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Abstract: The accurate evaluation and fair comparison of wind farms power generation performance
is of great significance to the technical transformation and operation and maintenance management of
wind farms. However, problems exist in the evaluation indicator systems such as confusion, coupling
and broadness, and the influence of wind energy resource differences not being able to be effectively
eliminated, which makes it difficult to achieve the fair comparison of power generation performance
among different wind farms. Thus, the evaluation indicator system and comprehensive evaluation
method of wind farm power generation performance, including the influence of wind energy resource
differences, are proposed in this paper to address the problems above, to which some new concepts
such as resource conditions, ideal performance, reachable performance, actual performance, and
performance loss are introduced in the proposed indicator system; the combination of statistical and
comparative indicators are adopted to realize the quantitative evaluation, indicator decoupling, fair
comparison, and loss attribution of wind farm power generation performance. The proposed com-
prehensive evaluation method is based on improved CRITIC (Criteria Importance though Intercrieria
Correlation) weighting method, in which the uneven situation of different evaluation indicators and
the comprehensive comparison of power generation performance among different wind farms shall
be overcome and realized. Several sets of data from Chinese wind farms in service are used to validate
the effectiveness and applicability of the proposed method by taking the comprehensive evaluation
models based on CRITIC weighting method and entropy weighting method as the benchmarks.
The results demonstrated that the proposed evaluation indicator system works in the quantitative
evaluation and fair comparison of wind farm design, operation, and maintenance and traces the
source of power generation performance loss. In addition, the results of the proposed comprehensive
evaluation model are more in line with the actual power generation performance of wind farms and
can be applied to the comprehensive evaluation and comparison of power generation performance of
different wind farms.

Keywords: wind farms; power generation performance; wind energy resource differences; compre-
hensive evaluation; improved CRITIC weighting method

1. Introduction

Under the strategic goal of building a new power system with new energy as the main
body, China’s wind power industry will enter a new era of rapid development [1]. The
simultaneous development of incremental and stock wind power installation will be an
important development feature in the future. The stock wind farms have the advantages
of large installed scale and excellent wind energy resources. However, due to the lack of
experience in early wind turbine manufacturing, wind turbine selection, and wind farm
operation and maintenance management, some in-service wind farms do not fully exploit
the advantages of wind energy resources with high quality and have a great space for
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performance improvement. Moreover, some wind turbines with a long service time have
experienced the problems of declining equipment health and increased failure frequency,
and it is urgent to improve power generation performance through technical transformation.
Therefore, how to improve the quality and efficiency of huge stock wind power assets
has become a new challenge to be solved by practitioners in the field of wind power.
Wind farm power generation performance evaluation is used to quantitatively evaluate the
actual power generation performance and its deviation from the ideal power generation
performance of wind farms, tracing the source of power generation performance loss and
determining the performance improvement space through technical transformation and
operation and maintenance management, which can provide reliable data support for
technical transformation and operation and maintenance management of wind farms. In
addition, the comparison of the power generation performance among different wind farms
can lead the production and operation activities of the wind power industry to the way of
low cost and high efficiency and comprehensively improve the operation and management
level of the wind power industry.

Many scholars have conducted corresponding studies on wind farm power generation
performance evaluation, which are mainly divided into two fields: indicators method
optimization and indicators system establishment. For indicators method optimization,
Guo et al. [2] proposed the concept of theoretical power generation completion rate and the
corresponding calculation method for the evaluation of offshore wind farms performance.
Dong et al. [3,4] constructed the efficiency cloud and performance cloud models of wind
turbines and used cloud characteristic parameters to quantitatively evaluate the operation
efficiency and performance of wind turbines. Aldersey et al. [5] used the capacity factor
to measure the power generation performance of offshore wind farm and analyzed the
inter-year and intra-year variability of capacity factor. Lo et al. [6] used capacity factor
to measure the operation performance of wind farms and discussed the relationship be-
tween the operation performance of wind farms and key factors such as resource area,
regional location, and scale. Niu et al. [7] made a comparative analysis of the correlation,
consistency, and representation of three efficiency measurement indicators such as wind
farm availability, power generation efficiency, and power coefficient from the aspects of
probability distribution, pairwise difference, and linear correlation.

The above improved indicators have different emphases and application scenarios,
which can only reflect partial characteristics of wind farms and cannot comprehensively
evaluate the performance of wind power generation. For indicators system establishment,
wind farm operation indicator system stipulated in the industry standard “Guide for
wind farm operation index evaluation” issued by the National Energy Administration of
China involves four aspects: electricity indexes, equipment operation indexes, operation
and maintenance indexes, and electric power consumption indexes [8]. Yan et al. [9]
constructed a wind turbine operation performance evaluation indicator system from three
aspects of wind turbine power curve, availability, and reliability and constructed a wind
farm operation performance evaluation indicator system from three aspects of wind farm
optimization operation capacity, maintenance efficiency, and other evaluation indicators.
Luo et al. [10] constructed a wind farm operation performance indicator system with
inherent characteristics, network related characteristics, and operation characteristics as
the core. Meng et al. [11] established a multi-level evaluation indicator system for wind
farm operation from three aspects of wind energy resource, wind farm operation, and
wind farm equipment operation. Pfaffel et al. [12] defined capacity factor, time-based
availability, technical availability, energetic availability, failure rate, and mean down time to
evaluate the performance and reliability of wind turbines. Zhang et al. [13] established four
indicators: energy consumption intensity, energy payback time, energy payback ratio, and
energy return intensity to measure the energy performance of inland, coastal, and offshore
wind farms. Kulkarni et al. [14] proposed four kinds of evaluation indicators: technical
performance, environmental performance, economic performance, and social performance
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to evaluate the performance of wind farms. In order to make the summary of the literature
review clearer, the summary of the existing indicators is shown in Table 1.

Table 1. The summary of the existing indicators.

Article Category Indicators

Guo et al. [2] Performance indicators Theoretical completion rate of power output

Dong et al. [3,4] Performance and efficiency indicators Performance cloud parameters, efficiency cloud parameters

Niu et al. [7] Power production efficiency indicators Availability, power generation efficiency, power coefficient

NB/T 31045-2013. [8]

Electricity indicators
Energy production, on-grid energy, off-grid energy, transformer

substation electric power consumption, equivalent full load hours,
capacity factor [5,6]

Equipment operation indicators Real availability rate, mean time between failure

Operation and maintenance indicators
Mean time to recovery, mean routine maintenance time, operation

and maintenance cost per unit capacity, operation and maintenance
cost per kilowatt-hour

Power consumption indicators
Comprehensive wind farm electric power consumption rate,

transformer substation electric power consumption rate, transmission
line loss rate, electric power consumption rate for wind farm

Yan et al. [9]

Wind turbine operation performance
indicators

Power curve deviation, reachable performance factor of power curve,
time-based availability, energetic availability, electricity loss factor,

mean time of repair failures

Wind farm operation performance indicators

Wind farm wake effect control ability, wind turbine life optimization
control ability, mean time to repair, comprehensive wind farm electric

power consumption rate, transmission line loss rate, spare parts
management ability

Luo et al. [10]

Inherent characteristics indicators Turbulence intensity, effective wind power density, effective wind
hour rate, wind turbine distribution coefficient

Grid-connection characteristics indicators Active power control ability, reactive power control ability, low
voltage ride through ability, power prediction ability, Power quality

Operation characteristic indicators

Capacity factor, equivalent full load hours, real availability rate, mean
time between failure, mean time to repair, mean routine maintenance

time, comprehensive wind farm electric power consumption rate,
transmission line loss rate

Meng et al. [11]

Wind resource indicators Mean wind speed, effective wind hour rate, mean effective wind
power density (MEWPD),

Operation indicators Capacity factor, grid-connection hours, comprehensive wind farm
electric power consumption rate

Equipment operation indicators Equipment availability, power generation ability, volatility

Pfaffel et al. [12] Performance and reliability indicators Capacity factor, time-based availability, technical availability,
energetic availability, failure rate and mean down time

Zhang et al. [13] Energy performance indicators Energy consumption intensity, energy payback time, energy payback
ratio, energy return intensity

Kulkarni et al. [14]

Technical performance indicators

Energy production capacity, feasibility,
risk, duration of preparation and implementation phase,

technological maturity, reliability, safety,
local technical knowhow

Environmental performance indicators
Investment cost, implementation cost,

operation and maintenance cost, service life, economic value,
availability of funds

Economic performance indicators Pollutant emission (CO2), need of
waste disposal, land requirements

Social performance indicators Social acceptability, policy objectives,
labor impact, political acceptance, compatibility with national energy
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In summary, many scholars have studied the improved indicators and indicator system
related to wind farm power generation performance evaluation, but there are still some
problems remaining unsolved:

(1) The existing improved indicators have different emphases and application scenarios,
which can only reflect partial characteristics of wind farms and fail in the comprehen-
sive evaluation of power generation performance of wind farms.

(2) The existing evaluation indicator systems have problems such as confusion, coupling
and broadness, and the influence of wind energy resource differences could not be
effectively eliminated, which makes it difficult to achieve the fair comparison of power
generation performance among different wind farms.

(3) The existing evaluation indicator systems cannot trace the causes of wind farm power
generation performance loss, which is difficult to effectively guide the technical
transformation and operation and maintenance management of wind farms.

To solve the aforementioned problems, the evaluation indicator system and com-
prehensive evaluation method of wind farm power generation performance, including
the influence of wind energy resource differences, are proposed in this paper. The major
contributions of this paper are as follows:

(1) The indicator system including new concepts such as resource conditions, ideal
performance, reachable performance, actual performance, and performance loss is
constructed, which are not cross coupled in functional characteristics and can maintain
the independence, hence realize the quantitative evaluation of wind farm design,
operation, and maintenance.

(2) The comparative indicators based on the wind energy resource and design level
of wind farms are proposed, which can effectively eliminate the influence of wind
energy resource and design levels differences and achieve the fair comparison of
power generation performance among different wind farms.

(3) The refined performance loss indicators are proposed in a targeted manner to trace the
source of power generation performance loss and guide the technical transformation
and operation and maintenance management of wind farms.

(4) The comprehensive evaluation method of wind farm power generation performance
based on improved CRITIC weighting method is proposed to overcome the uneven
situation of different evaluation indicators and realize the comprehensive comparison
of power generation performance among different wind farms.

The remainder of this paper is organized as follows. Section 2 elaborates wind farm
power generation performance evaluation indicator system. Section 3 describes the com-
prehensive evaluation method of wind farm power generation performance based on
improved CRITIC weighting method. Section 4 elaborates the case study. Section 5 con-
cludes this paper.

2. Wind Farm Power Generation Performance Evaluation Indicator System
2.1. The Design Principle of Indicator System

Wind farm power generation performance evaluation indicator system is the founda-
tion for the quantitative evaluation and fair comparison of power generation performance
among different wind farms. In order to objectively, truly, and effectively evaluate wind
farm power generation performance, the constructed indicator system should meet the
following basic design principles:

(1) Purpose. The design purpose of indicator system is the prerequisite and founda-
tion for the existence of indicator system. The construction of any indicator system
must have a clear design purpose, and the selected evaluation indicators and the
constructed indicator system must meet the purpose of wind farm power generation
performance evaluation.

(2) Science. The design of the indicator system must follow the actual situation of wind
farms, which can not only objectively and effectively reflect the power generation
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performance level and development trend of wind farms but also conform to the
scientific theory and objective facts that have been proved by practice.

(3) Independence. The selected indicators should comprehensively reflect the power
generation performance level of wind farms. The logical relationship among various
indicators shall be ensured. Besides, they should be independent of each other to
avoid cross coupling of information.

(4) Operability. The definitions and calculation methods of indicators should be simple
and easy to understand and quantify. The basic data used for indicators calculation
should be easy to obtain in order to make a definite quantitative evaluation of wind
farms power generation performance.

(5) Comparability. The impact of external conditions shall be considered in the com-
parison of power generation performance among different wind farms due to the
difference in wind energy resource, terrain, and wind turbine type of different wind
farms. Therefore, the selected comparative indicators should be reasonable, fair, and
comparable to facilitate the fair comparison of power generation performance among
different wind farms.

2.2. The Structure Design of Indicator System

The whole life cycle of wind farms can be divided into four stages: planning and
design, construction, operation and maintenance management, and decommissioning [15].
The inherent characteristics of wind farms are determined by the planning and design stage,
including the macro and micro site selection, wind turbine selection, and optimal layout,
etc. Construction mainly includes wind farms road construction, wind turbines hoisting,
substation installation, and collecting power lines laying, etc. Operation and maintenance
management is the decisive factor affecting the evolution of actual power generation
performance, operation life, and economic benefits of wind farms. Decommissioning
refers to the dismantlement of wind turbines at one time after wind farms reach their
service life, and the dismantlement of all wind farm facilities and the ecological restoration
of the site, mainly including the dismantlement, transfer, and recycling of wind farms
related equipment.

For in-service wind farms, operation and maintenance management is the dominant
factor to affecting wind farm power generation performance, which determines the degree
to which the power generation performance is close to the optimal performance under the
actual wind energy resource. Therefore, the operation and maintenance management stage
is selected as the research stage of wind farm power generation performance evaluation
in this paper where the actual power generation performance of wind farms and its
deviation from the ideal performance are quantitatively evaluated and the source of power
generation performance loss and potential for improvement are determined. Following
the five design principles of indicator system and taking energy as the clue and adopting
five categories of evaluation indicators, including resource conditions, ideal performance,
reachable performance, actual performance, and performance loss, the evaluation indicator
system of wind farm power generation performance based on statistical and comparative
indicators is constructed, as shown in Figure 1.

As shown in Figure 1, the constructed wind farm power generation performance
evaluation indicator system is mainly divided into five categories of evaluation indicators:
resource conditions, ideal performance, reachable performance, actual performance, and
performance loss. The indicator of resource conditions is mainly used to measure the
abundance of available wind energy resource in wind farms, which is the main source of
energy conversion in wind farms. Ideal performance, reachable performance, and actual
performance are mainly used to measure the power generation performance that all wind
turbines of the wind farm can achieve under the design level, the current normal operation
state, and the current actual operation state under the condition of actual wind energy
resource. The three kinds of evaluation indicators are under the parallel relationship in
functional characteristics and correspond to the power generation performance of wind
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farms equipment under different health conditions and operating conditions. The operation
and maintenance ability of wind farms can be measured by the gap between the three
categories of evaluation indicators. The gap between reachable performance and ideal
performance mainly measures the maintenance ability of wind farms maintenance staffs,
and the gap between actual performance and reachable performance mainly measures the
operation and management ability of wind farms. The proposed indicators of performance
loss are mainly used to refine the specific reasons for the gap between actual performance
and reachable performance, which is complementary to the actual performance, and can be
used to guide the technical transformation and operation and maintenance management
of wind farms. It should be noted that the wind energy resources of different wind farms
are different. It is necessary to eliminate the impact of wind energy resource difference
to realize the fair comparison of power generation performance among different wind
farms. Therefore, six comparative indicators are proposed to compare the power generation
performance of different wind farms by the relative changes of statistical indicators.

Figure 1. Wind farm power generation performance evaluation indicator system.

To sum up, the constructed wind farm power generation performance evaluation
indicator system has the following characteristics: (1) The categories of evaluation in-
dicators are not cross coupled in functional characteristics, and their independence can
be maintained. (2) The proposed comparative indicators are based on the wind energy
resource and design level of wind farms, which can eliminate the influence of wind energy
resource and design-level differences and achieve the fair comparison of power generation
performance among different wind farms. (3) The proposed indicators of performance loss
can refine the specific reasons of performance loss and can effectively guide the technical
transformation and operation and maintenance management of wind farms.

2.3. Definitions and Calculation Methods of Indicator
2.3.1. The Indicators of Resource Conditions

The indicators of resource conditions are mainly used to measure the abundance and
exploitable utilization of wind energy resource in wind farm area. The available wind
energy resource is the most fundamental factor affecting the power generation performance
of wind farms. The MEWPD is used to measure the availability of wind energy resource in
wind farms.
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MEWPD refers to the power of the effective wind speed (between cut-in wind speed
and cut-out wind speed, usually 3–25 m/s) in the unit area perpendicular to the wind
direction within the statistical period. With the increase of rotor diameter and tower height,
the spatial fluctuation of wind speed in the wind wheel sweeping plane is becoming more
and more obvious due to the influence of wind shear and tower shadow effect [16]. Hence,
the influence of wind shear and tower shadow effect should be considered in the calculation
of MEWPD in which wind shear is the main cause of power loss, while tower shadow
effect is the main cause of power fluctuation, so the power loss caused by tower shadow
can be ignored [17]. Therefore, the rotor equivalent wind speed considering wind shear
effect is used to replace the hub height wind speed to simplify the calculation. The specific
calculation method is shown in Formulas (1)–(3).

W =
1
N

N

∑
i=1

Wi (1)

Wi =
1

2T

T

∑
t=1

ρ(t)Vi(t)
3 (2)


Vi(t) = VH

i (t)
[

1 + α(t)(α(t)−1)
8

(
Ri
Hi

)2
]

VH
i (t) =

{
0 VH

i (t) < Vcut−in
i , VH

i (t) > Vcut−out
i

VH
i (t) Vcut−in

i ≤ VH
i (t) ≤ Vcut−out

i

(3)

where W is the MEWPD of wind farm within the statistical period; Wi is the MEWPD of
the i-th wind turbine within the statistical period; N is the number of wind turbines; T is
the number of wind speed data within the statistical period (the statistical period refers
to the evaluation period of wind farm power generation performance, which is usually
month or year); ρ(t) is the air density at time t, which is calculated by ambient temperature
and atmospheric pressure [10]; Vi(t) is the rotor equivalent wind speed of the i-th wind
turbine at time t; VH

i (t) is the hub height wind speed of the i-th wind turbine at time t, the
nacelle transfer function is usually used to correct the nacelle wind speed to hub height
wind speed [18]; α(t) is the wind shear coefficient at time t; Ri and Hi are the rotor radius
and hub height of the i-th wind turbine respectively; Vcut−in

i and Vcut−out
i are the cut-in

wind speed and cut-out wind speed of the i-th wind turbine respectively.

2.3.2. The Indicators of Ideal Performance

The indicators of ideal performance are mainly used to measure the maximum power
generation performance that all wind turbines of wind farm can achieve according to the de-
sign requirements under the actual wind energy resource conditions, which mainly reflects
the design, manufacturing, and installation level of wind turbines and the adaptability of
wind turbines selection. The designed energy production (DEP) and designed wind energy
utilization coefficient (DWEUC) are used to measure the ideal performance of wind farms.

(1) DEP

The DEP refers to the power output of all wind turbines operating at the design level
within the statistical period under the actual wind energy resources conditions, which
mainly reflects the maximum power generation performance that wind farm can achieve
under the actual wind energy resource conditions. The calculation method is shown in
Formula (4).

E0 =
N

∑
i=1

T

∑
t=1

f0(Vi(t))∆t (4)

where E0 is the DEP of wind farm within the statistical period; ∆t is the time resolution
of wind speed data, and the measurement unit needs to be converted to hour; f0(·) is the
modified dynamic power curve of wind turbine based on actual wind energy resource
conditions and wind turbine manufacturer power curve [19,20], which mainly includes air
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density correction and turbulence intensity correction, the specific correction methods can
be found in [9,21].

(2) DWEUC

The DWEUC refers to the proportion of the DEP to the effective wind energy of
wind farm within the statistical period, which mainly reflects the effective wind energy
capture capacity of the wind farm and can indirectly measure the adaptability between
wind turbines selection and actual wind resource conditions. The calculation method is
shown in Formulas (5) and (6).

η0 =
E0

E
(5)

E =
N

∑
i=1

T

∑
t=1

1
2

ρi(t)AiVi(t)
3∆t (6)

where η0 is the DWEUC of wind farm within the statistical period; E is the effective wind
energy of wind farm within the statistical period, that is, the sum of available wind energy
in the sweeping plane of all wind turbines within the statistical period; Ai is the rotor swept
area of the i-th wind turbine.

2.3.3. The Indicators of Reachable Performance

The indicators of reachable performance are mainly used to measure the theoretical
power generation performance of all wind turbines in the wind farm under actual wind
energy resource conditions and current equipment health status. With the increase of
wind turbines operation time, their health status and power generation performance will
gradually deteriorate, and the power generation performance of wind turbines can achieve
complete or partial recovery after overhaul and components replacement. The indicators
of reachable performance mainly reflect the reachable power generation performance and
maintenance level of wind farms. The reachable energy production (REP) and mainte-
nance performance coefficient (MPC) are used to measure the reachable performance of
wind farms.

(1) REP

The REP refers to the theoretical energy production that can be achieved by all wind
turbines of the wind farm under the actual wind energy resource conditions and current
equipment health status within the statistical period, which mainly reflect the theoretical
reachable performance of the wind farm in actual operation. The calculation method is
shown in Formula (7).

E1 =
N

∑
i=1

T

∑
t=1

f1

(
VN

i (t)
)

∆t (7)

where E1 is the REP of wind farm within the statistical period; f1(·) is the wind turbine
power curve model based on nacelle wind speed and theoretical power [19]; VN

i (t) is the
nacelle wind speed of the i-th wind turbine at time t.

(2) MPC

The MPC refers to the proportion of the REP to the DEP of wind farm within the
statistical period, which mainly measures the maintenance ability of wind farms mainte-
nance staffs and can provide decision-making support for wind turbines renovation and
maintenance plan. The calculation method is shown in Formula (8).

η1 =
E1

E0
(8)

where η1 is the MPC of wind farm within the statistical period.
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2.3.4. The Indicators of Actual Performance

The indicators of actual performance are mainly used to measure the actual power
generation performance of all wind turbines of wind farm, which mainly reflect the op-
eration and management ability of wind farms. The actual energy production (AEP) and
operation performance coefficient (OPC) are used to measure the actual performance of
wind farms.

(1) AEP

The AEP refers to the sum of the actual power generation of all wind turbines of wind
farm within the statistical period, which mainly reflect the actual power generation benefits
of wind farm. The calculation method is shown in Formula (9).

E2 =
N

∑
i=1

T

∑
t=1

Pi(t)∆t (9)

where E2 is the AEP of wind farm within the statistical period; Pi(t) is the actual power of
the i-th wind turbine at time t, which is generally obtained from wind turbine supervisory
control and data acquisition (SCADA) system.

(2) OPC

The OPC refers to the proportion of the AEP to the REP of wind farm within the
statistical period, which mainly measures the operation management ability of wind
farms and the potential for power generation performance improvement by improving the
operation management ability. This indicator measures the actual power generation level
based on the wind energy resource and design level of wind farms, and it can eliminate the
influence of wind energy resource and design levels differences. The calculation method is
shown in Formula (10).

η2 =
E2

E1
(10)

where η2 is the OPC of wind farm within the statistical period.

2.3.5. The Indicators of Performance Loss

In order to realize the power loss attribution and effectively guide the technical
transformation and operation and maintenance management of wind farms, the evaluation
indicators of performance loss of wind farm power generation are proposed, which mainly
include failure loss, regular inspection loss, power limitation loss, and other losses.

(1) Failure loss

The energy production loss due to failure (EPLF) refers to the energy production loss
of wind farm due to the shutdown of the on-site equipment failure within the statistical
period, mainly including wind turbines failure, substation equipment failure, and collecting
power lines failure, etc. For wind turbine, only its own fault is considered. The failure loss
coefficient (FLC) refers to the proportion of the EPLF to the REP of the wind farm within the
statistical period, which mainly reflects the fault repair ability and spare parts management
ability of wind farms. The calculation method of FLC is shown in Formula (11).

η f =
E f

E1
(11)

where η f is the FLC of wind farm within the statistical period. E f is the EPLF of wind farm
within the statistical period, which is equal to the sum of the REP in all fault shutdown
periods within the statistical period. The start and end time of fault shutdown of each wind
turbine can be determined according to the fault statistics reports of wind farms production
and operation management system.
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(2) Regular inspection loss

The energy production loss due to regular inspection (EPLRI) refers to the energy
production loss of wind farm due to the shutdown of the on-site equipment regular
inspection within the statistical period, mainly including wind turbines regular inspection,
substation equipment regular inspection, and collecting power lines regular inspection, etc.
For wind turbine, only its own regular inspection loss is considered. The regular inspection
loss coefficient (RILC) refers to the proportion of the EPLRI to the REP of wind farm within
the statistical period, which mainly reflects the rationality and execution efficiency of
regular inspection arrangement of wind farms. The calculation method of RILC is shown
in Formula (12).

ηi =
Ei

E1
(12)

where ηi is the RILC of wind farm within the statistical period. Ei is the EPLRI of wind farm
within the statistical period, which is equal to the sum of the REP in all regular inspection
shutdown periods within the statistical period. The start and end time of regular inspection
shutdown of each wind turbine can be determined according to the fault statistics reports
of wind farms production and operation management system.

(3) Power limitation loss

The energy production loss due to power limitation (EPLPL) refers to the energy
production loss of wind farm due to the dispatching power limitation of power grid within
the statistical period. The power limitation loss coefficient (PLLC) refers to the proportion
of the EPLPI to the AEP of wind farm within the statistical period, which mainly reflects
wind power consumption capacity of the grid dispatching section where the wind farm is
located. The calculation method of PLLC is shown in Formula (13).

ηl =
El
E1

(13)

where ηl is the PLLC of wind farm within the statistical period. El is the EPLPL of wind
farm within the statistical period, which is equal to the sum of the difference between
the REP and the AEP in all power limit periods within the statistical period. In general,
each wind farm will send corresponding signals by wind farm automatic generation
control (AGC) system during power limiting operation, including specific power limiting
time, duration, and power. The power limiting data can be marked with the record of
power limiting instructions to directly identify the power limiting data [22]. For wind
farms with missing power limiting records, they need to be identified according to the
characteristics of operation data after power limiting as an auxiliary method, such as
clustering analysis [20,23] and time series analysis [22,24].

(4) Other losses

The energy production loss due to other factors (EPLOF) refers to the energy pro-
duction loss caused by other off-site factors within the statistical period, such as off-site
transmission lines fault, power system fault, bad weather (thunderbolt, freezing, typhoon),
and other complex conditions. The other losses coefficient (OLC) refers to the proportion of
the EPLOF to the AEP of wind farm within the statistical period. The calculation methods
of EPLOF and OLC are shown in Formulas (14) and (15).

Eother = E1 − E f − Ei − El (14)

ηother =
Eother

E1
= 1− η2 − η f − ηi − ηl (15)

where Eother and ηother are the EPLOF and OLC of the wind farm within the statistical
period respectively.
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3. Comprehensive Evaluation Method of Wind Farm Power Generation Performance
Based on Improved CRITIC Weighting Method

Seven comparative indicators are proposed to compare the power generation perfor-
mance among different wind farms. However, it is likely that different evaluation indicators
are uneven in the practical evaluation process, and it is impossible to quantitatively com-
pare the comprehensive power generation performance levels among different wind farms.
Therefore, a comprehensive evaluation method of wind farm power generation perfor-
mance based on the improved CRITIC weighting method is proposed. It is worth noting
that there is a complementary relationship between the OPC and the four performance loss
coefficients. In order to eliminate information redundancy, only six comparative indicators
except the OPC are selected to evaluate wind farm power generation performance.

3.1. Improved CRITIC Weighting Method

The weight determination methods are mainly divided into subjective and objective
weighting method and it is difficult to subjectively determine the importance of the six
comparative indicators in the comprehensive evaluation process of power generation
performance. Therefore, the objective weighting method is adopted to determine the weight
of different comparative indicators. The objective weighting approaches mainly include
the entropy weight method [25], principal component analysis method [26], and CRITIC
weighting method [27], etc. The entropy weight method mainly takes the discreteness
of indicators in data samples to determine the importance of the indicators, ignoring
the correlation between different indicators. The principal component analysis method
adopts dimension reduction to maintain the independence between variables, but it cannot
measure the discreteness of indicators in data samples. However, the CRITIC weighting
method takes both the discreteness of indicators and the conflict among different indicators
into consideration, and it determines the weight of indicators based on the contrast strength
and the conflict among indexes. The strength of contrast is reflected by standard deviation
where the larger the standard deviation is, the more information the indicator reflects and
the greater the weight. The conflict is reflected by the correlation between indicators where
the larger the correlation coefficient, the lower the mutual exclusivity and the lower the
weight of the indicator.

The CRITIC weighting method is adopted to calculate the weight of the evaluation
indicators after being compared with other methods above in the aspect of applicability
and shortcoming. However, the weight determined only by the CRITIC weighting method
belongs to the static constant weight evaluation matrix, ignoring the influence of the
internal differences of each indicator on the evaluation object, and the phenomenon of state
imbalance is prone to occur. When a certain indicator turns into poor or extremely poor, the
weight of the indicator is too weak to be reasonably presented, thus the evaluation results
are inconsistent with the practical situation and the comprehensive power generation
performance level of the wind farm cannot be evaluated effectively. The variable weight
theory can maintain the balance of each indicator in the comprehensive evaluation by
revising the constant weight on the basis of the deterioration degree of the indicators,
which avoids the problems of one-sided and unreasonable evaluation results caused by
the constant weight [28]. Therefore, the variable weight theory is applied to improve the
CRITIC weighting approach. The specific calculation steps are as follows.

(1) Establishment of the initial evaluation matrix
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Assuming that the numbers of wind farms and indicator to be evaluated are m and n,
respectively, the j-th index of the i-th wind farm to be evaluated shall be described as xij,
and the initial evaluation matrix is shown in Formula (16).

X =


x11 x12 · · · x1n
x21 x22 · · · x2n

...
...

. . .
...

xm1 xm2 · · · xmn

 (16)

(2) Normalization of the initial evaluation matrix by relative deterioration degree

The initial evaluation matrix is normalized by relative deterioration degree to eliminate
the influence of indicators dimension. The relative deterioration degree of an evaluation
indicator of the power generation performance reflects the degree of deviation from its
optimal state whose range is [0, 1]. The larger the indicator value is, the smaller the relative
deterioration degree value is.

The calculation method of the relative deterioration degree is shown in Formula (17)
for the high-superior evaluation indicators, such as the DWEUC and MPC.

x∗ij =


0 xij < α
β−xij
β−α α ≤ xij ≤ β

1 xij > β

(17)

where x∗ij is the relative deterioration degree value of the i-th wind farm and the j-th
indicator to be evaluated. The range of the corresponding indicator is [α, β], which is
commonly taken as [0, 1] except for the DWEUC, where the range is [0, 0.593].

For the low-superior evaluation indicators, such as the FLC, RILC, PLLC, and OLC,
the calculation method of the relative deterioration degree is shown in Formula (18).

x∗ij =


0 xij < α
xij−α

β−α α ≤ xij ≤ β

1 xij > β

(18)

(3) Calculation of the contrast strength of each evaluation indicator

The standard deviation of each evaluation indicator is applied to reflect the contrast
strength in the CRITIC weighting method which can be illustrated by Formula (19).

Sj =

√
1
m

m

∑
i=1

(
x∗ij − x∗j

)2
(19)

where Sj and x∗j are the normalized standard deviation and mean value of the j-th evaluation
indicator respectively.

(4) Calculation of the correlation coefficient and quantitative conflict index between the
evaluation indicators

The conflict is reflected in CRITIC weighting method by the correlation between the
evaluation indicators. The correlation coefficient among the n evaluation indexes shall be
calculated firstly to obtain the value of the quantification conflict index. The correlation
coefficient between the p-th and the j-th evaluation indicator is shown in Formula (20).

ρpj =

m
∑

i=1

(
x∗ip − x∗p

)(
x∗ij − x∗j

)
√

m
∑

i=1

(
x∗ip − x∗p

)2
√

m
∑

i=1

(
x∗ij − x∗j

)2
(20)
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where ρpj is the correlation coefficient between the p-th and the j-th evaluation indicator;
x∗p is the mean value of the p-th evaluation indicator.

The quantitative conflict index of the j-th evaluation indicator and other evaluation
indicators can be derived from Formula (21).

λj =
n

∑
p=1

(
1− rpj

)
(21)

(5) Calculation of the constant weight values of the evaluation indicators

Firstly, the comprehensive information coefficient Cj of the j-th evaluation indicator is
derived from the standard deviation and quantitative conflict index obtained respectively
according to steps (3) and (4), shown in Formula (22). Then, the constant weight value w0

j
of the j-th evaluation indicator is obtained according to the comprehensive information
coefficient Cj, shown in Formula (23).

Cj = Sjλj = Sj

n

∑
p=1

(
1− ρpj

)
(22)

w0
j =

Cj
n
∑

j=1
Cj

(23)

(6) Calculation of the variable weight values of the evaluation indicators by variable
weight theory

The variable weight theory is adopted to revise the constant weight values, and the
calculation method is shown in Formula (24).

wij = w0
j

(
1− x∗ij

)T−1
/

n

∑
k=1

w0
k(1− x∗ik)

T−1 (24)

where wij is the variable weight value of the i-th wind farm and the j-th indicator to be
evaluated; T is the variable weight coefficient, which is taken as 0.5 in this paper; w0

k is
the constant weight value of the k-th evaluation indicator; x∗ik is the relative deterioration
degree value of the i-th wind farm and k-th indicator to be evaluated.

3.2. Modeling Process

The modeling process of the comprehensive evaluation model of wind farm power
generation performance based on the improved CRITIC weighting approach is shown in
Figure 2, and the specific steps are as follows.

(1) Collecting the operating data of the wind farm to be evaluated, which mainly includes
wind farm operation management system data, wind farm AGC system data (if any),
wind turbine SCADA system data, anemometer tower data, wind turbine nacelle
transfer function or lidar wind data, wind turbine design parameters (such as designed
wind turbine power curve, hub height, rotor radius, etc.).

(2) Calculating the power generation performance evaluation indicators matrix of the
wind farm, which mainly includes six comparative indicators such as the DWEUC,
MPC, FLC, RILC, PLLC, and OLC.

(3) Determining the comprehensive fuzzy evaluation level of the wind farm power gener-
ation performance, which is mainly divided as L = {L1, L2, · · · , Ln}. Among which,
the larger the value n is, the more detailed the evaluation object is, and the more it can
reflect the fuzziness and gradual change of the fuzzy evaluation. However, the greater
the complexity and calculation of the model, it is necessary to consider the accuracy
of the evaluation results and the complexity of the evaluation process. According to
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the practical needs of wind farm power generation performance evaluation, four eval-
uation levels are selected in this paper, namely L = {Excellent, Good, Medium, Poor}.

(4) Calculating the relative degradation degree matrix g of the wind farm power genera-
tion performance evaluation indicators. Each evaluation indicator is normalized to
obtain the deterioration degree matrix based on the concept of relative deterioration
degree and the differences of indexes. The calculation steps are the same as those
of the improved CRITIC weighting method in step (2) and the relative deterioration
degree matrix g is shown in Formula (25).

g =


x∗11 x∗12 · · · x∗1n
x∗21 x∗22 · · · x∗2n

...
...

. . .
...

x∗m1 x∗m2 · · · x∗mn

 (25)

where x∗mn is the relative deterioration degree value of the m-th wind farm and the
n-th indicator to be evaluated.

(5) Determining the membership function. The triangular and semi-trapezoidal functions
are adopted as the membership functions [29] in this paper, and the fuzzy decompo-
sition interval of membership function is determined according to relevant criteria
and expertise. The membership degree matrix corresponding to each evaluation level
is obtained according to the relative deterioration degree of each indicator, and the
membership matrix of the i-th wind farm to be evaluated is shown in Formula (26).

vi =


vi,1

1 vi,2
1 · · · vi,k

1
vi,1

2 vi,2
2 · · · vi,k

2
...

...
. . .

...
vi,1

n vi,2
n · · · vi,k

n

 (26)

where vi,k
n is the membership degree of the i-th wind farm and the n-th indicator

belongs to the rank Lk, and k was taken as 1, 2, 3, 4 in this paper.
(6) Determining the variable weight values of the evaluation indicators by the improved

CRITIC weighting method, of which the calculation steps are illustrated in Section 3.1,
as shown in Formula (27).

w =


w11 w12 · · · w1n
w21 w22 · · · w2n

...
...

. . .
...

wm1 wm2 · · · wmn

 (27)

(7) Calculating the fuzzy comprehensive evaluation grade matrix of the wind farm power
generation performance and the fuzzy comprehensive evaluation grade matrix of the
i-th wind farm to be evaluated is shown in Formula (28).

Bi = w(:, 1)·vi (28)

(8) Determining the fuzzy comprehensive evaluation results of power generation perfor-
mance of wind farm by adopting the maximum membership principle.
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Figure 2. Modeling process of wind farm power generation performance comprehensive evalua-
tion model.

4. Case Study
4.1. Data

The effectiveness and applicability of the proposed approach are verified based on
the measured data from 14 wind turbines of wind farm in Northwest China and six wind
farms in Northeast China. The data types mainly include the fault statistics reports of
wind farms production and operation management system, wind turbine SCADA system
data, anemometer tower data, lidar wind data, wind turbine design parameters (such
as wind turbine design power curve, hub height, rotor radius, etc.). The time length of
wind turbine SCADA system data, anemometer tower data, and lidar wind data is 1 year,
and the time resolution is 10 min. Based on the nacelle wind speed and hub-height wind
speed measured by lidar of some wind turbines, the nacelle transfer function models are
constructed, which are applied to other wind turbines of the same model.

4.2. Wind Turbines Power Generation Performance Evaluation Results

The power generation performance of different wind turbines is quantitatively evalu-
ated based on the measured data from 14 wind turbines of wind farm in Northwest China.
The calculation results of MEWPD of wind turbines are shown in Figure 3.

As shown in Figure 3, the MEWPD of the 14 wind turbines in the wind farm is
75~150 W/m2, which belongs to the third category of wind resource area. The wind farm
terrain is complex, and the wind resources of different wind turbines are significantly
different. Among them, WT #7 has the highest MEWPD (143.88 W/m2), and WT #10 has
the lowest MEWPD (87.63 W/m2), with the difference of 56.25 W/m2. Therefore, the
influence of the wind energy resource differences should not be ignored in the evaluation
process of power generation performance of different wind turbines.

Figure 4 shows the calculation results of the DEP, REP, and AEP of wind turbines.
As shown in Figure 4, different wind turbines have different DEP, REP, AEP. The DEP of
WT #7 is the highest (3108 MWh) and WT #10 is the lowest (2150 MWh), with a difference
of 958 MWh, which is related to the wind energy resource conditions where the wind
turbine is located. The gap between the REP and DEP is mainly related to the maintenance
level of wind turbines, which will gradually increase with the deterioration of health
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status and power generation performance, and this gap can be narrowed by improving the
maintenance level of wind turbines. The gap between the AEP and REP is mainly related
to the operation and management ability of wind farms, which needs to further refine the
causes of power generation loss of wind turbines and tap the power generation potential of
wind turbines by formulating effective operation and management measures.

Figure 3. The calculation results of MEWPD of wind turbines.

Figure 4. Cont.
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Figure 4. The calculation results of DEP/REP/AEP of wind turbines. (a) WT #1–7; (b) WT #8–14.

The energy production losses of wind turbines are mainly divided into the EPLF,
EPLRI, EPLPL, and EPLOF, etc. The calculation results are shown in Table 2. It can be
seen from Table 2 that there are considerable differences in the EPLF of different wind
turbines: the EPLF of WT #14 is the highest (102.95 MWh), indicating that the reliability
of WT #14 is relatively low; the EPLF of WT #1 is the lowest (59.66 MWh), indicating that
the reliability of WT #1 is relatively high. It is worth noting that WT #7 has the optimal
wind energy resource conditions, but the AEP is not the highest (its power generation loss
is mainly caused by the fault shutdown being large, and its good wind resource conditions
are not well utilized). Therefore, troubleshooting must be strengthened to improve the
reliability of WT #7. There is little difference between the EPLRI of different wind turbines,
which is basically maintained near 7 MWh of which the small proportion in total loss
indicates that the regular inspection plan of the wind farm is relatively reasonable. There
are some differences in the EPLPL of different wind turbines since the optimal allocation of
active power to reduce the fatigue load of different wind turbines under power limiting
conditions. The EPLOF of different wind turbines vary greatly, and it is necessary to further
trace the root causes of other energy production losses of different wind turbines with the
help of more data information and more advanced big data mining technology.

Because of the differences of wind energy resources in different wind turbine loca-
tions, it is unfair to use statistical evaluation indicators for comparison. Therefore, the
comparative indicators are adopted to compare the power generation performance of
different wind turbines, and the calculation results are shown in Table 3. It can be seen
from Table 3 that the MEWPD of wind turbines are basically above 0.45, indicating that
the wind turbines selection is relatively reasonable and can take full advantage of wind
energy resources. It should be noted that the MEWPD of some wind turbines may be
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higher than its maximum design utilization coefficient. The main reason is the measuring
error of nacelle anemometer, which requires wind farms maintenance staffs to check the
installation and measurement accuracy of wind measuring devices. Except for WT #7, the
MPC of other wind turbines are all above 0.9, hence the maintenance level of WT #7 should
be further improved. The OPC of wind turbines are all above 0.92, indicating that all wind
turbines have good operating performance and relatively low power generation losses.

Table 2. The calculation results of energy production losses of wind turbines.

Wind Turbine
Number EPLF (MWh) EPLRI (MWh) EPLPL (MWh) EPLOF (MWh)

WT #1 59.66 9.03 39.47 14.25
WT #2 68.40 5.30 44.28 19.46
WT #3 83.80 7.95 34.86 26.06
WT #4 60.10 6.39 39.60 26.60
WT #5 66.80 6.77 31.49 21.30
WT #6 64.95 7.75 35.62 21.33
WT #7 94.86 8.33 53.80 19.90
WT #8 66.66 5.95 63.80 33.12
WT #9 73.54 6.25 38.76 19.37
WT #10 67.08 9.21 50.76 19.91
WT #11 94.79 6.80 30.37 19.23
WT #12 92.52 5.53 26.84 7.52
WT #13 98.35 6.43 39.54 10.45
WT #14 102.95 6.70 47.30 15.47

Table 3. The calculation results of comparative indicators of wind turbines.

Wind
Turbine
Number

DWEUC MPC OPC FLC RILC PLLC OLC

WT #1 0.5263 0.9360 0.9419 2.83% 0.43% 1.87% 0.68%
WT #2 0.4743 0.9325 0.9522 2.38% 0.18% 1.54% 0.68%
WT #3 0.4992 0.9316 0.9339 3.63% 0.34% 1.51% 1.13%
WT #4 0.4812 0.9078 0.9531 2.12% 0.23% 1.40% 0.94%
WT #5 0.5046 0.9309 0.9521 2.53% 0.26% 1.19% 0.81%
WT #6 0.5256 0.9457 0.9389 3.06% 0.37% 1.68% 1.00%
WT #7 0.4656 0.8937 0.9363 3.42% 0.30% 1.94% 0.72%
WT #8 0.4904 0.9329 0.9327 2.65% 0.24% 2.53% 1.32%
WT #9 0.4988 0.9139 0.9398 3.21% 0.27% 1.69% 0.85%
WT #10 0.5288 0.9169 0.9254 3.40% 0.47% 2.58% 1.01%
WT #11 0.5095 0.9158 0.9344 4.11% 0.29% 1.32% 0.83%
WT #12 0.4863 0.9341 0.9525 3.32% 0.20% 0.96% 0.27%
WT #13 0.4821 0.9114 0.9420 3.69% 0.24% 1.48% 0.39%
WT #14 0.4828 0.9494 0.9395 3.61% 0.24% 1.66% 0.54%

Based on six comparative indicators, such as the DWEUC, MPC, FLC, RILC, PLLC,
and OLC, the comprehensive evaluation method based on improved CRITIC weighting
approach is adopted to comprehensively evaluate the power generation performance
among different wind turbines. The calculation results compared with the comprehensive
evaluation methods based on CRITIC weighting method and entropy weighting method
are shown in Tables 4–6.
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Table 4. The comprehensive evaluation results of wind turbines power generation performance
(entropy weighting method).

Wind Turbine
Number

Entropy Weighting Method
Excellent Good Medium Poor Result

WT #1 0.6683 0.0436 0.1512 0.1368 Excellent
WT #2 0.5987 0.1973 0.0223 0.1818 Excellent
WT #3 0.1549 0.3817 0.3177 0.1458 Good
WT #4 0.4912 0.0594 0.3349 0.1145 Excellent
WT #5 0.4796 0.5178 0.0026 0.0000 Good
WT #6 0.4230 0.2339 0.3307 0.0123 Excellent
WT #7 0.1171 0.2387 0.2919 0.3523 Poor
WT #8 0.3800 0.2270 0.0662 0.3268 Excellent
WT #9 0.0524 0.7362 0.2114 0.0000 Good
WT #10 0.2040 0.1457 0.3376 0.3127 Medium
WT #11 0.2822 0.3644 0.1730 0.1804 Good
WT #12 0.5709 0.2733 0.1558 0.0000 Excellent
WT #13 0.4167 0.0646 0.3893 0.1294 Excellent
WT #14 0.4490 0.1605 0.3905 0.0000 Excellent

Table 5. The comprehensive evaluation results of wind turbines power generation performance
(CRITIC weighting method).

Wind Turbine
Number

CRITIC Weighting Method
Excellent Good Medium Poor Result

WT #1 0.6770 0.0385 0.1273 0.1571 Excellent
WT #2 0.5871 0.1838 0.0250 0.2041 Excellent
WT #3 0.1410 0.4000 0.3247 0.1343 Good
WT #4 0.4741 0.0546 0.3523 0.1190 Excellent
WT #5 0.4554 0.5419 0.0027 0.0000 Good
WT #6 0.4490 0.2062 0.3306 0.0142 Excellent
WT #7 0.1078 0.2431 0.2677 0.3815 Poor
WT #8 0.3935 0.2473 0.0740 0.2852 Excellent
WT #9 0.0554 0.7370 0.2077 0.0000 Good
WT #10 0.2291 0.1410 0.3249 0.3049 Medium
WT #11 0.2675 0.3788 0.1829 0.1708 Good
WT #12 0.5538 0.2759 0.1703 0.0000 Excellent
WT #13 0.3976 0.0644 0.4138 0.1242 Medium
WT #14 0.4625 0.1392 0.3983 0.0000 Excellent

Table 6. The comprehensive evaluation results of wind turbines power generation performance
(improved CRITIC weighting method).

Wind Turbine
Number

Improved CRITIC Weighting Method
Excellent Good Medium Poor Result

WT #1 0.5350 0.0363 0.1388 0.2898 Excellent
WT #2 0.4454 0.1504 0.0441 0.3601 Excellent
WT #3 0.1113 0.3257 0.3679 0.1952 Medium
WT #4 0.3387 0.0603 0.4446 0.1564 Medium
WT #5 0.4304 0.5669 0.0027 0.0000 Good
WT #6 0.3598 0.2073 0.4155 0.0174 Medium
WT #7 0.0206 0.0513 0.0600 0.8681 Poor
WT #8 0.0861 0.0682 0.0233 0.8223 Poor
WT #9 0.0550 0.7184 0.2266 0.0000 Good
WT #10 0.0274 0.0276 0.0662 0.8789 Poor
WT #11 0.0603 0.0991 0.0527 0.7879 Poor
WT #12 0.4435 0.3315 0.2250 0.0000 Excellent
WT #13 0.2819 0.0521 0.5019 0.1641 Medium
WT #14 0.3446 0.1374 0.5180 0.0000 Medium
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As shown in Tables 4 and 5, there is no obvious difference in the results of the compre-
hensive evaluation method based on entropy weight method and CRITIC weight method,
which is possibly because there is little correlation difference between indicators. The
only difference is that the evaluation results of WT #13 are different, which are excellent
and medium, respectively. From the analysis in Table 3, it can be seen that WT #13 has
the second largest FLC, and the result of the comprehensive evaluation method based on
entropy weight method is excellent, which is obviously not in line with the actual power
generation performance. As shown in Tables 5 and 6, the proportion of excellent, good,
medium, and poor in the comprehensive evaluation results based on CRITIC weighting
method is 50%, 29%, 14%, and 7% respectively, while the proportion in the comprehensive
evaluation results based on the improved CRITIC weighting method is 21%, 14%, 36%, and
29% respectively, which has a great difference. Taking WT #8, WT #10, and WT #11 with
larger differences in evaluation results as examples, as shown in Table 3, the OLC of WT #8,
PLLC of WT #10, and FLC of WT #11 are the highest, indicating that the power generation
loss of the three wind turbines is relatively large and the power generation performance
is relatively low. However, the evaluation results based on CRITIC weighting method
are excellent, medium, and good respectively, which are obviously inconsistent with the
actual conditions. The evaluation results based on improved CRITIC weighting method are
poor, which are more aligned with the actual power generation performance level of the
wind turbines and can effectively measure the comprehensive level of power generation
performance of different wind turbines.

4.3. Wind Farms Power Generation Performance Evaluation Results

In order to further verify the effectiveness and applicability of the proposed approach,
the measured data from six wind farms in Northeast China are adopted to quantitatively
evaluate the power generation performance of different wind farms. The calculation results
of the MEWPD of wind farms are shown in Figure 5.

Figure 5. The calculation results of MEWPD of wind farms.

As shown in Figure 5, the MEWPD of the six wind farms are all higher than 300 W/m2,
which belongs to the first category of wind resource area, and the wind energy resource is
excellent. Among them, the MEWPD of WF #1 is the highest (554 W/m2), and the MEWPD
of WF #2 is the lowest (321 W/m2), with a difference of 233 W/m2. The specific reason for
this discrepancy may be the difference in wind energy resource endowments of the wind
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farm itself or the influence of wake effect of large wind power base, which needs to be
further verified. Therefore, the difference in wind energy resources should be eliminated
to achieve a fair comparison of the power generation performance among different wind
farms, so as to prevent some wind farms from remaining invincible due to its inherent
advantages of wind resources.

Figure 6 shows the calculation results of the DEP, REP, and AEP of wind farms.
As shown in Figure 6, there is a great difference between the REP and DEP of WF #2,
WF #5, and WF #6, indicating that the maintenance ability of these three wind farms
is relatively poor, and the health status and power generation performance are greatly
degraded. In order to improve the overall power generation performance of wind farm,
it is necessary to carry out necessary technical transformation for wind turbines with low
power generation performance while improving the maintenance ability of wind farm
maintenance staffs. There is a large difference between the AEP and REP of WF #1, WF #4,
and WF #6, indicating that the operation and management ability of these three wind farms
is relatively poor. Therefore, it must deeply explore the causes of power generation loss
and improve the operation and management ability of the wind farm, so as to maximize
the power generation potential of wind farm.

Figure 6. The calculation results of DEP/REP/AEP of wind farms.

The calculation results of energy production loss of wind farms are shown in Table 7.
The EPLOF of wind farms is the highest except for WF #6, and it is necessary to further trace
the root causes of other energy production losses of different wind turbines with the help of
more specific data information and more advanced big data mining technology. It is worth
noting that the EPLOF of WF #6 are relatively small, but the EPLF, EPLRI, and EPLPF are
the highest, indicating that the fault repair ability and timeliness, the rationality of regular
inspection plan, and the consumption capacity of the power grid are undesirable. Therefore,
it is necessary to optimize the regular inspection work plan, improve the business skills of
operation and maintenance staffs, and explore the wind power consumption scheme, so as
to reduce the power generation loss of WF #6 as much as possible.
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Table 7. The calculation results of energy production loss of wind farms.

Wind Farm
Number EPLF (MWh) EPLRI (MWh) EPLPL (MWh) EPLOF (MWh)

WF #1 1958 731 404 11144
WF #2 139 64 489 2915
WF #3 176 116 768 2924
WF #4 2007 647 2983 17384
WF #5 3850 98 3292 13173
WF #6 5459 1773 11159 1514

The comparative indicators are used to evaluate the power generation performance of
different wind farms. The comparative indicators are based on the wind energy resource
and design level of wind farms themselves, which can eliminate the influence of wind
energy resource and design levels differences; the calculation results are shown in Table 8.
The DWEUC of different wind farms is between 0.23 and 0.33, which is relatively low
compared with Table 3. The main reason is that the six wind farms are located in the
first category of wind resource area with excellent wind resources, but the wind turbines
are all early small capacity units, which cannot make full use of excellent wind energy
resources. Therefore, the power generation performance of wind farms could be improved
by lengthening blades, adding power amplifiers, or replacing small capacity with large
capacity to avoid wasting excellent wind energy resource. The MPC of WF #2 and WF #6 is
low (lower than 0.85), and the maintenance level of the wind farm must be improved.
The OPC of WF #4 and WF #6 is low (lower than 0.86), and it is necessary to improve
the operation and management ability of wind farms to reduce energy production losses.
Significantly, the OLC of WF #4 is 14.03%, which is the most important factor causing energy
production losses and it needs more specific data information to locate the root causes.

Table 8. The calculation results of comparative indicators of wind farms.

Wind Farm
Number DWEUC MPC OPC FLC RILC PLLC OLC

WF #1 0.2352 0.9299 0.8842 1.59% 0.59% 0.33% 9.06%
WF #2 0.3296 0.8098 0.9373 0.24% 0.11% 0.85% 5.07%
WF #3 0.3047 0.9656 0.9338 0.29% 0.19% 1.28% 4.86%
WF #4 0.2521 0.9701 0.8141 1.62% 0.52% 2.41% 14.03%
WF #5 0.2701 0.9246 0.9398 1.14% 0.03% 0.97% 3.88%
WF #6 0.2598 0.8070 0.8550 3.98% 1.29% 8.13% 1.10%

Based on the above six comparative indicators, the comprehensive evaluation method
based on improved CRITIC weighting method is adopted to comprehensively evaluate the
power generation performance of different wind farms. The calculation results compared
with the comprehensive evaluation methods based on CRITIC weighting method and
entropy weighting method are shown in Tables 9–11.

Table 9. The comprehensive evaluation results of wind farms power generation performance (entropy
weighting method).

Wind Farm Number
Entropy Weighting Method

Excellent Good Medium Poor Result

WF #1 0.1364 0.4341 0.2067 0.2228 Good
WF #2 0.6063 0.1419 0.2518 0.0000 Excellent
WF #3 0.6786 0.3153 0.0061 0.0000 Excellent
WF #4 0.2509 0.3116 0.2947 0.1428 Good
WF #5 0.4144 0.5800 0.0056 0.0000 Good
WF #6 0.1428 0.1585 0.0644 0.6344 Poor
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Table 10. The comprehensive evaluation results of wind farms power generation performance
(CRITIC weighting method).

Wind Farm Number
CRITIC Weighting Method

Excellent Good Medium Poor Result

WF #1 0.1459 0.4316 0.2662 0.1563 Good
WF #2 0.4959 0.2494 0.2547 0.0000 Excellent
WF #3 0.5921 0.4014 0.0066 0.0000 Excellent
WF #4 0.2516 0.2618 0.2341 0.2524 Good
WF #5 0.4878 0.5065 0.0056 0.0000 Good
WF #6 0.2524 0.1111 0.0452 0.5913 Poor

Table 11. The comprehensive evaluation results of wind farms power generation performance
(improved CRITIC weighting method).

Wind Farm Number
Improved CRITIC Weighting Method

Excellent Good Medium Poor Result

WF #1 0.0528 0.1939 0.1438 0.6095 Poor
WF #2 0.1924 0.1183 0.6893 0.0000 Medium
WF #3 0.5763 0.4173 0.0064 0.0000 Excellent
WF #4 0.0362 0.0535 0.0590 0.8513 Poor
WF #5 0.4500 0.5445 0.0055 0.0000 Good
WF #6 0.0174 0.0149 0.0060 0.9617 Poor

As shown in Tables 9 and 10, the results of the comprehensive evaluation model
based on CRITIC weighting method and entropy weighting method are the same, and
the possible reasons have been explained in the evaluation process of wind turbine power
generation performance. As shown in Tables 10 and 11, the evaluation results of the two
methods have both similarities and differences. The evaluation results of WF #1, WF #2, and
WF #4 are different among them. The DWEUC of WF #1 is the lowest, the MPC of WF #2 is
the second lowest, and the OLC of WF #4 is the highest, indicating that the effective wind
energy capture capacity of WF #1 is relatively low, the maintenance ability of WF #2 is
relatively low, and the energy production losses of WF #4 are relatively high. However,
the evaluation results based on CRITIC weighting method are good, excellent, and good
respectively, while the evaluation results based on improved CRITIC weighting method
are poor, medium, and poor respectively. The evaluation results of the proposed model
are more aligned with the actual power generation performance level of the wind farms,
which further verifies the effectiveness and applicability of the proposed approach.

5. Conclusions

The evaluation indicator system and comprehensive evaluation method of wind farm
power generation performance, including the influence of wind energy resource differ-
ences, are proposed in this paper. Firstly, taking energy as the clue, using five categories of
evaluation indicators, including resource conditions, ideal performance, reachable perfor-
mance, actual performance, and performance loss, the evaluation indicator system of wind
farm power generation performance based on statistical and comparative indicators is con-
structed. Then, aiming at the comprehensive comparison of power generation performance
among different wind farms, the comprehensive evaluation method of wind farm power
generation performance based on improved CRITIC weighting method is proposed. Finally,
actual data from Chinese wind farms are used to validate the effectiveness and applicability
of the proposed method by taking the comprehensive evaluation models based on CRITIC
weighting method and entropy weighting method as the benchmarks. The conclusions are
as follows:

(1) The proposed statistical indicators can realize the quantitative evaluation of different
aspects, such as resource conditions, ideal performance, achievable performance,
actual performance, and performance loss of wind farms, trace the root causes of
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power generation performance loss, and effectively guide the technical transformation
and operation and maintenance management of wind farms.

(2) The proposed comparative indicators are based on the wind energy resource and
design level of wind farms themselves, which can effectively eliminate the influence
of wind energy resource and design levels differences and achieve the fair comparison
of power generation performance among different wind farms.

(3) The proposed comprehensive evaluation model based on improved CRITIC weight-
ing method can avoid the problems of one-sided and unreasonable evaluation results
caused by the models based on CRITIC weighting method and entropy weighting
method, and the results are more aligned with the actual power generation perfor-
mance of wind farms, which can effectively realize the comprehensive evaluation and
fair comparison of power generation performance of different wind farms.

There are several possible directions to further the present work. The evaluation
indicator system of wind farm operation performance including evaluation aspects such
as power generation performance, energy consumption level, grid connection charac-
teristics, and power market transaction can be further studied. In addition, wind farm
operation performance improvement schemes can be further studied to form a benign
closed-loop management mode to maximize the potential of wind farm power generation
and economic benefits.

Author Contributions: Conceptualization, Y.Q. and Y.L.; methodology, Y.Q., Y.L. and S.H.; software,
Y.Q. and Y.C.; validation, Y.Q. and Y.C.; formal analysis, Y.L. and S.H.; investigation, Y.C.; resources,
L.W.; data curation, L.W.; writing—original draft preparation, Y.Q., Y.L. and S.H.; writing-review and
editing, Y.Q., Y.L. and S.H.; visualization, Y.Q.; supervision, Y.L. and S.H.; project administration, S.H.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: This work is supported by the Science and Technology Project of China Three
Gorges Corporation: “Study on key technologies of intelligent joint control, operation and main-
tenance of grid-connected friendly wind-solar-storage stations (No. 212103368)”, and the Science
and Technology Project of State Grid Corporation of China: “Key technology of high resolution
centralized power prediction for offshore wind power base (No. SGTYHT/19-JS-215)”.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Liu, Y.; Qiao, Y.; Han, S.; Xu, Y.; Geng, T.; Ma, T. Quantitative evaluation methods of cluster wind power output volatility and

source-load timing matching in regional power grid. Energies 2021, 14, 5214. [CrossRef]
2. Guo, Y.; Chen, X.; Liu, X.; Shi, S.; Ma, Q. Application of theoretical completion rate of power output for evaluation of offshore

wind farms. Acta Energ. Sol. Sin. 2021, 42, 211–217. [CrossRef]
3. Dong, X.; Li, J.; Gao, D.; Zheng, K. Research on unified assessment model of wind turbine efficiency and performance. J. Mech.

Eng. 2021, 57, 253–260. [CrossRef]
4. Dong, X.; Gao, D.; Li, J.; Li, S. Evaluation model on uncertainty of the wind turbine state. Sustain. Energy Technol. Assess. 2021,

46, 101303. [CrossRef]
5. Aldersey, W.J.; Broadbent, I.D.; Strachan, P.A. Analysis of United Kingdom offshore wind farm performance using public data:

Improving the evidence base for policymaking. Util. Policy 2020, 62, 100985. [CrossRef]
6. Lo, S.F.; Wu, C. Evaluating the performance of wind farms in China: An empirical review. Int. J. Electr. Power Energy Syst. 2015,

69, 58–66. [CrossRef]
7. Niu, B.; Hwangbo, H.; Zeng, L.; Ding, Y. Evaluation of alternative power production efficiency metrics for offshore wind turbines

and farms. Renew. Energy 2018, 128, 81–90. [CrossRef]
8. NB/T 31045-2013; Guide for Wind Farm Operation Index Evaluation. China Electric Power Press: Beijing, China, 2013.
9. Yan, P. Research on Operation Performance Evaluation Method for Wind Farm. Master’s Thesis, North China Electric Power

University, Beijing, China, 2017.
10. Luo, H. Study on the Evaluation Methods for the Operation Performance of Wind Farm and Its Application. Master’s Thesis,

Hunan University, Changsha, China, 2019.
11. Meng, X. Analytical Research on Wind Farm Operation Status Based on Historical Data. Master’s Thesis, Hebei University of

Technology, Tianjin, China, 2015.

http://doi.org/10.3390/en14165214
http://doi.org/10.19912/j.0254-0096
http://doi.org/10.3901/JME.2021.14.253
http://doi.org/10.1016/j.seta.2021.101303
http://doi.org/10.1016/j.jup.2019.100985
http://doi.org/10.1016/j.ijepes.2014.12.034
http://doi.org/10.1016/j.renene.2018.05.050


Energies 2022, 15, 1797 25 of 25

12. Pfaffel, S.; Faulstich, S.; Rohrig, K. Performance and reliability of wind turbines: A review. Energies 2017, 10, 1904. [CrossRef]
13. Zhang, J.; Zhang, J.; Cai, L.; Ma, L. Energy performance of wind power in China: A comparison among inland, coastal and

offshore wind farms. J. Clean. Prod. 2017, 143, 836–842. [CrossRef]
14. Kulkarni, S.H.; Ramakrishnarao, A.T.; Dyamenally, G.R. Wind energy development in india and a methodology for evaluating

performance of wind farm clusters. J. Renew. Energy 2016, 2016, 6769405. [CrossRef]
15. Liu, Y.; Ye, L.; Benoit, I.; Liu, X.; Cheng, Y.; Morel, G.; Fu, C. Economic performance evaluation method for hydroelectric

generating units. Energy Convers. Manag. 2003, 44, 797–808. [CrossRef]
16. Liu, Y.; Qiao, Y.; Han, S.; Tao, T.; Yan, J.; Li, L.; Bekhbat, G.; Munkhtuya, E. Rotor equivalent wind speed calculation method based

on equivalent power considering wind shear and tower shadow. Renew. Energy 2021, 172, 882–896. [CrossRef]
17. Wen, B.; Wei, S.; Wei, K.; Yang, W.; Peng, Z.; Chu, F. Influences of wind shear and tower shadow on the power output of wind

turbine. J. Mech. Eng. 2018, 54, 124–132. [CrossRef]
18. Shin, D.; Ko, K. Application of the nacelle transfer function by a nacelle-mounted light detection and ranging system to wind

turbine power performance measurement. Energies 2019, 12, 1087. [CrossRef]
19. Han, S.; Qiao, Y.; Yan, P.; Yan, J.; Liu, Y.; Li, L. Wind turbine power curve modeling based on interval extreme probability density

for the integration of renewable energies and electric vehicles. Renew. Energy 2020, 157, 190–203. [CrossRef]
20. Yan, J.; Zhang, H.; Liu, Y.; Han, S.; Li, L. Uncertainty estimation for wind energy conversion by probabilistic wind turbine power

curve modelling. Appl. Energy 2019, 239, 1356–1370. [CrossRef]
21. Han, H.; Zhang, G.; Yang, W. Influence and adjustment of turbulence intensity on measured power curve of wind turbine. Acta

Energ. Sol. Sin. 2015, 36, 1442–1447. [CrossRef]
22. Zhang, D.; Li, W.; Liu, Y.; Liu, C. Reconstruction method of active power historical operating data for wind farm. Automat.

Electron Power Sys. 2014, 38, 14–18+24. [CrossRef]
23. Zhao, Y.; Ye, L.; Wang, W.; Sun, H.; Ju, Y.; Tang, Y. Data-driven correction approach to refine power curve of wind farm under

wind curtailment. IEEE Trans. Sustain. Energy 2018, 9, 95–105. [CrossRef]
24. Mei, Y.; Li, X.; Hu, Z.; Yao, H.; Liu, D. Identification and cleaning of wind power data methods based on control principle of wind

turbine generator system. J. Chin. Soc. Power Eng. 2021, 41, 316–322+329. [CrossRef]
25. Rani, P.; Mishra, A.R.; Pardasani, K.R.; Mardani, A.; Liao, H.; Streimikiene, D. A novel VIKOR approach based on entropy

and divergence measures of Pythagorean fuzzy sets to evaluate renewable energy technologies in India. J. Clean. Prod. 2019,
238, 117936. [CrossRef]

26. Peng, C.; Chen, Y.; Kang, Z.; Chen, C.; Cheng, Q. Robust principal component analysis: A factorization-based approach with
linear complexity. Inf. Sci. 2020, 513, 581–599. [CrossRef]

27. Xu, C.; Ke, Y.; Li, Y.; Chu, H.; Wu, Y. Data-driven configuration optimization of an off-grid wind/PV/hydrogen system based on
modified NSGA-II and CRITIC-TOPSIS. Energy Convers. Manag. 2020, 215, 112892. [CrossRef]

28. Dong, H.; Xu, K.; Yang, L.; Zhang, H. Wind turbine condition assessment method based on variable weight theory and fuzzy
comprehensive evaluation. In Proceeding of the 2018 IEEE International Conference of Intelligent Robotic and Control Engineering
(IRCE), Lanzhou, China, 24–27 August 2018. [CrossRef]

29. Wang, M.; Niu, D. Research on project post-evaluation of wind power based on improved ANP and fuzzy comprehensive
evaluation model of trapezoid subordinate function improved by interval number. Renew. Energy 2019, 132, 255–265. [CrossRef]

http://doi.org/10.3390/en10111904
http://doi.org/10.1016/j.jclepro.2016.12.040
http://doi.org/10.1155/2016/6769405
http://doi.org/10.1016/S0196-8904(02)00098-5
http://doi.org/10.1016/j.renene.2021.03.089
http://doi.org/10.3901/JME.2018.10.124
http://doi.org/10.3390/en12061087
http://doi.org/10.1016/j.renene.2020.04.097
http://doi.org/10.1016/j.apenergy.2019.01.180
http://doi.org/10.3969/j.issn.0254-0096.2015.06.025
http://doi.org/10.7500/AEPS20130518005
http://doi.org/10.1109/TSTE.2017.2717021
http://doi.org/10.19805/j.cnki.jcspe.2021.04.009
http://doi.org/10.1016/j.jclepro.2019.117936
http://doi.org/10.1016/j.ins.2019.09.074
http://doi.org/10.1016/j.enconman.2020.112892
http://doi.org/10.1109/IRCE.2018.8492939
http://doi.org/10.1016/j.renene.2018.08.009

	Introduction 
	Wind Farm Power Generation Performance Evaluation Indicator System 
	The Design Principle of Indicator System 
	The Structure Design of Indicator System 
	Definitions and Calculation Methods of Indicator 
	The Indicators of Resource Conditions 
	The Indicators of Ideal Performance 
	The Indicators of Reachable Performance 
	The Indicators of Actual Performance 
	The Indicators of Performance Loss 


	Comprehensive Evaluation Method of Wind Farm Power Generation Performance Based on Improved CRITIC Weighting Method 
	Improved CRITIC Weighting Method 
	Modeling Process 

	Case Study 
	Data 
	Wind Turbines Power Generation Performance Evaluation Results 
	Wind Farms Power Generation Performance Evaluation Results 

	Conclusions 
	References

