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Abstract

Power regulation of horizontal-axis grid-conneded up-wind constant-speed pitch-regulated wind turbines
presents a demanding control problem with the plant, aduation system and control objedives al strongy
nonlinea. In this paper a novel switched linear approadch is devised. Conventional linea control and a
nonlinea controller which, in some sense, optimises performance acoss the operating envelope provide
benchmarks against which the switched control strategy is compared. In comparison with conventional
linea control, the switched linea strategy reduces the pe&k power excursions experienced and the time spent
at high power levels, with a consequent reduction in drive-train loads. It achieves very similar performance
to the more complex nonlinea controller; that is, the performance is nea optimal over the operational
envelope. Moreover, in contrast to nonlinea control it admits graightforward, rigorous analysis and permits
dired exploitation of the knowledge and experience acamulated with linea control. Hence switched linea
control is more suited for application to wind turbines than the nonlinea control strategy. The improvement
in performance, in comparison to conventional linea control, is sibstantial.
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1. Introduction

Wind energy is one of the most promising sources of renewable energy for the U.K and over the last two
decales there has been rapid development of wind turbine technology. The standard commercial design of
turbine is a horizontal-axis grid-conneded up-wind medium-scae madine with a rating of approximately
300 kW to 500kW. It is anticipated that the next generation of wind turbines which are presently being
developed will i nclude large-scde designs with arating of around 1 MW. The rotor usualy has two or three
blades and in pitch regulated machines the pitch angle of either the full span of the blades, or just the outer
tips, can be varied. The ntrol design task for constant-speed pitch-regulated machines is to exploit this
cgoability in order to regulate power output whilst minimising the load transients and thereby reducing
fatigue damage. The objedives of the SISO control system are discussed fully by Leithead et al. (19913, b,
1992.

Wind turbine power regulation presents a demanding SISO control problem with the plant, aduation
system and control objedives al strongly nonlinear. Having caered adequately for the nonlinea plant
dynamics (Leithead et al. 19913, 1992 Leith & Leithead 19950, the plant may be wnsidered to be
esentialy linea but the mntrol objedives remain nonlinea. In this paper, a novel switched linea control
strategy is presented which addresses the nonlinea control objedives. Its performance is compared to that
of a nonlinea control strategy (Leith & Leithead 199%) which, in some sense, is optimised aaoss the
operating envelope rather than at an operating point. The latter, thereby, provides a benchmark against
which other control strategies can be ssessed.

In general, the field of switched linea control is presently immature (except for siding mode control
which has been the subjed of spedfic interest for many yeas). One gproach to the analysis of switched
linea systemsisto determine the global topdogy of trgjedories in state-space(e.g. Banks & Khathur 1989
Pettit & Wellstead 1999. Unfortunately, this type of approach beames intracable for high order systems.
Morse & Mayne (1992 note that stability is ensured if switching is aufficiently slow whilst Zhang (1993
extends a well-known stability result by Desoer (1969 for lowly time-varying systems to the discontinuous
case. Employing Lyapunov methods, Bedker et al. (1993 derive asufficient condition for stability which
takes the form of a smoathnessrequirement. However, these @mnditions are extremely restrictive in general
and the development of methods which are not excessvely conservative (idedly, non-conservative) remains
unresolved. Nevertheless switched linea control is commonly applied in a variety of situations. Its use to
ensure the satisfadion of input and/or output constraints is widespread (e.g. Heise & Madejowski 1994
Campo et al. 1989, but largely ad hoc. Similarly, it is often used to satisfy changing performance
objedives, e.g. in process control (Richalet 1993. While gain scheduled controllers may employ some
form of interpolation of the control law between design operating points, simple switchingis also used (e.g.
Hyde & Glover 1990. Switched linea controll ers have been propased for model-reference alaptive wntrol
schemes in order to improve robustnessbut this work is at a very ealy stage (Morse & Mayne 1992 Morse
1993. In the present application, switched linea control is motivated by a pressng requirement for
improved performance Its use with performance enhancement as the primary objedive has, unfortunately,
recaved little previous attention (isolated work is reported by Gutman & Hagander (1985 and
Wredenhagen & Belanger (1994, for example).

The paper is organised as follows. Sedion Two outlines the cntroller spedficaion. In Sedion Threg
the nonlinea controller of Leith & Leithead (199%) is briefly described and, in Sedion Four, the switched
linea control approad is discussed, including the seledion of an appropriate redisation. In Sedion Five,
results from extensive simulations are used to compare the performance of these @ntroll ers with one another
and with conventional linea control. Due to ladk of space attention is confined to continuous-time antrol
of atypicd 300 kW two-bladed madhine with full-span pitch regulation. Similar results are obtained with
other configurations of wind turbine (Leith & Leithead 1994,b). In Sedion Six, the nclusions are
summarised.



2. Controller Specification

In this paper, several controllers are described for a medium-scde wind turbine which is dynamicdly
representative of commercial machines of its class A block diagram of the lineaised wind turbine control
model is depicted in figure 1. The open-loop system dynamics, at awind speed of 12 m/s, are modelled by
the transfer function G(s) (seelLeithead et al. 1991afor detail s of the nonlinea representation) where
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It is important that fair comparisons between controller performance ae made. To this end eadh
controller investigated is required to have similar stability margins and to operate within the same aduator
restrictions. All the controll ers are designed to mee the foll owing requirements :

0] Gain margin of at least 10 dB.
(i)  Phase margin of approximately 60 degrees.
(i)  Servo pitch accéeration standard deviation no more than approximately 20 deg/s’.

The aeodynamic behaviour of wind turbine blades is highly nonlinea and strongly dependent on wind
spedal. Intermsof alineaised plant description, as wind speal increases the gain of the plant increases snce
the rate of change of agodynamic torque to pitch ange increases. It is sandard pradice for wind turbine
controllers to include anonlinea gain to compensate for this variation and make the control task esentialy
linea (Leith & Leithead 19950 Leithead et al.1991a). Because of their global mutual compensation (Leith
& Leithead 19950, these two nonlineaities are ignored in the remainder of this paper. (The dynamics at all
wind speeds may now be considered to be the same and modelled by G(s)). However, the representation of
the aeodynamics is very basic and subjed to considerable uncertainty. Consequently, a good gain margin,
in conjunction with a good phase margin, is particularly important in order to achieve alequate stability
margins. Because of the cmplexity of the interadion of the rotor with the wind, it is not possble to quantify
the uncertainty in the ae@odynamic gain but pradicd experienceindicaes that 10 dB is an appropriate gain
margin. If adequate gain and phase margins are not achieved the system nmust sometimes destabili se,
athough rot necessarily become unstable, in which case the wind turbine would experience large load
fluctuations.

Requirement (iii ) represents a pradicd limitation on the level of adivity of the blade servo. Servo pitch
acceeration is a measure of the force or torque developed by the aduator and the standard deviation refleds
adivity over the medium and long term. It should be emphasised that the value of pitch acceeration used is
not that of the adual turbine blades. Rather, it is a normali sed measure which permits valid comparisons to
be made between differing designs of aduator. For example, blade pitching systems with different geaing
ratios linking the aduator to the blades may be cmmpared in an urbiased manner using this measure. The
pitch acceeration of the adual blades will typicdly have alower value & a result of the compliance of the
blades and linkages together with many other fadors. The restriction on aduator adivity inherent in (iii) is
aways necessary to prevent saturation occurring too frequently but there may also be alditional hardware
reasons for itsimpasition. For the macine considered here, the aduator is an eledro-mechanica system and
the restriction on servo pitch acceeration is equivalent to a restriction on the servo motor current which is
imposed to prevent over-heaing. Thelimit of 20 deg/s” istypicd of comparable mmmercial madines.

There ae several implementation issues which need to be mnsidered. The aduator, in addition to
requirement (iii), is subjed to hard limits on torque, velocity and pcasition and effedive aiti-wind-up
measures are therefore important. Thereis, aso, the requirement to ensure smooth and timely start-up of the
controller. (When the wind speed falls below a cetain level, rated power cannot be generated and control
adion is suspended until the wind speed rises again). These isales have asignificant impad on performance
and are discus=d in detail elsewhere (Leith & Leithead 1995h Leithead et al. 1991a). It should be noted
that the nature of the redisation of the cntroller isimportant when addressng the implementation issues and
aso impads grongy upon the dfediveness of the compensating ronlinea gain discussed above. The
controller redisations adopted in this paper are compatible with the requirements thereby impaosed (Leith &
Leithead 1995h Leithea et al.1991a).

3. Nonlinear Control



The aduator charaderistics, espedaly the limits on torque, are one of the main restrictions on the
performance that cen be atieved by a controller. As the wind speed rises, a linea controller places less
demand on the aduator since the sensitivity of the agodynamic torque to pitch changes increases faster than
the sensitivity to wind speed changes. Hence for a controller with fixed open-loop crossover frequency,
while the aduator may be worked to its full cgpability at low wind speed, it may not be used as fully at
higher wind speeds. However, it is at these higher wind speeds that loads are gredest and therefore
controller performanceis most criticd. Parametric studies (Rogers & Leithead 1993 1994and Leithead and
Rogers 1993 indicae that there is an advantage in using this gare aduator cgpadty as the wind speed rises
and that there exists an optimum level of adivity for the mntroller at ead wind speed. Whether, at any
particular wind speed, the resulting optimum crossover frequency can be adieved in pradice depends on
the capabiliti es of the aduator.

The optimum, as measured by the standard deviation of the power transients, seefigure 2, exists due to
the adion of two competing fadors. Aswind speed rises, for afixed controller the standard deviation of the
power also rises due to the increased level of turbulence It is therefore atradive to increase the controller
adivity by raising the open-loop crossover frequency, giving improved disturbancerejedion. However, the
wind spedrum differs from that experienced at a static point (see for example Leithead et al. 1991a). In
particular, the wind experienced by a wind turbine mntains large anounts of energy at frequencies nP, where
n is the number of blades or an integer multi ple thereof, and P is the rotational speed dof the rotor. Sinceit is
necesssry to proted the aduator by causing the open-loop transmittance to roll-off, whilst maintaining
adequate gain and phase margins, there is an inevitable tendency for the sensitivity function to increase the
intensity of the nP pe&ks as the aossover frequency isincreased.

The requirement isto designa controller which operates as nea as possble to its optimal level of adivity
in al wind spedds, subjed to aduator constraints. A complicdion is the ladk of a dired measurement of
wind speed. Indeed there is no such thing as 'the windspeed' experienced by a wind turbine, since the rotor
experiences a spatially and temporaly distributed wind field. Simple scheduling is therefore not appropriate
and the wind speed must be inferred from the plant dynamics via the pitch demand. If the controller is
operating corredly, the demanded pitch angle is a good indicator of wind speed. (This approach is widely
used to vary the previously noted nonlinea gain, which esentialy lineaises the plant by compensating for
variations in the aeodynamic torque sensitivity). Employing an internal state of the system, such as the pitch
demand, to implicitly change the controller as wind speed varies must be treaed with some caition, however,
since it introduces additional nonlinea feedbad loops, thereby changing the plant dynamics. The design
task is to develop a @ntinuously varying controller which induces the gpropriate dosed-loop d/namics at
any wind spedd, despite the presence of these feedbadk loops. A nonlinea control strategy which achieves
this objedive is discussed in detail in Leith & Leithead (199%). Briefly, a family of linea controllers is
designed at various wind speeals using classcd loop-shaping design techniques. Some cae is required to
minimise the diff erences between these mntrollers © that interpolation between them can be caried out as
smoathly as possble. The cntinuous family of controll ers thereby generated is:
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where

a=-0.0330478% + 0.75064p+ 3.3749
b= 2.6002p+ 58.040
g= (0.13779p+ 0.29784

and pis the pitch angle demanded by the @ntroller, in degrees. It can be seen that these wntroller transfer
functions are the same except for avarying gain and a pair of varying poles. The Bode plot of the open-loop
transfer function of the system with the member of this family of controllers for 12 m/s wind speeal is siown
infigure 3. The family of controll ers has the foll owing feaures :



»  Low frequency shaping to improve disturbancerejedion.

* Notches at 2P and 4P to reduce aduator adivity and reduce the enhancement of the loads
induced by these spedral pe&ks.

« Highfrequency roll-off to reduce atuator adivity.

Upper and lower bounds are placad on a, b and g,. When p islessthan 3.84 degrees (correspondingto 12m/s
wind spedd), a, b and g are held at their 3.84 degreevaues. Similarly, when p is greaer than 20.59 degrees
(24 m/swind spedl), a, b and g are held at their 20.59 degreevalues.

The oontroller is $lit i nto two main blocks as $own in figure 4 to cater for the situation when a negative
pitch angle is demanded, i.e. when the wind speed has fallen below the level at which rated power of 300kW
can be generated. In this stuation the controller is switched out of operation . Due to the presence of low
frequency dynamics within the mntroller, transients may occur for a substantial period d time when the
controller is sitched badk in again as the wind speed rises. To combat the transients, a minor loop is
introduced within the controller which is adivated during below rated operation so that the cntroller is
continuously operating and thereby smoath switching achieved. This technique, including the partitioning of
the antroller into inner and outer blocks, is discussed in detail in Leith & Leithead (19950 and Leithead et
al. (19913, 1992. The mntroller partitioningin the present case is as foll ows:
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The redisation adopted for the inner block is that of figure 5 (Leith & Leithead 199%).

4. Switched Linear Control

In the precaling sedion, a nonlinea controll er is discussed which not only utili ses the maximum aduator
cgpability at all wind speeals but is instantaneously the most appropriate cntroller at all wind speeds. In
some sense, the nonlinea controller may be mnsidered to be optimised acossthe operating envelope rather
than at an operating point. It is noted by Leith & Leitheal (1995) that whilst stability margins are not
established in a cmpletely rigorous manner the optimisation pertains to bah locd and non-loca behaviour.
It thereby constitutes a benchmark against which other control strategies can be ss®s®d. In this ®dion, a
dual-mode type of controller is designed which switches between two linea controll ers, one suitable for low
wind speeds and the other suitable for high wind speeds. As discussed previously, no measurement of wind
spedl ispossble and an internal state of the controll er, namely pitch demand, is used to determine switching.
The result is a fast switched linea system. Owing to the rapid variation in pitch demand that typicdly
ocaurs, it cannot be asaumed that switching will be slow; that is, there may be only very brief intervals
between switch transitions. I1n comparison to the nonlinea controll er of sedion threg the switched controll er
is anticipated to have poarer performance both becaise it does not continuoudly adjust with wind speed and
because switching can induce large transients (as is the cae when switching from below to above rated
operation, Leithead et al. 19913, Leith & Leithead 1995). However, it is expeded that the design may be
simpler and that stability margins might be more firmly establi shed.

As mentioned in the precelding sedion, the demand which a linea controller places on an aduator
deaeases with rising wind speed. It does 9 rapidly in lower wind speeds below 15 m/s but much less



rapidly in higher wind speeads above 18 m/s. However, it is at these higher wind speeds that controll er
performance is most criticd. These mnsiderations suggest than the gpropriate wind speal at which to
switch between the two controll ers lies between 15m/s and 18 m/s. A wind speed of 16 m/s (corresponding
to 1114 degrees pitch demand) is sleded as the switching paint. A conventional design of linea controll er
is used in wind spedals below this threshold with a more adive linea controller at higher wind speads. These
controll ers have the foll owing transfer functions :

Low-Wind Speead Controll er
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(gain margin 10 B, phase margin 56.14 degrees, open-loop crossover frequency 1.826r/s). The low wind
spedl controller is $milar to previous controll ers used with a commercial two-bladed design of wind turbine
(Leithead & Agius 1991, Bossanyi et al. 1992).

High-Wind Speed Controll er

(s+1.7)(s+1.8)(2+3s+416.16) (2+7.595+68.06)
550191000 00000000000000000

S(s+0.3)(s+3.7)(s>+85+416.16) (s2+14.67s+100)

(s2+25+104,04)(s2+7.2435+38.637)
x00O000D000000000000000

(s?+115+104.04)(s+100)(s+30)(s%+65.85+2209

(gain margin 10 dB, phase margin 55.62 degrees, open-loop crossover frequency 2.85r/s). The high wind
spedd controller is the member for awind speed of 20 m/s (16.21 degrees pitch) of the family of controllers
described in sedion three With these choices of controller and switching threshold, the open-loop cross
over frequency of the switched system as a function of wind spedl is, in some sense, a best fit to the
crosover frequency of the nonlinea controll er of sedion three & afunction of wind speed (seefigure 6).

A switched linea system employing linea elements which individually are dosed-loop unstable can be
stabili sed for appropriate switching (see for example, Peleties & DeCarlo 1993. However, the dass of
admisgble switching rulesis gredly restricted in comparison to switched linea systems for which the dosed-
loop system is gable when ead of the linea controllers in the switched controller is used individually. In
particular, the rule enployed in the present applicdion is inadmisgble if the linear elements are unstable
sincein a steady wind the pitch demand is constant and one of the individual controllersisin continuous use;
that is, the dosed-loop system is unstable. Hence, it is assumed in the following that the linea component
systems are stable. Employing Lyapunov methods, Bedker et al. (1993 derive asufficient condition for
stability which is applicable to switched linea systems (including rapid switching). The condition requires
that a single function exists which ads as a Lyapunov function for every member of the family of linea
systems employed in the switched system. It may be interpreted as a smoothnessconditi on which holds if the
members of the linea family are sufficiently aike (trivialy, when they are identicd). That sufficient
smoathness (in some sense) ensures gability is intuitively reasonable. However, the Lyapunov condition of
Bedker et al. (1993 is extremely restrictive in general, and therefore of limited utility in pradice Shevitz &
Paden (1994 comment that it is natural to consider nonsmocoth Lyapunov function when analysing
nonsmooth systems and extend Lyapunov theory to include a ¢assof such functions. The result of Bedker et
al. (1993 could, therefore, be generalised to lesen its conservativeness but such an approad is of limited
use in pradice owing to the difficulty of determining suitable nonsmooth Lyapunov functions and the
tradability of the result of Bedker et al. (1993 islost.

A more pradicd test for stability of switched linea systems than those discussed above is required. The
Small Gain theorem (Desoer & Vidyasagar 1975 can be employed to provide a suitable sufficiency



condition for L, stability of the switched control law, as follows. Rearanging the antrolled system as
shown in figure 7 and taking I'=1, the transfer function between x and y is-(G,-G,)/(1+G;). The system now
consists of a SISO linea time-invariant block with nonlinea feedbadk provided by the switch and it isin a
form suitable for the use of the Small Gain theorem and criteria derived from it, such as the Circle Criterion
(see for example, Desoer & Vidyasagar 1975. The switch is an operator with induced L, norm in the range
(0,1]; therefore, by dired applicaion of the Small Gain theorem a sufficient condition for closed-loop
stability of the switched system is that the magnitude of the transfer function -(G,-G,)/(1+G;) should not
excedl unity. Again, the mndition may be interpreted as a smoothness condition, which is stisfied if the
difference between the system transfer functions, G, and G,, for the switched controller is sufficiently small.
In addition to individually satisfying the gpropriate performance and stability requirements, the linea
elements should be jointly designed to shape the transfer function (G,-G;)/(1+G,) in such a way as to satisfy
this smoacthnesscondition (or, similarly, one enploying the Circle Criterion). In the present application, G,
contains an integrator term, and 1/(1+G;,) therefore tends to zero at low frequencies. In addition, G; is
strictly proper, and so 1/(1+G;,) tends to unity at high frequencies. Hence, the almisdble diff erence between
G; and G, may be large & low frequencies but is required to be small at high frequencies (that is, lessthan
unity). A plot of the magnitude of (G,-G,)/(1+G,) for the present switched system is down in figure 8. It
can be seen from this plot that the magnitude lessthan urity at al frequencies and hence the switched system
is gable; that is, the linea elements sleded satisfy the smoothness test immediately and do not require
further modificetion to shape (G,-G,)/(1+G,). Notice however, that this transfer function exhibits peeks at
frequencies in the vicinity of the adossover frequencies of the linea elements. Hence shaping of (G-
G1)/(1+G,) can be expeded, in genera, to have asignificant influence upon the design of the linea elements.

Asgsesanent of stability robustnessis also necessry. As mentioned in sedion two, the dominant source
of uncertainty typicdly liesin the agodynamic behaviour of the turbine blades which may be represented by
M'#£1infigure 7. Robustnessto variationsin I is assessed rigorously using a small gain approach once aain.
The system now contains two nonlinea terms, ' and the switch. Straightforward reformulation of the
closed-loop system so that these nonlineaities lie in the feadbadk path gves rise to the following 2-input/2-
output transfer function matrix in the forward peth:
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Theinduced L, norm of this transfer function is sUp Oy (W), where O,a(w) is the maximum singuar value of
the transfer function matrix at frequency w and the supremum is over al frequencies in the range [0, )
(Desoer & Vidyasagar 1975. By the Circle Criterion, the system is determined to be stable for ||, in the
range (0.81,2.19) which compares to a ||, range of (0.38, 2.63), with the low windspeed controller on its
own and (0.64,2.27) with the high windspeed controll er.

Of course, the rigour of this approach is counter-balanced by its inherent conservativeness In particular,
the robustnessto variation in the magnitude of the gain is insufficient to mee the performance regquirements.
Consequently, the stability margins derived are too conservative and it is important that less conservative
results are obtained. This may be atieved using harmonic balance techniques (seg for example, Atherton
1982 at the price of reduced rigour. The uncertainty in the agodynamic behaviour of the turbine blades
may be mnsidered largely as a gain urcertainty. Since the describing function of ared, memoryless time-
invariant nonlinea gain is red, the gain margin is indicated as a useful measure of robustness The gain
margin may be sssessed by perturbing the value of I and evaluating the dfed on the dosed-loop stability.
The switched system is determined to pessessa gain margin of 10.0 dB. By similar means, the phase margin
is determined to be gproximately 55 degrees; that is, the stability margins of the component linea systems
are retained by the switched system. Simulation results confirm these gain and phase margins are not
conservative for this applicetion.

The dove anaysis, while indicating that the switched system meets the requirement for robust stability,
does not predude the posshility that large transients might be generated by the frequently occurring
switching between controllers. The source of the transients would be the discontinities which switching
introduces into signals within the controller, particularly as the antroller transfer functions both contain an
integrator and a low frequency pole (required in order to achieve alequate low frequency disturbance
rejedion) which prolong their presence  The performance of the switched system may well not be accetable
if large transients are present and the requirement for smooth switching is esential. It is noted in Leith &
Leithead (199%) that seleding an appropriate redisation is an important part in the design of nonlinea
controllers. Thisis also the cae for the switched controller and the requirement for smooth switching may



be met by adopting the redisation depicted in figure 9. While only one cntroller ads on the plant at any
time, it is ensured that the high and low wind speed controllers are both continuously driven by the same
input. Initialisation transients associated with the low frequency controll er dynamics are thereby avoided. In
addition, the pure integration term, which is common to bah the high and low wind speed controllers, is
located after the other controller dynamics with the switch paositioned immediately prior to it. Owing to the
switch, the input to the integrator may be discontinuous. However, for an input with finite magnitude (that is,
the system is gable), the output of the integrator is continuous. Extensive simulations confirm that these
simple techniques are extremely effedive in preventing uracceptable switching transients. Moreover, the
integrator ads to smooth any chatter of the switch. The redisation adopted therefore provides an elegant
aternative to the more mnventional solution of introducing hysteresis. Minor loops to handle the transition
from below to above rated power operation are dso depicted in figure 9. These loops are similar to the
minor loop noted in sedion threefor the nonlinea controller and are discussed in detail in Leith & Leithead
(1995h and Leithead et al. (19913, 1992). Note that aminor loopis required for ead controll er because the
switching when u equals O degrees (below to above rated transition) and when u equals 11.14 degrees
(controller transition) may occur in close proximity. However, the integrator can be included in the minor
feedbadk loop for the high wind speed controller as the timing is less criticd for this controller. The
controller inner/outer block partitioning in the present case ae & foll ows:
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5. Performance Comparison

The performance of the nonlinea and novel switched linea control strategiesis investigated using a well
validated simulation methoddogy. For comparison, a conventiona linea controller designed to med the
same spedficaionsis also considered:

Linea Controller (seefor example Leithead et al. 1991a, 1992:

(s+1.6)2(s?+7.2435+38.637)
gri22o 00 0oooooooon
§(s+0.3)(s+3.7)(s+20)(s+50)



(s2+1.55+104.04)(s2+65+416.16)
x00O000O0000000000000000

(s2+115+104.04)(s2+10s+416.16)(s2+65.85+2209

(gain margin 10 dB, phase margin 56.14 degrees, crossover frequency 1.826r/s). This controller is smilar
to previous controll ers used with a commercial two-bladed design of wind turbine (Leithead & Agius 1991,
Bossanyi et al. 1992, and corresponds to the low wind speed component of the switched linea control
strategy discussed in sedion four.

Assssment of performance follows the well-validated approach of Leithead & Agius (1991 and
Bossanyi et al. (1992. Simulation runs are performed with ead spedfic controller over a range of wind
spedds and turbulence levels. Four mean wind speeds of 12, 16, 20 and 24 m/s were used at three nominal
turbulence levels of 10, 15 and 20%. Each simulation runis of 260 seconds duration, giving 4 one minute
periods of data per run, after discarding the initial 20 seconds to all ow the system to settle down, and 48 ae
minute periods over all the runs. A data sampling rate of 50 Hz isused. The nominal turbulence level only
applies over a long time period and the range of turbulence levels for the one minute samples is 6 - 26 %.
Whil e turbulencein the range 8 - 18 % corresponds to the moderate wind conditi ons noted Leithead & Agius
(1991 and Bossanyi et al. (1992, results for dlightly more turbulent conditions with intensity in the range 13
- 26 % are presented in this paper. For ead one minute sample, within the spedfied turbulence range, the
maximum power was plotted against the mean wind speed over that sample. A linea fit to this data then
provides an indication of the trend in maximum power with wind speed. Moreover, if the standard deviation
of the residues of the maxima &out the linea fit is determined, then the power maxima experienced under
normal operating conditions are unlikely to exceal the linea fit by more than three times the standard
deviation. Empiricd investigations (Leithead & Agius 1991, Bossanyi et al. 1992 have shown that despite
the small number of data points used, this approach is nevertheless a good indicator of the comparative
performance between controll ers.

Before ansidering results based on the &ove one minute binning approacdh, an indicaion of the relative
performance of the ntrollers is obtained by comparing the probability distributions of the power time
histories for these wntrollers. These ae given in figure 10 for typicd power time histories at a mean wind
spead of 24 m/s, 20% turbulence intensity. A large reduction in the time spent at high power levels is
evident with both the switched and nonlinea controll ers which can be seen to have very similar performance.
For example, the percentage of time that the power level exceals 450 kW for the various controllers is as
follows

Controller Excealance
Probability
450kwW
linea 4.02%
switched 0.62%
nonlinear 0.64 %

Similar results are obtained at other wind speeds and turbulencelevels.

The euations of linea fits to the power maxima, from the one minute samples with turbulence in the
range 13-26 %, are given in the table below. The plot in figure 11 shows the three standard deviation line
asciated with ead fit. As noted, this line provides an indication of the maximum power likely to be
encountered during rormal operation. Once ajain, the performance of the switched and nonlinea controll ers
is extremely similar and a substantial improvement over linea control.

Controller Fit Standard Deviation
linea 8.49w+280.05 20.02

switched 5.79w+317.17 14.19

nonlinea 5.11w+33049 1452

The linea controller's maxima increase @ the fastest rate while the switched and nonlinea controllers
incresse & almost two-thirdsthisrate. The reduced rate of increase of the maxima in combination with much
lower standard deviations of the residues, corresponding to tighter bunching of the maxima, represents a
significant overall reduction in the pesk power excursions likely to be experienced and a @nsequent
reduction in drive-train load transients.



The pitch accéeration standard deviations for the one minute samples are shown in figure 12. The linea
controller works the aduator hardest at low wind speeds but the aduator adivity falls rapidly as the wind
sped rises due to the increase in the sensitivity of the agodynamic torque to pitch changes. In contrast, the
standard deviation for the switched and nonlinea controllers remains rougHy constant as wind speed rises,
exploiting the extra aduator cgpadty avail able & higher wind speed as intended.

More detail ed results are mntained in Leith & Leithead (1994a,b) together with results for a threebladed
madine.

6. Conclusion

In the mntrol design task for pitch-regulated constant-speed wind turbines, the plant, adtuation system
and control objedives are dl strongy nonlinea. Having caered adequately for the nonlinea plant dynamics
(Leithead et al. 19913, 1992 Leith & Leithead 19950, the plant may be considered to be essntialy linea
but the control objedives remain nonlinea. Improvement in the ntroller performance ca still be adieved
by adjusting the cntroller as the operating point changes. Wind speed fluctuations are highly stochastic and
the operating point of a wind turbine varies rapidly and continuously over the whole operational envelope.
Whilgt, typicdly, the bandwidth of the dosed-loop system is 3 r/s, the operating point might cover its full
range in one or two seands. Consequently, the emphasis is on the nonlinea behaviour and performance
when considering control strategies which are aljusted as the operating point changes.

In the control strategy of Leith & Leithead (1995) the control algorithm continuously changes with the
operating point in such a way that the controller is instantaneoudy aways the most appropriate for the
inferred wind speed. The result isanonlinea control strategy which, in some sense, may be mnsidered to be
optimised aaossthe operating envelope rather than at an operating point. Although the establishment of
stability margins is not entirely satisfadory, the optimisation pertains to bah locd and non-locd behaviour
of the mntroller. It, thereby, provides a benchmark against which the other control strategies can be
asses=d.

In this paper, a switched linea control strategy is presented which is novel both in terms of the
application and the motivation: namely, a presing requirement for improved performance The @ntroller
consists of two control algorithms, one gopropriate for low wind speeds the other appropriate for high wind
speals. The resulting switched linear control strategy is anticipated to perform less well than the
continuously varying ronlinea strategy but offers sveral advantages. The Small Gain theorem is employed
to establish a sufficient condition which ensures the stability of switched linea systems and supparts, in a
straightforward manner, the rigorous analysis of the switched linea system, with no need for approximations
and asaumptions. In particular, stability margins can be firmly established. Since the stability condition is
based in the frequency domain it fadlit ates graightforward and dred ‘tuning of the controller design. The
switched linea strategy permits dired exploitation of existing krowledge and experience of linea control.
Furthermore, design and implementation of the switched linea control agorithm is typicdly more
straightforward than that of the @ntinuous nonlinea algorithm.

From the results of extensive runs using a well validated simulation methoddogy, the performance of a
typica two-bladed configuration of wind turbine is compared for the nonlinea controll er, the switched linea
controller and a @nventional linea controller. The simulations confirm that the switched controller
performs as intended. It is found to reduce both the pesk power and the time spent at high power levels in
comparison to linea control, with a amnsequent reduction in drive-train loads. The improvement is obtained
by exploiting the aduator capability left unused at higher wind speeds by linea time-invariant controllers
and is che@ in the sense that to achieve the same improvement by means of linea control, were it posshble
within pradicd constraints, would require much greder and expensive aduator cgpability than is typicdly
available. Contrary to expedation, the switched linea control strategy achieves very similar performanceto
the nonlinea control strategy; that is, the performanceis nea optimal over the operationa envelope. Hence,
because of the previousdy mentioned advantages, the switched linea control strategy is more suited for
application to wind turbines than the nonlinea strategy. The improvement in performance, in comparison to
conventional linea control, is sibstantial.
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Figure 1 Lineaised control model.

dQ/dpis ®nsitivity of agrodynamic torque, Q, to changesin pitch, p.
dQ/dV is enditivity of aerodynamic torque, Q, to wind speed, V.

Figure 2 - Predicted variance of power output vs open-loop crossover frequency and wind speed
(Leithead & Rogers 1993.

Figure 3 Bode plot of open-looptransfer function with 12 m/s member of family of controllers.
Figure 4 Controller structure.

Figure5 Redisation of inner block of nonlinea controller.

Figure 6 Nonlinea and switched controll er open-loop crossover frequencies

Figure 7 Arrangement used to apply Small Gain theorem to switched linea controll er.

Figure 8 Plot of magnitude of (G,-G1)/(1+G;) for switched system.

Figure 9 Redisation of switched controller.

Figure 10 Probahility density function of power at 24 m/s, 20% turbulenceintensity.

Figure 11 Threestandard deviation lines for fitsto pover maxima.

Figure 12 Pitch acceéeration standard deviation.
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