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Abstract- The diffusion of Supervisory Control And Data Acquisition (SCADA) systems has revolutionized the management
of wind farms. Advanced performance optimization can lead to considerable improvement of power extraction, and therefore
might also extend the possibilities for exploiting the wind resource. The price to pay is the challenge in elaborating vast
amount of information into knowledge and visualizing them intuitively. Further challenge lies in the stochastic nature of the
wind resource and in the complex mechanical structure of wind turbines: the optimization task therefore lies at the crossroad of
physics, statistics, mechanical engineering, data visualization. This has led to fruitful collaboration between academy and
industry, as the present work is. In this study, a mathematical and graphical method for elaborating wind turbine dynamics is
formulated. Its key points are intuitiveness and versatility: the method can be used for a bird’s eye view on a portfolio of wind
turbines, for diagnosing and preventing fault onsets. The output doesn’t depend on the nature of the single SCADA supplier
and is potentially universal. In this work, some examples of applications to a wind farm owned by Renvico s.r.l are discussed.
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1. Introduction

Power generation in the age of information is currently
facing new and stimulating challenges. On one side, public
opinion and governments are becoming more and more
demanding by the point of view of lowering environmental
impact and integrating renewable and non-renewable energy
sources into smart grids. Farm owners are commonly
charged with fees if they can’t predict with accuracy the
energy to be dispatched into the grid with 24 hours of
advance. When the source has a stochastic nature, as is the
case of wind, the power forecast is non-trivial and requires
sophisticated methods, which can be purely statistical [1] or
might couple machine learning to deterministic methods [2-
4]. Although the performance of energy extraction are
determined by the characteristics of the machines [5, 6] and
by their relative positioning [7], in the age of information,
the world of renewable energy is endowed with a whole

scenery of new possibilities. Economic sustainability of wind
farms can substantially be improved in the short term, by
preventing damages, and in the long term, through
performance optimization. In both cases, the turning point is
exploiting information provided by Supervisory Control And
Data Acquisition (SCADA). The stochastic nature of the
wind resource and the complex technology of wind turbines
are the main reasons why SCADA-based optimization is a
multi-disciplinary subject, involving mechanical engineering,
physics, statistics, data visualization. For comprehensive
reviews on SCADA data analysis, we refer to [3, 4]. In [8],
the correlations among SCADA data is employed for
detecting incoming faults. In [9], three SCADA-based
condition monitoring techniques (signal trending, self-
organizing maps and a physical model) are presented, and
their capability in preventing drivetrain faults is discussed. In
[10], oil temperature rises are used for detecting incoming
gearbox failures. In [11], it is shown that monitoring
temperatures is a simple and powerful tool for detecting
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incoming mechanical failures, and for controlling wind
turbines path back to normal operation after maintenance.
The border between fault prevention and performance
assessment is fleeting, as severely degraded performances
might be the indicator of a problem or, on the long term,
slightly degraded performances might be due to particular
load conditions jeopardizing the health of the wind turbine.
In [12], indicators are defined to detect the malfunctioning of
a wind turbine and to select meaningful data to investigate
the causes of the anomalous behaviour of a turbine. In [13-
15], the dynamics of wind turbine states is processed for
formulating indexes for performance evaluation. Further, the
most straightforward global tool for performance assessment
can be revisited: characteristics curves, in particular power
curve. For other issues about power curve analysis, see for
example [16] and [17]. Some of the agents determining wind
farm efficiency [18] are: wake effects, terrain complexity
(which causes local wind flow accelerations) and
atmospheric stability. There is a vast literature on these
issues: for some basic references, see [19-31]. Previous work
of the authors concerns the stimulating intertwining of wake
effects and terrain-induced flux acceleration, and its effects
on the mechanical response and on the performances of the
wind turbines. In particular, the main recent line of research
of the authors is about the comprehension of the directional
distortion of the wind flow, and its relation with turbine
yawing [31-35]. On the grounds of the brief discussion
above, it clearly arises that each wind farm owner might
develop its own tools for SCADA analysis aimed at
condition monitoring and performance evaluation: what
commonly happens is that fruitful collaborations arise
between academy and industry. The research improves our
understanding of the wind and of the wind turbines, and the
scientific results are embellished by validation against real
test cases. This study actually follows this exact script: a
mathematical method is formulated for codifying the
dynamics of large wind turbines and this is subsequently
translated in a versatile graphical output. The universality
and intuitiveness of the method suggest that it might be
useful for several tasks:

» abird’s eye of view on a portfolio of wind turbines
» fault diagnosis and prevention

» investigation of
management

the quality of wind farm

Therefore, the approach is useful if wind farm
management and ownership coincide, and also if they don’t
coincide, and the owner needs to control, possibly dialogue,
with the management. The proposed method is tested on a
wind farm owned by Renvico s.r.l. The structure of the Paper
is as follows: Section 1 is devoted to the description of the
data sets and how they are processed in order to produce the
output. Further, the test case is described. In Section 2, the
results are collected and discussed. Finally, in Section 3 the
conclusions are sketched and some further directions are
indicated.

2. Materials and Methods

The data set is composed of two sources of information,
having different structure and nature:

» The SCADA system stores data on 10 minute time
basis, including minimum, maximum, average and standard
deviation for each channel. They cover all the basic aspects
of turbine behaviour, including wind conditions and
consequent response of the machine (nacelle position, pitch
angle and so on), electric, mechanical and thermal aspects.

» Turbine states: they provide the basic information
about what the turbine is doing (producing output, being in
fault, and so on) and why. Their codification depends on the
language of each SCADA supplier, but a general
demarcation can be established. Operating states describe
what the turbine does: producing, waiting enough wind
speed, restarting, being in error and so on. Therefore they
must be mutually exclusive, i.e. in every moment one and
only one state can be activated. SCADA systems provide
also alarm and warning logs: these are naturally non-
exclusive, i.e. more than one of them can be activated at a
given time. Each wind turbine supplier records this
information according to its own codification: the dynamics
of operating states might be recorded in its continuous
motion, or operating states can be recorded as counters of
activation time on 10-minute time basis. Whatever is the
case, the point is that the time grain of operating states and
alarms is not regular as the one of SCADA data. States can
have much shorter time scale, and vary even in few seconds
(the start-up phases, for example). Or, on the converse, a
wind turbine can remain in the same operating state
(producing or waiting enough wind speed) for several hours.

The philosophy of the method we propose is combining
together these two sources of information. In order to do so,
one should convert the irregular grain of the operating states
of the turbine into the same basis of the SCADA data: the
turning point is associating to each 10-minute interval a
unique number, describing what the turbine has done in
majority during the same interval (producing, error, and so
on). The “state number” is therefore a number representing
the state that has been activated longer during the interval.

The “state number” is somehow like a fictitious SCADA
channel, in the sense that it is constructed through data
mining, but it has the same features and the same time grain
of a regular SCADA channel. By a certain point of view, it is
much more powerful than the regular SCADA, because it
contains the most urgent information: what the wind turbine
does. The idea of our method is now juxtaposing the “state
number” to the real SCADA, 10 minutes by 10 minutes in
such a way that the time evolution is evident and
explanatory. Actually, a SCADA measurement (for example,
turbulence intensity or rotor temperature) typically doesn’t
contain decisive information by itself, but its evolution might
do. Further, its evolution juxtaposed to the information of
what the turbine is doing might very explanatory.

Therefore, for each 10-minute interval, we propose to couple
the “state number” to a meaningful SCADA measurement,
which is customizable, in the sense that whatever channel
can be chosen.
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According to this criterion, for each wind turbine, two
numbers are employed for each 10-minute interval. These
two numbers evolve: they vary in time. Their evolution can
be converted into graphics, and in the following a convenient
representation is proposed. Each turbine during a period is
represented with a bar, which is filled with an evolving
colour and a black line which can move from left to right and
viceversa inside the bar. It is built as follows: the time
evolution proceeds along the y-axis and the resulting bar is
the juxtaposition of slices, made by a black dot on a
horizontal colour segment. Each slice represents a 10-minute
interval. The dot represents the “state number” of each 10-
minute interval, and the position of the dot depends on the
value of the “state number”. The right-most position is the
“natural” state, power production. Moving to the left, one
finds start-up phases and brake programs, as shown
schematically in Table 1. The universality of the coding lies
in the order: albeit the different number of states (and their
names) that each SCADA supplier might provide, the
relative placing is meaningful and captures the functioning
phases of a wind turbine, which do not depend on the form of
the SCADA. From right to left: production, start-up waiting
for enough wind intensity, run-up, manual stop, errors-
emergency. The rightmost, the most severe and traumatic and
unexpected. The horizontal segment of background colour is
built as follows: the minimum and maximum of SCADA
measurements during the period are recorded, and the
interval between these two values is discretized and
converted into a colour palette. The lower limit is associated
to the blue limit of the palette, the upper to the red limit.
Each horizontal slice describing a 10-minute interval, in the
end, is therefore constituted by a coloured segment
(describing the value of the selected SCADA channel with
respect to its range of variability) and a black dot (describing
what the turbine is doing). Juxtaposing many of these slices,
one obtains an area: a bar whose colour varies vertically,
filled with a black line whose horizontal position varies when
moving vertically in “reading” the graph. The scale of the y-
axis, and therefore the time span of the analysis, is also
customizable. If the SCADA system provides alarm logs too,
as for the selected test case, they can be processed too. In
order for the graph to be readable, we have selected to
provide just the basic information: if, for each 10-minute
interval, a wind turbine has an alarm log (whatever)
activated. This is represented by a pink segment parallel to
the main one, as in Fig.s from 2 to 7. In the time
juxtaposition, this pink segment might become a pink bar if
alarms are activated continuously.

The key points of the method are universality and
versatility. It might be used by the farm management for

visualizing performances, or as a first method of
investigation, conjugating zero cost (it comes just from
SCADA analysis) and simplicity. It might be useful as an
intermediation between wind farm ownership and
management: boost in contractual power of wind farm
ownership with respect to management, obtained through
low cost knowledge from SCADA data analysis, is actually a
powerful driver to performance optimization.

The present work deals with an onshore wind farm,
owned by Renvico s.r.l. and sited in northern France on a
terrain with gentle slopes. The main features of the turbines
are summarised in Table 2 and the layout is sketched in Fig.
1. This peculiar wind farm has been selected as test case for
the present work mainly for two reasons. The first is that
some turbines (T1, T2, T5, T6) suffer from a certain number
of reoccurring unexpected stops. The second is that the
SCADA system is very basic and it standard techniques are
not capable of extracting the explanation for the reoccurring
anomalous stops. Therefore, this wind farm provides a very
stimulating testing ground for our method: the objective is
inquiring if the approach is valuable in extracting some sense
from the scarcity of data. In the following Section, it is
shown through some sample results that this is indeed the
case and the method is useful for analysis, diagnosis and
interpretation of fault onsets.
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Fig. 1. The layout of the wind farm.

Table 1. The sequence of the states from left to right in the graphical codifying strategy. This table represents the position of
the dot for every 10-minute interval, which in the long period builds the motion of the black line.
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Table 2. Main turbine characteristics.

Number of turbines

6

Rotor diameter

82 meters

Hub Height

80 meters

Rated Power

1.5 MW

Terrain

Flat

3. Results

Fig.s 2, 3, 4 and 5, 6, 7 show some sample results for
two different days from two very different periods. The y-
axis in each plot runs from 0 to 24, the number of hours. The
pictures represent the time evolution of the farm along the
day by the point of view of wind speed (Fig.s 2 and 5), wind
speed standard deviation (Fig.s 3 and 6) and wind direction
(Fig.s 4 and 7). The alarm log database doesn’t provide
univocal information about the causes of turbine stops, as
one can see from the Fig.s. On the right of the bar of each
turbine, actually, a pink bar is plotted representing the time
periods during which an alarm is activated: during the
sample days selected for the analysis, all the turbines had an
alarm activated for all the 24 hours long. Therefore, this
information is useless to extract knowledge about the
dynamics, and it is therefore valuable to try to reconstruct it
through the present method. From the Fig.s, the following
pattern arises: during the day, the wind turns from southern
to western or northern-western (Fig.s 4 and 7),
simultaneously it becomes more intense (Fig.s 2 and 5) and
more variable and therefore turbulent (Fig.s 3 and 6). From
the Fig.s, it is evident that some turbines (most of all, T5 and
T6) switch to emergency or error state and stop as wind
variability increases. This phenomenon lasts few hours and
then, when wind intensity decreases (Fig.s 2 and 5) and the
wind becomes less turbulent, the turbines start producing
again.

It is particularly valuable, in the example above, to
notice that the conditions under which the turbines stop are
not extreme: T5 and T6 are not expected to stop so long,
according to wind conditions as recorded by the SCADA
control system. Therefore the proposed method is able to
highlight an incorrect, or at least too conservative,
management of some turbines of the wind farm. In particular,
it causes severe energy losses because it occurs for wind
intensities associated to rated power. From the selected
validation case, it arises that the approach of this study is
particularly precious when applied to scarcity, i.e. to wind
turbines whose SCADA control system does not provide

plenty of information. Through zero cost SCADA data
mining, a first picture of the dynamics of the turbines is
provided, having a remarkable explanatory power,
conjugating intuitiveness to universality. It can be used to
stimulate a better wind farm management or as a starting
point for ad hoc deeper analysis.
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Fig. 2. Sample day 1. Abrupt machine stop during intense
wind speed regime. Wind speed in background. The pink bar

corresponds to the time of alarms activation.
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Fig. 3. Sample day 1. Abrupt machine stop during intense
wind speed regime. Wind speed standard deviation in
background. The pink bar corresponds to the time of alarms

activation.
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Fig. 4. Sample day 1. Abrupt machine stop during intense
wind speed regime. Wind direction in background. The pink
bar corresponds to the time of alarms activation.
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Fig. 5. Sample day 2. Abrupt machine stop during intense
wind speed regime. Wind speed in background. The pink bar
corresponds to the time of alarms activation.
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Fig. 6. Sample day 2. Abrupt machine stop during intense
wind speed regime. Wind speed standard deviation in
background. The pink bar corresponds to the time of alarms
activation.
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Fig. 7. Sample day 2. Abrupt machine stop during intense
wind speed regime. Wind direction in background. The pink
bar corresponds to the time of alarms activation.

4, Conclusion and Future Work

The conclusion section should emphasize the main
contribution of the article to literature. Authors may also
explain why the work is important, what are the novelties or
possible applications and extensions. Do not replicate the
abstract or sentences given in main text as the conclusion. In
this work, a mathematical and graphical method has been
formulated for processing wind turbine states and SCADA
measurements. From the brief discussion in Sections 1 and 2,
it arises that these two sources of information have
intrinsically a much different dynamics and it is valuable to
process them in a combined way. An aggregate dynamic
visualization is useful for several objectives: most of all,
analysing fault onsets and preventing them, evaluating wind
farm performances and management. The final output of this
work is a two-dimensional plot, encoding what a wind
turbine does in the position of a moving line on a coloured
background representing the evolution of a customizable
SCADA channel. This approach has been tested for a wind
farm sited in northern France. In Section 3 it is shown on the
test case that the proposed method is preciously insightful
and helps in the diagnosis of turbine stops. The main result,
coming from the application of the proposed method, is that
some wind turbines of the test case wind farm have
undergone a too conservative management in reacting to
increasing turbulence.

An interesting further direction of this work is testing the
method when there is ambiguous super-abundance of
information. We are confident that also in this regime, that is
when information is too much and needs to be simplified, an
aggregate dynamic graphical output might help at zero cost
the wind farm ownership and management in keeping control
of wind turbines portfolio. Another possible development is
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endowing memory to the method: processing a vast amount
of historical data, possibly through Artificial Neural Network
techniques, it might be possible to highlight critical regimes,
whose recurrence should represent a wake-up call for wind
farm manager. Or, one can endow the method of knowledge
acquired through theoretical considerations and numerical
modelling, as for example the estimated power production
taking into account the effect of wakes [36].
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