area of the turbine blades, r is the blade radius, and V,,
is the wind speed. The coefficient C,(\, ) represents the aerodynamic efficiency of the turbine, i.e., the
fraction of the available wind power converted into mechanical power.

The power coefficient depends on the pitch angle 3 and the tip-speed ratio A\. The latter relates the
blade-tip speed to the wind speed and is defined as

o T'Wiur

A= v (3.2)

where wy,;, 1s the turbine rotor angular speed. Therefore, for a given wind speed, the extracted power is
mainly determined by the rotor speed and the pitch angle through C), (A, ).

In this work, the power coefficient is represented by the empirical expression implemented in the
adopted aerodynamic model:

1 0.035
A+0088 B3+1

O\, B) = 0.5176 (116 ( ) 048 — 5) e G = 395) L 0.0068)  (3.3)

The dimensional consistency of (3.1) is verified as follows, since C,, (A, 3) is dimensionless:

{k_g} ] {m?’} _kem® _J _ W (3.4)

m3 s3 s3 S

Thus, (3.1) gives the mechanical power in watts. For dynamic simulations, this expression is normal-
ized in per unit using the following rated quantities:

* (GR: rated generator apparent power, in MVA.
* TR: rated turbine mechanical power, in MW.
* WSR: rated wind speed, in m/s.

* W R: ratio between rated turbine speed and rated generator speed.

The per-unit wind speed is defined as

v

Vw,pu - v

WSR

In the implemented model, the rotor speed is expressed in per unit using the rated generator speed as
the base. Therefore, the turbine-side per-unit speed is obtained as

(3.5)
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Wpu

w = — 3.6

tur,pu WR ( )

where wy,, is the generator-side per-unit rotor speed. The parameter W IR converts this speed to the
turbine-side base.

Using (3.6), the tip-speed ratio can be written in per-unit form as

wpy 1

A= Aom = 3.7
WRVypu -7)
where \,om is the nominal tip-speed ratio. This expression gives A = Ao, When w,, = WR and
Vipu = 1.
Using the generator rated power as the system base, the turbine mechanical power in per unit is
TR C,(A
_ P( 75)‘/3 (38)

Ptur u
)P GR Cp,max w,pu

where C), ax 1s the reference maximum power coefficient, evaluated at the nominal tip-speed ratio and
zero pitch angle:

Cp,max = Cp<)\nom7 O) 3.9

This formulation keeps the cubic dependence on wind speed, while C,(\, 5)/C)pmax represents the
change in aerodynamic efficiency caused by variations in rotor speed or pitch angle.

For a fixed wind speed, the maximum power is obtained when the turbine operates at the peak of the C),
curve, that is, when A\ = \,,;, and 8 = 0. Under this condition, C, (A, ) = C} max, and (3.8) becomes

max TR 3
Ptur,pu = @Vw,pu (3.10)

From (3.7), the condition A = A, requires

wpn = Vo puW R (3.11)

Therefore, under optimal tip-speed-ratio operation, the maximum turbine power can also be written as
a cubic function of rotor speed:
TR 1
P = =5 s (3.12)
b GRWR3 P!
Equations (3.10) and (3.12) show that the maximum extractable power can be expressed either as a
function of wind speed or, under optimal )\, as a cubic function of rotor speed.
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3.2 Frequency-Control Methodologies and Reserve Provision

The frequency response strategies implemented in wind turbines can be broadly divided into temporary
energy reserve methods and persistent energy reserve methods. Temporary reserve methods rely mainly
on the kinetic energy stored in the rotating masses, whereas persistent reserve methods require a pre-
disturbance deloaded operation to maintain an available active-power margin. Fig. 2 summarizes the
main categories commonly reported in the literature.

[ Frequency Control from WTs |
|

: )
| Temporary energy reserves | ’ Persistent energy reserves ‘
| l
i I
I Active response I I Passive response l I De-loading control l
[
1
Step inertia control H Fast power reserve H Inertia control | | Droop control | \Rotorspeed control | | Pitch angle control
: —
| Adaptive techniques ‘ Optimized power
point tracking

Figure 2: Categorization of frequency control from wind turbines [34].

In the case of DFIG-based wind turbines, frequency control strategies are commonly implemented
through inertial response, droop-based active-power support, virtual synchronous machine emulation,
and deloading control. Among these alternatives, deloading control is particularly relevant when the
objective is to provide a sustained active-power reserve, since the wind turbine is intentionally operated
below its maximum power point.

Since this work analyzes the active-power reserve available from a deloaded DFIG wind turbine, the

following subsection focuses on the main deloading strategies: overspeed control and pitch-angle con-
trol.
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3.2.1 Deloading Control

Deloading control consists of operating the wind turbine generator (WTG) below its maximum power
point tracking (MPPT) condition in order to preserve an active-power margin for frequency support. In
this way, the turbine does not extract all the available aerodynamic power during normal operation, al-
lowing an additional active-power injection during under-frequency events.

The reserve margin is defined by the difference between the available power and the deloaded active-
power reference. Therefore, it is important to distinguish between the reserve definition and its physical
implementation. The reserve definition determines the active-power margin to be preserved, whereas
the implementation determines how the turbine is moved away from the MPPT operating point, mainly
through overspeed control, pitch-angle control, or a combination of both.

The active-power reserve can be expressed as

Pres:Pav_Pref

where P, is the preserved active-power reserve, P,, is the available active power, and P, is the
active-power reference under deloaded operation. Commonly, P, is represented by Pyppr, limited by
the rated power Prated-

The following methods are commonly used to define the deloaded active-power reference:

Fle, Pye < Purppr,
(1) Balance method [35]:  Pig = ¢ _° d MPPT
Puprpr,  Pae > Puppr,

with Pde € [O, PRated]' (313)

1_Keservep ) P SPae7
(2) Delta method [36]: P, = {( R ) Phappe MPPT Rated

(1 - KReserve)PRatedu PMPPT > PRated7
with  KReserve € [0, 1]. (3.14)

07 PMPPT S APReserve;
(3) Fixed reserve method [37] Pref = PMPPT - A]DReservea APReserve < PMPPT < PRated7

PRated - APReservey PMPPT Z PRated;
with A Preseorve € [0, APl (3.15)

In these expressions, P, is the active-power reference of the WTG, Pgrateq 1 the rated power, Pyippr
is the maximum power obtained under MPPT operation, Py, is the imposed deloaded power command,
KReserve 18 the reserve percentage, A Preserve 18 the fixed preserved active power, and A P, is the maxi-
mum fixed reserve.
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Fig. 3 illustrates the main mechanisms used to implement deloaded operation.

A
P(pu) Deloading curve
maxf— — — — — — — — — — — — N—-:A— — — —
‘Dﬂ ______________ /
pF-——————-——-
) 2

@y @ @, (Iﬁl)

Figure 3: Deloaded operation of a wind turbine using overspeed and pitch-angle control [2].

In Fig. 3, point A represents the MPPT operating point, where the turbine extracts the maximum avail-
able power Fy. In overspeed control, the rotor speed is increased above its optimal value, moving the
operating point from A to B. This reduces the active power from F, to P;, preserving the difference
Py — P, as reserve. During an under-frequency event, the rotor can be decelerated to release part of its

stored kinetic energy.

In pitch-angle control, the blade pitch angle is increased to reduce the aerodynamic power coefficient
and, consequently, the captured mechanical power. This also creates an active-power margin, but its re-
sponse is slower because it depends on the mechanical dynamics of the pitch actuator.

Thus, overspeed control provides a fast but limited response, while pitch-angle control provides a slower
but more sustained reserve, especially under medium and high wind-speed conditions. For this reason,
coordinated deloading strategies often combine both mechanisms to obtain fast initial support and longer-

term active-power reserve.
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3.3 Electricity Markets and Reserve Bidding

Wind power plants can provide frequency-support services only if their technical capability is associated
with a suitable reserve product. For a deloaded wind turbine, the selected product must be consistent with
the direction and time scale of the active-power response. Since pitch-based deloading creates upward
reserve by operating the turbine below its available aerodynamic power, the most suitable product is one
that remunerates upward active-power response during under-frequency events.

The Finnish reserve market operated by Fingrid is used as the reference framework because it defines sev-
eral frequency-control products and publishes hourly market data. Fingrid procures reserves from Balanc-
ing Service Providers to maintain the balance between generation and demand during normal operation
and disturbances. The main frequency-control products are Fast Frequency Reserve (FFR), Frequency
Containment Reserve for Normal Operation (FCR-N), Frequency Containment Reserve for Disturbances
(FCR-D), Automatic Frequency Restoration Reserve (aFRR), and Manual Frequency Restoration Re-
serve (mFRR) [38]. These products differ mainly in activation speed, regulation direction, and market
structure.

3.3.1 Fingrid frequency reserve products

FFR is intended for low-inertia operating conditions and requires very rapid upward response, which
makes it more suitable for converter-based or storage-based resources than for pitch-only frequency
support. FCR-N is used to contain small deviations around the normal frequency range and requires
symmetric upward and downward regulation. FCR-D is intended for larger disturbances and is sepa-
rated into FCR-D Up and FCR-D Down. FCR-D Up provides upward active-power response during
under-frequency events, while FCR-D Down provides downward response during over-frequency events.
Finally, aFRR and mFRR are restoration reserves used to recover the system frequency and release the
faster containment reserves after the initial response.

Among these products, FCR-D Up is the most compatible with pitch-based deloading because both are

associated with upward active-power support during under-frequency conditions. Table 2 summarizes
the relevance of each product for the considered wind power plant.
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Table 2: Fingrid frequency-control products and relevance for pitch-based deloading.

Product Direction Main characteristic Relevance for pitch-
based deloading
FFR Upward Very fast reserve for | Not selected. Pitch actu-
low-inertia conditions. | ation is too slow for this
response time.
FCR-N Upward and | Symmetric reserve | Not selected. Deloading
downward around the normal | is mainly used here to
frequency range. create upward reserve.
FCR-D Upward Disturbance reserve | Selected. It matches the
Up for  under-frequency | upward reserve created
events. by pitch-based deload-
ing.
FCR-D Downward Disturbance reserve for | Not selected. It does
Down over-frequency events. | not correspond to up-
ward active-power sup-
port.
aFRR Upward and | Automatic restoration | Possible alternative for
downward reserve. slower control, but not
the main focus.
mFRR Upward and | Manual restoration re- | Not selected due to
downward serve. slower activation.

3.3.2 FCR-D Up market

FCR-D Up is an upward frequency-containment reserve used during under-frequency disturbances. Its
purpose is to increase active-power injection, or equivalently reduce consumption, when the system fre-
quency falls below the normal operating range. The activation range is associated with frequency devi-
ations from 49.9 Hz to 49.5 Hz, where the reserve reaches full activation at the lower frequency threshold.

This product is technically aligned with pitch-based deloading. Before the disturbance, the wind tur-
bine operates below its available aerodynamic power by increasing the pitch angle, which creates an
active-power margin. During an under-frequency event, the pitch angle is reduced, aerodynamic power
capture increases, and the wind plant can raise its active-power injection. Therefore, the reserve mecha-
nism created by pitch deloading corresponds naturally to the service required by FCR-D Up.

FCR-D Up has a minimum bid size of 1 MW, and its dynamic performance is evaluated during the
first seconds after activation. The Nordic technical requirements for FCR specify a short-term dynamic
performance assessment for FCR-D, including the activated power after 7.5 s and the associated short-
term energy response [39]. This is relevant for wind power plants because aerodynamic headroom does
not necessarily guarantee that the same amount of reserve can be delivered at the PCC within the required
time window.
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FCR-D Up is traded as a capacity product. The provider is paid for maintaining available reserve ca-
pacity during the contracted delivery period, regardless of whether the reserve is activated. For wind
power plants, this creates an opportunity cost: upward reserve can only be offered if part of the available
wind power is withheld from the energy market. Therefore, the economic value of reserve provision de-
pends on the comparison between reserve-capacity payments and the energy revenue lost due to deloaded
operation.

Fingrid procures FCR-D Up through yearly and hourly markets. In the yearly market, reserve capac-
ity is contracted in advance. In the hourly market, participants submit bids for individual delivery hours,
including the offered reserve capacity in MW and the corresponding reserve price in EUR/MW. The
hourly market is suitable for the economic assessment because energy and reserve-capacity prices vary
from hour to hour. In this work, each wind-power operating point is evaluated separately as a fixed
physical scenario over the analyzed market period.

3.3.3 FCR-D Up market data

The FCR-D Up hourly market can be represented using two public Fingrid datasets. Dataset 315 provides
the hourly procured FCR-D Up volume, and dataset 318 provides the hourly FCR-D Up market price
[40,41]. The procured volume characterizes the size and variability of the market and provides a reference
to check whether simulated reserve bids are reasonable compared with the actual market volume. The
hourly price is the main market input for the bidding model because it determines the economic value
associated with the reserve capacity considered in the bidding and ex-post settlement assessment.

Table 3: FCR-D Up market data used in the bidding framework.

Element Role in the bidding framework

Product FCR-D Up, upward active-power reserve for under-
frequency disturbances.

Market type Capacity market with hourly reserve bids.

Bid information Offered reserve capacity in MW and reserve price in
EUR/MW.

Minimum bid size 1 MW for FCR-D Up.

Dataset 315 Hourly procured FCR-D Up volume. Used as a
market-size reference.

Dataset 318 Hourly FCR-D Up market price. Used as the reserve-
capacity price.

For a pitch-deloaded wind power plant, these market signals must be combined with the physical re-
serve capability of the plant. The theoretical reserve created by deloading corresponds to the aerodynamic
headroom between the available power and the deloaded operating point. However, under weak-grid con-
ditions, converter-current limits, PCC-voltage dynamics, and reduced active-power transfer capability can
reduce the reserve effectively delivered to the grid. Consequently, the bidding model should rely on the
reserve deliverable at the PCC, rather than on theoretical aerodynamic reserve alone.
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3.3.4 Market and Modeling Assumptions

Table 4 summarizes the main assumptions used in the reserve-bidding and weak-grid assessment.

Table 4: Main assumptions used in the reserve-bidding and weak-grid assessment.

Element Assumption used in this work

Market participant Price taker; no strategic bidding or market power
1s modeled.

Price signals Hourly day-ahead and FCR-D Up prices are
treated as known deterministic inputs.

Wind uncertainty Not modeled; each case uses the simulated oper-
ating point as a fixed physical input.

Market clearing Not explicitly represented; the procured FCR-D
Up volume is used only as a market-size refer-
ence.

Penalty representation Simplified penalty term proportional to the non-
delivered reserve capacity.

Grid representation Predominantly inductive Thevenin equivalent,
with R, = 0.
Converter operation Fixed current-priority allocation, unity-power-

factor GSC operation, and fixed phase-locked
loop (PLL) tuning.

The reserve-bidding model is formulated as a deterministic price-taking assessment of one DFIG-based
wind power plant. The plant is assumed to have no market power and therefore takes the hourly day-ahead
energy price and FCR-D Up capacity price as exogenous inputs. Consequently, the model does not rep-
resent price formation, market clearing, or competition among reserve providers. The procured FCR-D
Up volume is retained only as a market-size reference and is not imposed as a binding upper bound on
the reserve offer.

Perfect foresight is assumed for the economic inputs used in the monthly assessment. In particular,
the hourly energy and reserve-capacity prices are treated as known deterministic signals, and wind-
power uncertainty is not considered. For each scenario, the available power and the delivered reserve
ratio are obtained from the corresponding RTDS/RSCAD simulation results and are then used as fixed
physical inputs to the bidding problem. Therefore, the model evaluates the economic consequence of
reserve-deliverability degradation under prescribed operating conditions, rather than solving a stochastic
or real-time bidding problem. The adopted assumptions intentionally eliminate sources of uncertainty
unrelated to reserve deliverability. As a result, differences among the evaluated strategies can be directly
attributed to the physical reserve-delivery capability obtained from the RTDS simulations. Accordingly,
the model should be interpreted as a scenario-based assessment of the economic implications of reserve
deliverability rather than as a forecasting tool for market revenues. Incorporating uncertainty in prices,
wind conditions, reserve activation, and forecasting errors constitutes a natural extension of the present
framework but lies beyond the scope of this work.
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The electrical network used in the weak-grid study is represented with a predominantly inductive Thevenin
equivalent. The main simulations and the analytical weak-grid transfer derivation assume a practically
inductive grid impedance, i.e., R, ~ 0, which provides a conservative reference for active-power transfer
under a given SCR. In addition, the converter control structure, current-priority allocation, unity-power-
factor GSC operation, and PLL tuning are kept fixed across the analyzed cases. The conclusions should
therefore be interpreted within these modeling assumptions.
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4 Integrated Methodology

4.1 Physical Assessment Workflow and Reserve Metrics

Figure 4 provides an executive overview of the physical assessment stage and is placed at the beginning
of the methodology because it summarizes the complete path from scenario definition to the delivered-

reserve metric used later in the market model.

1. Study system and scenarios
Aggregated DFIG-based WPP connected at Mallecol
(HV, € {12,15} m/s

2)d € {15,20}%
(3) SCR € [3.00, 1.1]

v

2. Theoretical reserve
Deloaded operation — reserve headroom
itch _
Rthpm =P, - del

av

Computed for each (Vy,, d, SCR) case

v

3. Dynamic reserve delivery test

* Frequency-support activation
* Active-power response at PCC

* Evaluation window: Te,, =8 s

v

4. Effective reserve and deliverability

itch 1 to+Teval
Rl = T / (Ppcc(t) — Ppccyo) dt

eval Jtg

pitch

pitch __ ~Veff,8s

771?,,8s - Rpit(:h
th

itch . . .
ngtsc ¢ reported in the heatmap is used in the market model

v

5. Heatmap and representative cases

Heatmap: 1 g """V, d, SCR)
Representative market cases: V,, € {12, 15} m/s,d € {15,20}%
SCR € [3.00, 1.1]

Figure 4: Executive summary of the physical reserve-deliverability assessment.
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To assess reserve deliverability under weak-grid conditions, this work develops a methodology based
on real-time EMT simulations using an RTDS. The analysis distinguishes between the reserve theoreti-
cally available at the wind turbine operating point and the reserve delivered at the PCC. To this end, a
sensitivity analysis is carried out by varying the SCR, wind speed, deloading level, and turbine operating
region.

In this work, the SCR is used as a practical indicator of grid strength at the PCC. Although grid strength
cannot be fully characterized by a single static index, the SCR remains a widely used metric for classify-
ing weak-grid conditions. In general, SC'R > 3 is associated with strong-grid operation, 1 < SCR < 3
with weak-grid operation, and SCR < 1 with very weak-grid conditions, where the stable connection
of inverter-based resources may become critical [42,43]. In this study, these thresholds are used only as
reference categories for the simulated scenarios.

The wind power plant is embedded in the RSCAD multi-bus system, while the grid strength observed at
the PCC is parameterized through a Thevenin-equivalent representation. The SCR is varied by modifying
the associated equivalent reactance. The assumption 2, = 0 is adopted to represent a purely inductive
grid impedance, following [5], where this condition is considered more restrictive for active-power trans-
fer under the same SCR, and therefore conservative for evaluating reserve deliverability.

The simulations are performed using a dynamic model of a DFIG-based wind turbine developed in
RSCAD. The model includes the aerodynamic conversion stage, the RSC, the GSC, and the frequency-
support control loops. The current and voltage limits of both converters are explicitly represented. The
detailed implementation of the model and control structures is presented in Subsection 4.3, and the pa-
rameters used to represent the DFIG system are summarized in the annex.

The simulation study is organized according to two turbine operating regions. In the overspeed region,
a representative case with a wind speed of 10.0 m/s and 10% deloading is evaluated to illustrate the
reserve-release mechanism in the variable-speed region. In the pitch-regulated region, wind speeds from
12 and 15 m/s are considered, with deloading levels of 15% and 20%. Each combination of wind speed,
deloading level, and SCR defines a simulation scenario, allowing the influence of grid strength and tur-
bine operating point on reserve delivery to be assessed.

For each scenario, the turbine initially operates at a pre-disturbance steady-state condition defined by
the wind speed, deloading level, and SCR under consideration. In the overspeed cases, the reserve mar-
gin is created by operating the turbine below the maximum aerodynamic power point through rotor-speed
adjustment. In the pitch-regulated cases, the deloaded operating point is defined by the pitch-angle refer-
ence (3, obtained from a lookup table as a function of wind speed and deloading level.

Frequency support is activated by applying a step disturbance to the measured frequency at ¢ = 4 s,
reducing it from 50 Hz to 49.5 Hz. Since the frequency deviation is defined as Af = frcf — fineas, this
disturbance produces a positive deviation of Af = 0.01 pu. In the implemented control scheme, this
value is used as the full-reserve activation threshold, denoted as A f,;, so that the reserve request reaches
its maximum value for Af > Af;,.. Therefore, the selected disturbance corresponds to a full-reserve-
request condition. Smaller frequency deviations would request a proportional fraction of the available
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reserve, whereas larger deviations would remain saturated at the maximum reserve request. The same
disturbance is applied in all cases to ensure a consistent comparison among scenarios.

During each simulation, the electrical active power delivered at the PCC, turbine mechanical power, rotor
speed, PCC voltage, and converter currents are recorded. These variables are used to evaluate whether
the reserve released by the control system can be transferred to the grid and dynamically sustained under
low-SCR conditions.

For the pitch-regulated scenarios, the theoretical reserve, denoted as Rf}ilmh, is defined as the difference
between the active power available at the considered wind speed and the pre-disturbance active power as-
sociated with the deloaded operating point. This definition represents an ideal reserve margin, assuming
that the available reserve can be delivered instantaneously from the pre-disturbance operating point to the
post-disturbance condition. In contrast, the effective reserve, denoted as Rgfl;‘g};, accounts for the actual
transient response between these two operating points, including turbine dynamics, converter limitations,
and grid interaction effects. RE;E%}; is defined as the average increase in electrical active power delivered
at the PCC during the first 8 s after frequency-support activation, with 7, = 8 s:

pitch 1 fot+Teval
R gs = Tow /. (Ppcc(t) — Ppocy) dt
eval Ji¢g

The 8 s window is selected to characterize the short-term reserve delivery following the frequency-
support request, capturing the initial active-power response and the dominant pitch-actuator transient
while avoiding the influence of slower recovery and rotor-speed regulation dynamics. This window is
also selected as a practical simulation interval that covers the short-term response associated with the 7.5
s FCR-D dynamic-performance assessment. Based on these quantities, the delivered reserve ratio for the
pitch-regulated cases is defined as
pitch
pitch __ ~eff,8s

nR785 - Rpitch
th

After obtaining the dynamic reserve-delivery results, the market assessment is performed by using
Rin, Res ss, and 7 g5 as physical inputs to an hourly reserve-bidding model. This stage evaluates the
economic impact of reserve-deliverability degradation under weak-grid conditions. For each operating
case, the theoretical reserve headroom is combined with the hourly day-ahead energy price A\F and the
FCR-D Up capacity price \?, considering a market resolution of At = 1 h. The procured FCR-D Up
volume is not used as a binding optimization constraint; it is retained only as a market-size reference in
the results section. Three strategies are compared: the energy-only strategy, the naive strategy based only
on Ry, and the n-aware strategy limited by 7 ss. Finally, the reserve shortfall and the corresponding
penalty are evaluated ex-post to determine whether the additional FCR-D Up revenue compensates for
the energy-market opportunity cost and the penalties associated with non-delivered reserve.
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4.2 RSCAD/RTDS System Model
4.2.1 Complete Power-System Model and Plant Connection

Fig. 5 shows the multi-bus power-system model used as the electrical environment for the DFIG-based
wind power plant. The objective of this network is not to reproduce a full market-dispatch case bus by
bus, but to provide a dynamic transmission-system representation in which the wind plant is exposed
to realistic interactions with synchronous generation, converter-based generation, aggregated demand,
transformers, and long-distance transmission corridors.
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Figure 5: Complete power-system model and DFIG plant connection implemented in RSCAD.
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The model includes a 220 kV subsystem and a 500 kV transmission backbone interconnected through
transformer equivalents. The 220 kV side represents the northern part of the system, while the 500 kV
backbone extends through the main transmission corridor where most of the dynamic interaction with the
studied plant takes place. Conventional synchronous generators are included at selected buses to represent
rotating inertia and voltage support. In parallel, grid-forming converter units are placed at representative
500 kV buses to emulate converter-based resources capable of imposing voltage and frequency dynamics.
The remaining consumption is represented by grid-following demand blocks, which impose active and
reactive-power absorption at their corresponding buses.

The DFIG-based wind power plant is connected to the 500 kV network at the bus associated with Malleco,
which is used as the PCC for the reserve-deliverability assessment. From this point, the plant exchanges
active and reactive power with the external network, while the converter controls use the local PCC volt-
age and frequency as their main electrical references. Consequently, the active-power reserve released by
the turbine is not evaluated only at the machine terminals, but at the PCC, where the surrounding network
strength, voltage regulation, and converter-current limits determine how much of the theoretical reserve
can actually be transferred to the system. The selection of this connection point was also supported by
the dynamic-performance index analysis summarized in Annex D.

This connection is important for the weak-grid analysis carried out in this work. By embedding the
DFIG plant in a transmission-system model instead of connecting it to an ideal infinite bus, the simula-
tions capture the coupling between PCC-voltage dynamics, current-priority control in the converters, and
the effective active-power transfer capability. Therefore, the same frequency-support action can produce
different delivered reserve ratios depending on the grid strength and operating point. This is the physical
basis for using the delivered reserve ratio later in the reserve-bidding formulation.

The detailed numerical parameterization of the grid-forming units, synchronous generators, and aggre-
gated grid-following demand was moved to Annex A. These tables are kept as traceability data for the
RSCAD implementation, but they are not included in the main body because they interrupt the explana-
tion of the model and are better suited as implementation details.
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4.2.2 DFIG Converter Control Model

The overall DFIG control structure implemented in this work is shown in Fig. 6. It corresponds to a de-
tailed RSCAD implementation of a standard vector-controlled DFIG model. The adopted PCC-voltage
regulation principle is consistent with the constant-voltage control through the RSC discussed in [5];
however, the present implementation explicitly represents the inner current loops, decoupling terms,
current-priority limiters, and converter voltage limits. In the RSC, stator-side electrical variables are
regulated through decoupled current control in the synchronous reference frame. The 7,; component is
associated with PCC-voltage regulation, whereas the ¢,, component controls the electrical active power.
The active-power reference is determined by the deloading strategy, the frequency deviation, and the me-
chanical power limits imposed by the turbine as a function of rotor speed.

On the GSC side, unity power-factor operation (Qys = 0) is assumed in order to simplify the analy-
sis and isolate the phenomenon under study. Under this configuration, the 7, component regulates the
dc-link voltage, thereby regulating the active-power balance between the RSC and the GSC.

Under weak-grid conditions, the prioritization of PCC-voltage regulation and dc-link voltage stability
becomes essential. Accordingly, a priority-based current allocation is enforced in both converters, giving
precedence to i,4 in the RSC and to 4,4 in the GSC. This strategy directly reduces the available active-
current margin and, consequently, limits the deliverable active power under low-SCR operation.

vpcc ird WLreqqu
c_ —* . Urd
Tamsm(iminiz 12) rO-ms¥ o
,lp ( rd) + ( rq) <1.25
L. — |\ =>4
P, + s s +k 7 \? - mLs \/§V
ref m I q:sgn(zm)mm( irgl 1/ (1.2)2 = (Ird> ) _t m + + 27\/5‘10 |,
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Vde Tod wLiiyg )
, _ " W4V
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Figure 6: RSC and GSC control of the DFIG.

28



DIE UTFSM

4.2.3 Overspeed-Based Deloading and Frequency Support

As reported in [44], frequency support in DFIG-based wind turbines can be implemented differently
depending on the operating region. In the MPPT region, the available support relies on overspeed con-
trol, whereas in the pitch-regulated region, it requires coordinated pitch-angle modulation. Based on
this principle, the frequency-regulation control structure implemented in this work is shown in Fig. 7.
Although the overall control concept follows [44], the implementation focuses exclusively on the DFIG
and incorporates a more detailed representation of the aerodynamic conversion stage. In particular, the
initial pitch-angle reference [, is obtained from an offline lookup table, while the complete nonlinear me-
chanical power expression is explicitly retained to provide a more realistic representation of the reserve-
activation process under weak-grid conditions.

Fig. 7 separates the control action into two branches, according to the operating region of the machine.
The left branch represents the frequency-support mechanism active in the overspeed region. In this mode,
the turbine is intentionally operated below the maximum aerodynamic power point, so that a reserve mar-
gin is created through deloading. In this branch, the rotor speed w, and the deloading factor a”4 define
the curtailed operating point on the aerodynamic power curve and the associated reserve margin. During
an under-frequency event, the frequency deviation Af = f,c; — fieas 1S processed through the gain
K and the coefficient R, to compute the additional power command AF,,. This command is added to
the pre-disturbance deloaded power P°"¢", resulting in Ps, = P**" + AP,,. For the overspeed-based
frequency-support strategy, the rotor-speed operating range is limited to 0.8pu < w, < Wpee, With
Wmaz = 1.25 pu. This range defines the variable-speed region in which the turbine can be intentionally
deloaded with respect to the MPPT curve by operating at a higher rotor speed. As a result, an upward
active-power reserve is made available for frequency-support events. Within these limits, the power-
selection block determines the final active-power reference P, ensuring that the requested power in-
crease does not drive the turbine outside its admissible operating range.

In the overspeed region, support is provided through active-power control and kinetic energy release,
whereas in the pitch-regulated region it is provided through pitch-angle reduction and increased aero-
dynamic power extraction. This distinction is relevant for the present study because the two operating
regions involve different reserve-release mechanisms, dynamic responses, and sensitivities to weak-grid
constraints.

if (0.8pu < wy < Wmagz)

w — min(pdis? P
P [ _7-> P,ej = min(P%< Py) Pref
else if (w, < 0.8pu) —>
P =Pos
else ﬁ
Pres =P © )
maz f (Wr > Wimnaz) ﬂ
DA + IBZ 1 {wr maz ref ,B
@ —’LUT Bo 4, Bres =By H 1 1
Vwind—P] a else 4 T/g-s+ 1 S
Breg =0
Af+ A
Bo—m-ZH52
Rl e——H

Figure 7: Primary coordinated frequency-regulation structure of the DFIG.
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4.2.4 Pitch-Based Deloading and Frequency Support

The right branch of Fig. 7 represents the frequency-support mechanism active in the pitch-regulated re-
gion. This branch is enabled when the rotor speed reaches the upper operating limit, i.e., w, > Wmner =
1.25 pu; for lower rotor speeds, the pitch-angle reference is kept at 5 = 0°. In this case, under pre-
disturbance conditions, the turbine operates in a deloaded state defined by the pitch-angle reference [,
which is obtained from a lookup table as a function of wind speed and deloading level a”#. During
an under-frequency event, the frequency drop produces a positive frequency deviation A f > 0, which
is processed through the gain K, and the coefficient Rz. In this implementation, 25 is scheduled ac-
cording to the available pitch-angle margin of each pitch-regulated operating point, while K5 defines
the dynamic response of the pitch-release action. The scheduling is selected such that the full-reserve
activation threshold A f;,; = 0.01 pu produces the maximum pitch-angle reduction associated with the
considered operating point. In steady state, this condition is expressed as A fei/R3 = ABmax, Where
ABmax = Po — PBnp is the available pitch-angle margin for the corresponding wind speed and deload-
ing level. Here, (3, is the initial deloaded pitch reference and [yp is the no-deloading pitch reference
obtained from the same offline aerodynamic calculation. Therefore, the frequency step from 50 Hz to
49.5 Hz commands 100% of the available reserve in the pitch-regulated cases, whereas smaller frequency
deviations request a proportional fraction of it. The scheduled Rg values used in the simulated pitch-
regulated cases are reported in Table 19. According to the sign convention of the summing block, the
resulting signal AS acts by reducing the pitch-angle reference associated with the deloaded operating
point. In the implemented scheme, the pitch-angle reference is given by By, = 5y — AB + B,,, where (3, is
a rotor-speed correction term obtained from a proportional-integral (PI) controller acting on w, — Wyaz-
This term increases the pitch-angle reference when the rotor speed exceeds its upper limit, preventing
excessive rotor acceleration during reserve release. Therefore, during an under-frequency event, the pitch
angle is temporarily decreased with respect to 3y when the frequency-support action dominates, increas-
ing the aerodynamic power captured by the turbine and, consequently, the output power. The resulting
signal is then applied to the pitch actuator, represented by a first-order system with time constant 7. The
pitch-rate command is constrained by a rate limiter, such that Bmm < ﬁ < ﬁmax, and is then integrated to
obtain the actual pitch angle. The final pitch angle is saturated between [3,,;,, and Sp.x, ensuring that the
pitch command remains within the physical actuator limits.

To construct the lookup table used in the reported simulations, the aerodynamic turbine model is evalu-
ated offline for the selected pitch-regulated operating points shown in Table 5. For each selected wind
speed and deloading level, the rotor speed is fixed at w, = wpe: = 1.25pu, and the pitch angle f is
iteratively adjusted until the target deloaded mechanical power is reached. These operating points cor-
respond to the pitch-regulated region considered in this work, where pitch-based deloading is feasible
and where the electromechanical interactions affecting reserve deliverability are expected to be more sig-
nificant. The calculation follows the standard aerodynamic relations of the turbine, linking wind speed,
rotor speed, pitch angle, and power coefficient to obtain the corresponding deloaded operating point. The
resulting (3 values are stored as the pre-disturbance pitch references (3, as summarized in Table 5. The
simulation scenarios analyzed in this work use the selected operating points defined in Subsection 4.4.
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Table 5: Pitch-angle lookup table for the selected pitch-regulated operating points

Vi (M/S)  Aarget ~ Bpso (°)  Bpss (°)  Bpoo (°)  Bpos (°)
12 8.0808 2.687 1.689 1.164 0.748
15 6.4646 13984 13.063 12.079 11.016

Table 6 and Table 7 verify the aerodynamic operating points used to impose the 20% and 15% deload-
ing conditions in the pitch-regulated region, respectively. In both cases, the pitch angle associated with
the deloaded condition is higher than the pitch angle of the non-deloaded case. This confirms that the
active-power reserve is created by intentionally reducing the aerodynamic power capture through pitch-
angle displacement.

For the 20% deloading case, Table 6 shows that the ratio C), 20%/C) 0% remains equal to 0.8 for the
selected wind speeds. Similarly, for the 15% deloading case, Table 7 shows that C), 155%/C) 0% remains
equal to 0.85. Therefore, both tables validate that the offline aerodynamic calculation correctly defines
the pre-disturbance deloaded operating points according to the target active-power reduction.

It is also observed that the required pitch-angle margin Af is not constant across the selected wind
speeds. This occurs because the relationship between C), tip-speed ratio, and pitch angle is nonlinear.
Consequently, the pitch variation required to achieve a given relative power reduction depends on the op-
erating point. Comparing both deloading levels, the 20% case requires a larger pitch-angle displacement
than the 15% case, as expected, since a greater reduction in aerodynamic power capture is needed. This
result justifies the use of lookup tables for the initial pitch reference instead of applying a fixed pitch
offset for all wind speeds.

Table 6: Pitch-angle and power-coefficient differences for 20% deloading

Vi (m/s) A Ba% (°)  Por (°)  AB(C)  Cpaon Cp,0% AC, Cp.20%/ Cp,0%
12 8.0808 2.687 0.000 2.687 0.38401 0.48000 -0.09599 0.8000
15 6.4646 13.984 9.854 4.130  0.19661 0.24576 -0.04915 0.8000

Table 7: Pitch-angle and power-coefficient differences for 15% deloading

Vi (m/s) A Bise (°)  Bow () ABC)  Cpise Cp,0% AC, Ch,15%/Cp.0%
12 8.0808 1.689 0.000 1.689  0.40801 0.48000 -0.07200 0.8500
15 6.4646 13.063 9.854 3.209 0.20890 0.24576 -0.03686 0.8500
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4.3 DFIG Model Development and Control Implementation
4.3.1 Detailed DFIG Control System Implemented in RSCAD

The DFIG model is implemented in RSCAD using two back-to-back voltage-source converters: the RSC
and the GSC. The converter-current notation follows Fig. 6, while the frequency-support reference struc-
ture follows Fig. 7. In the RSC, the current components are denoted as 4,4 and 4,4, while in the GSC they
are denoted as ¢,4 and ¢,,. The RSC regulates the PCC voltage and the active power through 4,4 and ,,
respectively. The GSC regulates the dc-link voltage through 4,4, while 7,, is used to impose the selected
reactive-power condition.

The active-power reference P, is obtained from the frequency-support block. In the overspeed region,
the available power is defined as

PY? = Pyppr (wr), (4.16)
and the deloaded operating point is given by
pener — aDAPdisp. (417)
The preserved reserve is therefore

Pres = (1 — o) pdisp, (4.18)

During an under-frequency event, the frequency deviation

Af = fref - fmeas (419)

is processed by the overspeed support loop to generate the additional power command A P,,. Following
Fig. 7, this signal is added to the pre-disturbance deloaded power:

Py = P + AP,. (4.20)

The final active-power reference is selected according to the rotor-speed operating range:

min (P4 Pg) 0.8 pu < w, < Wiaz,
Py =< Pys, w, < 0.8 pu, 4.21)

/

Wmazx?

Wy 2 Wmag -
This reference is then used by the RSC active-power loop.
For pitch-based support, the initial pitch reference [, is obtained from a lookup table as a function of the

deloading factor o4 and the wind speed v,,;,q. The frequency-support action produces a pitch reduction
AS, while the rotor-speed correction produces the term f3,,. Thus, the intermediate pitch command is

By = fo+ fu — AB. (4.22)
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The pitch reference is then selected as

>
Bres = {ﬁ ;W = Wmaz; (4.23)

0, Wy < Wmaa-

Finally, 3, is applied to the pitch actuator, represented by a first-order dynamic block with time constant
T}, followed by an integrator to obtain the actual pitch angle 3.

RSC Control: The RSC control is composed of two outer loops and two inner current loops. The outer
loops generate the current references i, and i;,. The d-axis current component i,4 is used for PCC-
voltage regulation, while the g-axis component 4, is used for active-power regulation.

The PCC-voltage control loop is defined as

irg = Gupee(s) (Unee = Vpee) (4.24)
where vy, = 1 pu. The active-power control loop is given by
irg = Gp(S) (Prey — P), (4.25)

where P is the measured active power and P, is obtained from the frequency-support control block.
A priority-based current limiter is applied before the inner current loops. Since PCC-voltage regulation
is prioritized, the d-axis rotor current is limited first:

I, =sgn (iy,) min (|ir,|,1.2). (4.26)

The remaining current margin is assigned to the g-axis component:

, \/ (1.2)% — (I‘:d)2) . (4.27)

The inner current loops regulate 4,4 and i,,. The PI controller outputs are

1

*
Tq

I}, = sgn (iy,) min (

Uy = Gra(s) (Iiy = iya) (4.28)
Upy = Grg(s) (I —irg) (4.29)
where
Kz' r
Gra(s) = Kpra + : 4 (4.30)
Ki r
Girg(8) = Kprg + = (4.31)

The rotor-current dynamics include the cross-coupling terms associated with the synchronous reference
frame. Defining the equivalent rotor inductance as

Lyeq = L, — = (4.32)
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the decoupled voltage references are written as
Vry = Ung — Whyeqlng, (4.33)

L -
U:q = u;q + WLreqird + CUL—?,DS. (434)

These expressions follow the sign convention shown in Fig. 6. The terms proportional to wL,., compen-
sate the dg-axis coupling, while the term w(L,, /L ), compensates the stator-flux-induced voltage in the
g-axis.

The RSC voltage reference is limited according to the converter modulation constraint:

\/(U;kd)2 + (U:q)2
V3V
22
The limited voltages are denoted as v, and v,.

For completeness, the stator flux used in the feedforward term is estimated from the stator voltage
equation. In the stationary o frame,

< 1.25. (4.35)

Yoa = / (vua — R dt, (4.36)
Yep = /(vsﬂ — Ryigp) dt. (4.37)
To avoid dc drift, a damping term is included:
oo = Vi — Ruise = s (4.38)
Tf
by = 05 — Ruins — Tl—fwsﬁ. (4.39)

The flux magnitude is then
bs = (V2 + U (4.40)

GSC Control: The GSC control follows the lower part of Fig. 6. The outer loops generate the current
references i,, and i;,. The d-axis current 7, regulates the de-link voltage, while the g-axis current 4,
regulates the reactive power of the GSC. In this work, unity power-factor operation is imposed by setting

Q:..=0. (4.41)

gsc

The dc-link voltage control loop is
iZd = GU,dC<S) (U:lc - UdC) ) (442)

with v}j. = 1 pu. The reactive-power control loop is
qu = GQ7950(S) (Qgsc - Q;SC) . (4.43)
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As in the RSC, a priority-based current limiter is applied. The d-axis current is limited first because
dc-link voltage regulation is prioritized:
I, =sgn (i},) min (|i},], 0.8) . (4.44)

(%

The g-axis current is then limited according to the remaining current capability:

I, = sgn (i%,) min ( : \/ (0.8)2 — (f;d)z) . (4.45)

The GSC is connected to the PCC through an RL filter with resistance R, and inductance L;. Using
the notation of Fig. 6, the inner current controller outputs are

<%

Ing

wy = Goa(s) (I — iva) , (4.46)
up = Gog(s) (I3, — tug) (4.47)
where
Ki v
Guals) = Kpua + = < (4.48)
Ki v
Glog(s) = Kpog + = (4.49)

The voltage references generated by the inner current loops are

U;,gsc = _u/d + WLtivq + Vd,pces (450)

* / 3
Vg gse = —Uq — Vgpee T wWhiiyg. 4.51)

These expressions keep the same sign convention used in Fig. 6. The voltage feedforward terms are v p.
and v, .., while the terms proportional to wL; compensate the cross-coupling of the filter dynamics.
The GSC voltage reference is limited according to

\/(U:l,gsc) ’ + (U;,gsc) ’
V3V
2v/2

The limited converter voltages are denoted as vq g5 and v gsc.
The active and reactive powers of the GSC are computed in the synchronous reference frame as

< 1.25. (4.52)

Pgsc - vd,pccivd + Uq,pccivqa (453)

Qgsc = Uq,pcci'ud - Ud,pccivq- (454)
When the PLL aligns the d-axis with the PCC voltage vector, v, ;.. = 0, and therefore

Pgsc = Ud,pccivda (455)
Qgsc = _Ud,pccivq- (456)

Under this convention, increasing ,, reduces ()4.. This is why the reactive-power controller is written
using the error Qg5 — (7., as shown in Fig. 6.
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4.4 Selected Scenarios

The selected scenarios are defined to evaluate reserve deliverability under different turbine operating
regions, deloading levels, and grid-strength conditions. Two operating regions are considered: the over-
speed region and the pitch-regulated region. In the overspeed region, a case with a wind speed of 10.0 m /s
and 10% deloading is evaluated, whereas in the pitch-regulated region, wind speeds of 12 m/s and 15 m/s
are considered. For the pitch-regulated region, deloading levels of 15% and 20% are analyzed.

The deloading levels considered in this work, 10% for the overspeed region and 15% and 20% for the
pitch-regulated region, are consistent with the range of power margins reported in the literature for wind
power frequency regulation [45]. Each operating point is evaluated under multiple SCR values in order
to assess the effect of grid strength on reserve delivery. The selected scenarios enable a systematic com-
parison of reserve deliverability across different wind speeds, deloading levels, turbine operating regions,
and grid-strength conditions. This makes it possible to identify how the effective reserve delivered at the
PCC varies not only with SCR, but also with the turbine operating region and the selected deloading level.

It should be noted that the overspeed-based and pitch-regulated cases involve different reserve-release
mechanisms and different pre-disturbance operating conditions. Therefore, the comparison presented in
this work is not intended to provide a direct ranking of deloading control strategies, but rather to illustrate
how weak-grid conditions affect reserve deliverability within each operating region.

4.5 Reserve Bidding Formulation

The reserve-bidding formulation translates the reserve-deliverability assessment into an hourly market
decision problem. The objective is to determine how much active power should be scheduled in the en-
ergy market and how much FCR-D Up reserve should be offered, while accounting for the fact that the
theoretical aerodynamic reserve may not be fully deliverable at the PCC.

Figure 8 summarizes the economic stage of the methodology. This overview is located in the reserve-

bidding subsection because it links the delivered reserve ratio obtained from the physical assessment,
Nr.ss, With the ex-ante bidding decision and the ex-post penalty assessment.
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6. Market data

« A: day-ahead energy price
« A& FCR-D Up capacity price

. Mpcnulty =3 MR

7. Ex-ante bidding and ex-post settlement assessment

Decision variables: ", R,bid
Theoretical reserve: R = P2 — p,F
Ex-post delivery: R4 = min(R™, ng g5 R™)
Shortfall: s} = R4 — R d¢!

8. Bidding strategies

S0 — Energy-only S1 —Naive S2 — n-aware
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Hourly horizon (March 2026) - g, IR, Tpens I AE, Al —> Compare S0, S1, and S2
Outputs: PE, R4, R, s* AT = ateay = S energy-onty Tables 8-9 and Figs. 18-19

Figure 8: Executive summary of the reserve-bidding and economic assessment (continued from Fig. 4).

The bidding horizon is represented by the set of delivery hours 7. For each hour t € 7T, the wind
power plant decides the scheduled active power PP and the reserve capacity offered to the FCR-D Up
market RBP4, The hourly energy price is denoted by A\Z, while the FCR-D Up capacity price is denoted
by AE. The day-ahead energy price A is obtained from the ENTSO-E Transparency Platform energy-
prices dataset for the Finnish bidding zone [46], while )\ﬁ is obtained from Fingrid dataset 318 [41]. The
procured FCR-D Up volume from Fingrid dataset 315 is used as a reference for the market size [40].

For a given available wind power P2, the theoretical reserve created by deloaded operation is defined as

R = p~™ — pF, (4.57)

This reserve corresponds to the aerodynamic headroom between the available power and the scheduled
active power. However, the simulations show that only a fraction of this headroom may be effectively
delivered at the PCC under weak-grid conditions. Therefore, the reserve actually delivered during the
response window is evaluated as

R = min (R}, nrssRY") (4.58)

where 7R g, 18 the delivered reserve ratio obtained from the dynamic simulations.
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To explicitly represent the economic consequence of overestimating the reserve capability, a reserve
shortfall variable s” is introduced as

sit = Ry — R, (4.59)

where s? > 0 represents the reserve capacity that was offered but not effectively delivered. Following
the Fingrid FCR terms and conditions, the penalty associated with non-delivered reserve capacity is
represented as three times the FCR capacity price multiplied by the undelivered capacity [47]. This term
is used as a simplified penalty representation for the reserve-bidding assessment rather than as a complete
market-settlement model. Thus, the hourly penalty is defined as

SFOR = 3\sf AL, (4.60)

where A is the FCR-D Up capacity price, s is the non-delivered reserve capacity, and At is the
market time step. After the ex-ante reserve bid is obtained, the delivered reserve, the non-delivered
reserve, and the corresponding penalty are evaluated ex-post. Therefore, the following expression is used
as the settlement metric for comparing the different bidding strategies:

T =" (WPE + AR — 3)fsf) At (4.61)
teT
where At = 1 h for the hourly FCR-D Up market. This settlement metric is used only after the bid
has been placed, in order to quantify the economic effect of reserve non-delivery. The ex-ante bidding
decision is represented separately through the energy revenue and the reserve-capacity value associated
with the offered reserve:

T =N (AP + ATRY) At (4.62)
teT
The distinction is important because the naive strategy does not use the delivered-reserve constraint
when placing the bid. Therefore, R{®!, s%, and the penalty term are computed only in the ex-post assess-
ment. In contrast, the n-aware strategy includes the derating factor 7)p g5 directly in the bid constraint.
The ex-ante bidding and ex-post settlement assessment are described by the following relations:

0<PF<P™ VteT, (4.63)
RM=PY—-PF, VteT, (4.64)
0<RM<RM VteT, (4.65)
R =R +sff, VteT, (4.66)
sf>0, vteT. (4.67)

Constraint (4.65) allows the plant to submit reserve bids based on the theoretical aerodynamic head-
room. The delivered reserve is then evaluated ex-post using (4.58), according to the simulated delivered
reserve ratio. If the bid exceeds the deliverable reserve, the deficit appears through s? and reduces the
ex-post settlement value through the penalty term in (4.61).
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The FCR-D Up minimum bid size can be included by introducing a binary participation variable z;.
In that case, the bid must satisfy

R™0z < RM < Rz, VteT, (4.68)
z€{0,1}, VteT, (4.69)

where R™™ = 1 MW for FCR-D Up. In the main formulation, the upper bound R, is determined by
the physical reserve capability of the wind power plant, not by an assumed share of the total procured
market volume. Thus, for a naive bid the relevant upper bound is the theoretical reserve Rgh, whereas for
an n-aware bid it is the effective reserve capability 1z gs Ri". The hourly procured FCR-D Up volume is
therefore not included as a binding constraint in the optimization model. It is used only as a market-size
reference in the results section, because this work does not model strategic bidding, market clearing, or
competition among reserve providers.

The formulation allows three bidding strategies to be compared. The first is the energy-only strategy,

in which the wind power plant participates only in the day-ahead energy market and no reserve is of-
fered:

RV =0 (4.70)

The second is the naive strategy, in which the ex-ante reserve bid is allowed to use the full theoretical
reserve R'" without considering the physical deliverability constraint. In this case, the plant may obtain
higher reserve-capacity revenue, but any non-delivered reserve is penalized in the ex-post settlement
through the Fingrid-based penalty term associated with s. The third is the n-aware strategy, in which
the reserve bid is directly limited by the delivered reserve ratio:

RY < npgs Ry 4.71)

The comparison between these strategies quantifies the economic impact of weak-grid reserve degra-
dation. A naive bid may overestimate the plant capability and lead to reserve shortfalls when g g; < 1.
In contrast, the n-aware bid reduces the offered FCR-D Up capacity according to the reserve that can
actually be delivered at the PCC, avoiding or reducing the penalty associated with non-delivered reserve.
Therefore, the bidding model links the physical reserve-delivery limitation observed in the simulations
with its economic consequence in the reserve market.
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5 Results

5.1 Physical Scenario Characterization

The physical results are organized from the operating-point definition to the economic consequence of
reserve-delivery degradation. Table 8 summarizes the cases used to identify the reserve-release mecha-
nisms before comparing the theoretical and effective reserve.

Table 8: Characterization of the physical scenarios used in the reserve-deliverability assessment.

Operating region Wind speed Deloading Purpose in the results

Variable-speed/overspeed 10.0 m/s 10% Reference case for kinetic-energy-supported
reserve release and identification of the min-
imum SCR at which the adopted PLL re-
mains synchronized.

Pitch-regulated 12 m/s 15% and 20% | Evaluation of the interaction among pitch re-
lease, converter-current limits, PCC-voltage
dynamics, and reserve delivery.

Pitch-regulated 15 m/s 15% and 20% | Assessment of operating-point sensitivity
near rated-power operation and input to the
economic comparison.

5.2 Reserve Delivery under Different SCR Levels
5.2.1 Overspeed Response in the Variable-Speed Region

This case serves as a reference for the variable-speed region, providing context for the pitch-regulated
results analyzed in the following subsections. The overspeed operating condition at 10.0 m/s with 10%
deloading is used as a representative scenario. Fig. 9 shows the electrical and mechanical power responses
during reserve delivery under SCR = 1.20. In this case, the electrical power increases after reserve acti-
vation and tracks the mechanical power closely, confirming that the reserve can be effectively delivered.
A temporary mismatch between P, and P, is observed during the transient, indicating that part of the
power response is supported by the release of stored rotational kinetic energy. For SCR values above
0.90, the overspeed-based reserve delivery remained largely unaffected, with no significant reduction in
delivered active power observed as grid strength changed. Below this threshold, the PLL was unable to
properly track the grid phase reference.
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Figure 9: Mechanical and electrical power responses for the 10.0 m /s case with 10% deloading under SCR =
1.20.

This behavior contrasts with the pitch-regulated cases, where reserve deliverability degrades progres-
sively with decreasing SCR through a different set of mechanisms. This distinction is analyzed in detail
in the following subsections.

5.2.2 Reserve Delivery in the Pitch-Regulated Region

This subsection analyzes a representative pitch-regulated operating point to identify the dynamic mech-
anisms responsible for reserve-delivery degradation under weak-grid conditions. The selected case cor-
responds to a wind speed of 12 m/s and 20% deloading, for which the dynamic waveforms are shown
at SCR = 3.00, SCR = 1.70, and SCR = 1.20. These values are selected to illustrate the transition from
strong-grid operation to weaker-grid conditions and to reveal how converter limits, PCC-voltage dynam-
ics, and electromechanical imbalance interact as the grid strength decreases. The delivered-reserve ratios
used in the economic assessment are taken from the heatmap in Fig. 14; therefore, the market tables use
the SCR points available in that heatmap for the selected economic cases.
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Figure 10: Electrical and mechanical power responses for the 12 m/s, 20% deloading case under different SCR

values.

Fig. 10 compares the electrical power P. and the mechanical power Py, for each SCR value. This com-
parison is particularly relevant because it directly illustrates the power imbalance that emerges as the net-
work becomes weaker. For SCR = 3.00, both signals remain closely aligned during the post-disturbance
interval, indicating that the released reserve is effectively transferred to the grid. For SCR = 1.70, the
response remains close to the strong-grid case, although small differences are observed. For SCR = 1.20,
the electrical power remains below the mechanical power during a significant part of the response, in-
dicating that the released mechanical power cannot be fully transferred to the grid under this weak-grid

condition.
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Figure 11: RSC current for the 12 m/s, 20% deloading case under different SCR values.

Fig. 11 presents the RSC current. As the SCR decreases, the current required by the RSC increases.
For SCR = 1.20, the current reaches the imposed rotor-current limit, indicating that converter-current
saturation becomes a key constraint on the sustained transfer of active power to the grid. This is consistent
with the reduced delivered reserve ratio observed in the low-SCR cases.
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Figure 12: PCC voltage response for the 12 m/s, 20% deloading case under different SCR values.
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Fig. 12 shows the PCC voltage response. It can be seen that under strong-grid conditions, the voltage
remains close to its nominal value. As the SCR decreases, the voltage disturbance becomes more pro-
nounced, with the largest voltage excursion observed for SCR = 1.20. This indicates that the active-power
response is accompanied by stronger PCC-voltage dynamics as the grid becomes weaker.
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Figure 13: Rotor-speed response for the 12 m/s, 20% deloading case under different SCR values.

Finally, Fig. 13 presents the rotor-speed evolution. The lowest-SCR case exhibits the largest speed
increase, which is consistent with the power imbalance observed in Fig. 10. Since P,,.. remains tem-
porarily above P, during a significant part of the response, the resulting imbalance accelerates the rotor
instead of being fully delivered to the grid. Therefore, the rotor-speed rise should be interpreted primarily
as a consequence of the limited electrical power transfer capability under weak-grid conditions, rather
than as the main cause of reserve-delivery degradation.

Taken together, Figs. 10—13 indicate that the reduction of reserve delivery at low SCR is associated with
a coupled mechanism: weak-grid conditions lead to stronger PCC-voltage dynamics, increased RSC cur-
rent demand, operation close to the current limit, a reduced capability to sustain electrical active-power
transfer to the grid, and a consequent increase in rotor kinetic energy. This also clarifies why the deliv-
ered reserve ratio reported in Fig. 14 should be interpreted as a short-term reserve-delivery metric over
the first 8 s after activation: this interval is intended to quantify the initial reserve-release capability. Con-
sequently, the delivered reserve ratio is not intended to represent the final steady-state reserve capability.
Instead, it quantifies the average active-power support effectively delivered at the PCC during the initial
8 s following the full-reserve request, when the interaction between pitch release, converter-current lim-
its, PCC-voltage dynamics, active-power transfer, and rotor acceleration is most relevant.

It should be noted that the results are specific to the adopted control structure, grid configuration, and
impedance assumptions; alternative reactive-power control strategies, current-priority schemes, or nonzero
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grid resistance may modify the relative importance of the identified constraints and the degree of reserve
degradation.

5.3 Comparison between Theoretical and Effective Reserve

This subsection compares the delivered reserve ratio obtained in the pitch-regulated operating region.
Fig. 14 provides a global view of 7pgs across the selected wind speeds, deloading levels, and SCR
values. Table 9 reports the representative operating cases used in the market assessment. The numerical
values are consistent with the heatmap, which is the reference source for 7p g, throughout the economic
analysis.

Delivered reserve ratio heatmap

12 m/s, 15% 92.0 922 925 81.8 y 574 | 57.0

12 m/s, 20% (RN 58.7 | 554 | 49.6 | 36.1 60

Operating case

15 ms, 15% [REEX 478 | 478 | 479 | 461 30
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Figure 14: Heatmap of the delivered reserve ratio 7 gs (%) across the selected pitch-regulated operating cases
and SCR values. Gray cells indicate cases that became unstable due to the weak-grid condition.

Table 9: Theoretical and effective reserve deployed for representative operating cases

Case SCR | Rin (pu) | Ress (Pw) | 1r.ss (%)
12m/s, 15% | 3.00 | 0.150 0.138 92.05
12m/s, 15% | 1.30 | 0.140 0.115 81.79
12m/s, 15% | 1.14 | 0.148 0.084 56.99
12 m/s,20% | 3.00 | 0.200 0.170 85.13
12m/s,20% | 1.30 | 0.196 0.156 79.50
12m/s,20% | 1.10 | 0.202 0.073 36.10
15m/s, 15% | 3.00 | 0.150 0.125 82.98
15m/s, 15% | 1.30 | 0.149 0.114 75.96
15m/s, 15% | 1.25 [ 0.153 0.105 68.30
15m/s,20% | 3.00 | 0.200 0.154 76.76
15m/s,20% | 1.30 | 0.188 0.139 73.82
15m/s,20% | 1.10 | 0.203 0.095 46.90

Fig. 14 reveals a clear dependence of reserve deliverability on both the turbine operating point and grid
strength. The pitch-regulated cases exhibit a heterogeneous and operating-point-dependent behavior. For
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high SCR values, several operating points show relatively high delivered reserve ratios. For instance, the
12 m/s case with 15% deloading reaches g ss = 92.05% at SCR = 3.00, while the 12 m/s case with 20%
deloading reaches 7pss = 85.13% under the same grid condition, as reported in Table 9. However, this
performance is not preserved across all pitch-regulated operating points as the grid weakens.

For the 15 m/s case with 20% deloading, the delivered reserve ratio decreases from 76.76% at SCR
= 3.00 to 46.90% at SCR = 1.10. Overall, these results demonstrate that the theoretical reserve can sub-
stantially overestimate the reserve that is effectively delivered at the PCC under weak-grid conditions,
and that this mismatch is governed by the combined effect of wind speed, deloading level, and SCR
rather than by any single factor alone.

5.4 Economic Impact on Reserve-Bidding Strategies
5.4.1 Market Inputs

This section summarizes the market signals used to contextualize the reserve-bidding formulation. The
economic assessment should be interpreted as a scenario-based comparison intended to isolate the ef-
fect of reserve deliverability rather than as a prediction of commercial performance. The available data
include the hourly procured FCR-D Up volume, the corresponding FCR-D Up capacity price, and the
day-ahead energy price for the same analysis period. The capacity price and the day-ahead energy price
are the economic inputs used in the reserve-bidding assessment, while the procured FCR-D Up volume
is retained only as a market-size reference. Therefore, the volume signal is not imposed as a binding con-
straint in the optimization problem; it is shown to indicate the scale and variability of the hourly FCR-D
Up market.
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Figure 15: Hourly procured FCR-D Up volume from Fingrid dataset 315 for March 2026. This signal is used
only as a market-size reference and is not included as a binding constraint in the optimization model.

Fig. 15 is kept to provide a scale reference for the hourly FCR-D Up market. It is not used to limit
the reserve bid through a fixed market-share parameter. In other words, no constraint of the form R}?id <
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yVFCRD i imposed in the main optimization model. The reserve offer is instead bounded by the plant’s
theoretical headroom or by its effective reserve capability, depending on the bidding strategy considered.
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Figure 16: Hourly FCR-D Up capacity price from Fingrid dataset 318 for March 2026. This price is used as the
reserve-capacity revenue term A’ in the bidding formulation.
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Figure 17: Day-ahead energy price used as the hourly energy-market revenue term A7 in the bidding formulation.

The reserve price in Fig. 16 defines the capacity value used in the reserve-bidding and settlement
assessment, whereas the energy price in Fig. 17 represents the opportunity cost of withholding wind
power through deloaded operation. Therefore, the bidding decision depends on the trade-off between
energy revenue and reserve-capacity value. When the naive strategy uses the full theoretical reserve,
the offered reserve may exceed the effective reserve obtained from the RTDS simulations. In that case,
the shortfall variable s captures the non-delivered reserve. In contrast, the n-aware strategy directly
limits the offer through R}'Y < np s Ri® reducing the risk of offering reserve that cannot be physically
transferred to the PCC.
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5.4.2 Bidding Outcomes

Monthly reserve shortfall penalty under naive bidding
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Figure 18: Monthly reserve shortfall penalty obtained for the naive strategy using the March 2026 market data.
The bars are grouped by deloading level and wind speed, while the colors indicate the SCR cases considered in the
reserve-deliverability assessment.

Fig. 18 shows the economic consequence of offering reserve according to the theoretical headroom with-
out accounting for the delivered reserve ratio. For both deloading levels, the monthly shortfall penalty
increases as the SCR decreases. This behavior is expected because the lowest-SCR cases exhibit the
largest difference between the reserve offered by the naive strategy and the reserve effectively delivered
at the PCC. For 15% deloading, the lowest-SCR penalty reaches 2868 EUR at 12 m/s and 2185 EUR at
15 m/s. For 20% deloading, the penalty exposure becomes more severe, reaching 5815 EUR at 12 m/s
and 4856 EUR at 15 m/s. Thus, the economic risk of naive bidding is governed by the delivered-reserve
ratio reported in Fig. 14, not only by the theoretical deloading headroom.

These results confirm that the market impact of reserve non-delivery is not determined only by the se-
lected deloading level. It also depends on the operating point and on the ability of the plant to transfer
the released reserve to the grid. Even though a larger deloading margin creates more theoretical reserve,
it also increases the amount of capacity that can be overcommitted when the physical deliverability is
limited. Therefore, the naive strategy exposes the plant to unnecessary shortfall penalties, especially un-
der weak-grid conditions. The result supports the use of the n-aware strategy, where the reserve offer is
derated through 7 s before market participation.
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Incremental economic breakdown, VW =12 m/s, deloading = 20%
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Figure 19: Incremental economic breakdown relative to the energy-only strategy for the representative operating
point V,, = 12 m/s and 20% deloading. The stacked bars show the energy opportunity cost, FCR-D Up reserve
revenue, and reserve shortfall penalty, while the black diamond indicates the resulting net monthly difference.

Fig. 19 complements the monthly penalty results by decomposing the net economic effect of reserve
participation into its main components. The negative energy component represents the opportunity cost
of withholding active power from the energy market in order to create reserve headroom. The positive
reserve component corresponds to the FCR-D Up capacity revenue, whereas the negative penalty com-
ponent appears when the offered reserve exceeds the reserve effectively delivered at the PCC. For SCR
= 3.00, the naive strategy remains almost neutral because the reserve revenue is largely offset by the
energy opportunity cost and the shortfall penalty. For SCR = 1.30, the naive strategy becomes slightly
uneconomic, while the n-aware strategy remains profitable by limiting the offered reserve according to
Nrss- Under the lowest-SCR condition, the naive strategy becomes strongly detrimental because the
penalty dominates the reserve revenue, whereas the n-aware strategy remains slightly positive despite the
reduced physically deliverable reserve. This confirms that including the delivered reserve ratio in the bid-
ding decision prevents naive bids from becoming economically detrimental under weak-grid conditions.

Table 10: Incremental economic breakdown relative to the energy-only strategy for the representative operating
point V;, = 12 m/s and 20% deloading.

SCR case |Strategy | AE [EUR] | Reserve revenue [EUR] | Shortfall penalty [EUR] | AJ [EUR]
SCR =3.00 | Naive -1118 2557 1340 99
SCR = 3.00 | n-aware -845 2302 0 1458
SCR =1.30 | Naive -1095 2340 1810 -565
SCR =1.30 | n-aware =778 2059 0 1281
Lowest SCR | Naive -1129 1095 5815 -5849
Lowest SCR | n-aware -159 546 0 388

Table 10 gives the numerical values represented in Fig. 19. For SCR = 3.00, the naive strategy is almost
economically neutral: the reserve revenue of 2557 EUR compensates the energy opportunity cost of 1118
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EUR, but the remaining shortfall penalty of 1340 EUR reduces the monthly gain to only 99 EUR. In the
same grid condition, the n-aware strategy reduces the reserve revenue to 2302 EUR because it offers
only the deliverable reserve, but it also removes the penalty term; therefore, the net monthly increment
increases to 1458 EUR. This means that even in the strongest grid case shown in Fig. 19, bidding the full
theoretical headroom is not the best option once non-delivery is penalized.

For SCR = 1.30, the same mechanism becomes more evident. The naive strategy still receives 2340
EUR in reserve revenue, but the 1810 EUR shortfall penalty is larger than the margin left after the energy
opportunity cost, producing a negative net result of -565 EUR. By contrast, the n-aware strategy accepts
a lower reserve revenue of 2059 EUR, avoids the shortfall penalty, and obtains a positive monthly incre-
ment of 1281 EUR. In the lowest-SCR case, the difference is decisive: the naive strategy receives only
1095 EUR of reserve revenue while accumulating a 5815 EUR penalty, so the net result falls to -5849
EUR. The n-aware strategy limits the bid strongly, which lowers both the energy opportunity cost and the
reserve revenue, but keeps the penalty at zero and preserves a positive result of 388 EUR. Therefore, the
values in Table 10 explain the trend observed in Fig. 19: as the grid becomes weaker, the economic loss is
driven mainly by reserve overcommitment, not by the energy opportunity cost itself. Values are rounded
to the nearest EUR; therefore, row totals may differ slightly from the sum of rounded components.

Table 11: Incremental economic breakdown relative to the energy-only strategy for the representative operating
point V,, = 15 m/s and 20% deloading.

SCR case |Strategy | AE [EUR] | Reserve revenue [EUR] | Shortfall penalty [EUR] | AJ [EUR]
SCR =3.00 | Naive -1118 2305 2094 -906
SCR =3.00 | n-aware -753 1989 0 1236
SCR =1.30 | Naive -1050 2084 2217 -1184
SCR =1.30 | n-aware -603 1694 0 1091
Lowest SCR| Naive -1134 1430 4856 -4561
Lowest SCR | n-aware -348 927 0 580

Table 11 extends the economic comparison to the V,, = 15 m/s operating point with 20% deloading.
In this case, the naive strategy produces a negative net increment for all SCR conditions. For SCR =
3.00, the reserve revenue of 2305 EUR is not sufficient to compensate the 1118 EUR energy opportunity
cost and the 2094 EUR shortfall penalty, leading to a net result of -906 EUR. For SCR = 1.30, the same
mechanism produces a net loss of -1184 EUR. Under the lowest-SCR condition, the penalty increases to
4856 EUR and the net loss reaches -4561 EUR.

In contrast, the n-aware strategy remains economically positive in the three grid-strength conditions be-
cause it limits the reserve bid according to the physically deliverable reserve reported in Fig. 14. This
eliminates the shortfall penalty and yields positive net increments of 1236 EUR, 1091 EUR, and 580 EUR
for SCR = 3.00, SCR = 1.30, and the lowest-SCR case, respectively. Values are rounded to the nearest
EUR; therefore, row totals may differ slightly from the sum of rounded components. Since Fig. 19 al-
ready shows the stacked-component interpretation for the 12 m/s representative case, an additional figure
for 15 m/s is not included; Table 11 provides the full numerical decomposition without duplicating the
same visual structure. Accordingly, the absolute monetary outcomes are scenario-dependent, whereas
the comparison between bidding strategies is the main result of the assessment.
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Overall, the results show that incorporating the delivered reserve ratio into the bidding strategy con-
sistently reduces the economic impact of reserve shortfalls under the analyzed operating conditions.
While the absolute monthly economic outcomes depend on the selected market period, reserve prices,
and penalty assumptions, the consistent ranking of the evaluated strategies indicates that accounting for
physically deliverable reserve improves the robustness of reserve bidding under weak-grid conditions.
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6 Conclusions

This work assessed the impact of weak-grid conditions on the reserve deliverability of a DFIG-based
wind power plant and its implications for reserve-market participation. The results show that estimat-
ing reserve capability only from the available active-power headroom can significantly overestimate the
actual reserve delivered at the PCC. Under weak-grid conditions, the interaction between active-power
injection, voltage support, converter current limits, and grid impedance reduces the effective active-power
response of the wind power plant.

The EMT simulations showed that the delivered reserve ratio, 7 ss, decreases as the SCR is reduced.
In the most restrictive cases, the delivered reserve reached only about 36.10% of the theoretical head-
room. This confirms that the headroom available at the turbine or plant control level is not necessarily
equivalent to the active-power reserve that can be effectively delivered to the grid. Therefore, weak-grid
constraints must be included when estimating the reserve capability of DFIG-based wind power plants.

These findings also highlight the methodological contribution of the RSCAD/RTDS-based EMT assess-
ment. While steady-state power-flow calculations or analytical capability curves can provide an initial
estimate of the available active-power headroom, they do not capture the dynamic interactions that de-
termine how much of that headroom is effectively transferred to the grid. In particular, the delivered
response depends on the combined behavior of the converter controls, the PLL, the current limits and
current-priority logic, the PCC-voltage dynamics, the dc-link regulation, and the electromechanical re-
sponse of the rotor. Although RMS models can represent the slower system dynamics, their representa-
tion of fast control interactions and limiter transitions depends on the adopted simplifications. The EMT
implementation therefore made it possible to quantify, in the time domain, when part of the theoretical
reserve was temporarily used for voltage support or rotor acceleration instead of being delivered as ac-
tive power at the PCC. This assessment provided the physical basis for the delivered reserve ratio 7g g,
subsequently used in the economic analysis.

Using the EMT-derived delivered reserve ratio in the economic evaluation, the results show that the
naive strategy can become economically unfavorable as the grid weakens. For the representative case
with V,, = 12 m/s and 20% deloading, the naive strategy obtained a net incremental result of 99 EUR
at SCR = 3.00. However, the corresponding result decreased to —565 EUR at SCR = 1.30 and to —5849
EUR in the lowest-SCR case. In contrast, the n-aware strategy remained profitable in all cases, with
net incremental results of 1458 EUR, 1281 EUR, and 388 EUR, respectively. Therefore, including the
delivered reserve ratio changed the market outcome from severe economic losses to positive net results
under weak-grid conditions.

A similar trend was observed for V,, = 15 m/s and 20% deloading. The naive strategy produced negative
net incremental results for all SCR levels, with —906 EUR at SCR = 3.00, —1184 EUR at SCR = 1.30,
and —4561 EUR in the lowest-SCR case. Meanwhile, the n-aware strategy achieved positive results of
1236 EUR, 1091 EUR, and 580 EUR, respectively. These results show that maximizing the reserve vol-
ume offered to the market is not necessarily the best economic decision. Instead, the reserve bid should
be limited according to the amount of active power that can actually be delivered at the PCC.
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The comparison among the energy-only, naive, and n-aware strategies demonstrates that reserve pro-
vision can be economically attractive only when the bid reflects the physical deliverability limits of the
wind power plant. Otherwise, additional reserve revenue can be outweighed by shortfall penalties, espe-
cially in very weak grids. Therefore, the economic assessment shows that limiting the reserve bid using
R8s provides a more realistic representation of the plant capability and reduces its exposure to shortfall
penalties.

Overall, the study shows that weak-grid effects are not only a technical constraint but also an economic
risk for DFIG-based wind power plants participating in ancillary-service markets. Considering PCC-level
reserve deliverability in the economic assessment reduces exposure to penalties, improves the expected
market outcome, and provides a more reliable estimate of the reserve contribution that the plant can
actually deliver to the power system.

6.1 Limitations and Future Work

The reserve-deliverability results were obtained for a limited set of wind speeds, deloading levels, SCR
values, and one frequency disturbance. Therefore, the factor 7)r g5 should be interpreted as a scenario-
dependent metric rather than as a universal parameter of the wind power plant. Its value also depends
on the adopted DFIG model, PLL tuning, converter current limits, current-priority logic, grid equivalent,
and the selected 8 s evaluation window.

The reserve-bidding formulation represents an offline, scenario-based economic assessment using deter-
ministic energy and reserve prices and a simplified shortfall penalty. It does not reproduce the complete
market-clearing process or explicitly consider competition among market participants, strategic bidding,
wind-speed uncertainty, operating-point uncertainty, price uncertainty, or reserve-activation uncertainty.
Therefore, the proposed bidding model should not be interpreted as a complete commercial strategy, but
as an assessment of how physical reserve-deliverability limitations affect the economic outcome of re-
serve participation.

Future work should extend the EMT analysis to additional operating conditions and grid-support func-
tions, including low-voltage ride-through, synthetic-inertia response, different frequency disturbances,
and alternative converter-control and current-priority strategies. The economic formulation could also be
extended by modeling the stochastic behavior of wind speed, operating points, energy and reserve prices,
and reserve activation. Finally, a complete market model including competition among participants,
market clearing, strategic bidding, and settlement rules could be developed to evaluate the commercial
performance of the evaluated n-aware strategy under more realistic conditions.

53



DIE UTFSM

Annex A Power-System Parameterization Used in RSCAD

The following tables summarize the numerical data used to implement the complete power-system model
shown in Fig. 5. They are included in the annex because they correspond to implementation parameters
rather than to the conceptual description of the plant connection. The DFIG-based wind power plant
considered in the reserve-deliverability study is connected at the Malleco bus; the buses listed in the
following parameterization tables correspond to other aggregated system elements used to represent the
surrounding network.

Table 12: Grid-forming (GFM) unit parameters

f nom nom Power Qset
Type [HZ] eq [S] \% ' B [kv] pr [MVA] factor Bus Pset [MW] [Mvar]

GFM 50 3.6126 500 0.0433 | 0.0433 |1300.5200] 0.9055 |NvaMaitencill 900 0.1
GFM 50 5.1583 500 0.0888 | 0.0492 |2747.5400| 0.8800 Alto Jahuel 1280 0.1
GFM 50 4.6296 500 0.0731 | 0.0483 [2168.3960| 0.9179 Ancoa 900 0.1
GFM 50 4.9356 500 0.0642 | 0.0495 |1973.8800| 0.8855 Concepcién 1000 0.1
GFM 50 5.8070 500 0.0128 | 0.0500 | 398.1900 | 0.8741 Mulchen 280 0.1

Table 13: Synchronous generator parameters

SynGen 50 3.6380 220 140.0 188.527 234.824 0.8933 Lagunas
SynGen 50 4.9780 500 1940.0 4761.93 4846.23 0.8955 Kimal500
SynGen 50 3.9215 500 600.0 562.0436 | 689.85 0.8929 Cumbres
SynGen 50 5.2000 500 1600.0 3315.41 3388.5 0.8872 Quillota
SynGen 50 4.9786 500 1600.0 2664.59 2782.09 0.9319 Charrua
SynGen 50 3.1520 500 600.0 866.8348 | 917.2800 0.9052 Pichirropulli

Table 14: Demand modeled as grid-following load

: P B Demand
PzoAlmonte 50 2441.6 220.0 156 x 2
Kimal220 50 258.537103 220.0 (523 + 258) = 781 x 2
Changos 50 538.346245 500.0 538 X 2
Nva Cardones 50 382.569458 500.0 382 x 2
Polpaico 50 818.155396 500.0 818 x 2
Rapel 50 504.965509 500.0 505 x 2
Candelaria 50 404.986921 500.0 404 x 2
Ancoa 50 854.154231 500.0 743 X 2
Concepcion 50 366.533617 500.0 366 x 2
Mulchen 50 227.447198 500.0 237 x 2
Pichirropulli 50 526.892074 500.0 514 x 2
Total demand 5444 x 2 = 10888
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Annex B Calculation of the SCR and the Grid Impedance Angle

The SCR is defined as the ratio between the three-phase short-circuit power at the point of connection
and the rated power of the plant:

SSC
SCR = (B.72)
Srated
By modeling the equivalent grid through a Thevenin impedance:
Zg= Ry + jwly, w=2rf (B.73)
its magnitude is given by:
|Zg| = ([ R5 + (wLy)? (B.74)

Furthermore, the three-phase short-circuit power seen from a bus with line-to-line voltage V7, is cal-
culated as:

2
_ VLL

Ssc -
|24

(B.75)
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Annex C Wind Power Plant Model Parameters

The parameters used to represent the DFIG system are summarized in this section. First, the electrical
and mechanical parameters of the machine are presented, followed by the control parameters associated
with the converter controllers and the frequency support scheme.

Rs les
—AAN——™
+ Is
V, 7 Xm

Figure 20: Steady-state per-phase equivalent circuit of the DFIG.

Table 15: Parameters of the DFIG Machine

Symbol Description Value
Shom Rated apparent power 25 MVA
Vit Rated stator line-to-line voltage RMS 0.69 kV

fs Grid frequency 50 Hz
Uge DC-link voltage 1.2kV
Vin Rated rotor line-to-line voltage RMS 1.82kV
a Rotor/stator turns ratio 2.6377
I max Maximum rotor current 1.2 pu
I max Maximum grid-side current 0.8 pu
R, Stator resistance 0.01 pu
R, Rotor resistance referred to stator 0.006 pu
X Stator leakage reactance 0.102 pu
X, Rotor leakage reactance referred to stator 0.08596 pu
X Magnetizing reactance 4.348 pu
Clec DC bus capacitor 10000 pF
H Machine inertia constant 1.5 MWs/MVA
Wy Angular speed 1007 rad/s
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Table 16: PI Controller Parameters

Controller Set Associated PIs K, Tj;[ms]
RSC outer-loop control PI1, PI2 0.1 20.0
RSC inner current control PI3, P14 0.5 40.0
GSC outer-loop control PI5, P16 2.0 10.0
GSC d-axis current control P17 1.5 20.0
GSC g-axis current control PI8 1.0 20.0
Phase-Locked Loop PLL 30.0 5.0

Table 17: Parameters of the frequency control scheme

Symbol Description Value
K Frequency control gain 17.0
K, Frequency control gain 150.0
R, Rotor-speed regulation coefficient 0.05
Rg Scheduled pitch-angle regulation coefficient Table 19

A fsat Full-reserve activation threshold 0.01 pu

Table 18: Pitch-control parameters

Symbol Description Value
Ts Pitch actuator time constant 3s
Bmin Minimum pitch angle 0°
Brax Maximum pitch angle 36°
Brnin Minimum pitch-rate limit —10°/s
Brnax Maximum pitch-rate limit 10°/s
Ky Rotor-speed pitch correction proportional gain 0.2

15w Rotor-speed pitch correction integral time constant 0.1 s

Table 19: R values for the simulated pitch-regulated cases

Vi (m/s) Deloading o (°)  fnp (°)  Afmax (°)  Rg (pu/°)

12 20% 2.687  0.000 2.687 0.00372
12 15% 1.689  0.000 1.689 0.00592
15 20% 13.984 9.854 4.130 0.00242
15 15% 13.063  9.854 3.209 0.00312
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Annex D Dynamic Performance Index and PCC Selection

The selection of the PCC was additionally supported by the Dynamic Performance Index (IDD) used in
the Chilean technical framework for system robustness assessment. According to the Technical Standard
for Security and Quality of Service, the IDD at bus j is defined as the area between the pre-fault RMS
voltage and the transient RMS-voltage trajectory at the same bus [48]. In this work, the indicator was
evaluated as

try
IDD; = / v () — ;0| dt, (D.76)
iy

where v;(t) is the RMS voltage at bus j, v, is the pre-fault RMS voltage, ¢ is the fault inception time,
and ¢ 1s the final time used for the transient-performance evaluation. Therefore, a larger IDD indicates
a larger accumulated voltage deviation, either because the voltage excursion is deeper, because the recov-
ery is slower, or because both effects occur simultaneously.

The current version of the robustness methodology establishes that the IDD calculated at the bus closest
to the fault location must satisfy /DD; < 0.16, where 0.16 is defined as the worst admissible value
for the robustness study [48]. This value is therefore interpreted here as a system-robustness assessment
threshold, not as a direct connection-admissibility requirement for a specific generation plant. In addition,
the measures derived from the robustness study are not binding by themselves and do not directly impose
operational restrictions on converter-based generation units; rather, the study is used as a technical input
for planning, operation, and complementary-service assessments [48]. The IDD values obtained for the
analyzed network are summarized in Tables 20 and 21, separated according to the 220 kV and 500 kV
subsystems and ordered from the smallest to the largest value.

Table 20: IDD values for the 220 kV subsystem, ordered from smallest to largest.

Bus IDD

Changos 220  0.047691
Lagunas 0.072667
Zaldivar 0.195927
Parinacota 0.220564

Pozo Almonte 0.587754
Kimal 220 1.541467
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Table 21: IDD values for the 500 kV subsystem, ordered from smallest to largest.

Bus IDD

Maitencillo 0.047691
Polpaico 0.072667
Rapel 0.113019
Candelaria 0.115143
Cardones 0.115143

Kimal 500 0.127120
Pichirropulli 0.127120
Charrua 0.133412
Pto. Montt 0.133412
Alto Jahuel 0.134240
Ancud 0.135813
Quillota 0.136079
Changos 500  0.144009
Pan de Azucar 0.144009

Ancoa 0.147248
Concepcion 0.195927
Cumbres 0.220564
Mulchen 0.364248
Malleco 0.587754
Parinas 1.541467

The DFIG-based wind power plant was connected at the Malleco bus because the objective was to study
reserve delivery in a weak area of the system, rather than at a very strong bus where the effect of grid
weakness would be less visible. Malleco presents a relatively high IDD within the 500 kV subsystem,
indicating a significant transient-voltage deviation and therefore a suitable location to stress the interac-
tion between PCC-voltage dynamics, converter-current limits, and active-power transfer. At the same
time, it was not the most severe bus in the system: Parinas and Kimal 220 exhibit substantially higher
IDD values. Thus, Malleco provided a weak-grid location with a large dynamic-performance index, but
without selecting the most extreme condition that could lead to immediate system collapse or make the
reserve-delivery analysis dominated only by instability.

It should also be noted that the PCC selection was made before the recently updated robustness method-
ology explicitly provided the /D D; < 0.16 threshold. Under the current robustness-study criterion, the
Malleco value reported in Table 21 exceeds this threshold. However, this should not be interpreted as an
automatic prohibition for an existing or hypothetical wind power plant connection at that bus. Instead,
it indicates that Malleco belongs to a dynamically demanding area where voltage deviations following
short-circuit events are significant and where additional robustness measures or operational assessments
may be required. In the context of this work, this is consistent with the purpose of selecting a weak-grid
location to evaluate how reserve deliverability deteriorates when the wind power plant is connected to a
dynamically stressed area of the network.
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Annex E Exploratory Active-Power Transfer under Constant Power
Factor

Fig. 21 is used as the reference diagram for this derivation. A motor-reference convention is adopted:
negative active power denotes generation, and negative reactive power denotes reactive-power injection
into the grid. In addition, the d-axis of the synchronous reference frame is aligned with the stator voltage,
so that V,, = 0.

R 7 Ve
3 L
A Weak grid
I \ I
RSCeontrol  'mel JFec GSC contral
RPC Mod |—>[:q <—|Ig*q RPC Mod
ode Current Current ode
@ Speed fr}] Control Control Elgd Voltage Ude
P <z . regulator regulator‘_ i
_I)MP r ] * ?[
PT rdq &dq Uic

Figure 21: DFIG connected to a weak grid through an equivalent grid impedance, including the RSC, GSC, PCC,
and adopted current and power-flow conventions.

The objective of this annex is to obtain an explicit expression for the active power transferred to the
grid as a function of the power angle 4, the slip s, and the power-factor angles ¢; and 5. The derivation
follows the weak-grid power-transfer framework used in [5], while keeping the notation consistent with
the rest of this work.

This analysis is included as an exploratory extension because the main study uses constant-voltage
control during reserve delivery. This choice is consistent with contingency-oriented operation, where
voltage regulation at the PCC is typically prioritized in grid-code compliance studies. The constant-
power-factor case is therefore not used as the main control architecture of the work, but it is useful to
show how active-power transfer changes when the stator and GSC power factors are imposed instead of
allowing the controller to regulate voltage.
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DFIG Model and Network Equations

The electromagnetic DFIG model, written in space-vector form, is

( d
Vs = _Rs”:s +jws¢s + %7

. dip,
v, = R, + jw b, + —, (E.77)

dt
1/)5 = _Lsis + Lmiry
|, = — Lovis + Lyi,.

The weak grid is represented by the equivalent impedance Z, = R, + j X, between the PCC and the
grid voltage source v,. Under the adopted current references, namely grid — PCC, PCC — stator, and
PCC — GSC, the KVL between the stator voltage and the grid voltage is

v, — v, = (Ry + jX,) t, (E.78)
where the total current at the PCC satisfies the KCL
1 = 15 + 1. (E.79)
Aligning the d-axis with v, gives V;, = 0. Separating (E.78) into dg components gives

Vsd = ‘/gd + Rg]td - Xg]tqa

(E.80)
0= Vyy+ Rylyy + Xy la.

Phasor Relations and Angle Definitions

To construct the weak-grid DFIG phasor diagram, the power angle is defined as the angular difference
between V, and V:
dg = Oy,

s

— Oy, =0— 6y, = —by,. (E.81)

The angles ¢; and (¢, represent the stator-side and GSC-side power-factor angles, respectively, both
referred to V;. With 6y, = 0,

—1,
tan(yq) = tan(fy, — 0;,) = tan(—0;,) = 7 4 (E.82)

sd

-1
tan(yp2) = tan(fy, — 0r,) = tan(—0,) = 7 9, (E.83)

gd

From (E.81), the grid-voltage components are parameterized as

Vga = Vj cos g, Vi = Vgsin(By,) = Vysin(—=6,) = =V, sin . (E.84)
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Figure 22: Phasor diagram used to define the stator-voltage reference, grid-voltage angle, current components,
and power-factor angles.

Substituting (E.84) into (E.80) and using the KCL in (E.79), the g-axis equation can be written as
Vysindy = Xyglya + Ryliy = Xg (Isa + Lga) + Ry (Lsg + 1yq) - (E.85)
The d-axis component leads to

Vsa = Vycosdy + Rylyg — Xyl
=V,co8d; + Ry (Lsa + 1ya) — Xy (Lsg + 1yq) (E.86)
Vsqg = 0.

Current Relations Through Slip

To express the currents as a function of slip, the power sharing between stator and rotor is written under
the adopted convention and without chopper activation. The input mechanical power F;, is considered
positive into the machine, whereas negative electrical active power corresponds to DFIG generation.

Under these assumptions,
%

p=—" (E.87)
1—s
P.
po=20m (E.88)
1—s

Neglecting converter losses and without chopper activation, the GSC active power is equal to the rotor

active power:
Py= P, = —sP,. (E.89)

The total active power exchanged at the PCC is therefore

—Pm ]Dzn
Pt:Ps+Pg:1_S+1S_S:—Bn:Ps(1—s). (E.90)

Since V,, = 0, the stator and GSC active powers can be written in terms of the d-axis currents:

Py = g sd Lsd, (E91)
3
Py =2 Vaalya (E.92)
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Substituting (E.91) and (E.92) into (E.89) gives
Igd = —S Isd'

Additionally, (E.82)—(E.83) give

Iq = —Isgtan oy, Iy = —Igqtan g = s Isgtan ps.

Using (E.93) and (E.94), (E.85) is fully parameterized by /;:
Vysindy = | Xg(1 — s) + Ry (tan gy — stangs) |.
Defining the common denominator
D =X,(1—-s)+ R, (tanyp; — stangs),
one obtains
~ Vysind,
=5
- —V,sind, tan ¢,
sq D )
[ Vg sin d,
gd D )
5V, sind, tan o
I, = ) :
Finally, substituting (E.97)—(E.100) into (E.86) and factoring V, sin ¢, gives

Isd

R,(1—s)+ X, (tan gy — stan )

Via = Vycos 6, + Vysind, —2 5

Steady-State Rotor Currents

(E.93)

(E.94)

(E.95)

(E.96)

(E97)

(E.98)

(E.99)

(E.100)

(E.101)

To obtain the rotor currents, the steady-state DFIG model in (E.77) is used. At this stage, steady-state
operation is assumed, i.e., dv,/dt = di,/dt = 0, and R, (and R,, when applicable) is neglected with

respect to the reactive terms. Therefore,
Vs R JWsths.
Separating into dq axes and considering V;, = 0 gives

Vvsd = _wswsqa ng

= sa = 0, sq — :
Vsqzws%dzo Yud ¢q Ws

From the stator-flux equation
,'Ps = _Lsis + Lmira

the dg components are
wsd = _Ls[sd + LmITda
77Zqu = _Ls]sq + LmIrq~

63

(E.102)

(E.103)

(E.104)

(E.105)



DIE UTFSM

Substituting (E.103) into (E.105) and solving gives

1 1 -V
Irq = L_ (wsq + Ls[sq) = T ( d + Ls[sq> .

Replacing (E.97), (E.98), and (E.101) gives

[, Ly V,sind,
T Lm D )
1 /-1
[r i V; Ls]s y
T L, < Wi 4+ q)
where V4 and I, are substituted using (E.101) and (E.98), respectively, which leads to
L, = _ Vycosdy,  Vgsindy (Ry(1—s) 4+ X, (tan g — stanos) CLtangy ).
we Ly, DL, Ws

Active and Reactive Power at the PCC

With V;, = 0, the stator powers are

3 3
Ps:_‘{e[s; s:__s[s~
5 Vsdlsa Q 5 Vsdlsg

Using (E.82), one obtains
Qs = P, tan ;.

Substituting (E.97) and (E.101) into (E.111) gives

P

. g
cos 04 + sin d,

2 D D

At the PCC, the total active and reactive powers are
P, = P, + Py, Qi = Qs + Q.
Since 7 and ¢4 represent the stator and GSC power-factor angles, respectively,
Qs = Pstan ¢y, Qg = P, tan gs.

Using P, = —sP, from (E.89),
Qg = (—sP;) tan ¢,.

Finally,
Q: = Qs+ Q, = Pstan ) — sPstan gy = Ps (tan ) — stang,).
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(E.107)

(E.108)
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(E.111)

(E.112)

(E.113)
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Sensitivity of Active Power with Respect to the Power Angle

To analyze the influence of J, on the transferred active power, F; is differentiated with respect to that
angle. For a weak grid dominated by reactance, R, ~ 0 is considered. This assumption does not imply a
strong grid; it represents a purely inductive case, which is conservative in terms of active-power transfer
for a given SCR. Under R, ~ 0, and using D = X, (1 — s),

3?2 t — st
P, = 2_);; sin d, cos 6, + an 9011 _SS P2 Gin? 9y - (E.118)
Define ¢ ;
g L (E.119)
1—s
Then,
3V}
P = 2X (smé COS 04 + K sin? (5) (E.120)
Differentiating (E.118) with respect to d, gives
dp, 3V} [ d P
_— = d, cOS 0, 4] E.121
B, " 2x, | do, —(sin d, cos dy) + d5 ——(sin?4,) | . ( )
Using
d
o —(sind cos §) = cos? § — sin® § = cos 26, ﬁ(sin2 d) = 2sind cosd = sin 26, (E.122)
one obtains 3V2
dP,
dét e (K sin 20, + cos 23,) . (E.123)
Substituting (E.119),
dP, 3V? [tanp; — stan g,
d_ég = 2;9 - sin 26, + cos 24, | . (E.124)
The maximizing angle satisfies
dP,
— =0. E.125
. (E.125)
From (E.123)~(E.125),
1
K sin 204 + cos 20, = 0 = tan(2d,) = % (E.126)

Therefore, the optimal angle can be written as

(7 1 " 1
5 2aca %

Sgmax = %, K =0, (E.127)

\

65



DIE UTFSM

The maximum active power is obtained from

Ptmax - Pt(égmax)' (E128)
Using
. 1.
sind cosd = 3 sin(20), (E.129)
1-— 26
sin? § — %() (E.130)
(E.120) becomes
RV
P, =—Z (sin2, + K — K cos2d,) . (E.131)
4X,
At the optimum, oS 20gmax = — I sin 20, max, and therefore
3V?2 o .
Primax = = ((1 4 K?) sin 204 max + K) . (E.132)
4X,
Since ]
Sin (260 max) = (E.133)

V1+ K?

the maximum active power becomes
3V2
Proas = 1 (\/mu(). (E.134)
g

Finally, since R, ~ 0 = |Z,| ~ X, the SCR can be expressed as

SCR = % = ‘/*:72 ~ ‘/;72 = V—g2 ~ P, -SCR. (E.135)
P, PR,\Z,| P,X, Xy

Replacing (E.119) and (E.135) in (E.134), and expressing P; .« in pu over P, gives

P 3 t — st 2 ¢ — st
t :—SCR 1+ angpl S ang02 + angol S an<p2 . (E136)
P, 4 1—35 1—s5

Equation (E.136) explicitly shows that the angle-based maximum transferable active power depends on
the SCR and on the operating point through the slip s and the power-factor angles (o, and . However,
this expression represents only the power-angle transfer limit. If the power-angle limit is not reached first,
the DFIG may still be limited by the RSC or GSC current capacity, as discussed in [5]. This distinction
is important for the exploratory constant-power-factor simulations reported next: for the adopted DFIG
parameters, the theoretical angle limit does not necessarily predict curtailment, but the simulated response
can still degrade because the converters reach their current limits.
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Exploratory Simulation Results under Constant Power Factor

The following figures show the active-power response obtained when the DFIG is commanded to deliver
1 pu under constant power factor. In this convention, positive power factor denotes inductive operation
and negative power factor denotes capacitive operation. Each figure compares inductive and capacitive
operation for the same absolute power factor. The results show that the requested 1 pu active power can
be maintained only above certain SCR values; as the grid becomes weaker, the transferred active power
deteriorates. Since (E.136) does not predict an angle-based restriction for some of these operating points,
the degradation is attributed to converter-current limitations rather than to the theoretical power-angle

limit.

0.8 1

P, [pu]

0.4 1

0.2 1

PF=0.95 ind

Active power response for different SCR at [PF| = 0.95

PF =0.95 cap

ﬂxg
\S——

0.8
| ——— SCR=1.80
‘ ———— SCR =430 ————SCR=1.83
SCR =447 = 0.6 1 SCR=1.86
SCR =4.63 2 SCR =1.89
SCR = 4.80 Ad SCR =1.92
SCR =4.97 0.4 SCR =1.95
SCR=5.13 SCR =198
SCR =5.30 SCR =2.01
SCR = 5.47 02 - SCR =2.04
SCR =5.63 SCR =2.07
SCR =5.80 SCR=2.10
T T T 1 0 T
34 5 6 8 9 10 0 4 5 6 7 8 9 10
Time [s] Time [s]

Figure 23: Active-power response under constant power factor for | PF'| = 0.95, comparing inductive and
capacitive operation for different SCR values.
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Active power response for different SCR at |[PF| = 0.96
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Time [s]

Time [s]

Figure 24: Active-power response under constant power factor for | PF| = 0.96, comparing inductive and
capacitive operation for different SCR values.

Active power response for different SCR at |PF| = 0.97
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Figure 25: Active-power response under constant power factor for | PF'| = 0.97, comparing inductive and

Time [s]

Time [s]

capacitive operation for different SCR values.
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Active power response for different SCR at |[PF| = 0.98
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Figure 26: Active-power response under constant power factor for | PF'| = 0.98, comparing inductive and
capacitive operation for different SCR values.

Active power response for different SCR at [PF| = 0.99
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Figure 27: Active-power response under constant power factor for | PF'| = 0.99, comparing inductive and
capacitive operation for different SCR values.

Overall, the capacitive cases are able to operate at lower SCR values than the corresponding inductive
cases. This is consistent with the weak-grid interpretation: capacitive operation injects reactive power
and supports the PCC voltage, whereas inductive operation absorbs reactive power and increases the
voltage drop across the grid impedance. Nevertheless, even when the theoretical power-angle limit is not
binding, the active-power response can still fall below 1 pu because the converters must allocate current
to satisfy the imposed reactive-power condition and the available current margin for active-power transfer

is reduced.
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