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Abstract— The trend towards large multi-MW wind turbines  The design of a control algorithm has four stages; construc-
has given new impetus to the development of wind turbine con- tion of suitable dynamic models of the wind turbine, design
trollers. Additional objectives are being placed on the cotroller of the set of controllers required to cover the operational e

making the specification of the control system more complexA L . .
new toolbox, which assists with most of the control design e, velope, determination of a suitable realisation that askie

has been developed. Its purpose is to assist and guide the tmn  the implementation issues (including the non-linear atsec
system designer through the design cycle, thereby enabling and evaluation and performance assessment of the controlle
faster design. With the choice of control strategy unrestrited,  The design cycle is thus extensive and includes several well
the toolbox is sufficiently flexible to support the design praess defined stages for which different specific skills are reeghir

Er the a;m_en;e?tlone(? mgre (;Omg:)ex Skpecmctatl(lms'.t h fund At the University of Strathclyde, in collaboration with the
eyworgs. Fatigue loads, Teedback, control, prich, TUNGay oy in |nstitute (KI), a new toolset has been developed Wwhic
mental limitations, right half-plane zeros, time delayntha

. assists with three of the above stages of control design.
width Incorporating a particular implementation structure foe t
controller, the Control Design Toolbox guides the control
designer through the following aspects: the constructibn o

In recent years, with the trend towards large multi-MW wincynamic models for a particular wind turbine using generic
turbines, the role of the control system, and so its desiga, hM0dels requiring only the assignment of suitable physical
become increasingly important. The realisation, that myp¢ o Parameter values; the design of the set of linear conteoller
the performance of the machine but also the optimisatioPVe the operational envelope with sufﬂ_ment fI(_eX|b|I|ty to
of the structural design depends on the controller has giv&qter for any control strategy that the designer might capos
research into the control of wind turbines a new impetus 48€ interfacing with some of the most commonly-used wind
is evident from the recent increase in publications adirgss tUrbiné simulation packages to facilitate rapid prototgpi
this issue. The extension of the role of the controller te-all @nd tuning of the controller. .
viate structural loads has motivated the exploration ofehov Th€ organisation of this paper follows the aforementioned
control strategies, which seek to maximise load alleviatip ~ St29es of the cont_rol design process: Section Il descriiees t
exploiting the blade pitch system. Wind turbine contraller Model embedded in the Control Design T@OICDT ); Sec-

are consequently attaining a degree of complexity such thi@" 11 Qeflnes the facilities of thepT related to the design
advanced control methods are required. The design of tié the linear controllers for the different operating mades
controller for a wind turbine is no longer a simple taskSection IV deals with the non-linear design aspects of the
that can be carried out by a non-specialist. The range gpntroller;_Secnon \ d_escr|bes the set of _tools dealan_1W|t
existing machines, for instance the variation in the drivecontroller implementation issues and the implementation o
train characteristics, has the consequence that the dientrothe controller in programmable form and its debugging;
must be tailored for the specific machine being consideregfCtionV! discusses the_ tools which interface with the aero
if maximum performance and load alleviation are to b&lastic packages on which the controller performance might
achieved. It is no longer advisable to adopt a particule{?e eyaluated and the post-_processmg capabilities mdl_ude
controller and then tune it for different machines. The dtire for this purpose; lastly, Section VII draws some conclusion
relationship between the dynamics of the machines and tf@m this paper and outlines some future research lines.
dynamics of the controller and the effect the latter can have I
in modifying the former, implies that control should be an _ ] ]
integral part of the design process of a wind turbine fronff©" control analysis and design purposes three different
its earliest stage. The purpose of this paper is not to discudynamic models of the system under consideration are re-
a general controller for wind turbines, but to introduce &Uired, namely, the simulation model, the linearisation of

toolbox that enables the control designers within the win'€ Simulation model and the control model. The simulation
turbine manufacturers to optimise their task. model includes all the relevant dynamic aspects of the wind

turbine. The simulation model is non-linear and constricte
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parameter files used fanLex! and Bladed?, which makes linear models and from applying the system identification
the construction of the simulation model straight-forwargprocedure to the aero-elastic packages. The close agréemen
when one of these models is available. The simulation modisl clear.

assists with solving the non-linear aspects of the comroll

implementation. It serves as a test-bed for controllergiesi Fisdediagrar o thewin trbins dymaimics ptsh gl t Ysst acsslertion 18 s

In addition, the simulation model enables the sensitivity a /,ff’ e

dependence of dynamic behaviour on physical parameters g \
o ” »

to be investigated. It, thus, supports a more complete in-
vestigation of the control design task and enables greater
insight and understanding of it to be developed. Neversisele

a rule of parsimony must be maintained since the analysis of
non-linear systems becomes increasingly difficult the more
detailed they become.

The simulation model for a wind turbine has a very different
role to a full aero-elastic package. Only those aspects of
the structural dynamics of direct relevance to the control e—
system design task are included. For example, it can not
be used to assess the fatigue of components absolutely. _ _ _
When the control specification includes a fatigue aspe(f 'g'iéémi%g&“[p:aL'I'ES;z;;;gﬁcgygfg“t'fgﬁmeg:c;:&‘Eﬂ'e {0 towzes! for
only a relative assessment is required or practical. Hence,
only basic models of the relevant dynamics are used. The
controller design process is often iterative involving the
investigation of several candidate designs. Once thisgaoc SRR ———————
nears completion, a fuller assessment using a detailed aero ose
elastic model becomes appropriate and necessary.

As alluded to above, the analysis of a non-linear dynamic
system is not easy. The linearisation of the control sinnutat
model is employed to assist with this analysis. It consiéts o
a set of linear dynamic models, each valid in the neighbour-
hood of some operating point. They provide a bridge between M:::::M’
the simulation model and the control model. '
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[1l. L INEAR DESIGN N
A. System Identification ——

A fundamental part of the modelling process is the validatio
Of _the model aga."nSt the real system. However’ this is ﬂg. 2. Comparison of the dynamics from pitch angle to geoerspeed
difficult and laborious process for which, in the context ofor the identified FLEX dynamics and thepT linear model

validating the models for a real wind turbine, there is as yet

no clear procedure. The KI, building on previous experience

of wind turbine System Identification, see [1], has devetbpeg Fatigue estimation via linear transfer functions

a procedure for system identification based mrEx and Fati load calculati fund tal part of thadesi
Bladed. The models embedded in toeT can, thus, be ' aH9u€load caicuiations are a iundamental part ot thegaesi

adjusted to be a very accurate representation of the mod@s &Y wind turbine, espemally fo_r the off-shore, mult-
included in these two widely accepted aero-elastic sinorat egawait market, for which the fatigue loads are generally

packages. The procedure exploits frequency-domain systé"rﬁcepted to be a de_sign dr_iver. Although .there are seyeral
methods for estimating fatigue loads, rain-flow counting

identificati thods [2]. Although it h tl I
identification methods [2] ough 1t has CUrrenty onty; widely used and achieves good results [3]. Obtaining

been applied to the afore-mentioned aero-elastic packag ! timafi . i iinais. h i
there is noa priori reason why it should not be applied atigue estimations via rain-tflow counting 1S, NOWever,aim

to a real machine. Some identification results are shown ﬁpnsumwﬁ mvolv,ng the 5|mu”Iat|(])cn (;f ? full sgt O.f loaﬁ.
Figures 1 and 2, which depict the dynamics from pitch angl(éases' en tuning a controller for fatigue reduction this

to tower speed and generator speed obtained from both tﬁreocess must be repeated until the fatigue reduction sesult
ave been optimised. From a control viewpoint, it would be

1FLEX is an aero-elastic package developed at Delft University ian mUCh_more Cf)nve_nient to have frequency domain methods
one of the most widely used packages used for wind turbinggeend  for fatigue estimation. However, although these methods ar
evaluation ; ;
used in other fields, see for example [4], [5], and some
2Bladed is an aero-elastic package developed at Garracahlamsd is - P [ ] [ ] . .
specific procedures have been developed for the wind turbine

one of the most widely used packages used for wind turbinguleand ) h i - ;
evaluation context, see [6], fatigue estimation for wind turbines has




certain characteristics that reduce the effectiveneshexfet Torque-Rotor Speed
methods. ‘ ‘
It is well known that the integral of the power spectral dgnsi
(PsD) provides a rough estimate of fatigue [7], [8], which,
while not providing accurate estimates of absolute fatigue
damage, is quite useful in assessing the relative influefice o
different controllers on fatigue. If a frequency domainnsit

is the product of a transfer function times another freqyenc
domain signal, then thesp for the first signal, is theesp

for the second signal scaled by the squared magnitude of
the transfer function; that is, for the situation depicted i c. Tracking region
Figure 3, the spectra are related by

2" Constant Spd. region

Torque

A

. 2 I
S, =[G(jw)?-S: (1) i !
min Rotor Speed set
X(t) & y(t) Fig. 5. Below rated classical strategy
Fig. 3. Block diagram including disturbances D. Control Limitations

As previously reported, see [10], the achievable closeg-lo
The frequency domain output for a closed-loop system is theyngwidth of the pitch control algorithm becomes more
frequency domain output for the open-loop system scalggstricted as the size of the wind turbine increases. These
by a transfer function; for example, when a feedback loognayoidable restrictions are due to the presence of right ha
is used to actively regulate tower loads, the tower speed ptane zeros in the dynamics connecting generator speed to
mpdified by the tower feedback loop sensitivity functiore S€pitch angle. In [10], a procedure for estimating the maximum
Figure 4. achievable bandwidth for any particular wind turbine is
developed. This procedure has been included within the
Wind Speed | |yt cDT . Because it requires only a small number of physical
parameters, the procedure provides useful guidance liegard
the controller performance at an early stage of the design

° 4 T, S cycle.
4j
E. Linear Controller Design
The availability of linear models obviously facilitateseth
Fig. 4. Block diagram including disturbances design of linear controllers. Assuming that the non-linear

aspects and implementation issues are resolved through

This simple rescaling oPsbs can be exploited to provide the realisation adopted for the controller, only local &ine
quick and direct estimates of loads arising from differengontrollers for a specific set of wind speeds remain to be
controllers, e.g. the tower loads, and thereby, assistaitert designed. The design of these local linear controllers can
tuning. This procedure is included and automated indbe ~ then be addressed without further reference to the wind
having proved in practice to be a good guide to Controneﬁurbine context. In general, the individual controllers fo
tuning. wind turbines are quite low order, and in most cases a simple
PI controller, in combination with some filters to mitigate par
ticular frequency related features, is effective. Consedjy,

the design of the linear aspects of the controller tends to be
Parseval’'s Theorem [9] states that the integral ofRBe of  straightforward. A generic realisation for the contrgllérat

a frequency domain signal is equal to the variance of theesolves the non-linear aspects and implementation issues
corresponding time domain signal. Hence, when the spectiialincorporated within the Integrated Control Platforrar)
density function is available, an estimate of the variance aescribed below.

the corresponding time domain signal can be determined fye linear design process for the controller is supported in
following the above procedure; for example, the variancthe cDT by the inclusion of a dedicated linear control design
for the generator speed or electrical power obtained by iaterface to MATLAB and the wind turbine control models.
particular controller. Once again, these estimates ar@mot This interface permits a flexible choice of controller struc
be used as absolute measures of performance, but as relative, thereby, avoiding unnecessary restrictions on otetr
measures. This procedure is also included and automateddiesign. A snapshot of the linear control design interfaee in
thecDT . cluded in thecDT is depicted in Figure 6. When defining the

C. Estimation of RMS values of output variables



control system feedback structure, a comprehensive choieénd turbine, the steady state operating points and loads
of plant input and output variables is available through thand the energy capture that is, of course, dependent on the
GUI with the individual control elements entered using thesite wind speed distribution. ThedDT incorporates this basic
dialogue boxes to the left of Figure 6. The usual controdtrategy as the default strategy but it can be modified when
design and analysis options are available, open and closedquired. It is straightforward to input all the parameters
loop analysis, sensitivity analysis, frequency domainglo necessary to specify the operational strategy and obtain th
time domain plots, etc: all options are readily accessibleorresponding outcomes. The outcomes are made available
from the Control Design GUI for any combination of controlduring system performance analyse, Section VI, to enable
system inputs and outputs that might be of interest. Whesutomatic comparison of these theoretical measures of per-
designing the individual control elements, the modificato formance to those obtained from evaluating the performance
the open loop dynamics, that would arise from changes to ttoé the controller by means of the aero-elastic packages.
controller parameters, can be explored through an infgeact

menu with a pole/zero drag-and-drop facility. C. Annual Power and Energy Capture curves

Given the wind turbine aerodynamic characteristics, ther-op
IV. NON-LINEAR DESIGN ational strategy and the wind distribution of the site atchhi
A. Gain scheduling the machine is located, the nominal annual power and energy

In above rated conditions, when the wind turbine is bein§apture curves to benchmark the controller performance are
pitch controlled, the aerodynamic torque can be separat&@dily obtained using thepT . The post-processing analysis
into two components. The first component is a function ofapability to provide comparable results from the aersta
the wind speed and the second is a function of the bladéckages simulations is discussed in Section VI.

pitch angle and rotor speed. This separation enables alglotail Switching

linearisation of the aerodynamic non-linearity by meana of ] ) ) ) )
non-linear gain in the controller independent of wind speed N€ Simulation model supports the implementation and rapid

A linear control design undertaken at a specific wind sped§Sting of different switching strategies. Measuremerthef

is, thereby, valid for all above rated wind speeds. pe_rf(_)rmance of different switching strategies is not &ivi
The cbT includes a tool that, given the wind turbine plantVithin the CDT two measures of performance are used,
dynamics for the different wind speeds, determines the@bo}’€ 'TSE and theiTE. These two measures of performance
linearising non-linear gain. Assuming that the controllef€asure the speed at which the controlled system attains
maintains an almost constant rotor speed in above ratSifady state in response to a step change. Therefore, in

conditions, the dependence of this gain on rotor speed cQRJEr 10 measure switching performance, the system must
be ignored. Its inclusion in the controller is, formally atP€ Subject to a wind speed step input that causes a change

least, very similar to classical gain scheduling yet is glib in operating region of the wind turbine, e.g. from below date
linearising. Nevertheless, it is not sufficient just to umbé to above. re}ted. Whereas th?,lT_SE penalises more the.Iong
this linearising gain in the controller. Its location is ionant ~ t€rM deviations from the equilibrium state, the ITE pereais

to ensure accurate compensation of the non-linear dynamf@Qre the initial overshoots. Hence, a trade-off betweeh bot
of the rotor. Moving its position can cause a marked dgneasures of performance might be necessary on a case-by-
terioration in performance. The linearising gain is cotisec case scenario basis. The trqd|t|onal form of these measures
implemented within the ICP to ensure precise cancellation §idely used in the control literature to measure switching
the non-linearity over the whole above rated operatingeangSYStems, need a small adjustment to work in this context
thereby preserving the relevance of the linear analysis. du€ to the controllers for the wind turbine being type 1.

B. Operational curves V. IMPLEMENTATION

A fundamental aspect of the control design task is the choide Integrated controller platform

of operational strategy for the wind turbine. The choseideally, the non-linear and linear design aspects of thedwin
strategy in essence defines the overall control objectia; t turbine controller would be undertaken separately. Toe@hi

is, the controller must cause the wind turbine to follow thehis, one approach is to make use of a platform within which
strategy. The most typical operational strategy for PRV8eneric solutions to the non-linear design issues, thateren
machines, at which this tool is directed, is similar to thathe wind turbine control difficult (gain-scheduling, switng
depicted in Figure 5. This simple strategy is currently starand rate constraints), are embedded. The individual linear
dard in the industry and its description can be found in aontrollers would be designed independently for insertion
number of sources, see for example [11]. However, modifieidto the platform without any contingencies, in particular
versions of it are extant such as the reduction in the cdatrol without loss of performance from unexpected interactions.
set-point at high wind speeds. Just such a platform is the integrated controller platform
As seen from Figure 5, the operational strategy can becP) developed by the KI. It is integrated into tlu®T.
defined with respect to the set of switching points in th@heicp is sufficiently flexible to accommodate a broad range
torque-speed plane. Outcomes that arise directly from thed wind turbines and operating strategies. These solutions
definition of this strategy are the ideal power curve for théo the non-linear design issues are clearly dependent on
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the control strategy, which is an input into ther, see
Section IV-B. Once the wind turbine details and the opegatin
strategy are specified, the individual linear controlless f ‘ ‘ ‘ ‘ ‘ ‘ ‘ .
the different operating regions, can be determined usieg th O 0 W0 W0 w00 0 0 e
Control Design GUI, see IlI-E. These linear controllers are Fig. 8. Example of wind binning
external inputs to thecp, see Figure 7, and can be designed

independently using any preferred design tool.

B. Implementation aids C. Dynamic curves

Once the controller is fully designed within the contexttuod t \-:—v(i)ngssseeses d tgic?)?;zrrqini% OIh: r\g'en;sjgmgﬁtsrzlﬁng d tl;)e

cDT the final step is to fully test it in an aero-elastic environ- oIIateS N 65m/s Windgs e[ed ]E)ins as depicted in Figure 8

ment. These environments normally permit simulation wit binning the wind in tf]is wa a,nd det(frminin thg valué

the controller implemented externally idll form or coded y 9 Y >lermining the.

in a programming language of choice. In order to ease toé the measure to analyse while the wind is in the d|ﬁ§rent

transition from the Simulink [12] development environmenrrlgzsjfjngtu :‘?)rge,x:]n?] Fr:rf(;:;j?;[gz cg\:\\llgs fortrzcﬁ(?rrltlcular

to the aero-elastic environméntthe cDT enables direct o T Peyg P pRfax 9
gfﬂmency, consisting of the average and standard dewiatio

testing of the code for the controller under Simulink using ith respect to wind speed. are obtained.Dynamic perfor-
MATLAB [14] s-function It can thereby be checked that the"! P Wi Peea, ined.Ly Ic p
ance curves are provided by tbeT , an example of which

implementation of the controller in code produces the samg L
. o can be seen in Figure 10.
results as the implementation in Simulink blodks.

VI. PERFORMANCE ANDPOSTPROCESSING

A. Rain-flow counting

Wind Speed (m/s)

As mentioned before, the rain-flow counting algorithm is
generally recognised to provide the best estimates ofifatig
damage. A MATLAB rain-flow counting algorithm running

based on the WAFO, see [15], is included in t®T giving

the capability not only of estimating the life-time fatigue |
damage from a given simulation, but of comparing the per-
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centage reduction in fatigue from running the simulatiothwi 3 '\\
different controllers or configurations of the wind turhine . |
Estimates of the contribution of every wind speed to the T %
overall fatigue damage are also provided. otz 3 e e, S T8 s
B. Level-crossing/binning Fig. 9. Example of power binning

When dimensioning gearboxes, fatigue is not the main driver

Rather it is the time the input torque to the gearbox stays ahese performance curves, obtained from simulations run
the different load levels. A tool to quickly analyse the inpuWwith different control strategies, are a reliable source of
loads to the gearbox and, therefore, give a first estimate #fformation regarding the comparative behaviour of the-con

the effect of different controllers on the gearbox, is aiali¢  trollers when implemented on the actual machine.

within the cDT . D. Data Analysis GUI

®MATLAB Real Time Workshop enables automatic code genendiom  To enable theDT to be a self-contained tool, it has the capa-
Simulink models [13] o , bility of importing the results from the preferred aerostia

An interface to have the controller in Simulink running undee aero- K = . itabl hical i

elastic packagesLEX and BLADED is under development, although not package. For convenience, a suitable graphica interteze,

fully functional Figure 11, that permits the simultaneous exploration ofaup t
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Fig. 10. Dynamic power curve

three different runs from the aero-elastic package, isiohetl

tools from different sources. In addition, different comies

use different aero-elastic packages. It seemed pertirent t
incorporate all necessary tools for the control designea in
single independent framework and to make that framework
compatible with any of the aero-elastic packages commonly
used. ThecDT is just such a framework. Furthermore, the
fact that it is coded in Matlab makes it simpler for the cohtro
designer to embed in-house developments as extensions to
this tool.

The cDT uses a set of well-tested solutions to some of the
issues faced by the wind turbine control designer, whibstle

ing room for modifications, improvements and adjustments
to meet the specifics of any turbine when necessaryCite

is, thereby, designed to be an aid to the control engineer.
Future Work

As the scope for the role of control changes, so the scope
and sophistication of these tools evolves. One of the utili-
ties, now under development at the Kl, most demanded by

in the cDT. Since there is a strong frequency domain aspe¢ontrol designers is an interface for Bladed andx with
to the wind turbine behaviour [17], it is always useful to @av Simulink to speed up the controller development by enabling
Psps available. Accordingly, the graphical interface at alcontrollers to be implemented in the aero-elastic envirenim

times depicts the time series, theband the cumulativesp

in block diagram form.

for the chosen signals. The commonly required statistics fo\ tool to directly parametrise the linear models within the
these signals are also displayed automatically. The iredortcpT directly from the Bladed parameter files is also under
data is also made available in the MATLAB workspace s@onstruction. Unfortunately due to the extent of indivitlua
that all the signal processing and analytic capability & thmanufaturers have modifierlEx and created different ver-

MATLAB environment can be exploited.

E. Parameter optimisation using MATLAB

sions of flex parameters files, implementing such a tool
to extract the parameters from til#eEX parameter files is
not possible. However, for a particular version mfex, a

One of the most time consuming aspects of controller desighn ex component files parser that would extract the necessary

is tuning the different controller parameters. Given thesms
of processing power available today, it seems appropriate

parameters is trivial.
t
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