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Abstract
The power performance characteristic of a wind turbine is defined by its power curve and resulting
estimate in annual energy production. It is a key attribute for validating the performance of newly installed
wind turbines, and the power curve is monitored throughout the wind turbine life cycle. This report
explains power performance, upgrading, and conventional measurement methods.
Wind farm stakeholders are keen on understanding the power performance of their wind turbines. The
manufacturers’ monitoring software allows the power curve to be tracked in real time. Deviations from
normal operation and underperformance can quickly be identified. However, these power curves cannot
be trusted for evaluating upgrades and particular changes made to the wind turbine. The power curve is
highly sensitive to small deviations in wind speed output of the nacelle anemometer. Upgrades which
impact the air flow at the nacelle will introduce significant wind speed bias in such power curves. Thus
owners are lacking appropriate tools for evaluating past events’ impact on power performance.
The focus of this work lies on testing an alternative approach to measuring change in power performance
using only historical wind turbine log data. Side-by-Side Testing as explained by Axel Albers was tested on
real wind turbine data. This method uses no wind measurements, but instead simulates the wind speed
using a deducted power relation to a neighbouring wind turbine and an assumed power curve behaviour.
This allows any change in power output to be tracked onto the power curve, relying only on power output
measurements.
A full power performance analysis was performed by constructing Side-by-Side Testing in Microsoft Excel
exclusively for this MSc thesis work. It was applied on a wind farm whose recent blade upgrade had never
before been analysed. Two neighbouring identical 2.3 MW wind turbines were considered for the analysis,
one which in May 2013 installed blade add-ons featuring serrated trailing edges to the blades. The analysis
was executed completely off site.
The power performance analysis was completed, producing meaningful results with known uncertainty
levels. The test results indicate an improvement of power performance throughout the power curve,
corresponding to an increase of 0.53% in annual energy production, at ±1.35% uncertainty. The analysis
needs further work and validation, as the power curve shows signs of artefacts. The complex wind farm
settings increase the uncertainty levels. The method could likely be tested in flat terrain or offshore with
lower uncertainty of results, targeting below ±0.5% uncertainty in annual energy production.
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Nomenclature
Abbreviations
AEP

Annual Energy Production

EoW

End of Warranty

IEC

International Electro-Technical Committee
Publisher of internationally recognized standards within wind power,
electrical and electronic technologies.

ISP

Independent Service Provider
In this specific document, ISP often refers to the independent servicing
companies of wind turbines.

O&M

Operations and Maintenance

OEM

Original Equipment Manufacturer
In this specific document, OEM generally implies the wind turbine
manufacturer.

PC

Power Curve, relation between wind turbine power output and wind speed

PPA

Power Performance Assessment

SCADA

Supervisory Control and Data Acquisition

Terms and Definitions
Accuracy

“Closeness of the agreement between the result of a measurement and a true value of the
measurand” – IEC

Precision

Closeness of two or more measurements to each other

Complex terrain

“Terrain surrounding the test site that features significant variations in topography and
terrain obstacles that may cause flow distortion” – IEC

Upgrade

To improve a wind turbine with respect to any aspect of functionality or
performance, for example: automatic lubrication, health monitoring,
extending life expectancy, or improving power performance.

Power Performance

“Measure of the capability of a wind turbine to produce electric power and energy” – IEC
The Power performance is often visualized as and represented by the power
curve, showing the electric power output at a specific wind speed.

Availability

A measure of how much a wind turbine was fully operational within a
period of time. Wind turbines often have availability above 95%. There are
two ways of measuring it: fraction of time operational [1] or fraction of
energy produced compared to potential yield [2].

Remote sensing techniques

Lidar, Sodar, RASS, Radar, Passive radio/micro wave [3]

Radar, Lidar, Sodar

Radio-, Light-, Sonic-, Detection And Ranging

RASS

Radio Acoustic Sounding System, often used as auxiliary system to Sodar.

Meteorological mast

Meteorological Mast / Tower, for measuring wind speed and other
meteorological properties.
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Standards of Relevance for This Work
IEC 61400-12-1 (2005)

The international standard for measuring power performance of wind
turbines, by the International Electrotechnical Commission. This standard
is widely used by the industry in power performance assessments and as
reference in warranty contracts.

IEC 61400-12-1 (new draft)

The upcoming revision of 61400-12-1 builds upon the previous version. It
will introduce the new rotor equivalent wind speed concept and ground-based
remote sensing will be accepted for measuring wind.

IEC 61400-12-2 (2013)

Addition to 12-1. Methodology to measure power performance using
nacelle-mounted anemometers. This standard is primarily deployed for
testing a number of wind turbines in larger farms.

IEC 61400-12-3

Proposed addition to 12-1. Describes procedure for measuring power
performance of a wind farm as a whole.

IEC 61400-12-4

Proposed addition to 12-1. Describes numerical site calibration, as an
alternative to the conventional meteorological mast site calibration.

MEASNET addition [4]

Adds supplementary conditions and steps to the IEC 61400-12-1 standard.

JCGM Uncertainty Guide [5] Extensive guide on uncertainty of measurements, in line with the IEC and
other current measurement standards and scientific experiments.
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1 INTRODUCTION
This chapter aims to explain the background of the thesis work and present the commissioner of the
project. The full scope of the project and the research methods are described.

1.1 Background
During the rapid growth of the wind power industry, many wind turbine manufacturers have been
focusing on manufacturing, delivering and installing new wind turbines. With the continuous deployment
of wind power, the resulting fierce competition in manufacturing and fall in wind turbine prices, even
well-established actors find that profitability in turbine sales are diminishing. The profitability has shifted
from selling wind turbines to servicing and after-sales. Many new actors have entered the after-sales
market, promising increased performance through upgrading and smart services. Predicting component
failure through health monitoring and improving aging systems are two strong trends.
The commissioner of this MSc thesis project is Greenbyte AB. The company is focused on storing,
monitoring and analysing wind turbine historical data. Greenbyte’s customers upload wind farm data to
their online database as a central hub for storage and access. Being able to further analyse production and
performance of wind turbines is of interest to their customers.
“Performance” is a widely used and rather ambiguous term used in the wind power business to indicate
how well a wind turbine performs. One cannot directly measure it, as it might mean increasing the life
expectancy, improving availability, or improving the power performance. A wind turbine’s power performance
can be visualized as a power curve, showing the power output as a function of wind speed. Along with the
availability, the expected production can be estimated given a certain wind characteristic. Power
performance is a clear measure of a wind turbine’s capability of producing electric power.
The owners of wind turbines strive to reinforce the levels of power performance promised by the
manufacturers. The availability is easily calculated, but power performance is more difficult. Testing the
power performance requires a well-planned testing procedure on-site. This is due to the difficulties
measuring the free-stream wind speed; installation of dedicated measurement equipment on-site is needed,
such as meteorological masts, Lidar or Sodar devices. Such expensive tests are done at the commissioning
of wind farms, and at important milestones of the wind turbine life cycle to determine how the wind
turbine is performing at a specific point in time.
Measuring change in power performance is a whole different issue. To know how the power performance
changes from an activity, two tests must be performed: one prior to the event, and one after the event.
Essentially, this means that there is no way for stakeholders to look back at something that have already
happened and measure the impact of an activity using conventional methods. Performing a full power
performance test is expensive, and using full power performance assessments for measuring the impact
from minor events such as servicing, gearbox change, minor upgrades is not economically justifiable.
In essence, wind farm stakeholders are dependent on SCADA data for identifying how past events have
impacted power performance. This puts wind turbine manufacturers and service providers in a power
position over the wind farm stakeholders. Owners can’t prove how certain events have impacted their
machine. The wind turbine manufacturer operator software and nacelle anemometer based power curves
are essentially the only tool for analysing past events.
This thesis work is concerned with understanding power performance, and the power balance between
wind farm stakeholders and manufacturer. It stands unclear how part-upgrading events are best evaluated.
This report intends to summarize the status-quo in the field and to find a suitable method for measuring
power performance impact of past events, and apply it on a real upgrading case, using wind farm SCADA
data available from Greenbyte. In the presented case, a wind farm installed upgrades to the wind turbine
blades in 2013, but the impact of the upgrade is still unknown to the owner.
-1-

1.2 Greenbyte and Breeze Production
Greenbyte AB is a young software company established in 2009 and located in Gothenburg, Sweden. The
company currently has 10 employees, but is recruiting to keep up with the rapid growth of the business.
As of September 2015, they employ 10 persons but manage data for an installed capacity of 2 000 MW of
wind power. This means that they have recruited roughly a third of Sweden’s total installed capacity into
their data management system during a total of six years active presence in the industry.
Greenbyte AB offers two different data management services specialized for the wind power sector:
Breeze Development is storing and actively collecting wind measurements data, from meteorological mast
and other resources; Breeze Production is their flagship product, focusing on wind turbine performance.
Breeze Production is a cloud-based data system which is actively collecting and storing data from their
customers. The wind turbine data is made available online via a purpose-made web-browser interface, see
Figure 1. The wind turbine operational data (SCADA) is thus accessible in real time anywhere on the
globe. Customers can monitor the details and production of individual wind turbines, status of entire wind
farms or the whole company portfolio. Data can be analysed directly in Breeze and generate reports, or be
downloaded for in-house purposes.

Figure 1. Breeze Production web-browser interface visualizing SCADA data.
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1.3 Full Scope of Work
The thesis work was initiated by Jonas Corné at Greenbyte AB, Gothenburg. The project consists of three
main parts, which were published as three separate e-books by Greenbyte:
1. Map upgrades for increasing power performance of wind turbines
2. Describe the dynamics between manufacturers and owners of wind turbines
3. Identify and test methods for measuring change in power performance using SCADA data
The purpose of the two initial parts was to improve understanding of power performance, upgrading of
wind turbines, and the power balance between owners and manufacturers of wind turbines. These parts
are included as literature studies in the report herein.
The MSc thesis focus is mainly concerned with the third part of the e-book series. The conventional
methods for testing power performance were explored through research of current standards. The goal
was to find a method for measuring change in power performance using only data recorded by the wind
turbine (SCADA data). Through interviewing, the Side-by-Side Testing method by Axel Albers at
Deutsche WindGuard was discovered. This methodology was reproduced in Microsoft Excel exclusively
for this thesis work, to be tested on a real case.
The impact a blade add-on installation had on power performance was never at the time evaluated, but
was analysed in-depth in this study.

1.4 Key Objectives
The main objective of this thesis and report was:
-

To identify a method for evaluating power performance from historical SCADA data.
To apply and test the method on real wind turbine field data supplied by Greenbyte.

1.5 Research method
E-book 1

Subject: Define power performance; Upgrading of power performance.
Twelve of the largest wind turbine manufacturers established on the international market
have been studied, along with other actors within the performance optimization field.
Primarily through research and interviews, the different areas of performance upgrading
were mapped.

E-book 2

Subject: Relationship: owner – manufacturer of wind turbines; Main obstacles that hinder upgrading.
The second e-book was heavily interview-based, mapping attitudes and problem areas of
upgrading. In addition to interviewing online resources were used, concerning warranty
and servicing contracts, guides on servicing, and articles on independent service providers
and their role in the market.

E-book 3

Subject: Power performance testing; To measure change in power performance using only SCADA data.
Several companies working with power performance assessment services were contacted,
including: International Electro-technical Committee (IEC) standard developers; Lidar and
Sodar companies; wind turbine manufacturers and independent service providers. The
current IEC and MEASNET wind measurement standards were detail-studied (See
standard reference list in Nomenclature).
The Side-by-Side Testing method presentation was shared by former IEC committee
member Jan-Åke Dahlberg [5], and further explained by its author Axel Albers [6] [7].
-3-

2 DEFINING POWER PERFORMANCE
“Performance” is an ambiguous term that is used to describe improvements of wind turbine
operation in most every way. This arbitrary term could imply reduction of load and wear, lower
noise levels or increasing energy production. A more accurate term to describe the power
production capability of a wind turbine is power performance.
The International Electro-technical Commission (IEC) defines power performance as a “measure
of the capability of a wind turbine to produce electric power and energy”. [8] The power
performance characteristics specify the wind speed to energy production relationship of a wind
turbine, disregarding other performance factors such as availability. The power performance
characteristics of a wind turbine is primarily manifested by the power curve. The power curve can
be used to estimate the energy produced.

2.1 Visualizing Power Performance: The Power Curve

Power Output

For this study, the power curve will be used as the basic framework for evaluation of power
performance of a wind turbine. The power curve is a simple visual representation of a wind
turbine’s power performance, displaying power output for every given wind speed. A typical
power curve characteristic is depicted in Figure 2.

Wind Speed
Figure 2. Typical power curve characteristic.
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There are several different terms which are commonly used for describing the different key
points and ranges of the power curve. These are marked out in Figure 3 and explained below to
be used as a frame of reference throughout this report:
Cut-in

The wind speed at which the wind turbine starts producing power,
and connects to the electric grid.

Knee of the power curve

The bend of the power curve, right before the wind turbine reaches
rated power.

Cut-out

The wind speed at which the wind turbine cannot operate safely
anymore, and is forced to shut down.

Rated/nominal power

The upper limit of the power curve, and maximal power output of
the wind turbine. This is delimited by the mechanical and electrical
limits of the components.

Part-load range

The range of operation at which the wind turbine is not yet at full
power. This is the focus area for increasing efficiency.

Full power range

The range of operation at which the wind turbine has reached full
power. The machine is pitching the blades to keep constant power
output, to keep within the designed load limitations of mechanical
and electrical components.

Cut-out

Power Output

Cut-in

Rated Power

Knee

Part-load range

Full power range

Wind Speed
Figure 3. Typical power curve and common terms of reference.

-5-

2.2 Power Performance Characteristics
The wind turbine power performance characteristics are determined by two main attributes: the Power Curve
(PC) and the estimated Annual Energy Production (AEP). These are the main results of a power
performance assessment.
The Power Curve (PC) is describing the wind turbine net active electric power output as a function of
wind speed. Power curves are normalized to a certain air density, and can only be expected to be accurate
within its given reference conditions (turbulence levels etc.). Site conditions such as wind characteristics,
terrain impact on the wind flow, and wake interaction significantly affect the performance. Determining
the power curve accurately without bias from site-specific conditions is complex.
The estimated Annual Energy Production (AEP) is calculated from the power curve, by applying a
series of different wind distributions. In the IEC standards, AEP is calculated for 4, 5, 6, ..., 11 m/s
average wind speeds using Rayleigh probability distributions. These estimations are based on 100%
availability of the wind turbine, to keep the estimate free of other performance factors. The resulting
estimate of AEP does not reflect the actual expected production, but is used as a frame of reference.
Figure 4 shows the estimated AEP based on a 2.25 MW wind turbine power curve and average wind
speeds of 7 m/s.

Figure 4. Energy production is estimated combining a power curve and wind probability distribution.

When comparing PCs and estimated AEPs, it is important to keep in mind how the analyzed data is
filtered and what measurement method was used; There are often considerable hysteresis effects at cut-in
and cut-out which may or may not be included.
Power performance testing reports also include information on power coefficient at different winds. In
advanced power performance characteristics testing, performance may be evaluated with respect to several
different properties such as different wind turbulence, -veer, -shear, and -direction.
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3 UPGRADING POWER PERFORMANCE
The power performance is not constant over the lifespan of a wind turbine. Performance is
slowly degenerating over time, partly restored or improved as parts are changed, and controls are
updated. This chapter categorizes these events and how they impact the power curve. This chapter
is a compilation of upgrade types and their impact on the power curve discovered through research and
interviews for the first e-book (see APPENDIX 1 – INTERVIEWEE LIST, FIRST E-BOOK).

3.1 Upgrades to Different Regions of the Power Curve
There are different factors limiting the power output at different regions of the power curve. A
specific upgrade often targets a certain range of operation. The three main areas of improvements
are depicted in Figure 5.

Power Output

2

3

1

Wind Speed
Figure 5. Power curve, main three ways of improvement.

1. In the part-load range, the power performance is dependent on the overall efficiency of
the whole wind turbine. Essentially every subsystem that impacts wind turbine operation
can be upgraded to improve efficiency. Aerodynamic performance is one key focus area
commonly targeted for improving part load efficiency.
2. In the full-load range, the power performance is dependent the wind turbine’s max
capacity and safe operation under high loads. It’s important to minimize thrust and other
forces, mitigate loads, and to operate close to the hardware limits to utilize the full
potential of the wind turbine. The nominal power is limited by the loading capacity of the
hardware. If there is a certain system limiting the loading of the machines, upgrading key
components might allow for power uprating. Given that a wind turbine is not fully
optimized and there is untapped potential due to favorable conditions, the controls could
be adjusted to allow operation above the original design limits.
3. Extending the range of operation is also limited by the hardware capacity. However,
improving the operational range of a wind turbine is to a larger degree possible by adding
enhanced or smart features to ensure safe operation and shut-down at high wind speeds.
-7-

Loads and forces can be reduced by smart controlling of pitch and rotational speed, as
well as gradual ramp-down and smart shut-down features at high wind speeds. However
the cut-in speed is often fairly set – such adjustments have marginal effect on the energy
production.

3.2 Wind Turbine Upgrading Concepts
To be able to discuss upgrades and their impact on performance of a wind turbine, it is important to share
a common ground on basic concepts. The terminology of upgrading often overlaps, and the marginal
differences are easily confused. These are some of the most commonly used expressions:

Upgrade

To improve a system, either by updating or replacing key components.

Retrofit (fit in retrospect)

A means of upgrading a system, which implies adding new components or
features in retrospect to it. Retrofitting a system can denote either replacing
it or adding additional equipment to it.

Recondition / refurbish

To restore a system to original condition and functionality; worn-out and
damaged components are replaced.

Overhaul

To make an extensive inspection and reconditioning of a system, often
associated with a complete disassembling and reconditioning of a wind
turbine.

Modernization

To modernize a system is to bring it up-to-date.
A wind turbine modernization often denotes a complete system overhaul and
reconditioning, as well as major retrofitting of control systems.

Repower (re-equip)

To remove old wind turbines and fit new wind turbines in their place.

3.3 Power Performance Enhancing Activities
Studying the solutions available on the market and interviewing people in the industry, the most common
power performance enhancing activities of manufacturers and third parties were identified and
categorized. These are not all common upgrades meant to upgrade power performance, but rather
activities that might impact it. This work is summarized in Table 1. The most pronounced effects on the
power curve are indicated for each activity.
Table 1. Types of upgrading activities, sorted in categories, and typical impact on power performance.

Categories
Improve wind turbine controls

Activities

Power
uprate

Control system updating
Wind farm control
Pitch control
Intermittent wind energy capture
Handle high wind speeds

Tuning and optimization

Site specific tuning
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Part load
efficiency

Range of
operation

Individual turbine tuning
Nacelle misalignment

Aerodynamic performance

Blade add-ons
Increase blade size
Blade cleaning / restoration

Retrofits and modernization

Overhaul and modernization
Retrofit control systems
Retrofit drivetrain components
Retrofit electrical systems
Grid compatibility
Restoring power performance

3.3.1 Improve Wind Turbine Controls
The control systems of wind turbines are often continuously upgraded throughout the lifespan. The
software can be updated as often as once a year as long as the wind turbine is relatively modern, while
hardware updates are only done if really needed or as part of major modernizations. Changing the controls
of the wind turbine affects the whole range of the power curve:
Wind farm control, or wind sector management, means that individual turbines are adjusted independently
depending on turbulence or loading in different wind directions.
-

Up-rate turbines in low turbulence conditions (winds from flat terrain / water)
De-rate turbines subject to wakes or turbulent conditions, and reduce wake effects onto other
turbines

Individual pitch control is today standard on megawatt wind turbine and enables rapid control adjustments in
real time. Each blade is controlled individually during each rotational cycle to account for variations in
wind speed at lowest and topmost positions of the blade. Smart pitching is key for improving efficiency
and mitigating loads. Work lies in optimizing the operation in several aspects, including:
-

Maximizing wind energy capture, accounting for wind intermittency, gusts and special conditions.
Minimize thrust forces and loads transferred to the main shaft and drivetrain
Minimize loads and wear on the pitching mechanism itself to avoid fatiguing

Implementing smart control features may allow gradual ramp-down of power at extreme wind speeds
instead of shutdown, and enduring unexpected operating conditions such as icing, lightning, power
blackouts, or grid instability.

3.3.2 Tuning and Optimization
In the past decennia, wind turbines have been designed and optimized for operation in certain standard
conditions. Wind turbines were essentially designed according to a limited number of wind speed and
turbulence classes. Thousands of wind turbines have been installed world-wide in very different settings.
Wind turbines which were designed for the same operating conditions, experience much different climates
and operating conditions – even turbines within the same site can be loaded much differently.
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Site specific and individual turbine tuning of wind farms can make considerable improvements to
operation and performance. It allows each wind turbine to be operated much closer to its true limits in its
actual setting, reducing loading peaks and wear. Many old wind farms are subject to optimization projects
as owners seek to improve the proficiency of their assets.
Site specific tuning of wind turbines adjusts the control parameters to the conditions of the wind farm on
a general level:
-

Wind characteristics (wind speed, turbulence)
Weather, climate and atmospheric conditions (temperature, air density, icing)
Seasonality and variations in time

Tuning of each individual wind turbine can be done with regards to:
-

Wind sector management settings (wake effects, surrounding terrain and topography)
Operational characteristics (health condition, component loading, historical data)

A recent optimization trend is correcting misalignment of yawing/nacelle direction. Measuring how the
wind turbine is facing the winds, corrections can be made to the controls to adjust for misalignment. This
is usually done using Lidar or rotor-hub mounted sonic anemometer.

3.3.3 Aerodynamic Performance
In the part load range of operation, wind turbine power performance depends heavily on the rotor swept
area and its aerodynamic performance. Changing blades to longer ones is generally not feasible as it
increases the loading forces on bearings and the drivetrain considerably, but it’s not unheard of. Instead,
the aerodynamic performance is targeted for improvement by enhancing aerofoil aerodynamics, increasing
rotor speed, and improving pitch control.
One currently popular type of blade retrofit is fitting add-ons to the blade surface. Aerodynamic modules
can be retrofitted for improving aerodynamic performance with regards to lowering noise and improving
energy capture. These are the most common types:
-

Vortex generators
Trailing edge serrations
Blade cord extensions
Tip shape / winglets

Another way to improve aerodynamic performance is restoring degraded aerodynamics. For wind turbines
in exposed environments, the blades may over time be worn or build up dirt and debris to such a degree
that it affects the operation. Proper blade washing and maintenance may have noticeable impact on the
aerodynamic performance.

3.3.4 Retrofits and Modernization
Wind turbine modernization is a major procedure, including complete shutdown and at least partial
dismantling of the turbine. All major components are reconditioned or exchanged, and the machine is
often retrofitted with new up-to-date technology and functions. In connection with refurbishing
components, design improvements and smart tweaks can increase the loading capacity of original
components. Bearings, blades, pitch-control, gearbox, electrical systems are often revised. It is common
that control systems undergo major retrofits or get completely exchanged.
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Modernizing a wind turbine is a major reinvestment in the machine, and is mainly done to extend the
lifespan of the wind turbine. Along with all the technological improvements, power performance can be
improved in the whole range of the power curve.
Retrofitting specific bottlenecking components or outdated systems may improve performance.
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4 OBSTACLES THAT HINDER UPGRADING
Wind turbine manufacturers (OEM) are in a knowledge advantage compared to owners and Independent
Service Providers (ISP). Wind turbine data and tools to control and understand wind turbines are not
disclosed to third parties. Owners are in a position with limited insight how their wind turbines are
affected by performance impacting activities, since tracking the power curve based on SCADA data may
render erroneous results. This hindrance was the topic of the second e-book.
Key issues experienced by people in the industry were assembled through interviews with wind power
actors: OEMs and ISPs, small and large-scale owner groups, consultancies, and third party product
providers. Interviewees were all asked about the power balance between owner and manufacturer, and
what they considered to be the foremost limiting factor for upgrading of wind turbines.
This chapter is a compilation of the experiences and personal views on upgrading discovered through
research and interviews for the second e-book (see APPENDIX 2 – INTERVIEWEE LIST, SECOND
E-BOOK ).

4.1 Top 5 Constraints to Installing Wind Turbine Upgrades
All interviewees were asked what they considered the foremost limitation to what they could do with their
wind turbines – modifying settings, installing new features or upgrades. Which factor is limiting the
possibilities of improving performance the most? Some issues and limiting factors were mentioned more
frequently than others. The most commonly pointed out issues were condensed into the following top
five items:
1.
2.
3.
4.
5.

Warranty contracts
OEM approval and support
Upgrade consequences and risks
Owner economic position and upgrade costs
Investor interest and proof of returns

4.1.1 OEM Warranty
The OEM warranty contract is frequently brought up as the foremost limiting factor. In general OEMs
seem very reluctant to involve third party products in their turbines, machines under warranty are
practically bound to the OEM product portfolio. To a large extent performance related upgrades are
related to control systems, and therefore also the work of the OEM. There are a few upgrade types that
have been implemented in wind turbines under warranty, according to individual interviewees:
-

Vortex generators
Safety related equipment
Condition monitoring systems
Lubrication and filtering systems
Yaw misalignment corrections

Getting approval for third party installations on wind turbines under OEM warranty is described as very
difficult and next to impossible for completely new machines. Certain types of equipment may be up for
negotiation, if the client makes a very strong case for the upgrade. These aspects were said to improve the
chances of getting approval:
-

Customer authority and importance, likelihood to make new investments
Stand-alone equipment solutions, with minimal impact on the wind turbine operation
That the product has good track record, from a trusted and well-known manufacturer
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-

That the upgrade is of evident importance to the customer
Involving the OEM at an early stage, transparency and explaining the upgrade impact

Especially for suppliers of independent products and services, the warranty is a major issue as it excludes a
major owner group from their business, essentially all owners of new machines. There is little that can be
done, as the OEMs have the final say during warranty. Many interviewees tend to show a certain
understanding towards this policy due to the issues with having several companies involved in the
machine. Owners see it as a known trade-off when choosing the OEM as service provider.

4.1.2 OEM Approval and Support
It is a common perception that the OEMs do not provide sufficient support in events of installing third
party equipment. Cooperation and support are often necessary for installations, as OEMs hold back on
technical documentation and limit many aspects of controls and software access. Opinions on OEM
approach and helpfulness differ and are very case-specific, usually depending on turbine brand.
The interviews imply that the OEM support is lacking throughout the whole collaboration process with
independent products and services. These factors were brought up:
-

OEM acceptance / approval of a particular upgrade
OEM cooperation and support
OEM compete in after-sales – counteracting interests and actions thereby
OEM unwilling to service third party equipment – owner needs additional service contracts

4.1.3 Upgrade Consequences and Risks
One of the most important factors holding back owners from investing in third party products is the fear
a negative impact on the wind turbine. Risks that an upgrade will introduce faults and stops to the wind
turbine and impact the stability of operation are major concerns, as well as risks of causing physical
damage or affecting life expectancy. Wind turbines are already considered to be carefully optimized, thus
the fear of downtime weighs heavier than potential benefits.
Aside of malfunction risks, there are concerns with how third party installations may affect contractual
agreements and insurance liability of the machines. Small-scale owners tend to choose the safest route and
stick to OEM products to avoid these kinds of issues. Contractual impact of appears to be a grey zone,
even for experienced actors.
Introducing additional equipment in a wind turbine aggravates fault liability allocation. If the new
equipment may potentially affect the wind turbine operation, the inherent risks must be properly defined
and priced. These must be agreed upon by all involved parties. Every new installation can potentially add
another counterpart for the service provider to negotiate with in events of failure. This is one of the main
concerns with installing third party equipment for service providers, ISPs and OEMs alike.

4.1.4 Economics and Owner Interests
The economic situation of the owners and investors are major constraints to upgrading. Generally, this
goes hand in hand with the economic climate of wind power in the specific region, governed much by the
national electricity price and regulations. Tougher finances of owners force an even more conservative
investment strategy than what is already a fact in many sectors of the industry.
Owner and investor conservatism is considered a constraint from product and service providers’ points of
view and correspondingly owners view costs and proof of return as limiting factors.
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One investor explained their interest in upgrading to depend decisively on site-specific proof for the
upgrade to work as advertised. Unless that was available, they would propose doing an on-site evaluation
pre- and post-upgrading using a test turbine. Regardless of any professional and independent product
assessment, they would demand proof, for their specific site, beyond all reasonable doubt that:
-

The upgrade will make a difference and perform according to promises
The upgrade will not impact the turbine’s performance or condition over its lifetime

Since many actors are under great pressure to increase their revenue stream and OEMs depend heavily on
the after-sales, there is a lack of trust related to promises of results and benefits. This is a major hold-back
for investing in upgrades for turbine health, availability and power performance. It can be difficult proving
the benefits in advance and quantifying the results in retrospect. For the same reasons, sharing yield
improvements of upgrades are criticized for being complicated and hard to calculate.

4.2 After-Sales Bound Up by the Manufacturers
Operations and Maintenance (O&M) and after-sales for operational wind farms are crucial for the wind
turbine manufacturers’ business. The margins on turbine sales are tight, and many manufacturers have set
their hopes on the O&M and after-sales markets, in which margins are significantly better. However in
recent years OEMs have lost ground on the wind farm O&M market, as independent service providers are
offering alternatives for the owners, and experienced large-scale power producers are seeking in-house
solutions. [9]
In response, many manufacturers are working to incorporate comprehensive servicing and warranty
policies in connection with turbine sales. Long lasting contractual agreements tie the customers to the
OEM, effectively securing control of servicing, spare parts supply chain and upgrades. OEM servicing and
warranty contracts are often 10 years long with 5 and 10 year extension options, at which time the
customer completely relies on the OEM and gradually builds up dependency.
There are other views as well. Some interviewees thought that the ISP alternatives on the market motivate
OEMs toward a more transparent and accommodating approach to customers through reporting,
personal contacts and a more open dialogue. Small-scale owners experience a better approach with regards
to small-scale sales offers, as well as improvements on the service side.
Improving service is important for the OEMs to keep the customers within their aftersales machine,
which is their primary cash cow. Whole fleets of wind turbines can be managed by centralized operation
and service centres. The OEMs can reach through to thousands of owners with new products, services,
and upgrade packages, by utilizing their base of thousands of turbines.

4.3 Turbine Manufacturers Inhibit Independent Actors
Several interviewees point out the operations and maintenance (O&M) business as a keystone to the
turbine manufacturers’ business survival, and naturally the independent competitors are not freely invited
in. Several interviewees experience the turbine manufacturers to be actively blocking out ISPs from the
market, by making it difficult to service their wind turbines and obstructing new actors from entering the
market. Others reflect a more neutral view. Third party companies report difficulties getting their products
accepted and implemented in OEM managed wind farms. The turbine manufacturers have different
approaches and the issues pointed out below should be regarded as specific cases and individual
experiences, rather than universal facts.
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4.3.1 Limited Technical Documentation
As direct competitors, ISPs face an array of disadvantages compared to the OEM. Limited access to
technical documentation necessary for certain service jobs is one of the key issues ISPs face. This is
especially an issue for new models, and it often takes at least a few years to get hold of proper servicing
documentation. Certain O&M jobs are simply not possible to do without the proper documentation, as
these can cause damage the machine. One interviewee point out that restricting information which may
compromise the service personnel’s safety, may be in conflict with the norms of the EU Machinery
Directive.

4.3.2 Special Tools Necessary for Servicing
Some OEMs have introduced special servicing equipment that is necessary for servicing the machines,
such as communication devices for checking turbine condition or special tools for making servicing easier.
Special servicing equipment is either very expensive or not for sale at all. The corresponding repair job
may instead be sold as an OEM service. Custom-making these special tools through other manufacturers,
may cost considerably more than the associated components.

4.3.3 Limited Data Access
Another aspect is the restraint to data, software, and control systems access. Getting software updates
which are commonly installed in the wind turbines can be difficult. The OEMs are considered very
reserved and the service provider needs good relations and contacts at the OEM. ISPs struggle to get hold
of software and appropriate access for properly managing the wind turbines. However, this is a delicate
issue, because of intellectual property and the fact that data and software spreads easily. In-depth control
access reaching actors with insufficient understanding of the wind turbines, can have severe consequences.

4.3.4 Spare Parts
Another aspect limiting ISPs is the access to spare parts. Among different turbine manufacturers, the
supply chain philosophy and suppliers relationship varies. The situation may look very different for
turbines based heavily on standardized products versus turbines using many customized components.
Some OEMs are making it difficult for their sub suppliers to sell components to third parties, while others
are moving in the opposite direction.

4.3.5 Third Party Products
Besides the usual conservatism regarding innovative products, there are examples in which OEMs are
simply not willing to cooperate at all. Regarding yaw alignment optimization, OEMs show very different
approaches. Often the measurement data and proposed corrections are simply double checked and
adjusted for, but in certain cases OEMs are not willing to adjust any parameters based on third party
proposition. What should be an easy fix is simply denied while the turbine is within warranty and the
OEM will not compromise. There are also cases in which technology is declared erratic to owners, lacking
proper support.
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4.4 Industry Conservatism Obstructs Innovation
A common view of interviewees was that the wind power industry is conservative, a bit withdrawn, and
protective about intellectual property. In the fierce competition, many actors are still seeking to find their
place in the maturing industry, causing tension in communication and distribution of information. Some
view the wind industry as being inflexible and square, tending to be reinventing the wheel.

4.4.1 New Technologies Struggle to Break Ground
New and innovative technology can have a hard time breaking through in the wind power industry. There
is also a widespread conservative attitude towards innovative technology – new solutions are simply not
trusted in the risk-averse industry and investors are worried how it may affect other turbine functions. Key
attributes looked for by investors are whether it is a proven technology, and if it has a long track record.
For new and innovative technology, the answer is of course no, and especially smaller players struggle
breaking through the barrier to establish an initial track record.
As a result to the general careful approach to new technology, much time and effort must be put into
proving new technologies. Some companies pour considerable amounts of resources into getting their
technology assessed by independent actors for verifying the technology and gaining support that the
solutions are reliable.

4.4.2 Condition
Policies

Monitoring

Obstructed

by

Conservative

Insurance

Another example is condition monitoring systems (CMS). Many insurance companies work in the way
that only direct failures and component breakdowns are covered by their policy. Preventive maintenance
is mostly not covered by insurances, meaning that fixing components which are not completely worn out
and in need of reconditioning or replacement are not covered. Consequently, to some owners mitigating
breakdowns is not actually beneficial to the business. Improving preventive maintenance through, for
example, CMS can benefit all involved parties, provided that the underwriters are open for negotiation.

4.4.3 OEMs Capitalize on Knowledge Advantage
One of the key competitive advantages of the OEM is knowledge. Aside from protecting important
technical information and intellectual property, the control of information has several advantages. It is a
beneficial position for the manufacturer, in which both after-sales competitors and owners become very
dependent on them.
The knowledge high ground is a critical advantage against the ISPs in the servicing market, as jobs without
the proper technical documentation is impossible. It is a direct benefit to keep the information in-house,
as this means they alone have the full technical details of the machines for servicing and developing new
products. For independent actors this means a continuous struggle and a major competitive disadvantage
versus the OEMs, as they lack proper documentation for newly introduced wind turbine models.
Owners’ lack of information makes them very dependent on the turbine manufacturers, who have
established themselves as the principal hub for information. Owners recognize their lack of knowledge
compared to the OEM as an issue. The one-sided information leads to:
-

Primarily OEM solutions are presented, and feasible alternatives are not always known.
Information on wind farm performance is only seen filtered through the scope of the OEMs
programs and software. Many owners lack the tools for accessing unbiased information on their
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wind farm operational data, turbine health condition, and performance is only available through
the OEM.
SCADA data and system access are often limited and only reluctantly provided at the End of Warranty
time-scale (EoW). To be able to maintain wind farms independently after the EoW, all necessary software
and data access must often be negotiated into the agreement right at the start, in the initial sales contracts.
A common view among the interviewees is that the OEMs are not particularly fond of disclosing
information on their wind turbines. It is of great concern that any sensitive data would be distributed.
Many consider the OEMs to be particularly concerned with data and information which may reveal any
issues or shortages with the machines, by condition monitoring and SCADA data.

4.4.4 Issues Proving Upgrade Results
One of the primary issues with upgrading is that it is often hard to demonstrate results with regard to
turbine condition and performance. Unless the expected results can be proved in advance of the
installation, many investors will back out if there is no hard proof that they will get returns on their
investments.
For example, one cannot easily prove the case-specific life span impact of lubrication or filtering systems
or that condition monitoring prevented a particularly costly breakdown. Statistically, one can surely see
and prove improvements, but in specific cases there is no way to quantifying the actual result.
Likewise, disputes can arise in retrospect when verifying and quantifying the resulting performance gain.
One typical problem area is proving power performance – the power output at a certain wind speed. Even
though the power curve is easily accessed by any owner from their SCADA data, this representation is
flawed. The turbine anemometer is mounted on the nacelle in the wake of the blades which makes the
accuracy of the readings unreliable. No matter how precise and accurate the anemometer is, the
positioning introduces major uncertainty. Due to the high uncertainty, the standard turbine anemometer
readings cannot be used for proving any underperformance in a legal process.
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5 TESTING POWER PERFORMANCE
Power performance tests are well planned procedures performed by an unbiased third party. These tests
often take about 3 months. The only real difference between the traditional testing methods is how the
wind speed is measured, namely using meteorological masts, Lidar, or Sodar. Essentially all proper tests
with good uncertainty levels require a meteorological mast, either as primary measurement device or as
reference for other measurement equipment to be calibrated.
The most accurate method is considered to be a full test according to the International Electro-technical
Committee (IEC) standard 61400-12-1 [8], which requires a meteorological mast in close vicinity to the
tested wind turbine. To achieve good uncertainty levels in this test, calibration of the wind conditions at
the site is needed prior to the erection of the wind turbine. This is called “Site Calibration”, correlating the
wind speed at the wind turbine location and the meteorological mast location. This is done with two masts
prior to the erection of the wind turbine.
All things considered, testing in compliance with the IEC -12-1 is a complex and expensive procedure. Yet
this is by far the most commonly used method for testing wind turbine warranty contracts, usually it is the
only accepted method for proving the guaranteed level of power performance. The IEC -12-1 code is
considered the most accurate and reliable method of measurement.
Power performance assessments serve several important purposes:
-

-

-

Determine a baseline or “as-built” power performance shortly after erecting the wind turbine
 Owners check that the wind turbine performs as warranted by the manufacturers
 Prove compliance with regulations and project permit constraints imposed on
the wind farm
 Reflects the true level of full performance of the wind turbine at this specific site,
which works as a reference for what the turbine should be able to produce.
 Used throughout the life-cycle for monitoring
Test wind turbine power performance later in life-cycle
 Renew baseline power curve
 Identify underperformance
 Quantify underperformance (if baseline power performance was tested)
Power performance assessments are generally:
 Creating valuable information on the actual performance in-site for both the
owner and manufacturer
 Maintaining balance in the owner-manufacturer relationship
 Increasing certainty of production, and increases asset value. [10]

Proper testing of the power performance is done on most new wind farms right after commissioning,
however in large wind farms often only a few wind turbines are actually properly tested; Complimentary
methods are sometimes used to make sure the rest of the wind turbines are not underperforming
significantly. One approach is using nacelle-based anemometry according to the IEC standard 61400-12-2
[11], allowing a whole wind farm to be roughly tested using only one meteorological mast for calibration.
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5.1 Measuring the Power Curve
The power curve consists of primarily two input variables: wind speed and power output. The Method of
Bins is used to average the power output in 0.5 m/s wind speed bins. Each wind speed bin is
characterized by an average wind speed, and an average power output with standard deviation. The
binning process of a power curve is visualized in Figure 6.

Figure 6. A power curve is constructed from raw wind and power data.

Measuring the electric power is no challenge; however determining the free-stream wind speed is a bit
more complex. The uncertainty of testing in compliance with the IEC Standard 61400-12-1 in flat terrain
lies at around 5% of the Annual Energy Production (AEP) and at 8% in complex terrain [12], of which
the wind speed constitutes the largest part by far.
The net active electric power output is measured between the wind turbine and the electrical
connection excluding any self-consumption. In power performance assessments it must be specified
whether it is measured before or after the transformer. Measuring the power output of a wind turbine is
no concern, as even the standard power transducers of wind turbines often offer high accuracy sufficient
for most purposes. The uncertainty in power output is almost negligibly small, compared to the wind
measurements.
The wind speed of the power curve is the undisturbed free-stream wind speed at hub height, normalized
for a certain air density. This is the most common definition, and the one used in the current IEC 6140012-1 standard (2005). The upcoming update of the standard introduces a concept known as “rotor
equivalent wind speed”, which takes into account the wind veer, shear, and inclination angle.
The wind speed is by far the largest source of uncertainty in power performance assessments. Strictly
speaking, there is no free-stream wind to measure at the wind turbine position after the wind turbine is
erected. The wind flow is distorted by presence of the wind turbine, which decelerates the flow
considerably when operational. As a result, the wind speed measured at the nacelle of the wind turbine
cannot be directly used. This has given rise to several different approaches to measuring the wind speed.
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5.2 Measuring the Wind Speed
The free-stream wind speed at the wind turbine position is an abstract concept, and it cannot be directly
measured. As a result there are several different approaches to its proper evaluation. The most common
wind sensors applied in wind power are the classical cup and vane anemometer, sonic anemometer, Sodar,
and Lidar.
Meteorological masts employ primarily classical cup and vane anemometers. These are the most trusted
and well suited wind sensors for meteorological masts. Auxiliary sensors such as heated sonic
anemometers may be present in environments with icing risk. In the wind power industry meteorological
masts are preferred to be hub height (about 80m), to avoid the need for extrapolating wind speed from
lower heights. Else, the wind profile must be well known. Shorter 60m masts are common since they are
considerably cheaper. For measuring the full wind profile over a wind turbine, very tall and expensive
meteorological masts are required with at least 3 wind measurements at different heights. Meteorological
masts are the most trusted way of measuring the wind speed. Therefore, they are often used as reference
when calibrating remote sensing devices.
Nacelle-mounted anemometry is either cup and vane or sonic anemometers, in different set-ups. There
are typically two existing anemometers for the turbine controls, and for power performance testing a new
anemometer dedicated for this task is installed on the centreline of the wind turbine nacelle or rotor hub.
The positioning of the anemometer makes a large difference as to how the anemometer gets influenced by
the wind turbine itself. Since an anemometer based on the nacelle is not actually measuring the free-stream
wind speed, but a wind speed slowed down by the presence of the wind turbine, the measurement must
be corrected. The correction function which correlates the measured wind speed at the nacelle, to the freestream wind speed is called Nacelle Transfer Function (NTF). This function is individual for each wind
turbine, deviating depending on turbine model, nacelle geometry, exact placement of the anemometer, and
different terrain/environmental settings. Establishing, calibrating, and verifying a NTF for a wind turbine
requires a reference meteorological mast. [11]
Remote Sensing Techniques used for wind measurement are Lidar, Sodar, Radar, RASS, and passive
radio/micro wave detectors. For wind power applications, primarily Lidar and Sodar systems are of
practical interest.
Lidar systems are generally rather small, and can typically be carried by a person. These
can be installed on the wind turbine nacelle or rotor hub for measuring the wind
horizontally, or on the ground for measuring vertically.
Sodar systems are significantly larger than Lidar, typically transported on a car-driven
trailer. Sodar systems might be equipped with auxiliary RASS units. Sodar is used for
vertical measurements from the ground.
Figure 7 on next page summarizes the most common power performance testing set-ups, with regards to
wind speed measurements:
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Figure 7. Methods of conventional power performance assessment.

The power performance testing methods referred to in Figure 7 are explained below:
A – Meteorological mast
A meteorological mast is set up in the vicinity of the wind turbine, measuring the wind
speed at hub height. The mast is set up at about 2-4 rotor diameters distance from the
wind turbine, to avoid the wind speed induction zone of the wind turbine.
Standardized method for measuring power performance: IEC Standard 61400-12-1.
B – Nacelle-mounted anemometer with calibration meteorological mast
A meteorological mast is set up as calibration reference for the nacelle transfer function,
every identical wind turbine in the wind farm is tested using nacelle-mounted
anemometers.
Standardized method for measuring power performance: IEC Standard 61400-12-2.
C, D – Ground-based remote sensor with calibration meteorological mast, long, short
Ground-based Lidar or Sodar unit is measuring the hub height wind speed, or full wind
profile, using a met mast for in-site instrumental calibration.
To be implemented in the upcoming revision of the IEC Standard 61400-12-1 (new draft).
E – Full turbine height meteorological mast
Covering the full rotor length of the wind turbine, the meteorological mast measures the
wind speed at several heights, enabling it to produce a full wind profile.
In compliance with both the (2005) and (new draft) version of the IEC Standard 61400-121.
F, G – Nacelle-mounted Lidar
A Lidar is installed on the wind turbine nacelle, measuring the wind speed ahead of the
wind turbine. The Lidar is rotating with the nacelle, thus always measuring the wind ahead
of the wind turbine.
Not currently included in the IEC standards, but rather well integrated in the industry as a
feasible method for power performance assessment.
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H – Ground-based Lidar, ranged 3D scanning
If set up to be scanning vertical figures, it should be compliant with the upcoming revision
of the IEC Standard 61400-12-1 (new draft).
Recent demonstrations in Lidar technology include a ground-based device to scan 3D
figures at a distance from the wind farm. This opens up for interesting possibilities, such as
scanning the wind conditions of coastal offshore wind farms to be scanned from the
coastline.
The presented methods of power performance assessments are compiled from interviews throughout ebook 1, 2, and 3 as well as meeting minutes and presentations of the EWEA Power Curve Working
Group [13]. They are a group of power performance experts and stakeholders discussing development
within the field.

5.2.1 Added complexity with the new revision of the IEC -12-1 standard
The upcoming revision of the IEC -12-1 standard will add complexity to the calculation of the power
curve. In addition to air density normalization, wind shear, veer, and inclination angle will be covered by
the rotor equivalent wind speed concept, and the resulting power curve will be valid only within a certain
turbulence range. This means the power performance according to the new definition is adjusted for the
actual wind energy available perpendicular to the rotor swept area. In practice, this introduces a need to
measure the full wind profile across the rotor. This is an advantage to the increasingly popular Lidar and
Sodar based solutions, while met masts become increasingly obsolete.
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5.3 Measuring Change in Power Performance
There is little literature on the subject of measuring change in power performance. Much of the
conclusions and feasibility of different approaches below are based on interviews with power performance
experts conducted in the third e-book (see APPENDIX 3 – INTERVIEWEE LIST, THIRD E-BOOK).
To identify a change in power performance, a baseline and a post-upgrade power curve must be
determined. Change in power performance is derived from the difference of the two. The primary
attributes of Power Performance Characteristics can be evaluated:
-

Change of power curve at each different wind speed bin
Change of AEP given the power curve and a specific wind characteristic of the site

In addition to this, it might be of interest to evaluate power performance change with regards to different
operating conditions, such as turbulence levels or wind directions. This might give better understanding of
the cause of the change, and possibly reveal ways to capitalize on it.

5.3.1 Uncertainty in Relative Change in Power Performance
Wind turbine performance can degenerate over time and different test procedures will introduce different
errors to the testing. Consequently the baseline characteristic should be evaluated with the same testing
procedure as the post-upgrade testing, in a rather short time span. Using the same procedure and set-up
allows for considerably more accurate testing of the relative change in power performance. If the bias
errors affect the two tests the same way, much of it can be cancelled out when comparing the relative
change. In contrast to determining the absolute level of power performance, relative testing of the change
in power performance can be done quite accurately – with uncertainty levels down at 0.5 %. [14]

5.3.2 Power Performance Assessment
Performing a full power performance test with meteorological mast or remote sensing technologies is
expensive. Two full testing periods must be completed to cover the baseline performance, and postupgrade performance. A meteorological mast or ground based remote sensor usually cover 1-2 wind
turbines, but these cover a small valid wind sector generally leading to a 1-3 month testing period test. [14]
Nacelle Lidar often require a shorter testing period, [16] but only cover one wind turbine per installation.
Nacelle-mounted anemometers can also be used for testing, but these need basically the same installation
effort as nacelle Lidar and have certain drawbacks compared to measuring the actual free-stream wind.
In essence these on-site testing dedicated installations are needed for validating and establishing a baseline
of the true absolute level of power performance of new wind farms. It may also be appropriate to prove
the effectiveness of an upgrade. However, tracking performance changes at a specific wind farm two full
dedicated tests is an expensive practice.

5.3.3 Using Existing Nacelle Anemometry
Another approach to determining the relative change in power performance is using the existing nacelle
anemometry of the wind turbine. This approach is used by GE in their AEP Validation Methodology,
applied to quantify the site-specific improvements of the PowerUp upgrade platform [14]. The approach
allows for testing of each individual wind turbine in a wind farm. Statistical strength can be built by testing
many wind turbines in a cheap way. However, there are some inherent flaws using the nacelle
anemometer.
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Power Output

One major problem is that any change in power performance, will impact the aerodynamic properties of
the wind turbine. The wind speed, flow pattern over the nacelle, and angle of attack at the anemometer
will change if the wind turbine extracts energy from the wind differently. A very small change in wind
measurement will have major impact on the measured power curve, as the energy in the wind is a function
of the third power of the wind speed. As the wind flow at the anemometer changes the power curve will
subtly drift sideways introducing a bias, as indicated in Figure 8. It can be very hard to identify what causes
it, quantify how much it is affected at different wind speeds, and hard to correct it.

Wind Speed bias
Figure 8. Power Curve with bias in wind speed measurement.

5.3.4 Nacelle Transfer Function
Nacelle-mounted anemometers are subject to flow distortion by the wind turbine wake and nacelle
geometry, and therefore the wind speed measurements needs to be adjusted to reflect the free-stream
wind speed. This correlation is in the IEC 61400-12-2 standard called the Nacelle Transfer Function
(NTF) and is only valid within rather strict criteria. The NTF is wind turbine model-specific and only valid
for a specific anemometer model, terrain type, nacelle geometry, and wind turbine blade aerodynamics for
which it was determined.
In essence, this means that testing based on nacelle anemometry must be carried out with a meteorological
mast for NTF calibration, unless the turbine-specific NTF is well-known and validated for the site-specific
conditions. It also means that the method introduces a significant bias error if it is applied for calculating
performance change of any upgrade that affect the wind flow at the nacelle. Special care must be taken to
adjust the NTF or other otherwise complement the method for changes affecting the aerodynamic
performance such as: vortex generators (especially at the blade root), tweaking of rotor speed, or pitch
algorithm.
In other words using the existing nacelle anemometry or installing a dedicated nacelle anemometer may
require the same effort as any other method. The IEC 61400-12-2 standard is often viewed as an effective
way for testing many wind turbines of exactly the same type, for which the NTF is well known or many
turbines can be calibrated with a single meteorological mast.

-24-

5.3.5 Relative Comparison of Power Output
An alternative to performing a full power curve test is to compare the power output of two or more wind
turbines. The advantage of this is that the power output measurements are very accurate in comparison to
wind speed measurements. The electric power is directly measured at the source, whilst the wind speed is
indirectly measured and adjusted to the free-stream wind at the turbine location. Looking at the power
output alone is not meaningful; some point of reference is needed to determine change. Also, the absolute
level of power performance cannot be determined.
Comparing the power output is typically applied to two groups of wind turbines: The relative change of a
modified test group is compared to an unmodified reference group of wind turbines. There are several
different ways these relative power comparisons can be applied by looking at the power output or the
energy produced, as well as different variations of test turbines and references.

5.3.6 Side-by-Side Testing Method
In the following case study, the author looks at an alternative approach of comparing the power output of
two wind turbines. The method is based on establishing a power correlation of a test and reference wind
turbine, dependent on wind direction. By introducing an assumed power curve characteristic, wind data is
simulated and the change in power output is evaluated on a power curve basis.
The Side-by-side Testing method gives a good indication on the change in power performance in the
partial power range, but it cannot determine the absolute level of power performance.
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6 CASE STUDY: ASSESSMENT OF SIDE-BY-SIDE TESTING
BY APPLICATION ON REAL SCADA DATA
The Side-by-Side Testing method was selected as tool to analyse a past upgrade event, which has never
before been evaluated. All method calculations were programmed in Microsoft Excel 2013 solely for this
thesis work. The method was reproduced as accurate as possible in line with a conference presentation [7]
and interview [8] with the original author Axel Albers at Deutsche WindGuard.
This chapter explains the method in detail, as it was applied in the case study. This way the method could
be in-depth studied, allowing proper evaluation of its potential. The case study successfully produced
results with known uncertainty levels, showing great promise for Side-by-Side Testing for evaluating past
events with unknown impact on the power performance.

6.1 Test Method Fit the Needs of the Industry
Wind power owners are often not able to actually measure the impact of changes made to their wind
turbines. It is not possible to test the impact of sudden events using conventional testing methods. The
outcome from major servicing events such as repairs after a breakdown, for example changing a gearbox
or bearing, cannot really be evaluated. It often happens much too fast for conventional testing to be
planned and carried out prior and after the event, and it is certainly not worth the costs.
In this case study a previously never evaluated wind farm upgrading event was analysed using the Side-bySide Testing methodology. The impact of the upgrade was never evaluated at the time, since it was
intended for reducing the noise levels. The possible effect it had on power performance was not tested.
Side-by-Side Testing utilizes only historical SCADA data of the wind turbine for testing. Almost any past
upgrade event can be evaluated. The method is capable of testing:
-

-

Change in power performance, but not the absolute level of power performance.
The method is very versatile, capable of testing any type of past activity that might have impacted
the part-load range of the power curve (see Table 1, pg. 8).
The method needs:
 Complete SCADA data prior to- and after the measured event.
 An identical wind turbine in close proximity that was left unmodified, as a
reference.
The method is not dependent on reliable wind measurements or any specific testing conditions.

6.1.1 Concerns using Existing Wind Turbine Nacelle Anemometer
In this case study the blade add-on installation was evaluated in hindsight, practically limiting the analysis
to using historical SCADA data. There were several concerns using the existing nacelle anemometer wind
speed data:
-

Upgrade type: Blade add-ons might influence the wind flow at the nacelle.
Limited knowledge of turbine nacelle anemometer: Positioning, calibration and accuracy.
Potential error/bias and change over time.
Unknown NTF and processing of wind speed data: It is unknown how the wind data have
been processed before being logged in the SCADA system, and the Nacelle Transfer Function is
unknown (correlation between nacelle-measured wind and free-stream wind). As the most
significant uncertainty factor, the wind speed and all details of measurement must be known in
detail for a proper analysis.
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-

SCADA data for air density normalization of power curve was incomplete: Additional
measurement data of air properties would be needed for complementing the incomplete SCADA
data of temperature and pressure.

These issues are non-existent when using the side-by-side testing method. The analysis was performed
independent from wind measurement data, and the method is designed such that any air density
normalization is neither needed, nor applicable. For these reasons the side-by-side testing method showed
more promise than an analysis based on the existing wind turbine nacelle anemometry.

6.2 Tested Wind Turbines
Two identical wind turbines were analysed, sited approximately 500 meter apart in an array-like formation.
The wind farm features several 2.3 MW wind turbines with 103m wing span, with previously installed
vortex generators on the mid-sections of the blades. In 2013 four of the wind turbines were
additionally upgraded with blade add-ons introducing serrated trailing edges to the blades. A concept
sketch of serrated trailing edge on a wind turbine blade is presented in Figure 9.

Figure 9. Serrated trailing edge sketch.

The primary purpose of the serrated trailing edge is to reduce the blade-generated noise; however, this
case study aims to measure its plausible impact on the turbine power performance overall.
The analysed test and reference wind turbine units were chosen based on the following criteria:
-

Close positioning of test and reference turbine
Same rated power (both curtailed at 2250 kW)
Prevailing wind directions: wake free

The wind farm layout and choice of Test and Reference wind turbines is shown in Figure 10.
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Test turbine: T2

Ref. turbine: T3

Figure 10. Wind farm overview map, including site topography.
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6.3 Side-by-Side Testing in Short
The Side-by-Side Testing method builds upon the idea of measuring relative change in power output by a
direct comparison between two similar test and reference wind turbines. Through the definition of a
specific power relation between the two wind turbines, the relative change of parameters for the test
turbine can be tracked.
The author herein has implemented another step into this process: in addition to using the power relation
to simulate the power output, a power curve is assumed to simulate the wind speed at the test turbine.
Thus, the measured power output values of the test turbine can be directly binned versus the simulated
wind velocity values, in order to construct a valid power curve representing the turbine performance after
the investigated modification event.
The absolute level of power performance can thus not be detected as it builds upon an assumption;
however the relative change can be tracked on basis of the assumed power curve.

Figure 11. Power-to-Power Relation of two wind turbines.

The main line-out of the test method is as follows:
-

Filter data sets: training period before upgrade, testing period after upgrade
Establish a power-to-power relation between the turbines in training period
Simulate test turbine power output and wind speeds in the testing period
Bin power curve from simulated wind speed and actual power measurement
Evaluate change in PC and AEP
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6.4 Input Data
Using the available stored measurement data log for the concerned wind turbines under surveillance, the
10-minute average SCADA data sets were exported from the Breeze Production software. Each wind
turbine is represented by two primary data sets: a “training period” prior to the upgrade, and a “testing
period” after the upgrade, with the following timeline:
Test turbine
Reference turbine

2012-12-19
2012-12-19

 2013-05-10
 2013-05-10

_____________Blade add-ons installed on test turbine___________
Test turbine
Reference turbine

2013-05-19
2013-05-19

 2013-12-31
 2013-12-31

A longer training period would probably benefit the accuracy of the learned power relation, but it was not
possible to be further extended back in time due to different curtailment strategies for the two wind
turbines under consideration.
The following data was used in the analysis:
For filtering input data
-

Rotational speed of generator and rotor
Blade pitch angle
Turbine status logs

For calculation and analysis
-

Net active electric power output
Nacelle direction

6.4.1 Correcting Drifting of Nacelle Direction
The nacelle direction may need adjustment prior to filtering the data, due to drifting. In case of the signal
have drifted considerably, the true north should be identified and adjusted for both wind turbines.
In this case the drifting was considered minor, and the nacelle direction of the test turbine was simply offset by 3.4 degrees to match the reference wind turbine. This was confirmed by plotting all wind turbines
of the farm parallel in Breeze Production, showing less than 10 degree mutual differences. The result is
visualized in Figure 12 below.
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Figure 12. Plotting Test versus Reference turbine nacelle direction, visualizing misalignment of yawing.

6.4.2 Data Filtering
The input data was filtered to include only data in which both wind turbines were online and operating at
full technical availability at the same moment, without faults or downtime. It is important that the data of
the two turbines are correlated with identical time stamps; if one wind turbine underperforms the data of
both turbines must be rejected.
Filtering used:
-

Wind turbine operational (filtered on both rotor and generator, due to incomplete data)
o rotational speed of rotor > 6 RPM
o rotational speed of generator > 600 RPM
Nacelle alignment
o max 10 degree difference between test and reference nacelle direction
Wind turbine status logs
o minor curtailment period removed from data
o no events indicating otherwise reduced performance

80% of the SCADA data passed the filtering.
Due to partially incomplete temperature log data, potential icing could not be filtered. It is assumed to
have little impact on the testing, since the site climate is temperate and both the test and reference
turbines are assumed to be affected similarly or largely unaffected by icing.

-31-

6.4.3 Visual Inspection of Filtered Data
The data passing the filtering conditions was carefully reviewed. Several SCADA data attributes were
inspected to spot deviations from normal wind turbine operation. These plots were only used to quality
control the filtered data, and are otherwise irrelevant for the method calculations.
In particular, the following graphs were plotted and evaluated:
-

Nacelle direction alignment, reference turbine on X-axis, test turbine on Y-axis: Figure 12.
o Well aligned yawing in all wind directions.
o Scattered data rejected in filtering.
Power Curve, from nacelle anemometry: raw data, test vs reference turbine: Figure 13-A.
o Consistent, no deviations.
o Test and reference turbine power curve appear to match well.
Power output comparison, reference turbine on X-axis, test turbine on Y-axis: Figure 13-B.
o No partial performance curtailment or other deviations visible.
o Rather broad spectrum of power output scatter.
Rotational speed vs Power output, test vs reference turbine: Figure 13-C.
o Consistent power to rotational speed relation.
o Test and reference characteristic match well.
Pitch angle vs Power output, test vs reference turbine: Figure 13-D.
o Individually consistent behaviour.
o Test turbine pitching behaviour differs slightly from Reference turbine.

A

B

C

D

Figure 13. Compilation of graphs used for visually inspecting the filtered SCADA data.

-32-

6.5 Establish Power-to-Power Relation
The primary purpose of the training period data set is to establish a relation between the test and reference
wind turbine. The purpose of the power relation is to predict the power output at the test turbine from
only reference turbine data.
In complex terrain, the power relation is wind direction dependent. The power output of the test turbine
is thus a function of both power output and nacelle direction of the reference turbine. 5 ranges of power
output and 10 degree wide nacelle direction bins were used, as in Axel Albers' presentation:
-

0, 25, 50, 75, and 100% of rated power
0, 10, 20, 30, …, 350˚ nacelle direction

The filtered data of the training period was bin averaged accordingly. A few example bins are shown in
Table 2, and the complete Power-to-Power Relation is displayed for all data in Figure 14.
Table 2. Power-to-Power Relation, tabled values bin j=4, 5, 6, 7, 8

Direction ± 5

Power bin ± 281

PT, average

PR, average

[˚]

[kW]

[kW]

[kW]

Number of
Samples
[-]

40

0
563
1125
1688
2250
0
563
1125
1688
2250
0
563
1125
1688
2250
0
563
1125
1688
2250
0
563
1125
1688
2250

103
612
1134
1612
1964
109
548
979
1531
1941
145
533
1071
1583
1904
128
537
1025
1511
1809
105
472
1045
1475
1783

96
595
1118
1624
2128
103
569
1070
1667
2093
142
535
1094
1676
2101
123
542
1114
1676
2123
108
493
1096
1674
2102

149
229
148
110
29
232
398
235
75
23
309
434
233
104
36
305
455
308
224
89
242
254
171
127
74

50

60

70

80
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Figure 14. Power-to-Power Relation, all bins plotted with scatter data
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6.6 Improvement of Power Curve
This section explains the main calculation methodology of the Side-by-Side Testing.
-

Simulating the test turbine power output
Simulating the wind speed at the test turbine
Constructing a power curve that is used for identifying the change in power performance

All calculation steps for establishing a Measured Power Curve were done independently for both the
training and testing period data sets. The procedure is the same for both data sets, as explained below.
-

The testing period data set is what is used to determine the improvement of the power curve.
The training period data set essentially used as "dummy calculations", is also used for the
uncertainty analysis. The training period Measured Power Curve should be identical to the
Assumed Power Curve, resulting in a zero change in power performance.

6.6.1 Procedure Overview
The established power-to-power relation is used to simulate the power output of the test turbine (Step 1).
In turn, this simulated power output is used to simulate the wind speeds at the test turbine by assuming a
power curve (Step 2). Lastly, the power curve of the test turbine can be binned from the actual measured
power output and the simulated wind speeds (Step 3). The improvement of the power curve is then
calculated as the change from the assumed power curve and the Measured Power Curve (Step 4).
The methodology and associated abbreviations are visualized in the following figure:

Step 1

Step 2

Step 3

Step 4

Figure 15. Calculation procedure, improvement of power curve.
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6.6.2 Step 1: Simulate the Power Output of the Test Turbine: PT, sim
The test turbine power output is simulated using the reference wind turbine and the established Power-toPower Relation.
Each data point in PT, sim is independently calculated using the power relation. The appropriate power
relation 10° wind direction bin is identified, and PR, meas is used to calculate PR, sim using linear interpolation
according to Equation 1.

𝑃𝑇,𝑠𝑠𝑠 =

𝑃𝑇,𝑗,𝑖 −𝑃𝑇,𝑗,𝑖−1

𝑃𝑅,𝑗,𝑖 −𝑃𝑅,𝑗,𝑖−1

�𝑃𝑅,𝑚𝑚𝑚𝑚 − 𝑃𝑅,𝑗,𝑖−1 � + 𝑃𝑇,𝑗,𝑖−1

(Equation 1)

The linear interpolation for a power data in 50° wind direction is visualized in Figure 16. If the input
PR,meas data point is outside the range of the power relation, the power relation is linearly extrapolated
from the two closest bins.
The full result of the calculation is visualized in Figure 17, showing the resulting PT,sim plotted versus the
input data PR, meas in blue dots, with the governing Power-to-Power Relation indicated as black dots.

Figure 16. Simulating test turbine power output, linear
interpolation.

Figure 17. Simulating test turbine power output,
resulting data.

6.6.3 Step 2: Simulate the Wind Speed at the Test Turbine: VT, sim
The power output that is simulated for the test turbine is in turn used to simulate the wind speed there.
This is done using an Assumed Power Curve. This power curve is used in reverse, as a power-to-wind
relation. It is on the basis of the Assumed Power Curve the final results are evaluated, and the changes in
power output are tracked on this frame of reference.
A manufacturer-stated power curve or learned behaviour can be used. In this case study the wind speeds
were calculated using a manufacturer power curve. Since both test and reference wind turbines were
curtailed at 2250 kW, the 2300 kW manufacturer power curve was de-rated by multiplying all power values
by 0.978 as seen in Figure 18.
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Figure 18. The Assumed Power Curve based on a manufacturer specification de-rated to 2250 kW.

The VT, sim is calculated from the Assumed Power Curve, by tracking each simulated power output to the
correlating wind speed in the power curve. In this case, PT, sim data points below rated power were set to
cut-in wind speed, and data points above rated power were set to rated wind speed. This is visualized in
Figure 19.

Figure 19. Simulating wind speeds using the Assumed Power Curve.

Note: The wind speed data cannot be accurately simulated above rated power, thus limiting the
evaluation of the power output to the partial-load range of the power curve.
As a result, there will also often be stacking of data points at cut-in and cut-out wind speed.
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6.6.4 Step 3: Bin-Average Power Curve from PT, meas and VT, sim
A power curve scatter plot can be created by plotting the actual measured power output of the test
turbine, versus the simulated wind speed. This raw data scatter is plotted versus the Assumed Power
Curve (black line) in Figure 20.

Figure 20. Scatter plot: Test turbine measured power output versus simulated wind speeds.

The wind speeds are simulated through the unmodified reference wind turbine, meaning that an upgrade
of the test turbine will not affect the simulated wind speeds. However, an upgrade will change the actual
measured power output of the test turbine.
Both the simulated power and measured power can be plotted versus the simulated wind speed data.
PT, sim lie exactly on PCassumed, and PT, meas lie scattered in Y-axis direction. The Y-scatter is in other words
the deviation of measured versus the simulated power output. A very accurate Power-to-Power Relation
will result in low Y-axis power scatter.
The Method of Bins is applied directly to the data scatter to construct the Measured Power Curve, using
0.5 m/s wide wind speeds bins. This is visualized in Figure 21. No air density normalization is used, as the
two turbines are assumed to experience the same air properties. Each bin of the Measured Power Curve is
thus characterized by an average value, maximum value, minimum value, standard deviation, and number
of samples.
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Figure 21. Constructing the Measured Power Curve from the raw data scatter.

6.6.5 Step 4: Improvement of Power Curve: PCmeasured – PCassumed
The impact on the power curve from the upgrade is read as the deviation of the Measured Power Curve
from the Assumed Power Curve. This is presented in Figure 22.

Figure 22. Improvement of the Power Curve is the relative difference between PCmeasured and PCassumed.
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PCassumed is adjusted to have the same wind speed bin centres as PCmeasured, so that they can be properly
compared. The relative difference is calculated by dividing the absolute difference of the two, by the
power output of PCassumed at each bin. This makes the initial first few bins appear to deviate more.

6.7 Improvement of Annual Energy Production
For being able to realistically calculate the Annual Energy Production (AEP) the Measured Power Curve
needs to be extended beyond the part load range. An Extrapolated Power Curve is introduced. In bins that
are not covered by the Measured Power Curve, the Extrapolated Power Curve is given exactly the same
shape as the Assumed Power Curve. This means that the test result for bins that are not actually measured
yields a zero-change in AEP result.
-

Measured Power Curve – the valid bins from testing only
Extrapolated Power Curve – the valid bins from testing plus artificial bins filling in invalids and
the full power range as identical to the Assumed Power Curve.
Assumed Power Curve – as defined for calculating the VT, sim

This is not the same definition of Extrapolated Power Curve found in the IEC Standard 61400-12-1, since
this calculation aims to indicate the change in AEP rather than an estimate level of AEP. Furthermore,
this method cannot measure change in rated power, and should therefore exclude impact from test results
outside the applicable testing range. The artefacts of the Measured Power Curve in the highest wind speed
bins (13 – 14 m/s) were also excluded from the Extrapolated Power Curve for not affecting the result.
The Extrapolated Power Curve that the change in AEP is calculated from is presented in Figure 23.

Figure 23. Extrapolated Power Curve used for AEP calculations.
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6.7.1 AEP Calculating procedure
The AEP associated with each power curve was otherwise calculated as described in the IEC Standard
16400-12-1. In short, the AEP is calculated by summarizing the partial AEP contribution of each power
curve bin. Power output, wind speed probability, and 8760 hours are multiplied with the width between
every two (the current and the previous) bins. 1 Figure 24 visualizes each contributing bin-wise AEP,
calculated using the Extrapolated Power Curve.

Figure 24. Bin-wise calculation of Annual Energy Production.

Eight different average wind speeds were considered for each power curve: 4, 5, 6, 7, 8, 9, 10, and 11 m/s.
The improvement in AEP was calculated as the difference between AEP extrapolated and assumed. The
resulting change in AEP differs depending on the average wind speed used. Table 3 shows specific AEP
figures of different wind speeds. The most interesting result is in this case the 7 m/s calculation, as this
was closest to the average wind speeds in the tested wind farm.
Table 3. Each average wind speed distribution yields a unique result in improvement of AEP.
wind distribution
v-average

AEP measured

AEP extrapolated

AEP assumed

[m/s]

[MWh]

[MWh]

[MWh]

[%]

4,00
5,00
6,00
7,00
8,00
9,00
10,00
11,00

1750
3299
4895
6134
6868
7154
7117
6877

1752
3347
5191
7008
8586
9802
10618
11064

1740
3324
5160
6971
8546
9761
10577
11025

0,64%
0,68%
0,60%
0,53%
0,47%
0,42%
0,39%
0,36%

improvement of AEP

In the IEC standard, the 8760 hours are multiplied to a summation of each partial bin contribution.
In this example calculation, 8760 hours are multiplied to each individual bin, yielding the same end result.

1
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6.8 Sector Self-Consistency Check
After establishing a Measured Power Curve, a sector-wise control method is applied. It’s used to validate
and filter out invalid wind direction sector for the test. This control method is similar but identical to the
sector self-consistency check used for validating the Nacelle Transfer Function in nacelle anemometrybased power performance testing according to IEC Standard 61400-12-2.
Essentially the reliability of input data of different wind direction is checked. The simulated wind speed is
recalculated a second time using the test turbine measured power output and the Measured Power Curve.
If the original simulated wind speed VT, sim, and the newly recalculated wind speed VT, meas are correlating
well, the input data and power relation is reliable in that particular wind direction.
This procedure is tested both for the training period data sets, and testing period data sets, independently.
However, it’s only applied in the training period for uncertainty calculation purposes.

6.8.1 General Procedure
Essentially, the wind speed at the test turbine is calculated in two different ways, using the test and
reference power data respectively. If the ratio of these wind speeds on average match well for a wind
sector, the data and power-to-power relation is considered valid in this wind sector. See Figure 25.

Figure 25. Procedure overview of the Sector Self-Consistency Check.

A power curve is used to track the power output data to corresponding wind speeds. This procedure is
identical to Step 2 when determining the Measured Power Curve, i.e. VT, sim is already calculated.
-

The first wind speed VT, sim is based on the power data of the reference turbine.
Through the Power-to-Power Relation the power output of the test turbine is simulated, and
matched with the Assumed Power Curve.

-

The second wind speed VT, meas is based on the power data of the test turbine.
The measured power output is matched with the Measured Power Curve.
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6.8.2 Calculation Steps
The exact same steps were used to perform the sector self-consistency check in the training and testing
period. The results are seen in Figure 26 and Figure 27.
-

Only PT, sim and PT, meas data between 50 and 2200 kW was used, to avoid influence from the
artefacts in the Measured Power Curve at cut-in and rated wind speed.
The VT, sim / VT, meas ratio was calculated for each valid power output data point.
The VT, sim / VT, meas data was binned for each 5 degree wind direction sector, determining bin
average, standard deviation, number of samples, and variance.
Each bin-average VT, sim / VT, meas passing criteria was set to max 3% deviation from 1:1.

Figure 26. Sector Self-Consistency Check of the training period data set.

Figure 27. Sector Self-Consistency Check of the testing period data set.
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6.8.3 Additional Criteria
The final results were calculated using two additional criteria to the sectors considered valid by the Sector
Self-Consistency Check. In addition to the conditions set forth by Axel Albers in his conference
presentation [7], the following criteria were added to the Power-to-Power Relation to exclude sectors
influenced by wakes and bins based on too little data:
-

Each power bin of a Power-to-Power Relation sector must be based on at least 5 samples.
Being a low wind speed site, a few rated power bins (2250 kW) failed this condition. The
prevailing wind directions generally had enough data to not be excluded.

-

Power-to-Power Relation sector must not exceed PT/PR power ratio 1±0.25.
These sectors were considered to be in wake conditions.

6.8.4 Final Valid Sectors used for Final Results
The sectors that were considered valid for the final analysis are presented in Table 4.
Table 4. Valid wind sectors passing the Sector Self-Consistency Check and additional criteria.

Sector

Training period

Testing period

0
10
20
30-120
130180
190
200
210310
320
330
340
350
360

VALID
VALID
VALID
-

VALID
VALID
VALID
-

VALID
VALID

VALID
VALID

VALID
VALID
VALID
-

VALID
VALID
-

Generally speaking, the prevailing wind directions were free of wind turbine wakes and yield reliable test
results. The prevailing wind directions were 70º (N-E) and 245º (S-W) during winter and the training
period, and 250º (S-W) during summer and the testing period. This is evident from Figure 26 and Figure
27, shown above.
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6.9 Uncertainty Analysis
The following uncertainty analysis covers the uncertainty of Power Output and resulting AEP. The
analysis is based on the four power output uncertainty components described in Axel Albers presentation:
A1, A2, B1, and B2. Lacking in-depth explanation of the uncertainty calculations, these were treated like
type A and type B uncertainties, performing the uncertainty analysis according to the IEC 61400-12-1
standard.
-

Type A uncertainties are evaluated by statistical methods.
These are characterized by estimated variances si2 or standard deviation si and are typically drawn
from the variance of the data scatter.

-

Type B uncertainties are evaluated by other means, such as:
 equipment calibration or manufacturer specifications
 previous measurement data and experience
 reference handbooks or standards.
These are characterized by quantities, which may be treated like variances uj2 or standard
deviations uj.

6.9.1 Uncertainty in Power Output
The power output uncertainty components were determined for each wind speed bin of the Measured
Power Curve, from 3 to 14 m/s.
A1:

Statistical uncertainty of the Measured Power Curve
Calculated as variation of power output scatter, Measured Power Curve in testing period

A2:

Statistical uncertainty of the power-to-power relation
Calculated as variation of power output scatter, Measured Power Curve in training period

B1:

Power curve reproduction capability
Calculated as deviation of Measured Power Curve from Assumed Power Curve in training
period

B2:

Possible shift of power-to-power relation with time
Drawn from the Sector Self-Consistency Test. For each wind speed bin, the power output
corresponding to the change in VT, meas / VT, sim from training to testing period was
calculated.
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Figure 28. Standard uncertainty plot per wind speed bin: A1, A2, B1, B2, and combined total.

6.9.2 Uncertainties in Annual Energy Production (AEP)
The uncertainty in AEP is based on the power output uncertainty components, but the calculations are far
more complex. The uncertainty in AEP is dependent on both the power output uncertainty and the
probability of occurrence of that wind speed, for each wind speed bin.
The uncertainty in AEP was calculated using the approximation expression for combined uncertainties of
type A and type B in the IEC 61400-12-1 standard (Annex E, ekv 5). This approximation may slightly
overestimate the uncertainty. The high uncertainty in power output of the first two wind speed bins
increase the total AEP uncertainty for wind distributions with low average wind speed.
Table 5. Uncertainty in AEP for all evaluated wind distributions.

wind distribution
v-average
[m/s]
4,00
5,00
6,00
7,00
8,00
9,00
10,00
11,00

AEP measured
[MWh]
1750
3299
4895
6134
6868
7154
7117
6877
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uncertainty AEP
[MWh]
32
50
69
83
90
92
90
86

[%]
1,85%
1,52%
1,40%
1,35%
1,31%
1,28%
1,27%
1,25%

6.10

Final Results

The final results were calculated using the filtered data of the valid wind directions rendered from the
Sector Self-Consistency Check and additional conditions. One year of SCADA data was filtered down to
40% valid operational data. The method self-consistency check rejected wind sectors affected wind
turbine wakes, the prevailing wind directions remained.
The 6-month training period was used to establish the Power-to-Power Relation. The training period data
was also used for dummy calculations, used for uncertainty analysis purposes.
The 6-month testing period was used to establish the Measured Power Curve. The Improvement in Power
Performance was derived by comparing the Measured Power Curve with the input assumption.
The uncertainty is drawn from the four uncertainty components A1, A2, B1, and B2, in combination with
the methodology set forth in the IEC 61400-12-1.

6.10.1 Improvement in Power Output
The improvement in power performance is read as the relative difference between the Measured Power
Curve and the Assumed Power Curve. These are plotted in Figure 29, showing PCmeasured in black,
PCassumed in grey, and the resulting change in blue with error bars representing the combined total standard
uncertainty.

Figure 29. Improvement in power curve, with uncertainty bars.

The test results show an overall improvement in power performance.
The wind speed bins around 8 m/s are the most accurate, and strongly indicate a positive impact of the
blade upgrade at power outputs ranging about 500 to 1500 kW.
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The most reliable results were conceived at mid-range of the Measured Power Curve, between 4.5 and 12
m/s. This range of the power curve indicates an overall improvement of power performance, and is of
most significance given the site-average wind speed of about 7 m/s. The details of the improvement in
power curve are listed below:
Table 6. Measured Power Curve bin-wise values.
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6.10.1.1

Artefacts in the Measured Power Curve

The apparent power dips at cut-in wind speed and close to rated power are thought to be artefacts of the
testing method. The very highest wind speeds simulated were underestimated, leaving few simulated wind
speeds at the three highest bins (13, 13.5, and 14 m/s). The uncertainty analysis could not be completed at
13 and 13.5 m/s. This is highlighted in red in Figure 30.
The complex terrain of the test site means the test and reference wind turbine behave differently in
different wind directions, causing a highly directional dependent Power-to-Power Relation. Applying the
power relation close to cut-in and rated power cause some significant binning effects.
The cause of the power dip at the red zone could be explained by the extrapolation of the Power-toPower Relation at end bins with low PT/PR ratio. High PT/PR ratio causes the PT,sim to be underestimated
close to rated power, and consequently the wind speeds are also underestimated. This causes the higher
power output data to migrate from the 13 – 14 m/s range down to about 12 m/s.
These results suggest that the Power-to-Power Relation could be applied more accurately at the end bins
using a different approach of extrapolation, for more accurate results.
Testing different turbines and data combinations within the same wind farm indicated erroneous results at
the outskirts of the Measured Power Curve. The results in the regions close to cut-in and at the knee of
the power curve appear to be somewhat systematically shifted and more prone to deviating results. These
regions of increased uncertainty are marked in yellow in Figure 30.
Axel Albers [8] explained that the Measured Power Curve tends to behave similar to a wind turbine in
high turbulence conditions – increased at low wind speeds and decreased at the knee of the power curve.

Figure 30. Artefacts in Improvement of Power Curve
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6.10.2 Improvement in Annual Energy Production
The final results represent the “serrated trailing edge” blade add-on’s impact on Annual Energy
Production (AEP). The change in AEP is only based on the partial power range 3 – 12.5 m/s, since
extrapolated range of the power curve is set identical to the assumption.
The upgrade is estimated to have improved AEP by +0.53%
with a combined total uncertainty of ±1.35%.
This was calculated on an average wind speed of 7 m/s, which is representative for the site. The
calculation excluded the last three measured bins (13, 13.5, and 14 m/s), due to the visible artefacts and
inability to complete the uncertainty analysis for these bins.
The results are presented in Table 7. The most relevant results based on 7 m/s average wind speeds is
highlighted, and this AEP calculation is also plotted in Figure 31.
Table 7. Estimated impact of upgrade on Annual Energy Production.
wind distribution
v-average
[m/s]

4,00
5,00
6,00
7,00
8,00
9,00
10,00
11,00

AEP measured

uncertainty AEP

AEP extrapolated

AEP assumed

improvement of AEP

[MWh]

[MWh]

[%]

[MWh]

[MWh]

[%]

1750
3299
4895
6134
6868
7154
7117
6877

32
50
69
83
90
92
90
86

1,85%
1,52%
1,40%
1,35%
1,31%
1,28%
1,27%
1,25%

1752
3347
5191
7008
8586
9802
10618
11064

1740
3324
5160
6971
8546
9761
10577
11025

0,64%
0,68%
0,60%
0,53%
0,47%
0,42%
0,39%
0,36%

Figure 31. Annual Energy Production calculation visualized for 7 m/s average wind speeds.
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7 SUMMARY AND CONCLUSIONS
Power performance is presented as the power curve, and associated energy yield using a set of different
wind speed probability distributions. The power performance of wind turbines might change over time
due to aging and wear, replacing components, updating controls systems, and upgrading.
Conventional power performance assessments are carefully planned and costly procedures, featuring
installation of dedicated wind measurement equipment such as meteorological masts, Lidar, and Sodar.
These conventional tests are accurately measuring the absolute level of power performance but they do
not measure change, and they cannot be applied in retrospect to an upgrading event. Studying change in
power performance in retrospect there essentially two different types of assessment: power data alone, or
power data and wind data from the bias-prone nacelle anemometer.
The main goal of the thesis was to identify a suitable method for measuring power performance change of
a prior upgrade event. The conditions of the case study meant very limited control over wind
measurement conditions, and access to SCADA data only. Therefore a power-only based analysis method
was preferred. An alternative approach to power-only based analysis was discovered through interviewing.
The Side-by-Side Testing method is simulating wind speeds, so that the change in power output can be
tracked on a power curve frame of reference.
Side-by-Side Testing was selected as the central focus of this thesis work, and was detail-studied.
A test and reference turbine are selected, and correlated power-wise before any upgrade event. The test
turbine power output is thus simulated using the reference turbine. Assuming a baseline power curve, the
wind speeds at the test turbine can be simulated from the simulated power output. A power curve is
constructed from the simulated wind speeds and the actual measured power of the test turbine. Power
performance change is derived from the deviation of the constructed power curve and the assumed
baseline power curve.
Exclusively for this thesis work the Side-by-Side Testing method was reproduced in Excel 2013. The
method was tested using SCADA data from a wind farm in south-west Sweden. In 2013 half of the wind
turbines were upgraded with blade add-ons to reduce noise levels (serrated trailing edges). This upgrade
event was not tested at the time, so the power performance impact of the upgrade has remained unknown
until this analysis.

7.1 Case Study Results
The Side-by-Side Testing analysis was completed successfully and yielded results with known uncertainty
levels. The results indicate that the installation of serrated trailing edges increased power performance.
Power Curve: The part load range at 500-1500 kW of the power curve is almost beyond doubt improved,
probably in the range of 1-2% increased power output.
Annual Energy Production: AEP increased by 0.53% with a combined total uncertainty of ±1.35%.
Given the results in the power curve, a decrease in AEP is highly unlikely.
There are certain artefacts present in the power curve, which are related to the power relation and
simulation of wind speeds. These are likely aggravated by the complex site terrain conditions.

7.2 Methodology Conclusions
The case study shows that Side-by-Side Testing is capable of producing a good indication on change in
power performance, relying only on historical SCADA data logs, without additional measurements.
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In this case study, the uncertainty levels are a bit higher than what would be needed to pinpoint the impact
of the upgrade on the power curve. However, combining the results of several wind turbines in the wind
farm would reduce the uncertainty significantly. A combined uncertainty level close to ±0.4% AEP as
achieved by method author Axel Albers is likely possible, in more ideal test conditions. Such uncertainty
levels are up to pair with conventional testing using dedicated measurement equipment on-site.
The case study tests two wind turbines located in complex terrain with several neighbouring wind
turbines. Considering these difficult site conditions the Power-to-Power Relation worked relatively well,
with the exception of the linear extrapolation outside power relation binning range. This is likely what
causes artefacts in the power curve. These artefacts would likely be minimized in easier test conditions.

7.3 Applications
Side-by-Side Testing is a very versatile method; It can be applied to practically any pair of identical
neighbouring wind turbines and needs only historical SCADA data from before and after the analysed
event. Any activity that impacts the part-load efficiency can be measured, such as control system updates,
aerodynamic changes, and physical upgrades. Only an unmodified reference wind turbine is needed.
Unlike nacelle anemometer based testing, it is insensitive to upgrades affecting the wind flow. As the test
is based on the correlation with a similarly affected reference wind turbine, it is also rather insensitive to
weather and seasonal changes.
The method shows great promise for testing past events that might have impacted power performance.
The method can accurately detect changes that significantly affect power performance (> 1%).
Side-by-Side Testing could be very useful for wind farm owners, operators and analysts. Fast and costefficient evaluation of power performance in retrospect would help stakeholders significantly. It is a much
needed tool for owners for balancing out the knowledge gap to the wind turbine manufacturers.
For actors with SCADA databases, this method shows great potential. Since the procedure can be
automated to a large extent, it could likely be implemented as an analysis tool. A prime example of this is
the thesis work commissioner company Greenbyte and their main service tool Breeze Production.
Practically any event that owners suspect might have impacted power performance of their wind turbine
could theoretically be evaluated within a day, to give at the very least a good indication of the effects.

7.4 Future Work
It is unknown how the method works in different testing conditions, tests were only conducted within one
wind farm. It is evident that the rough terrain impacted the result uncertainty level significantly. Testing
the method offshore or in flat terrain would produce interesting insight in how the method behaves and
how the uncertainty levels depend on site conditions.
In this case study the method produced significant artefacts in higher and lower end of the tested power
curve, possibly due to the binning method. Future work should look into solutions to these issues:
-

Minimize artefacts through adjusting method
Add correction factor or correction function to correct the systematic errors at few first and last power
curve bins.

There are huge potential benefits of being able to automate all steps and calculations of the Side-by-Side
Testing strategy, as it has wide potential applications and high value for wind farm stakeholders.
Alternative approaches could also be investigated; Methods to consider further are other power-only
based methods, or finding ways to avoid or correct bias of the existing nacelle anemometer.
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APPENDIX 1 – INTERVIEWEE LIST, FIRST E-BOOK
This interviewee list constitutes the basis of the interview-based information in the first e-book.
All interviewee’s identities and parent companies are kept anonymous, to respect the
interviewees’ personal integrity and to keep personal experiences and opinions separated from
their employer.
Interviewee position and role

Business sector / company

Product and services sales

Lidar technology for wind turbine

Wind turbine sales and after-sales

Wind turbine manufacturer

Servicing coordinator and contact

Wind turbine manufacturer

Product presenter and sales

Lidar technology, sensors

Expertise contact and wind data analyst

Wind measurement products and services

Head of data analysis and reporting

Wind turbine anemometer technology

After-sales contact

Wind turbine manufacturer

Contact person of general inquiries

Wind turbine manufacturer

Product procurement

Major power producer

Engineer / sales

Control systems hardware

Product and services sales

Wind turbine manufacturer

Product and services sales

Third party upgrade products
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APPENDIX 2 – INTERVIEWEE LIST, SECOND E-BOOK
This interviewee list constitutes the basis of the interview-based information in the second ebook.
All interviewee’s identities and parent companies are kept anonymous, to respect the
interviewees’ personal integrity and to keep personal experiences and opinions separated from
their employer.
Interviewee position and role

Business sector / company

Developer

Municipal power producer

Servicing coordinator

Municipal power producer

Operator

Independent servicing company

Servicing coordinator

Independent servicing company

Manager

Independent servicing company

Private owner

Owner

Consultant

Wind power

Private owner and Entrepreneur

Owner / Independent service provider

Wind power engineering, O&M, and research

International consulting firm

Wind power O&M management

International consulting firm

Investor

Major international power producer

Wind power inspections manager, asset O&M

Major industrial consulting firm

Sales manager

Power producer (utility)

Services sales

Wind measurement data management
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APPENDIX 3 – INTERVIEWEE LIST, THIRD E-BOOK
This interviewee list constitutes the basis of the interview-based information in the third e-book.
All interviewee’s identities and parent companies are kept anonymous, to respect the
interviewees’ personal integrity and to keep personal experiences and opinions separated from
their employer.
Interviewee position and role

Business sector / company

Product development and marketing

Lidar for wind measurements

Power performance assessments

International wind power consulting company

Wind power technical expert and Lidar

International wind power consulting company

Production and SCADA analyst

Integrated power producer

Power performance analyst

International wind power consulting company

Power performance analyst

Power producer (utility)

-56-

