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Article history: Wind energy has played an increasingly vital role in renewable power generation, driving the need for
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monitoring systems have been implemented for wind turbines. This paper surveys these systems,
providing an analysis of the current state of turbine health monitoring and the challenges associated
with monitoring each of the major turbine components. This paper also contextualizes the survey with
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1. Introduction

The wind energy industry has grown quickly since the early
2000s. Global wind capacity reached close to 370 GW by the end
of 2014, with China alone installing over 23 GW in 2014 [1]. Wind
penetration has increased as well: in 2014, the U.S. state of lowa
generated over 28% of its electricity from wind power [2], and in
2013, wind supplied up to 68.5% of Spain's demand coverage [3].
Additionally, the European Wind Energy Association (EWEA) is
tracking plans for over 98 GW of offshore capacity [4], and offshore
wind is expected to continue to grow.

Some of wind energy's growth is due to increased public
awareness of impending climate issues; another factor is the
decreasing cost and increasing output of wind energy systems.
Yet another driver of growth has been government policy, such as
the adoption of renewable portfolio standards (RPSs) by a majority
of US. states, requiring utilities to obtain a portion of the
electricity they supply from renewable sources. The American
Wind Energy Association (AWEA) expects utilities to choose wind
to fulfill over 40% of all RPS requirements put in place as of 2013
[5]. With these factors contributing to increased demand, more
cost-effective solutions for wind energy are sought to meet this
demand and make wind even more attractive.

An emerging approach to reducing wind energy costs is to
make wind turbines smarter. Sensing systems deployed on each
turbine can collect data that could be used for a variety of
purposes. A number of such systems for wind turbines already
exist and provide benefits such as online health monitoring (HM)
and load mitigation. Many other uses for such systems can be
imagined, such as providing data to turbine control processes to
maximize wind farm efficiency. Because of this, HM and other data
collection systems are expected to play an important role in wind
energy's future.

In fact, as time goes on, HM of wind turbines becomes more
important and more attractive. Turbines have rapidly grown in

Fig. 1. Instrumentation of a gearbox bearing. Photo by Jeroen van Dam,
NREL 19680.

physical size, and correspondingly, in power generation. This means
that each turbine is becoming a greater source of revenue, and
mitigating downtime is becoming more critical. Additionally, larger
components are generally more expensive to maintain and replace.
More and more wind farms are being sited offshore, where remote
monitoring is particularly useful. And finally, wind energy is becoming
a larger part of the world's electrical generation portfolio, so wind
turbines are going to be relied upon for consistent operation more and
more. Therefore, increased interest in systems for smart wind turbines
is expected. This paper is intended to provide a contextualized,
practical introduction to these systems.

Existing surveys of HM for wind turbines tend to focus on
monitoring techniques [6-11], such as sensing technologies, with
minimal attention given to the systems perspective. Existing lists
of systems [12,13], while useful, are not intended to provide much
context about monitoring, and also do not cover academic and
research systems. Finally, existing surveys tend to either focus on
particular turbine components, or provide little context about for
which component a technology is suited. The goal of this paper is
to provide a comprehensive, component-by-component survey of
existing HM systems for wind turbines. Contrasting with existing
surveys, the primary focus is at the system level. Specific sensing
technologies and data processing techniques are discussed to the
extent required to contextualize the systems and discuss future
directions, but for more details on sensing technologies and
analysis techniques, readers are encouraged to refer to other
sources. This paper is also intended to provide context and high-
level background on HM and the challenges faced by industry and
researchers applying HM to wind turbines.

The remainder of this paper is organized as follows. The next
section provides background information on HM. Section 3 pre-
sents a discussion of the motivations for monitoring wind turbines
and an overview of the challenges and current state. Sections 4-7
examine challenges, existing systems, and the future for HM of
turbine nacelles, foundations, towers, and blades, respectively.
Finally, the discussion is concluded in Section 8.

2. Health monitoring

This section presents background information about HM in
general. As discussed in Section 3, the potential uses of a turbine's
sensing system are not limited to traditional HM. However, the
bulk of existing systems are designed for HM-related purposes, so
HM is discussed here to provide context.

The definitions of HM and related topics are not consistent in
the literature. In this paper, HM refers to the process of using a
sensing system to detect damage to an object, with damage being
defined as a change in the object's properties that adversely affects
current or future performance [14]. This paper defines condition
monitoring (CM) as HM applied to machinery, and structural
health monitoring (SHM) as HM applied to structures. This paper
distinguishes HM from nondestructive evaluation and testing
(NDE/T) by further defining HM as online, continuous monitoring
using a permanent or semi-permanent sensing system installation.
By this definition, an HM system could use NDE/T technologies for
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