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a b s t r a c t

The capacity factor is an essential indicator in evaluating a wind turbine's efficiency. In this paper, four
kinds of power curve modelsdlinear, quadratic, cubic, and generaldare applied to estimate the capacity
factor of a pitch-controlled wind turbine based on the Weibull probability distribution of wind speed.
The general model is adopted for the first time in this issue. The wire-frame graph of capacity factor is
demonstrated for practical Weibull shape and scale parameters representing various wind farms. To
analyze the validity of the four empirical models, seven power output curves provided by different
manufacturers are selected for different operating speeds. The results show that a turbine generator
installed at a wind site with larger scale and shape parameters may show greater performance, but
limitations do exist. The capacity factors calculated from manufacturer data are far greater than those
from empirical models if the cut-in, rated, and furling speeds of a wind turbine are set as 4, 15, and 25 m/
s, respectively. Similar values from empirical models get closer to those from manufacturer data when
the cut-in or rated speeds decrease. The quadratic model shows better agreement with manufacturers'
power curves.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Due to the shortage of fossil fuels and the need to protect the
environment, the utilization of renewable energy is being paid
greater attention all over the world. In this context, wind energy is
one of the most promising energy resources. It can be converted to
electrical power through wind turbine generators. The amount of
electrical power generated by a wind turbine at a particular wind
farm depends on factors such as the wind speed distribution, tur-
bine specifications, turbine conversion efficiency, and the mainte-
nance situation [1e7].

The Weibull probability density function is widely used to es-
timate the wind energy potential [8e18]. When evaluating a tur-
bine's performance, the capacity factor, which is defined as the ratio
of average power generation of a turbine to its rated generation, is
usually employed in engineering practice [19e27]. There are basi-
cally two types of wind turbine generators on the market, namely
stall-controlled and pitch-controlled generators. In this research,

the pitch-controlled generator is studied. Fig. 1 shows typical po-
wer output versus wind speed [28,29]. The power output increases
with wind speed in the non-rated region between cut-in speed (vc)
and rated speed (vr), while the rated power remains constant in the
rated-region between the rated and furling speeds, vf (note that the
furling speed is called cut-out speed in some literature). The tur-
bine will be shut down to prevent damage if the wind exceeds the
furling speed.

For estimating the capacity factor, several empirical models,
such as the linear model [30], quadratic model [1e3], and cubic
model [22,24,25], were used to approximate the behavior of the
power output curve in the non-rated region in previous research
studies. However, these studies did not present detailed validity
comparisons between the models for various wind speed condi-
tions. In this paper, a validity comparison to another model (named
the general model) is incorporated, which is applied to the issue for
the first time.

Meanwhile, seven power output curves released by different
manufacturers will be selected for comparisonwith those empirical
models to determine the most suitable model (see Table 1). The
manufacturer data is demonstrated as a discrete series of power
values versus wind speeds. These values are fitted using a sixth-
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order polynomial to obtain a continuous curve before calculating the
capacity factor. All the calculationsof the capacity factor are basedon
theWeibull distribution of wind speed. Thewire-frame graph of the
capacity factor is shown for a wide range of Weibull parameters
representing different wind sites. In addition, the level of operating
speeds of a wind turbine might affect its performance and different
cut-in speeds and rated speeds will be discussed in the subsequent
analyses. By the method proposed in this paper, an engineer could
choose the best wind turbine for a given wind site or vice versa.

2. Weibull function

The Weibull function has commonly been used to characterize
the wind speed distribution. Its probability density function is
given as [8e18]:
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where v is the wind speed, k is the dimensionless shape parameter,
and c is the scale parameter, which has the same units as the wind
speed. The Weibull shape parameter reflects the width of data
distribution, and the larger the shape parameter is, the narrower
the distribution will be. The scale parameter controls the abscissa
scale of a plot of data distribution.

3. Turbine power output

The power output of a wind turbine generator can be expressed
as:

PðvÞ ¼ 1
2
CpAr v3 (2)

where Cp is the power coefficient of the turbine (i.e., electricity
produced by the wind turbine/total energy available in the wind), A
is the swept rotor area of the turbine, and r is the air density. For a
pitch-controlled turbine, the power output curve shown in Fig. 1
can be characterized by the non-rated region (for wind speeds
between vc and vr) and the rated region (for wind speeds between
vr and vf). In the rated region, the power remains constant and is
defined as the rated power Pr. The turbine is shut down when the
wind speed exceeds vf to prevent damage. The power curve can be
written as:

P
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where Pn(v) is the normalized power output value in the non-rated
region.

The average power yield, based on the Weibull probability
density function, is given by:

PavgðvÞ ¼
Z∞
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4. Capacity factor for different power curve models

The capacity factor (CF) is defined as the ratio of average and
rated power:

CF ¼ PavgðvÞ
Pr

(5)

Four empirical models and seven manufacturer-provided
models considered in this research are described below:

4.1. Linear model

For the linearmodel, the relationship between the power output
and wind speed in the non-rated region is linear (similarly, it is
quadratic and cubic for the quadratic and cubic models, respec-
tively). The normalized power output in the non-rated region, Pn(v),
is expressed as [30]:

Nomenclature

A sweep area of turbine rotor (m2)
ai polynomial coefficient
CF capacity factor, dimensionless
Cp power coefficient of turbine
c Weibull scale parameter, m/s
f Weibull probability density function
k Weibull shape parameter, dimensionless
P power output of turbine
Pavg average power of turbine
Pn non-rated power coefficient of turbine
Pr rated power of turbine
v wind speed, m/s
vc cut-in speed of turbine, m/s
vr rated speed of turbine, m/s
vf furling speed of turbine, m/s

Greek letters
r air density, kg/m3

G Gamma function
g incomplete Gamma function
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Tu
rb

in
e 

 p
ow

er
  o

ut
pu

t  
(k

W
)

VC Vr Vf

Rated
power

Non-rated  region Rated  region

Fig. 1. Typical power output curve of pitch-controlled wind turbine generator.
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