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Abstract: With the deepening of the construction of:thenevy power system, the penetration
rate of new energy in the power system continues to increase significantly. However, the
traditional assessment of the ability of new ..:aray (wind, solar, and storage) to participate
in the primary frequency response (PFR) of tae’sys.em exhibits limitations due to the diffi-
culty in fully considering their differentiated characteristics. Therefore, this study develops
a comprehensive evaluation index system for the PFR performance of wind-solar-storage
new energy systems based on u .2 enue:y weight method. This system fully incorporates
the characteristics of wind pow-2r generaiion, photovoltaic power generation, and energy
storage systems in terms of frcauency response and operational constraints, establishing
overall PFR capability. evaluctior. indicators of the system, as well as specialized and re-
fined evaluation in<icatnrs fareach technology. Simulation results demonstrated the meth-
odology's effectivenc s, deraonstrating its capability to accurately assess frequency regula-
tion capacities while co. sidering the distinct operational characteristics of wind, solar, and
storage technologies. These findings provide theoretical guidance for optimizing frequency
regulation resource allocation and operational strategies in renewable-dominated power
systems.

Key words: entropy weight method, frequency regulation capability evaluation, index
system, new energy, primary frequency regulation

1. Introduction

The rapid expansion of wind and solar power has made high-penetration renewable
integration a dominant trend in global power system development [1]. However, this transition
poses critical challenges to grid frequency stability: converter-interfaced renewable generation
systems (wind turbines, photovoltaic arrays, and energy storage units) inherently exhibit weaker
frequency regulation capability and lower rotational inertia than conventional synchronous
generators [2]. As renewables displace traditional synchronous generation, power systems
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experience a progressive decline in rotational inertia and natural frequency stabilization capacity
[3]. This risk is further exacerbated by the inherent intermittency and volatility of renewable
sources, which drive frequent active power fluctuations and increase the likelihood of frequency
instability events [4].

With the increasing penetration of renewable energy in modern power grids, renewable
energy sources such as wind, solar photovoltaic (PV), and pumped hydro storage units have been
widely adopted for grid frequency support [5]. As renewable energy systems increasingly
participate in primary frequency regulation (PFR), the limitations of existing evaluation methods
for wind-solar-storage systems' PFR performance have become increasingly prominent. Wind
and solar stations provide frequency support mainly through grid-connected converter control
adjustment, active power reserve, and coordinated operation with integrated energy storage
systems [6]. However, unlike synchronous generators with fixed frequency regulation
characteristics, renewable energy systems exhibit significant variabilitv in frequency regulation
capability due to changing environmental conditions and real-time opaiating states, whereas the
capacity and dynamic response characteristics of energy /siorage systems also significantly
impact their frequency regulation performance [7]. Deveicpii:z-u scientific frequency regulation
assessment framework for high renewable penetratior-=ce2ar.0s is critical for two core purposes:
1) to fully tap the frequency support potential of reaewable stations and ensure grid dynamic
stability; 2) to establish data-driven benchmarks_7a=.power system regulation and dispatching
decisions.

Substantial research has focused on‘assessing the frequency regulation capabilities of
conventional synchronous generator., Reiesence [8] proposed an algorithm with differentiated
integration weights for PFR contrik!itior, 2valuation, which can effectively capture the sensitivity
of generating units to frequencw varia:ions. Reference [9] developed a SWOT-based framework
integrating internal and #xternal ¢:«aluation factors to assess the operational security of renewable
energy power systems in CYinz, and adopted a fuzzy analytic hierarchy process (AHP) method
to assign weights to each evaluation element. Reference [10] investigated the PFR evaluation
index system for thermal power units, established principal and auxiliary evaluation indices
based on classical dynamic performance indicators, and clarified corresponding performance
benchmarks and assessment criteria. Reference [11] designed a prediction method for power
system primary frequency regulation capability based on MEA-BP neural network, which takes
ten characteristic variables including system frequency, load level, active power and power
deficit as inputs, to forecast the dynamic power compensation trajectory within the 60-second
window after grid disturbance. However, current research mainly focuses on PFR capability
evaluation for conventional power systems, and lacks a dedicated assessment methodology
tailored for high-penetration renewable energy integrated power systems.

Given the fundamental differences in frequency regulation mechanisms between renewable
energy power plants and conventional synchronous generators, their dynamic response patterns,
power fluctuation characteristics and control flexibility have a decisive impact on the frequency
stability boundary of high-renewable power systems. In this context, scholars have carried out
extensive exploratory research on renewable energy frequency regulation performance
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evaluation. Reference [12] defined key performance indicators for frequency stability
assessment in converter-dominated power systems, and mapped system operational variables to
stability metrics through actual field operation data. Reference [13] analyzed the development
landscape of renewable energy in China and the control methodologies for conventional and
renewable generation, and proposed frequency response evaluation indices covering inertial
response metrics and PFR evaluation indicators. Reference [14] established performance
evaluation standards for energy storage active power control in multi-region power grids,
providing guidance for the optimization of energy storage frequency regulation control
strategies. Reference [15] developed a dual-indicator system to evaluate the static and dynamic
primary frequency regulation ability (PFRA) of renewable power stations. Reference [16]
implemented a multi-criteria assessment of frequency regulation performance for pumped
storage plants in isolated power systems. Reference [17] proposed a wind turbine frequency
regulation capability assessment methodology based on operationei status analysis, and defined
energy and power margin coefficients to quantify support potertial. Rzference [18] constructed
a comprehensive evaluation system for wind-storage hyhnd frequency regulation systems,
integrating frequency deviation metrics with economic faciora-<nd proposed an optimal control
strategy for wind-storage systems. Reference [19] ectavlist.ed a three-dimensional evaluation
architecture covering frequency stability, power supnor. and power regulation capability, and
developed an integrated assessment model Te.wnhotovoltaic plant frequency regulation.
Reference [20] systematically categorized the ey operational parameters of energy storage
systems for frequency regulation scenarios. However, existing studies still have two key
limitations. Most works focus or.. the “frequency regulation performance of individual
components in renewable energy sj‘stem>(e«J., standalone wind turbines, photovoltaic plants, or
energy storage units), and lack a iolistic evaluation framework for the overall frequency
regulation capability ofnteixratcs wind-solar-storage hybrid systems. Meanwhile, few studies
have systematically analy..2d tne inherent differences in frequency regulation characteristics
among wind, photovoltaic and energy storage subsystems, leading to poor applicability of
existing evaluation methods in practical wind-solar-storage integrated projects.

To fill the above research gaps, this study develops a multi-criteria PFR capability evaluation
framework for wind-solar-storage hybrid systems based on the entropy weight method. First, the
frequency regulation mechanisms of wind farms, photovoltaic plants, and battery energy storage
systems are systematically analyzed, and a novel multi-dimensional evaluation index system is
constructed to fully characterize the core frequency regulation characteristics of each type of
resource. Then, the entropy weight method is adopted to calculate the objective weight of each
evaluation index, which avoids the subjectivity of traditional empirical weighting, and a
quantitative evaluation system for wind-solar-storage system PFR capability is established. The
proposed framework can provide critical technical reference for optimal grid dispatching of
renewable energy frequency regulation resources. Finally, a coordinated frequency regulation
simulation platform for wind-solar-storage integrated systems is built in MATLAB/Simulink,
and multiple sets of simulation cases are carried out to verify the effectiveness and rationality of
the proposed evaluation method.
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2. New energy frequency modulation principle analysis

Droop control and power reserve control represented two widely adopted approaches for
renewable energy systems and energy storage to provide primary frequency regulation in power
grids. This study employed droop control to regulate power output across renewable generation
and storage units, while power reserve control was implemented to ensure upward reserve

availability from wind/PV systems, with an adaptive droop coefficient adjustment
mechanism was implemented to safeguard energy storage systems against over-charge/discharge
cycles during PFR events.

The wind-solar-storage energy systems architecture shown in Fig. 1 was comprised of wind
turbines, PV arrays, and battery energy storage systems (BESSs) within the renewable energy
station. Each generation/storage unit is interconnected through powes converters to a common
AC bus, which was interfaced with a synchronous generaicr via’a transformer. Loads were
connected at both the generator-side and bus-side terminais o7%ie transformer.

2.1. Wind power load shedding primary frequenc . regulation

Under maximum power point tracking (MP>'1,»ade (below rated wind speed) and constant
power mode (above rated speed), wind turbines'can only provide short-term frequency support
through rotor-stored kinetic energy, which cannot support sustained PFR energy delivery [21].
To enable sustained PFR capability,.nower reserve control with capacity reserve is required.
Under stable wind conditions, acti ‘e po.ver-regulation was achieved through coordinated rotor
speed variation and pitch angle’ afus.ments [22].

Wind power capture® bywiri?-turbines Pm is calculation as:

P = Cp (A, B)pAv®, @)

where: p is the air density, A is the rotor swept area, v is the wind speed, C, (4, f) is the power
coefficient, A is the tip-speed ratio, and f is the pitch angle.

This study implemented an over-speed control to enable sustained frequency support
capability in wind turbines. The control architecture dynamically adjusted rotor speed by
modifying the rotor-side converter, thereby achieving real-time power regulation for grid
frequency stabilization through active power modulation.

AP, = —K,, Af, 2
where: APy, is the variation in the wind turbine's PFR reference value, Ky is the droop coefficient

of the wind turbine, and Af is the grid frequency deviation.

2.2. Photovoltaic load shedding primary frequency regulation
Unlike wind turbines and synchronous generators, photovoltaic systems lack rotating
mechanical components and exhibit negligible equivalent inertia due to limited energy storage
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in DC-link capacitors. This inherent characteristic necessitates power reserve control to enable
PFR capability.

The photovoltaic array Voltage-Power curve is shown in Fig. 2. In this paper, the PV array
voltage was controlled to be higher than the MPPT level when the frequency is stable, so that
the power of the PV power plant is lower than the maximum power, and the ability to participate
in the primary frequency regulation was obtained.

APpV = _vaAfl (3)

where APy represents the variation in the PV array's PFR reference value and Kpy is the droop
coefficient of the PV array.
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Fig.1. Voltage-power characteristic curve of the photovoltaic array under standard test conditions
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2.3. Energy storage adaptive primary frequency regulatior

Battery energy storage has four-quadrant regulation cauability, high operational flexibility,
and can provide fast active power support far the =ystem in the initial stage of frequency
deviation, giving it broad application prospects'irn gi d frequency support.

The battery energy storage system through the DC/AC grid-connected converter controls
energy storage system output power tecsupport the system frequency stability, energy storage
response to frequency deviation in, wie more widely used control methods for active power
frequency droop control strategy, ‘a.d aniount of active changes, as shown in Equation 4.

AF)@SS = _KessAf! (4)

Where AP is the variation (nenergy storage system's PFR reference value and Kess is the droop
coefficient of the energy storage system.

Energy storage droop control strategies were categorized into fixed Kess and variable Kess
approaches. While the former offers simpler implementation, its constant droop coefficient may
induce excessive or insufficient energy storage capacity during prolonged load variations,
compromising battery lifespan and system flexibility. To simultaneously optimize energy
storage capacity and primary frequency regulation efficacy, this study employed an adaptive
droop control strategy for BESSs. This method calculated Kess values through a hyperbolic
tangent function [23], effectively maintaining energy storage capacity within an optimal
operational range. The proposed parameter configuration and control methodology demonstrate
relative simplicity, when the battery is discharged:

K, = K, max( exp[n(Ssoc—Smid)] ) (5)

exp[n(Ssoc—Smid)]+1

When the battery is charging:
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1-exp[n(S —Smi

Ko = Ky max (1+ex§{n§s§3§—sm$})' ©)
where: Kgmax is the set maximum droop coefficient, Sy is the state of charge of the energy
storage system, and Smiq is the midpoint value within the predefined upper and lower Ssoc. The
parameter n exhibits a proportional relationship with the magnitude of K, near this midpoint,
enabling significant power output variations within narrow Ss,c ranges through amplified Ky
adjustments.

3. A quantitative evaluation framework for primary frequency regulation

3.1. Framework for frequency regulation capability evaluation

Based on the participation mechanisms and regulatory impacts af various components in
power system frequency modulation, this study systematically cvaluated the frequency stability
influences of wind power, photovoltaic generation, and energy storage outputs. A comprehensive
assessment framework for the frequency regulation casaning” of wind-PV-storage integrated

7

systems is developed, the structure of which is illustraizGiini=ig. 3.

l ki -tic energy of wind turbine rotation C1

\

wind turbine power reserve C2 |
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capacity I—capacny index, photovoltaic frequency modulation energy ratio
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4| energy storage reserve C8 |
energy storage
] frequency | energy storage frequency modulation energy
modulation contribution speed C9

Fig. 3. Framework for frequency modulation capability evaluation system

3.2. Kinetic energy of wind turbine rotation (C1)

Direct-driven wind turbines contribute to frequency regulation through kinetic energy and
de-loading. During frequency deviations, these generators modulate rotational speed to absorb
or release rotational kinetic energy, thereby mitigating power system fluctuations and enhancing
frequency stability. Compared to droop control strategies, rotational kinetic energy provides
faster response capabilities, playing a critical role in the initial phase of frequency support.
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The rotor Kinetic energy exchanged by the generator (C1) is calculated using Eq. 7.
€1 =3Jrlwf - wil, ()

where wo denotes the initial rotational speed of the wind turbine before the frequency disturbance
and w1 denotes the rotational speed after the frequency modulation. Jr is the generator inertia.

3.3. Energy storage reserve (C8)

During frequency regulation processes in wind-PV-storage integrated stations, the energy
storage system’'s PFR output requires continuous state of charge (SOC) monitoring to prevent
overcharging/discharging, while ensuring sufficient battery capacity for reliable frequency
regulation constitutes a critical operational constraint. This metric functions as a cost indicator
when system frequency rises and transitions to a benefit indicator when frequency declines. The
energy storage reserve (C8) can be determined as shown in Equatic=G:

CB = (Ssoc - SSOC,min)EBt (8)

where: Sso is the state of charge of the energy storage, S.ocmii IS the minimum allowable state of
charge, and Eg refers to the rated capacity of energy storayc system.

3.4. Wind turbine/photovoltaic power reserv2{C./C5)

Wind turbine/photovoltaic power reserve (C2/C5) represents the adjustable power reserve
derived from the difference between the.meximum generation capacity and actual output power
of renewable energy stations, reflesting the upward regulation potential available from wind
turbines and photovoltaic systems wutring operational states to enhance grid flexibility.

CZ = Pw,max - Pw,actv (9)

CS = va,max - va,actl (10)

where Py, max is the maximum available power of the wind turbine under the current wind speed
and Pt IS the actual operating power of the wind turbine under de-loading operation. Ppymax iS
the maximum available power of the photovoltaic array under the current irradiance and
temperature and Ppy.act IS the actual operating power of the photovoltaic system under de-loading
operation.

By maintaining power reserve, wind turbines can rapidly respond to grid frequency
deviations through power ramp-up adjustments. This capability substantially improves their
participation flexibility in primary frequency regulation, thereby enhancing overall power
system adaptability. Similarly, photovoltaic systems achieve de-loading control by operating PV
arrays at voltages above or below the MPPT voltage. However, excessive load shedding may
compromise downward regulation capability, necessitating its classification as a cost-type
metrics during frequency rise events. The power reserve of wind turbines and PV systems
fundamentally determine their PFR participation potential, directly influencing the system's
frequency regulation performance metrics.
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3.5. Frequency modulation energy contribution speed (C3/C6/C9)

The speed of primary frequency regulation fundamentally determines the frequency support
capabilities of renewable energy units. System response speed quantifies the temporal
effectiveness of power adjustments during frequency deviations, where superior response speed
enables faster power modulation to counteract frequency variations. Timely energy delivery
during the initial frequency regulation phase is critical, as delayed power contributions — even
with adequate terminal energy output — fail to effectively mitigate early-stage frequency
fluctuations. This temporal sensitivity necessitates the establishment of a frequency modulation
energy contribution speed index, specifically designed to evaluate energy delivery performance
during the crucial initial regulation period.

Frequency modulation energy contribution speed (C3/C6/C9) was mathematically defined
as:

t
[C3 _ ftg" APy, (t)dt

tm—to
tm (
AP, (t)d
¢, =l 2P O0 (11)
tm—To
Co = ftcﬂ APess(Lyut
g = —t— —

Yim—to

where: APw, APpy APes represent the pcwer variation magnitude of the wind-solar-storage
energy systems, to denotes the initiation tirnestamp, and ty, indicates the predetermined evaluation
endpoint.

3.6. Frequency modul~ciori.encrqgy ratio (C4/C7/C10)

During primary frequ.ncy. regulation processes, frequency regulation resources allocate
power imbalance through coordinated responses to both frequency deviation magnitude and
speed inequality. However, renewable energy systems frequently deviate from set power due to
inherent limitations including frequency regulation dead zones, control system precision errors,
and output saturation constraints. The regulation effectiveness correlates positively with the
proximity between actual delivered energy and theoretical reference values. This study refers to
the frequency regulation energy ratio concept from established grid code specifications “two
detailed rules” [24], defining this metric as the proportion between actual frequency regulation
energy output and its theoretical maximum, which serves as a critical performance indicator for
renewable energy participation in frequency regulation services. The calculation of the indicators
is as shown in Formulas (12) and (13).When calculating the wind turbine frequency modulation
energy ratio (Ca), the rotor kinetic energy variation induced by rotational speed changes during
PFR participation is deducted from the total PFR energy contribution.
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(C4 — Ew,a_%]ﬂw%_m?nl

Ew,b
C, = Zeva (12)
7 = - ]
Epv,b
_ Eessa
tClO T E
ess,b

Epq = ftfom max{AP,(t), 0} dt

, k={w,pv,ess}, (13)
Eyp = fttom max{AP, (t), 0} dt

where: Ex is the actual PFR energy; Exp is the theoretical PFR energy, o is the speed inequality,
and APy is the theoretical power variation reference. AP, is the actual power adjustment and wm
is the initial wind turbine speed.

It should be noted that the energy storage module in this study coerates with a variable droop
coefficient during the frequency regulation process. Consideriria_that-the influence of the SOC
on the storage power output has already been represented py the C8 energy storage reserve
indicator, the theoretical frequency regulation energy Ey ortlie storage system is, therefore,
calculated with the corresponding variable droop coefficiaot Ky,

The proposed architecture consists of three primarv..ndicators, which are supported by ten
secondary indicators (C1-C10). The wind power 1:c2ttency modulation capacity index contained
four secondary indicators: Kinetic energy of winaturbine rotation C1, wind turbine power reserve
C2, wind turbine frequency modulation' energy contribution speed C3, and wind turbine
frequency modulation energy ratio C4. Trie photovoltaic frequency modulation capacity index
contains three secondary indicatess: piotcvoltaic power reserve C5, photovoltaic frequency
modulation energy contrib:tion speeuC6, and photovoltaic frequency modulation energy ratio
C7; and the energy sterage-frezuency modulation capacity index contains three secondary
indicators: energy storage 1 >serve C8, energy storage frequency modulation energy contribution
speed C9, and energy storage frequency modulation energy ratio C10. Notably, indicators C2,
C5, and C8 were classified as cost-type metrics during frequency increases but were treated as
benefit-type metrics during frequency decreases, while all remaining indicators constituted
benefit-type metrics.

3.7. Hierarchical design of an informationally independent indicator system

The core objective of this study is to evaluate the absolute PFR hard support capability of
wind-solar-storage systems from the perspective of grid dispatching. The indicator system is
constructed with absolute physical quantity indicators as the core, to evaluate the absolute
primary frequency regulation support capability of wind-PV-storage hybrid systems. Three
dimensionless relative indicators (C4, C7, C10) are supplemented to evaluate the utilization
efficiency of frequency regulation potential, namely the quality of frequency regulation.
Compared with standard single-dimensional dynamic frequency metrics, the constructed
aggregated index realizes three core values: comprehensive full-cycle evaluation of frequency
regulation performance covering reserve capability, response speed and response accuracy; dual-

10
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layer assessment of overall system performance and sub-system contribution positioning; and
quantitative decision support for optimal allocation of frequency regulation resources in practical
engineering.

To avoid information redundancy and overlapping between indicators, the proposed system
is designed following the hierarchical logic of inter-group complete decoupling + intra-group
dimensional complementarity, which fully guarantees the informational independence of all
indicators. For inter-group indicators, the wind turbine (C1-C4), photovoltaic (C5-C7) and
energy storage (C8-C10) indicator groups correspond to three types of frequency regulation
resources with completely independent physical mechanisms, with no overlapping calculation
basis or information connotation between groups. For intra-group indicators, indicators in the
same group characterize frequency regulation performance from mutually independent
dimensions including reserve potential, dynamic response speed and utilization efficiency, each
with exclusive physical meaning and no redundant reflection of the same frequency regulation
information.

4. Weight assignment and comprehensive inGicator calculation for primary
frequency regula’ion

Indicator weighting determination typically involves two principal methodologies: subjective
assignment based on expert judgment. and objective assignment derived from quantitative
analysis of indicator relationships. Vhile subjective methods introduce human experiential
insights, objective approaches sys.xmatically quantify indicator significance through statistical
properties, effectively mitigatirig c:ibjective bias. This study employs the entropy weight method
for PFR indicator weigtting, levaraging quantitative assessment of data variability to establish
rational weight coefficient:

Entropy is a quantity that characterises the degree of chaos of a system, and entropy weight
method is a method to determine the weights of indicators through the entropy value that
represents the degree of chaos. In PFR capability evaluation, this method interprets indicator
weight significance through data dispersion analysis: higher data variability indicates stronger
systemic influence, warranting elevated weighting.

For an evaluation system containing m operational scenarios and n PFR indicators, the
implementation procedure initiates with standardized processing of raw indicator data.

Sy~ ¥jmin_ The j — th indicator is a positive indicator
- Xjmax~Xjmin (14)
Yoo | Zmay The j — th indicator is a negative indicator ’

Xj,max~¥jmin

where: x;; is the original calculated value of the j-th evaluation index under the i-th working
condition, Xmax and Xmin are the maximum and minimum values within the indicator dataset, and
rij is the standardized value.

A normalized evaluation matrix was built for PFR performance assessment.

11
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1 Tz -+ Tin
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R=()y=| 7 7 00 T (15)
Tmi "Tmz ' Tmn

Calculate the share pj; of the i-th project under the j-th indicator based on the matrix R:

Tij
pij = sm JT,,(O =rn;<1). (16)
i=1"1
To ensure numerical stability during logarithmic computations, it was necessary to ensure
that the resulting p;; > 0. For unsatisfied data, this can be calculated:

bij =py ta (17)

where a is the smaller constant that ensures that the resulting data is.»asitive.
Then the entropy weight e; was calculated for each indicatof:

e =—kXioipij-Inpy, j=12..-,n, (18)

where the constant k = ﬁ and m is the number of sarnpics used in this calculation.
The final calculated value of information viiua is:

d=1—¢. (19)

The information value d exhibi.xd “anwiaverse relationship with entropy weight ej: lower d
(indicating higher ;) corresponded o reduced data dispersion for the indicator, signified
diminished influence on the owarai..evaluation thus resulting in a lower weight; conversely,
higher d increased the weight an vice versa similarly.

Finally, the entropy eight of each indicator was determined by the information utility
value d. For comprehensiv.” frequency regulation capability evaluation of the integrated
renewable energy system, weights are calculated using all capability indicators to reflect their
collective influence. Conversely, subsystem-specific evaluations (wind farm, photovoltaic, or
energy storage) employed weights derived exclusively from their respective indicator sets. This
hierarchical weighting approach ensures both system-wide and component-level assessments
maintain objective prioritization based on data variability, where higher weights correspond to

greater dispersion and systemic impact.
4j
W = . (20)
! Z;ih aj

ti-t> denoted the assigned indicators and wj is the resulting entropy weight.
Following weight determination, the comprehensive PFR assessment index is synthesized
through a linear weighting methodology.

G = X7, Awj, (21)

12
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where G is the final resulting capability index and A is the indicator score corresponding to the
indicator weights.

The index is a dimensionless value in the range of [0, 1], calculated based on a unified global
benchmark from all evaluation scenarios. The closer the value is to 1, the stronger the absolute
comprehensive primary frequency regulation (PFR) capability of the wind-PV-storage system
is, and the closer to O, the weaker the absolute support capability for grid frequency stability is.

5. Case analysisand discussion

To validate the feasibility and effectiveness of the proposed PFR assessment framework, a
wind-PV-storage coordinated frequency regulation simulation model was developed in
MATLAB/Simulink (Fig. 1).

The test system operated at a 280 MW load level with syrchransus generators configured
with detailed prime mover, governor, and excitation system. medels. The renewable energy
penetration rate of the system is approximately 30%. A 15 /V."*!Gad step increase was introduced
at 3 s to simulate power imbalance, thereby triggering-sy.2c-ronous generator rotor deceleration
and system frequency decline, the system-related pa:amters are detailed in the appendix. This
controlled disturbance enabled quantitative eve.uation of the integrated renewable-storage
system's frequency stabilization performance through dynamic response analysis.

5.1. Parameter configuration for aiverse irequency regulation scenarios

To systematically evaluate the frequency regulation capability of wind, solar, and storage
systems, this study categorized ¢ eruil system performance into three scenarios from good to
poor based on the perfarmance-scenarios of their relevant parameters. Additionally, while
holding other parameters ¢ >nstant, the parameters for each energy source (wind, solar, storage)
were independently tiered ‘into four levels (optimal to suboptimal), yielding 15 distinct
operational scenarios for comprehensive analysis.

First, the PFR of the integrated system was assessed across all 15 operational scenarios.
Subsequently, the impacts of both systemwide parameter adjustments and individual subsystem
parameter variations (wind, solar, or storage) on the frequency modulation metrics were
analyzed. Finally, derived metrics were compared with the scenario parameters and the variance
of frequency deviations to validate the assessment framework. Operational parameter
configurations were systematically detailed in Table 1. The 15 cases are divided into 4 groups
with a clear hierarchical structure: 3 benchmark multi-variable coupling cases (Scenarios 1-3),
4 wind turbine single-variable control cases (Scenarios 4-7), 4 photovoltaic single-variable
control cases (Scenarios 8-11), and 4 energy storage single-variable control cases
(Scenarios 12—-15).

This design adopts the classic control variable method, which can not only independently
analyze the influence law of each core parameter of wind, photovoltaic and energy storage
subsystems on the system's frequency regulation capability, but also verify the universality and
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discriminative power of the proposed evaluation framework under multi-variable coupling actual
operating conditions.

To illustrate the impact of variations in the frequency regulation capabilities of individual
subsystems within the wind-solar-storage system on the evaluation indices, this study
implements a deloading operation. The wind farm and photovoltaic plant, initially operating
under MPPT conditions with baseline outputs of 46 MW and 27.5 MW, are deloaded to
operating ranges of 43 MW-30 MW and 26 MW-18 MW, respectively. Additionally, the
capacity and initial SOC of the energy storage module are adjusted, alongside corresponding
modifications to the droop coefficients and frequency deadbands of each subsystem. Modifying
these parameters effectively alters the system's overall frequency regulation capability, thereby
demonstrating the subsequent variations in the regulation evaluation indices.

Figure 4 reveals a direct correlation between the parameter optimization level in different
scenarios (1-3) and the efficacy of renewable energy in providing primary frequency regulation
power, which subsequently reduces the maximum frequency deviaticn:

5.2. Computation of evaluation indicator

The simulation results for the various indicators s¢t iiw.Section 3 are shown in Table 2. Each
column in Table 2 correspond to frequency modulctior indicators Ci1-Cio, with all indicators
classified as benefit-type metrics where higher ‘varoas.indicate superior performance during load
increase and frequency decline scenarios. Thraugh entropy weight method implementation,
Table 3 presents the calculated entropy values (e1-e10) for each indicator. For the entropy weight
method adopted in this study, the eriropy value of an indicator directly reflects the dispersion
degree of the indicator’s data acrots all vimeiation working conditions. The smaller the entropy
value, the higher the dispersion 0, the indicator data, the more effective information the indicator
carries for distinguishira the. frexwency regulation capability of the wind-solar-storage system,
and thus the higher weighu will-0e assigned to this indicator. It can be observed from Table 3.

Table 1. System simulation parameters

Scenarios J/(kg-m?) Puwind-ret MW \If\\;v/{_(:;/l) PIS/\II-\;:;/ Kp},ll_('I;/)IW

1 9000 33.0 25 20.0 20
Overall 2 6000 36.5 20 22.0 15

3 3000 40.0 15 24.0 10

4 9000 30.0 30 22.0 15

5 7200 33.0 25 22.0 15
Wind

6 4200 40.0 15 22.0 15

7 3000 43.0 10 22.0 15

14
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8 6000 36.5 20 18.0 25
9 6000 36.5 20 20.0 20
Solar
10 6000 36.5 20 24.0 10
11 6000 36.5 20 26.0 5
12 6000 36.5 20 22.0 15
13 6000 36.5 20 22.0 15
Storage
14 6000 36.5 20 22.0 15
15 6000 36.5 20 22.0 15
Dead zone/Hz
Scenarios Energy St/(;:ﬁge Initial soc/% K"//LMW
reserve 2) Wizd | Solar | Storage
1 14.0 60 40 v.010 0.010 0.010
Overall 2 10.0 55 2C 1— 0.020 0.020 0.020
3 6.0 50 2u 0.030 0.030 0.030
4 10.0 55 30 0.005 0.020 0.020
5 10.0 55 30 0.010 0.020 0.020
Wind
6 10.0 35 30 0.030 0.020 0.020
7 10.0 ll_ 5% 30 0.050 0.020 0.020
8 10.0 | 55 30 0.020 0.005 0.020
9 1040 55 30 0.020 0.010 0.020
Solar 7
10 10 55 30 0.020 0.030 0.020
11 10.0 55 30 0.020 0.050 0.020
12 18.0 70 50 0.020 0.020 0.005
13 14.0 60 40 0.020 0.020 0.010
Storage
14 6.0 50 20 0.020 0.020 0.030
15 2.0 40 10 0.020 0.020 0.050

that indicators C1 (kinetic energy of wind turbine rotation), C8 (energy storage reserve) and
C9 (energy storage frequency modulation energy contribution speed), yield the lowest entropy
values. This demonstrates that these three indicators exhibit the most significant numerical
variations under different operating conditions, and therefore hold the strongest discriminative
power for the system's primary frequency regulation performance. In contrast, indicators with
higher entropy values (e.g., C4 and C10) present lower data dispersion across all operating
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conditions, indicating that their performance remains stable under different operating scenarios,

and thus they are assigned lower weights in the proposed evaluation framework.

Table 4 details the derived weight coefficients (w!—wio) obtained through comprehensive
consideration of all C;—Cyo indicators. This quantitative analysis establishes objective weight
distributions reflecting the relative importance of each frequency regulation capability indicators
in system performance evaluation.

Table 2. Evaluation results of each indicator

Scenarios C1(J) C2 (MW) C3 (MW) C4(5) C5 (MW)
1 4283 1.3110 1.4450 0.7837 7.5210
Overall 2 3252 9.5700 1.2370 0.7508 5.5250
3 1675 6.0890 0.9400 : 1.6734 3.5250
4 6526 15.8900 2.2521 | - 0.9346 5.5240
5 4647 13.0600 1.63_:"_ 0.7858 5.5250
Wind ~
6 1917 6.2460 4 U.u/04 0.6027 5.5260
7 1022 3.0040%. | _0.3980 0.5038 5.5220
8 2875 9.564()_ N 1.2200 0.7670 9.5160
9 3070 S,5840 1.1040 0.6959 7.5230
Solar 10 3443 9.£130 1.1570 0.6905 3.5290
11 3164 9.5910 1.3050 0.7536 1.5320
12 2 7”.2_ 9.6150 1.0110 0.6558 5.5240
13 7982 9.5870 1.2480 0.7588 5.5260
Storage
14 3688 9.5050 1.3220 0.7605 5.5200
15 4027 9.5530 1.3980 0.7779 5.5230
Scenarios C6 (MW) C7(-) C8 (Ah) C9 (MW) C10 (-)
1 1.4390 0.8286 3.9221 2.9940 0.8844
Overall 2 1.1240 0.7521 2.5750 2.1100 0.8107
3 0.7809 0.6957 1.4277 1.1090 0.7639
4 1.0550 0.7326 2.6100 1.9790 0.7951
5 1.0930 0.7446 2.5915 2.0510 0.8042
Wind
6 1.1530 0.7593 2.5631 2.1720 0.8162
7 1.1670 0.7674 2.5440 2.2000 0.8224
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8 2.0550 0.8972 2.6495 1.9310 0.7942
9 1.6170 0.8470 2.5945 2.0200 0.8052
Solar
10 0.6880 0.6553 2.5590 2.2020 0.8182
11 0.2422 0.4288 2.5485 2.2380 0.8220
12 1.0250 0.7121 5.9139 3.4950 0.8882
13 1.0880 0.7322 3.0555 2.6330 0.8499
Storage
14 1.2140 0.7718 1.4466 2.6330 0.7423
15 1.2910 0.7850 0.7802 2.6330 0.6067
50.05 T T T T T T I T T [ : !
L [~ Scenario 1| | 8 —— Scenario 1| _|
= — Scenario 2 — — Scenario 2|

50.00 |~ - Scenario 3| [—-—Scenario 3| |

- - S I

T 4995 |- - 1

49.90

49.85

(e

(b)

Fig. 4. System frequency response and renewable energy frequency regulation power output under

Scenario 1-3: (a) system frequency dynamic curve; (b) total primary frequency regulation active power of
the wind-solar-storage system

Dy =¥ i1 wi, (22)
D2 = Z;}:l rij sz. (23)
Table 3. The calculated entropy values
€1 €2 €3 €4 €5 €6 €7 €s €9 €10
0.9723 | 0.9813 | 0.9790 | 0.9968 | 0.9791 | 0.9753 | 0.9962 | 0.9687 | 0.9674 | 0.9988
Table 4. The calculated weight values
wh wlz wls wls wls wls wlz wlg wlg wlio
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0.1497 | 0.1011 | 0.1130 | 0.0173 | 0.1130 | 0.1330 | 0.0205 | 0.1692 | 0.1768 | 0.0065

The results of the PFR capacity evaluation index D; for all scenarios all operating conditions
are calculated by the linear weighting method based on Eq. 22, and the detailed results are listed
in Table 5.

Table 5. The assessment result of the overall primary frequency regulation capacity of the system

Scenarios 1 2 3 4 5 6 7 8
D1 0.6926 | 0.4745 | 0.2345 | 0.6707 | 0.5601 | 0.3771 | 0.3096 | 0.5874
Scenarios 9 10 11 12 13 14 15
D1 0.5236 | 0.4128 | 0.3583 | 0.6199 | 0.5095 | £:4013 | 0.3535

The evaluation results demonstrate strong consistency ieoweei parametric configurations
and assessment result across all scenarios.

As shown in Table 5, scenarios 1-3 exhibited progre.siv: degradation in primary frequency
regulation capacity values (scenarios 1 > 2 > 3), whizh 2ligns with the variation trend observed
in their parametric configurations and the frequeri.;-daviation characteristics depicted in Fig. 4.
Scenarios 4-7, 8-11, and 12-15 corresponded tv operational conditions where wind, solar, and
storage parameters were adjusted individuelly while maintaining identical baseline settings. The
evaluation results for these scenaios ai.gn consistently with their respective parameter
configurations and the primary frezuenc reyulation power they provide, as displayed in Fig. 5.

According to the entrony vai.2 11> Table 3, the respective parameters of wind, photovoltaic
and storage systems ar2 asgsigre=d index weights as shown in Table 6. These weights are
represented in a bar chart 0 Fig. 6, and they can be used to calculate the individually set PFR
capability parameter D, for wind, PV and storage power sources as shown in Table 7. The
calculation follows Eq. (23), where w?, W%, are the weight values calculated based on the
entropy weights of the respective PFR indicators of wind, PV, and storage systems. In order to
provide a more intuitive indication of the strength of the PFR capability, the variance E of the
system frequency change for each scenario after normalisation was calculated as shown in
Table 8.
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Fig. 5. Wind turbine frequ~ncy,regu 'ation power in scenarios 4-15: (a) scenarios 4-7; (b) scenarios 8-11;
(c) scenarios 12-15

Table 6. Subsystem-specific weight values for wind, solar, and storage systems

w2 w23 W24 w5 w2 w27 w2s w2 Wi

0.2652

w2

0.3929 0.2965 | 0.0454 | 0.4239 | 0.4990 | 0.0771 | 0.4801 | 0.5015 | 0.0184

Table 7. The evaluation results of PFR capability calculated separately by wind, solar, and storage

systems
. Wind Solar Storage
Scenarios
4 5 6 7 8 9 10 11 12 13 14 15
D2 1.0000/0.69190.1831|0.0000|1.0000|0.7654|0.2660|0.0000|1.0000{0.5992|0.1957 |0.0000
Table 8. Variance of frequency variation under different operating conditions
Scenarios 1 2 3 4 5 6 7 8
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E 0.03139 0.04509 | 0.06363 | 0.03815 | 0.04200 | 0.04804 | 0.05149 | 0.03796
Scenarios 9 10 11 12 13 14 15
E 0.04135 0.04890 | 0.05114 | 0.03234 | 0.03835 | 0.05359 | 0.61640

Index Weight Proportion (%)

20.00%

15.00% . .
Fig. 6. The weights of each
10.00% indicator calculated by the entropy
weight method
5.00%
0.00%

W Wis wlhy wls wls Wi wlg wlowy

The analysis of the variance E and the parameter Confiyurations in Table 1 reveals that as the
frequency modulation capability parameteriwdegracc, the frequency deviation increases.
Concurrently, both the overall PFR capacity asszssnient index D1 and the individually set PFR
capability assessment index D, exhibit correspanding declines. These findings confirm the
validity of the entropy weight-base« eviluation index of PFR in renewable energy systems.

5.3. Indicator sensitivity analys.z and cross-system comparability of the evaluation
framework

To quantify the impact ot eacn evaluation indicator on the final composite evaluation results

and validate the rationality . =d stability of the indicator system, this section employs the One-

at-a-time (OAT) sensitivity analysis method. By sequentially removing individual indicators and

recalculating the composite evaluation results, we determine the sensitivity level of each

indicator by comparing the results before and after removal. the calculation formula is as follows:

A = |I_1=Ioriginall X 100%. (24)
Ioriginal
where: A; is the sensitivity change rate of the i-th indicator C; (in percentage); 1 is the composite
evaluation value recalculated with the remaining 9 indicators after removing the i-th indicator
Ci; and loriginal is the original composite evaluation value calculated based on all 10 indicators.
A larger sensitivity change rate indicates a higher impact of the indicator on the final
evaluation result and stronger sensitivity. Based on the evaluation data of 15 typical operating
conditions, we conducted sensitivity analysis on all 10 indicators, and the average sensitivity
change rate of each indicator is shown in Table 9 below:

Table 9. Variance of frequency variation under different operating conditions
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Indicator | Average sensitivity change rate (%) | Sensitivity ranking
C9 8.85 1
C8 7.05 2
C1 6.63 3
C6 5.86 4
C3 4.24 5
C5 4.17 6
Cc2 3.08 : [
c7 1.31 | _
C4 0.67 | 9

C10 0.43 - 10

According to the results of sensitivitiz analysis, the extent to which each indicator influences
the final evaluation outcome is directly correlated with the assigned weight coefficients
(Wh-wly). Indicators with higher weights—namely C9, C8, and C1—demonstrate greater
sensitivity. In contrast, inuica:.ors \with lower weights, such as C7, C4, and C10, exhibit an
average rate of sensitiviv variatiun below 2%. The sensitivity analysis further reveals that core
performance metrics, including the response speed and frequency regulation speed of energy
storage systems, along with the spinning reserve capacity of wind power—due to their relatively
high weighting—possess pronounced sensitivity. This outcome aligns with the underlying
design logic of the indicator system and validates the appropriateness of the indicator selection.

For cross-system performance comparison between different wind-PV-storage hybrid
systems, the proposed framework enables reliable and objective comparability through a
standardized calculation process: the operating indicator data of all evaluated systems are
integrated into a unified dataset, followed by consistent data normalization and holistic entropy
weight calculation for the full dataset. The entropy-based weighting scheme has natural
adaptability to grid dispatch-oriented cross-system evaluation: it automatically assigns higher
weights to core indicators that determine the absolute frequency support capability (e.g.,
frequency regulation reserve capacity, Frequency Modulation Energy Contribution Speed),
which is fully aligned with the practical demand of power grid operation. It should be clarified
that fixed weight coefficients derived from a single system are not recommended for direct cross-
system application, to avoid evaluation distortion caused by essential parameter differences
between heterogeneous systems.
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5.4. Discussion

To further verify the effectiveness and advancement of the proposed evaluation index system,
a systematic comparative analysis with two representative state-of-the-art studies in this field, as
well as traditional dynamic frequency performance metrics, was conducted. First, compared with
traditional dynamic frequency performance metrics (such as frequency nadir, rate of change of
frequency (RoCoF), and frequency recovery time), the proposed index system has unique
advantages: it has predictive evaluation capability—traditional frequency metrics can only
reflect the post-disturbance frequency response results, while our index can evaluate the inherent
frequency regulation capability of the wind-solar-storage system before frequency disturbances
occur, providing proactive guidance for grid dispatch and operation; it supports subsystem-level
analysis—traditional metrics can only reflect the overall frequency performance of the entire
power system, but our index can independently evaluate the frequency regulation performance
of wind, photovoltaic, and energy storage subsystems separately;, enakling precise positioning of
the advantages and shortcomings of each power source's freq,uensy regulation performance; it
has strong independence from external interference—traditia=al frequency metrics are easily
affected by other components in the power system suchiasssynchronous generators, while our
index solely focuses on the wind-solar-storage system's own performance indicators, ensuring
an objective and independent evaluation of the rer.c:vable energy system's frequency regulation
capability without interference from external frequency regulation entities. Compared with the
wind-storage binary system-oriented evaluation framework proposed by Hao et al. [25], the
index system in this paper fully cavers the frequency regulation characteristics of wind,
photovoltaic and energy storage su:*isystemns; which is more consistent with the mainstream grid-
connected wind-solar-storage fyaria-engineering scenarios, and the multi-dimensional index
system with 10 core insicatars >voids the one-sidedness of single-dimensional evaluation. In
contrast to the multiple lincar regression-based frequency stability assessment method proposed
by Lim et al. [26], the entropy weight-based objective weighting mode adopted in this study
thoroughly eliminates the subjective randomness of equal weight setting and the strong
dependence on preset scenarios of linear regression, with better objectivity, robustness and
dynamic adaptability to complex grid operating conditions.

Despite the above advantages, the framework still has limitations in practical application.
First, the weight calculation has a certain dependence on the working condition coverage of the
input dataset, and insufficient extreme operating condition data will affect the stability of
evaluation results. Second, the current index system focuses on the technical performance of
frequency regulation, without incorporating full-life-cycle economic indicators of frequency
regulation services. Third, the system does not include the frequency regulation contribution of
synchronous generators and other auxiliary frequency regulation equipment, so its evaluation
performance for large power grids with multiple types of frequency regulation entities needs to
be improved.
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6. Conclusions and future work

This study systematically analyzes the primary frequency regulation mechanisms and
dynamic response characteristics of wind turbines, photovoltaic systems and electrochemical
energy storage, targeting the frequency stability challenges in high-renewable-penetration power
systems. On this basis, a primary frequency response evaluation framework for wind-solar-
storage hybrid systems based on the entropy weight method is proposed, which fully integrates
the frequency regulation characteristics of each component. The results verify that the proposed
framework can accurately quantify the frequency regulation performance of wind-solar-storage
systems under diverse operating conditions and identify the performance shortcomings of each
subsystem, which has important engineering value for enhancing the primary frequency
regulation support capacity of renewable energy stations and ensurino.the safe operation of high-
renewable-penetration power grids.

Future work will be carried out in the following aspzc:s: enrich the extreme operating
condition dataset and introduce robust optimization/w ‘aiprove the stability of weight
calculation; incorporate full-life-cycle economic indicatcrs*0 build a techno-economic coupled
evaluation framework; supplement the evaluation indic2.ors of conventional and new auxiliary
frequency regulation equipment, to build a comprzioasive evaluation system covering all types
of frequency regulation entities and further expaad the application scope of the framework.

Appendix
Thh'e Al. System parameter configuration

Simulation module I rameter Symbol Value Unit
Rated capacity Sb 200 MW
Generator inertia constant H 4 ]
Governor speed droop Rs 0.02 pu
Speed relay time constant Ty 0.001 ]
Servo-motor time constant Tsm 0.05 ]

Synchronous generator

High-pressure turbine time

constant Ts 10 s
Reheater time constant Ty 33 s
Intermediate/low-pressure

turbine time constant T 0.5 s
Rated speed (Wnom 3600 rpm
Rated power Swind 996 kW

23



www.czasopisma.pan.pl P N www_journals.pan.pl

This paper has been accepted for publication in the AEE journal. This is the version, which has
not been fully edited and content may change prior to final publication.
Citation information: DOI 10.24425/aee.2026.158264

Rotor diameter D 50.5 m
Permanent magnet Rated wind speed Viated 12 m/s
direct-drive wind
turbine Wind speed Viwin 11 m/s
Rated rotational speed Wrated 3.81 rad/s
Open-circuit voltage Voc 430 A%
ll;i:nperature coefficient of u 0015 04/°C
}::mperature coefficient of B 0.1 04/°C
Short-circuit current Lsc 20 A
Photovoltaic system Series resistance Rs 22 Q
Number of cells in series N; o 3 -
Number of parallel modules Np . 1200 -
PV module temperature i} Ta_mb 25 °C
Solar irradiance ) G 1000 W/m?
Rated voltage I Voat 500 v
Internal resistance Rbat 0.5 Q
Battery (—
Response t.me T» 20 ]
Operatior. wl_S(,C range SOC 20%-90% -
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