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Abstract

Threeof the important, generic, implementation isaies encountered when developing controll ers for
pitch-regulated constant-speed wind turbines are @nsidered, namely, (1) acommodation of the
strongly nonlinea rotor aeodynamics, (2) automatic oontroller start-up/shut-down; and (3)
acommodation of velocity and acceeration constraints within the aduator. Both dired lineaisation
and feedbad li neaisation methods for acoommodating the nonlinea aerodynamics are investigated and
compared. A widely employed technique for acoommodating the nonlinea aeodynamics, originaly
developed on the basis of physicd insight, is rigorously derived and extended to caer for all wind
turbine cnfigurations. A rigorous gability analysis of controller start-up is presented for the first time
and novel design gudelines are proposed which can significantly reduce the power transients at
controller start-up. The relation to anti-wind-up is noted and several aspeds of an existing wind-turbine
controller start-up strategy are observed to be novel in the anti-wind-up context. Restrictive position,
velocity and accéeration constraints may al be present in wind turbines and the dynamic behaviour of
the aduator cannot be negleded. A novel, and quite general, anti-wind-up method, based on the start-
up strategy, is proposed which caters for all these drcumstances. The separate strategies for resolving
the implementation isuues are @mbined to achieve a elegant controller redisation which
acommodates al the implementation isaues in an integrated manner. The importance of adopting an
appropriate cntroller redisation is considerable and is ill ustrated for a 300 kW wind turbine. The
implementation issues encountered in this paper are, of course, not confined to wind turbines but are of
wider concern.

1. Introduction

Wind turbine tedhnology has undergone rapid development in recent yeas in response to
widespread demands for the increased use of renewable sources of energy. The standard commercial
design of wind turbine is a horizontal-axis grid-conneded up-wind macdiine with a rating of
approximately 300 kW to 500kW (medium-scde). 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 reguated machines the pitch angle of
either the full span of the blades, or just the outer tips, can be varied. The control design task for
constant-speed pitch-regulated machines is to exploit this cagpability in order to regulate the power
output whilst minimising the load transients and thereby reducing fatigue damage. The objedives and
design of the SISO control system are discussed fully by Leithead et al. (1991a, b, 1992).

In this paper, three of the important implementation issues encountered, when developing
controllers for pitch-regulated constant-speed wind turbines, are investigated, namely,

1. Compensation of the strongly nonlinea rotor agrodynamics.

2. Automatic controll er start-up/shut-down.

3.  Accommodation of velocity and acceeration constraints within the aduator.
Theseiswes are, of course, not confined to wind turbines but are of wider concern.

The first implementation issue relates to the aeodynamic behaviour of the turbine blades. Whilst a
linearised plant representation is typicdly employed during the synthesis of the ntroller transfer
function, a wind turbine is a nonlinea system; in particular, the a@odynamic behaviour is highly
nonlinea. Since the role of the turbine rotor in converting wind energy into mechanicd energy is a
central one, the nonlinea behaviour of the rotor exerts a substantial influence on the daraderistics of
the whole wind turbine and cannot be negleded (seg for example, Leithead et al. 1991a, 19929).

The second implementation isaue relates to the wind turbine operational requirements. Below a
certain ‘rated wind speal’, the power generated is lessthan the turbine rating and no control adion is
required. However, when the wind speel rises above rated, the power output is regulated at the rated
value of the turbine, ‘rated pawer’, by suitably adjusting the pitch angle of the rotor blades. Hence, it is



necessary to automaticdly start-up and shut-down the antroller as the wind speed fluctuates. (In very
low wind speeds, there is insufficient energy to sustain power generation and the turbine is sut down.
In very high wind spedls, the turbine is wut down to prevent damage. Start-up and shut-down of the
entire turbine, rather than just the cntroller, is not considered here). The cntroller has integral adion
to ensure rejedion of steady wind dsturbances and suitable low frequency shaping (Leithead et al.
19913, 19929) to ensure rejedion of gusts (ramp-like increases or deaeases in wind speed which persist
over severa seconds). Consequently, controller start-up requires to be treaed with some cae to avoid
prolonged transients and minimise the loads on the wind turbine.

The third implementation issue relates to the aduator physicd constraints, negleded during the
controller transfer function synthesis. In low wind speeals, when the sensitivity of the a@odynamic
torque to changes in the pitch angle is lowes, it is often necessary to move the blades of the turbine
rapidly in order to achieve alequate power regulation. The hard limits on the accéerations (or torques)
and velocities, internal to the aduator, are, therefore, often encountered during rormal operation rea
rated wind speed. At present, the impaa of the hard actuator limits on stability and performance, in the
context of wind turbine goplications, has receved littl e consideration.

Although strategies adopted to resolve these implementation isaues are often proprietary in neture,
strategies, which adequately addressthe implementation isaues, are reported in the open literature by
Leithead et al. (1989 199(,, b, 19913, 19923). (Their effedivenesshas been confirmed in field trials
(Leithead & Agius 1991)). However, these strategies were developed on the basis of physicd insight,
suppated by simulation studies, and a more rigorous analytic gpproach remains desirable. A re-
examination and analytic investigation of the implementation isaues is further warranted by the recent
development of high performance nonlinea controllers (Leith & Leithead 199%, b, ¢, 1996, b), which
operate the control system at its limitsto a much greder extent than conventional linea controllers, and
by the progresson of the wind turbine rating from medium-scde to large-scde with the mnsequent
trend towards a considerable tightening of the physicd constraints on the control system.

The paper is organised as follows. Sedion two contains a brief discusgon of those aspeds of wind
turbine modelli ng and control relevant to the present context and sedion three areview of strategies for
the resolution of the implementation isaues considered in this paper. The rigorous compensation of the
nonlinea agodynamics is considered in sedion four, controller start-up/shut-down in sedion five and
acommodation of aduator velocity and accéeration congtraints in sedion six. The individual
strategies to resolve the implementation isaues, considered separately in sedions four, five and six, are
combined in sedion seven to produce an integrated controller redisation and the performance
improvement achieved is illustrated by an example. Findly, in sedion eight the conclusions are
summarised.

2. Wind Turbine Control Preliminaries

In this paper, the controller implementation isaues are mainly ill ustrated with resped to a medium-
scde 300kW two-bladed grid-conneded up-wind constant-speed full -span pitch-regulated wind turbine
which is dynamicdly representative of commercia madiines of its class A block diagram
representation of the system dynamicsis depicted in figure 1.

Althoughthere is no such thing as the ‘wind speed’ experienced by awind turbine, sincethe rotor is
subjed to a spatially and temporally distributed wind field, it may be mnsidered to experience an
effedive wind speed which, in some sense, is an average over the rotor disc. (It should be noted that
this makes a dired measurement of wind speed impaosshble). The aeodynamic torque, T, depends
nonlinealy on both the pitch angle, p, and the dfedive wind spedd, V, asin figure 2a; that is,

T=T(p\V) D

(Throughout this paper it is assuumed that T is differentiable & required). For ead effedive wind
spedd, V, above rated wind speed, the rated aerodynamic torque, T,, is attained at a unique pitch angle,
pv. These pitch anges together with their corresponding effedive wind speeds define the locus of
equili brium operating points, (pv, V), of the system. Locadly to a spedfic equili brium operating point,
(pv, V), the nonlineaity (1) may be lineaised as depicted in figure 2b, where & indicates perturbations
about the nominal values. The partia derivatives, at the equili brium points, of the a@odynamic torque
with resped to pitch angle and wind speed, 0T/dp and dT/0V respedively, are tabulated in table 1. It
can be seen that, over the operational envelope of the wind turbine, the behaviour of the a@odynamic
torque varies considerably.



The combined dynamics of the drive-train, generator and power transducer, G, are esentialy linea
and, together, are modelled by the transfer function
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The aduator position is physicdly constrained to the range [-2.0, 60.0] degrees and the velocity to
therange[-10.0, 10.0] degrees/second. Sincethe pitch angle control demand is constrained to the range
[0.0, 45.0] degrees, the former constraint can be negleded and the aduator dynamics, A, represented by
the block diagram depicted in figure 3. The dynamic terms, M, M; and T, are modelled by the transfer
functions

Mq(s) = 1.00; M(s) = 14.0; T(s) = 50.0/(s+50.0) 3

Within the velocity constraint, the aduator is effedively linea with bandwidth 20.7 r/s. Hence, for
control purposes, its dynamics, A, when ursaturated, can be modell ed by Au (s) where

20.7
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Althougha similar representation of the system dynamics was adopted in Leithead & Agius (1991)
and Leith & Leithead (1995, b, ¢, 19964, b), a different representation had been adopted previously
(Leithead et al. 1989 199(n, 19913, 19923) whereby an additional term representing dynamic inflow
(also known as induction lag) was included between the aeodynamics and the drive-train dynamics in
figure 1. The dynamic inflow is modelled as a simple lead-lag but its representation is subjed to
considerable uncertainty and the frequencies of the pole and zero depend on the wind speed. However,
sincethe pole and zero are & very low frequencies, the dynamic inflow has littl e impaad on the synthesis
of the controller transfer function, except, perhaps, requiring an adjustment in the gain, and the
controller synthesis models nead not include it. (Note, it does not necessarily follow that it has littl e
impad on the aontroll er implementation and can be omitted altogether from the control design models).
In addition, no evidence for the presence of dynamic inflow could be discerned during experimental
control studies (Leithead & Agius 1991), raising some doubt concerning its influence on the system
dynamics. Hence asin Leithead & Agius (1991 and Leith & Leithead (1995, b, ¢, 1996, b), the
dynamic inflow may be omitted in the context of controller transfer function synthesis provided the gain
is confirmed from measured data.

The aeodynamic behaviour of the wind turbine is highly nonlinea and strongy dependent on wind
speald. However, its representation, described above, is very basic and subjed to considerable
uncertainty. In addition, the ae€odynamics may change over time due to contamination of the blade
surfaces. Consequently, a good gain margin, in conjunction with a good phase margin, is particularly
important in order to achieve alequate stability margins. If adequate stability margins are not achieved,
the system nmust sometimes destabili se, although rot necessarily become unstable, in which case the
wind turbine would experience large load fluctuations. Because of the complexity of the interadion of
the rotor with the wind-field, it is not posdble to quantify the uncertainty in the agodynamic models but
pradicd experience indicates that 10 dB is an appropriate gain margin and roughy 60 degrees the
appropriate phase margin.

A controller transfer function, C(s), is gnthesised, for the eguilibrium operating point
correspondingto awind speed of 12 m/s, such that

C(S) = Couer(s) Cinner(s) (6)
with
(s+1.5)(s+1.6) (7)
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The Bode plot of the open-loop transfer function is down in figure 4. It exhibits the low frequency
shaping to improve disturbance rejedion referred to in sedion 1, high freguency roll-off to reduce
aduator adivity and notches at 2P and 4P (where P is the rotational speed of the rotor) to reduce
aduator adivity and reduce enhancement of the loads induced by spedra pe&ks, due to rotational
sampling of the wind-field, at these frequencies. The aossover frequency is 1.87 r/s and the gain and
phase margins are 10.2 dB and 51 dbgrees, respedively.

Both the quantitative and qualitative behaviour exhibited by medium and large scde madines can
differ substantially. In particular, due to the incressed physicd size and inertia of the blades, the
bandwidth of the aduator of a large-scde madchine may be reduced to such an extent that it is $milar to
the dosed-loop system bandwidth. In addition, the aduator constraints may becme tighter and it may
be required to operate dose to the limits over a wide range of wind speeds. Accordingly, in this paper
the oontroller implementation isues are, in addtion to the 300 kW madhine, also occesionally
illustrated with reference to a 1 MW wind turbine (Rogers & Leithead 1994 with an aduator
bandwidth of 2.5 r/s and a speed limit of 7 degrees/second.

3. Review of Previous Strategies

The successof a strategy adopted to resolve the implementation issies may be assssd against two
criteria: first, the reduction or elimination of large transient loads, as measured by the generated power;
send, the extent to which the stability margins are maintained without compromising performance
(adequate stability margins must, of course, be atained following the adoption of a particular strategy;
if necessary by revising the linea control algorithm). Strategies devised previously to resolve the
implementation isues are briefly reviewed below.

3.1 Compensating for the Nonlinear Aerodynamics

Fluctuations in the wind speed induce variations in the agodynamic torque and it is emphasised that
the wind spead, and hence the torque, vary rapidly and continuoudly, in a stochastic manner, over the
whole operational envelope. The requirement is to devise ameans of acoommodating the nonlinea
agodynamic behaviour such that a fixed linea control algorithm may be employed over the whole
operationa envelope. The discusdgon is confined, for the moment, to the isue of acommodating the
nonlinea agodynamics.

One solution to this task, proposed by Leithead et al. (199Cy, b, 1991a), isill ustrated in figure 5a.
The mntroller is augmented with a nonlinea gain corresponding to the redprocd of the sensitivity of
the aeodynamic torque to pitch changes, 0T/0p. As noted in sedion 2, a dired measurement of the
wind speed cannot be employed to adjust this gain. However, irrespedive of aduator bandwidth, the
controller should attempt to ensure that the pitch angle is appropriately set at ead wind speed.
Consequently, asauming that the pitch angle is close to p,, the need for a measurement of wind speed is
avoided; that is, the wind speed may be inferred diredly from the pitch angle. (Of course, a degree of
error, adding to general system uncertainty, can be expeded). It is known that the performance of this
approach to agodynamic compensation is grongly dependent on the pasitioning of the nonlinea gain,
seefigure 6, and that the gpropriate position is after the main controll er dynamics but before the pure
integrator term (Leithead et al 199y, b, 19913). (Since the wntroller has integral adion, the
differentiation istrivially absorbed by the mntroller).

The gproac depicted in figure 5a, or approaches which are esentialy equivaent, are widely
employed and are remarkably effedive on current medium-scde machines. However, whilst
engineaing insight provides a basis for understanding the dfediveness of this approac, a rigorous
analysis is laking and it is uncertain whether the method is appropriate for other wind turbine
configurations; in particular, for large-scde macdines which, owing to physicd restrictions, can have
very low bandwidth aduators.

3.2 Controller Start-Up/Shut-Down



A common approach to controller start-up is to simply freezethe antroller integral adion when
below rated operation is deteded; that is, when the demanded pitch angle of the turbine blades falls
below a spedfied threshold value (zero degrees here), the acamulation sum in the integral cadculation
is suspended. However, this approad is not always effedive in preventing large start-up transients; for
example, the power output during a typicd start-up, depicted in figure 7, rises to over 600 kW (twice
the rated value) when this method is employed on the 300 kW machine. Intuitively, whilst this
approach prevents the pure integrator in the antroller from adopting an inappropriate state during
below-rated operation, it does not caer for the low frequency pole in the controller with which the
prolonged start-up transients are asociated.

Leithead et al. (199(y, b, 19913, 19923) propose an alternative start-up technique whereby a minor
feadbadk loopis introduced within the antroller which mimics the adion of the physicd wind turbine
and switches in to permit the cntroller to continue operating below rated wind speed (equivalent to a
negative pitch ange demand). Designing the cntroller, such that C,y may be interpreted as an
approximation to the inverse of the plant dynamics and Ci,,r may be interpreted as an approximation to
the open-loop system, the minor loop may be implemented in a straightforward manner by partitioning
the ontroller as depicted in figure 8. In the minor feedbad loop the high bandwidth filter, F,
attenuates any switching transients and the feedbadk gain approximates the plant agodynamic gain.
Sincethe minor feedbadk loop may beaome adive whil st the adual pitch angle is greaer than zero, the
feedbadk gain is cheduled, with resped to the adua pitch ange, in a similar manner to the cntroller
nonlinea gain. The start-up transients are substantially reduced with this drategy, asindicated in figure
7. When the dynamic inflow is thougtt to contribute significantly to the aeodynamics, it is natural to
asaume that a component, corresponding to the dynamic inflow, should be included in C e (Leithead et
al. 1990y, b). However, superior performance is obtained when it is omitted (Leithead et al. 19913,
19923). Hence sinceit makes littl e impad on the control designtask, either with resped to synthesis of
the controller transfer function or design of the strategy to cater for the implementation isaues, the
dynamic inflow can be omitted altogether from the control design modelsasin (Leithead & Agius 19971,
Leith & Leithead 1995, b, ¢, 1996, b) and here. The distinction between the dynamics of Cyye and
Cinner iIsnow that the controll er is partitioned such that the slow dynamics are contained in Ciypg-

However, whil st the operation of the foregoing strategy for controller start-up might be understood
intuitively, a rigorous analysis, particularly of stability, is ladking and the relation between these
methods, developed for a spedfic goplication, and existing control design techniques, developed in a
more general context, has not been investigated.

3.3 Accommodating Actuator Velocity/Acceleration Saturation

In the wntext of wind turbine gplicaions, the presence of hard aduator limits is known (Leithead
et al. 1991a) to degrade performance by causing a reduction in stability. However, this reduction is
much less (Leithead et al. 1991a) when the nonlinea controller gain, which caers for the nonlinear
aeodynamic behaviour, is £heduled on the demanded pitch angle, asin Leithea et al. (19923), rather
than the adual pitch angle. In the mntext of medium-scde wind turbines, when the bandwidth of the
aduator is relatively large, the pitch angle demand is an equally effedive coice of scheduling variable
in comparison to adual pitch angle. (When the aduator bandwidth is gnaller, as might be the caein a
large-scde wind turbine, choasing the pitch angle demand may be less appropriate). Of course, the
scheduling variable for the minor feedbadck loop gain must then also be scheduled on pitch ange
demand (Leithead et al. 19923). The nonlinea controller gain is constant below rated wind speed,
being held at the value for zero degrees, and, since the minor feedbadk loop aly becomes adive in
below rated wind speed, the feedbadk loop gain can, and should, also be cnstant.

Other than the &ove, the impad of the hard aduator limits on stability and performance has
recaved little wnsideration. Traditionaly, the aontrol spedfication requires that the controller avoids
operating the aduator at its hard limits; for example, the permitted standard deviation of the constrained
guantities may be suitably restricted. Nevertheless in order to achieve satisfadory performance, it may
be necessary to relax such restrictions, particularly for large-scde machines (Rogers & Leithead 1999.
However, an analysis of the impad of hard aduator limits, particularly on the stability margins of wind
turbines, islading.

The mmplete strategy, proposed by Leithead et al. (19913, 19929) to resolve the implementation
isaues, isdepicted in figure 9.

4. Compensating for the Nonlinear Aerodynamics



4.1 Gain-Scheduling

The gain-scheduling approach to compensation of the nonlinea aeodynamics is to incorporate the
redprocd of the aeodynamic ‘gain’, aT/dp(py, V), within the wntroller and schedule this gain with
resped to a variable which parameterises the locus of equili brium operating points. (Since scheduling
on a dired measurement of wind spedal is impaossble, the pitch angle may be employed provided the
pitch angle is always sufficiently close to py). When the system is sufficiently weekly nonlinea (or,
equivalently, the operating point of the system remains sufficiently close to the locus of equili brium
operating points and varies sifficiently slowly), the stability of the gain-scheduled nonlinear system
may be inferred from the stability of the members of the family of linea systems consisting of the
lineaisations of the nonlinea system at ead equili brium operating point (see for example, Desoer &
Vidyasagar 1975 Shamma & Athans 1990 Khalil & Kokotovic 1991).

However, the wind speed fluctuations are highly stochastic and the operating point of the wind
turbine varies rapidly and continuously over the whole operating envelope. Whil st the bandwidth of the
lineaised closed-loop system is typicdly about 3 r/s, the operating point might cover its full range,
corresponding to an order of magnitude or greaer change in the aeodynamic gain, in a few seconds.
Moreover, large, rapid fluctuations in wind speed are common, in particular gusts; that is, steady
increases or deaeases in the wind speed which persist for relatively long periods and produce
substantial and prolonged perturbations from equili brium. Hence, a priori, the system cannot be
asumed to be we&ly nonlinea. A simple test, for a system with integral control adion, isto compare
the behaviour of the dosed-loop system with the nonlinea controller gain positioned before and after
the integrator (Leith & Leithead 199&); for weakly nonlinea systems, the behaviours sould not differ
substantialy. From figure 6, it is clea that an assumption of we&k nonlineaity is not warranted.
Consequently, the amphasis must be on the nonlinea and non-locd behaviour and performance of the
controller.

Leith & Leithead (1996a) propase that, with regard to a gain-scheduled controll er, appropriate non-
locd behaviour may be ensured by adopting a ntroller redisation which satisfies an extended locd
linea equivalence mndition. (Briefly, the gain-scheduled controller is obtained by interpolating
between the members of a family of linea controllers designed for spedfic operating points. The
extended locd linea equivalence mndition requires that the lineaisation of the gain-scheduled
controller should match the gpropriate member of the linea family at every operating point, both
equili brium operating points and non-equili brium operating points). For the wind turbine ntroller,
this is achieved by pladng the scheduled gain after the main controller dynamics but before the pure
integrator term and by incorporating a model of the aduator dynamics and its inverse' in the cntroll er
as depicted in figure 5b (Leith & Leithead 199&). When the aduator bandwidth is sufficiently large,
figure 5breducesto figure 5a; that is, to the goproach of Leithead et al. (199(y, b, 1991a).

However, for appropriate non-locd behaviour, it is required that the complete system, not just the
controller, must satisfy the extended locd linea equivalence ondition. Sincethisis not the cae here,
analytic suppart for the nonlinea gain-scheduled controller is, redly, only provided by the @ove
discusson for sufficiently slow perturbations which are locd to the locus of equili brium operating
points and not for prolonged non-locd perturbations. A nonlinea analysis of the nonlinea gain-
scheduled controller is required.

4.2 Separability of the Nonlinear Aerodynamics

It is known that the dependence on pitch ange and wind speed, of the a@odynamic pitching
moment of the turbine blades can be explicitly separated (Leithead et al. 1992)). The same
methoddogy may be gplied to the a@odynamic torque (Leithead et al. 1995. Sincethe a@odynamic
torqueis constant along the locus of equili brium operating points, the partial derivatives of T are related
on the locus by

oT dp(V) oT
O (pv,V) = -00 0 (pv.V) €)
ov dav odp

! When afirst order model of the aduator is sifficient, the inverse model is combined with the pure
integrator within the controller to attain a proper redisation. When a higher order model is necessary
an approximate, redisable, inverse model is employed (Leith & Leithead 1996).



where dp(V)/dV is the rate of change, with resped to wind speed, of pitch ange dong the locus. It
follows that (h(p)-g(V)) is constant on the locus of equili brium operating points provided h and g satisfy
the conditions

dh oT dg aT
0 =0 (pv,V); 0 =-0(pw) (10)
dp dp dv ov

for al (py,V). Of course, (10) defines, within a mnstant, h(+) for all pitch angles and g(+) for all above
rated wind speeds. Without loss of generality, (h(p)-g(V)) can be dhosen to be zeo on the locus.
Hence, locdly to the locus of equili brium operating points,

T(pV) = 1(e); € = h(p)-g(V) (11
for some function T such that,
1(0) = T dt/de(0) = 1 (12
since, locdly to any paint (py,V) on the locus,
oT oT
T(h(py+op)-g(V+aV)) = To+ 0O (py,V)op+ 0O (pyv,V) &V (139)
op ov
= T(py+op,V+dV) (13b

The relationship of the aeodynamic torque to pitch demand can, therefore, be represented by (11)
locdly to the locus of equili brium operating points with ¢(*) embodying the time-varying ronlinea
dependence on wind speed and 1(*) representing the nonlinea dependence on displacement from the
locus of equili brium operating points (seefigure 2¢).

The precaling analysis indicaes that the locd separability, emboded by (11), is a quite genera
property which pertains to a broad class of nonlinea regulation problems. It is dressd that (11) is
valid non-locdly in the sense that it is not confined to describing the behaviour about a singe
equili brium operating point but rather describes the behaviour in a neighbourhood about the cmmplete
locus of equili brium operating points. In the present applicaion, the neighbourhood d the locus of
equili brium points for which (11) is an adequate representation of the nonlinear aeodynamics is
substantial (Leithead et al. 1995. For example, for the 300kW wind turbine it can be seen from figure
10 that (11) is acarrate when the aeodynamic torque, and so power, is kept below 2.5 times its rated
value and that t(*) isalmost linea with urity gainin thisregion. Thereisno dfficulty in achieving this
requirement with existing control systems (see, for example, figure 6).

The separability of the nonlinear agodynamics is not unexpeded becaise there ae underlying
physicd reasons why the representation (11) should hold for a wide neighbourhood for all wind
turbines. The ag&odynamic torque largely stems from the outer third of the rotor but, in this region, the
velocity of the blade is much greaer than the wind velocity. It follows that the diredion of the wind
velocity, relative to the blades, changes aimost linealy as the wind speed varies but its magnitude
changeslittle. Hence the agodynamic torque is largely afunction of the ange of attadk of the wind on
the outer third of the blades, which is smply the differencein the diredion of the relative velocity of the
wind and the pitch angle.

4.3 Direct Linearisation

Owing to the separability of the nonlinea aeodynamics, the cmpensation problem may be
reformulated as one of lineaising the SISO memoryless nonlineaity, h(p), whilst acommodating the
dynamics of the atuator (which lie between the ntroller and the nonlineaity). 1t follows immediately
that this is achieved by the gproach depicted in figure 11a, where ™2, A, A 7 are suitable
approximations to, respedively, h?, the aduator dynamics and the inverse auator dynamics. (Exad
lineaisation is achieved when there is no approximation error). Of course, h(+), must exist (which
requires dn/dp(¢), and so aT/op(py,V), to be monotonic).

The strategy of figure 11ais, however, not unique. For example, from figure 11a,

p=h"(9) (14
and, diff erentiating with resped to time,

2 1 =

P= ——0 (15

dnh .
dTﬁ)(p)



Hence, it follows that figure 11a may be reformulated as depicted in figure 11b  (The differentiation
operator in this formulation can be incorporated without difficulty into the linea controller owing to the
integral adion of the latter). The non-locd lineaisation, figure 11b, is essentially identicd in form to
the locd lineaisation, figure 5b, derived in sedion 4.1 using gain-scheduling methods. Hence, the
gain-scheduling approach to acommodating the nonlinea aeodynamics, whil st derived on the basis of
locd analysis, in fad achieves, abeit inadvertently, non-locd lineaisation. Moreover, when the
aduator bandwidth is aifficiently large, figure 11b reduces to figure 5a, thereby, providing a rigorous
theoreticd basis for the gproach of Leitheal et al (1990, b, 1991a, 19923). However, when the
aduator bandwidth is low, the gproach of Leithead et al. (199(g, b, 19913, 19923) may not be
appropriate. The performance of the representative 1 MW macdhine, with and without compensation for
the slow aduator dynamics in the aeodynamic lineaisation, is illustrated by figure 12; a rather
substantial difference, with a maximum of about 400kW, is evident in the generated power.

In pradice, when implementing the lineaisations of figure 11, nominal models for A, and A, are
employed. Furthermore, the representation of the aeodynamic behaviour of the turbine rotor is subjed
to considerable uncertainty with h(e) only inexadly known. With regard to the sensitivity to errorsin

A, At h™and dh/dp, the lineaisations, in figwe 11a and figure 11b, are eyuivalent and it
sufficesto consider the latter alone. In figure 11b, the aduator dynamics and agodynamics are diredly
inverted so that, nominally, ¢ equals @. To achieve dfedive lineaisation, this inversion must retain

reasonable acerracy for all admissble signals, @, despite the gproximation errors. It is necessary,

therefore, to assessthe impad of these on the dfediveness of the lineaisation; that is, to assessthe
robustness

In the present application, and in general, a requirement on the controller is to strongly attenuate
high frequency signals; for example, to proted the aduator from high frequency wind disturbances and
measurement noise and to avoid exciting urmodelled plant dynamics. Moreover, al physicd aduators
attenuate high frequency signals as must A . Hence the spedrum of @ may be asumed to have littl e
energy at high frequencies. Furthermore, in order to med the demanding performance spedfication, the
aduator behaviour must be reasonably well known over the range of admisgble control signals; that is,
for a linea aduator, its transfer function must be known over the mntrol bandwidth of the system.
(Straightforward laboratory or field tests can be employed to determine the aduator charaderistics). It

follows that A, ™ may be seleded such that A,A,™, esentialy, has unity gain for the almisshle
signals, p; that is, for a nea linea aduator, discrepancies between the transfer functions of Au'l and
A, tare mnfined to high frequencies where the spedrum of p haslittl e energy. Therefore,

p= pre (16)
where € is snall; inded, it is inherent to the antroller spedficaion that the controller is designed to
ensure € is snall.

Since
dh
. —(P)
1 _ K@ . o dp
- = ; K@) = — 1
hy T v ) w
dp dp dp

figure 11b may be reformulated, using (14) and (15), as figure 11c. Hence figure 11c, and so the
complete system, may be interpreted to be entirely linea except for a gain-scheduled controller which
satisfies the extended linea equivalence ondition (Leith & Leithead 199&). For such a system, the
dynamic properties may be inferred from those of the family of linea systems obtained by lineaising
about the equili brium operating points. Hence, provided the nonlineaity of K(p) is not excessvely

strong , variation in K(p) from unity is easily acoommodated by the stability margins of the members

of the family of linea systems. Consequently, the strategy for acommodating the nonlinea
aeodynamics depicted in figure 11b @, equivalently, figure 113, is robust for the dassof applicaions
considered.

4.4 Feedback Linearisation

Two spedfic strategies to acoommodate the nonlinear agodynamics are derived dredly in the
precaling sedion. However, this objedive may also be adieved, within a more general framework, by



considering the aduator dynamics in combination with the nonlinea aeodynamics to be anonlinea
dynamic system and applying feedbadk lineaisation (see for example, Isidori 1989 Slotine & Li
1991).

Let h:0"- 0 be asmocth (sufficiently differentiable) scdar function and f, g:0" - 0" be smocth
vedor fieldson O". The Lie derivative, or diredional derivative, with resped to fisthe scdar function
defined by L¢h = Ohif. Higher order Lie derivatives are defined reaursively by L¢h = L°L{™h, Li’h = h;
similarly, LgL¢h = OL¢hlg. Consider the SISO nonlinea dynamic system

x =f(x)+9(x)z; p =Cx; @ = h(p) = H(x) (18)
where, in the present applicaion, p is the pitch angle, z is the input applied to the aduator and f, g
define the (perhaps nonlinear) aduator dynamics. When z satisfies
-LTH +
z = f—lv (19)
LgL¥H

where r is the relative degree of the system (defined by LgLf‘:O for O<i<r-1, LgLf“'lvtO), the nonlinea
system, (18), islineaised in the sense that

@ =v (20)
where ¢ denotes dq/dt®.

In order to confine the lineaisation to the nonlinear agodynamics, thereby avoiding inversion of the
aduator dynamics, v is chosen to be

v=Cx® (21
where X = (%) + g(X)u with boundary condition C X (0) = ¢(0), and u is the input to the lineaised
system.

Although it is, of course, straightforward to extend the analysis to accommodate higher order
aduator dynamics, assume the aduator dynamics may be alequately represented by the first order
system

p=-ap+a'z (22
with a’#0; that is, in (18), x = p, f(x) = -a’p, g(x) = a*, C=1. In pradice afirst order representation
of the aduator is often adequate since ahigh gain feedbadc loop is typicdly employed internally to
ensure that the aduator output followsitsinput. The first order Lie derivatives of (22) are

dh dh

LH=— a!, LH=-— at 233
g dp f dp p (233)

From (23a), the relative degree r, of the system is unity when % #0, a’#0. The former condition is
p

necessry for the wind turbine to be controllable whilst, from (22), the latter is stisfied. Hence,
applying (20) and (21) to (22),

p=v=%=-a‘p+a'u (23b)
Hence (19) beames
dh dh
z:(d_p-h(p)+u)/— (29
p dp

which corresponds to the block diagram representation depicted in figure 13a. Clealy, in figure 133, a
positive feedbadk loop, which essntially cancds with the aduator internal feedbad to leave it open-
loop, encloses the aduator.

In contrast to the dired lineaisation approach of sedion 4.3, the feadbad lineaisation approach
requires that measurements of certain quantities be available. When the aduator dynamics are first
order, ameasurement of the pitch angleisrequired. More generally, when the aduator transfer function
is "™ order, measurements of the first (n-1) derivatives of the pitch ange ae required for exad
linearisation. For example, when the atuator has the second-order transfer function 1/(a,s*+a;s+1), the
lineaising feedbadk becomes

d*h , dh dh
z=(-ap—p°+—p-h(p) +u)/ — 2
( 2dp2p dpp (p) +u) . (29
An alternative lineaisation is obtained by incorporating integral adion into the aduator such that
ap+p =z (26)

For these augmented dynamics



2
LH=0; LoLH = dn a'; L{H :-@a‘lp+ d—?(mz; v:-@a'lm a'u
dp dp dp dp
Hence, with the same mnditions as in the previous linearisation, the relative degreeis 2 and
2
Al +
5 — p
z = dh (27)
dp

which corresponds to the block diagram representation depicted in figure 13b. In general, when the

acuator transfer function is n™ order, measurements of the first n derivatives of the pitch angle ae
2

required with this formulation. When the aduator bandwidth is aufficiently high, the term, aj—pg (p)%

in (27) arising from the aduator dynamics may be negleded, and figure 13b reduces to figure 5a, the
2

approach of Leithead et al. (1990, b, 1991a, 19923). However, the term, aj—p?(p)z, may be

significant when the aduator bandwidth is low. Indedl, it provides an exad statement of the

circumstances under which the bandwidth of the aduator may be cnsidered to be low. (It is noted that

this measure depends, as might be expeded, not only on the bandwidth of the aduator but also on the
2

strength of the nonlineaity and the rate & which the operating point changes). Since j—pg is negative

for wind turbines, the termin (27) arising from the aduator dynamicsis always positive. It follows that

its omisson introduces a bias in the controller velocity demand which, in turn, introduces a bias in the

power output that is most pronounced when the pitch velocity islarge (see for example, figure 12).

4.5 Relationship Between Direct & Feedback Linearisation

Strategies for acommodating the nonlinea aeodynamics are derived bah by dired lineaisation
(sedion 4.3) and by applicaion of feedbad lineaisation (sedion 4.4). Clealy, it is necessry to
determine their relationship, if any, to ead other.

Consider, firstly, the goproach of figure 11a, for which, for first order actuator dynamics,

a@+¢ =u; p = i (9); z=p+ap (29)
It follows immediately that

A dh -
a(P:adT p=(uo) (29
p
and z:(d_t‘b- ﬁ(r))+u)/d—t' (30)
dp dp

Negleding measurement noise and uncertainties in the aduator dynamics and the a@odynamics, it can
be seen that (30) isidenticd to (24) and, thus, figures 11a and 13 ae nominally equivalent. Secondly,
it may be shown for the goproach of figure 11b
d?h .,
-a—; +u

I

dh

dp
Consequently, figures 11b and 13b are, aso, nominaly equivalent. Therefore, al four schemes,
depicted in figures 11 and 13 are nominally equivalent.

Nevertheless the formulations are not equivalent with regard to several important implementation
isdles.

(39

1. The gproac of figure 13b requires measurements of bath the pitch angle and the pitch rate. Rate
measurements are, in general, more difficult to oltain than paosition measurements and are often
rather noisy (which impads on both performance and stability). Consequently, this approac is less
attradive than, for example, that of figure 13a for which a measurement of the pitch ange done
suffices. Of course, the extension of the gproach of figure 13a to acommodate higher order



aduator dynamics (when, for example, a first-order representation of the aduator dynamics is
inadequate over the mntrol bandwidth) also requires derivative measurements (see sedion 4.4).
Under these drcumstances, the gproaches based on fealbad lineaisation may be unsuitable and
the dired lineaisations of figure 11 might be preferred.

2. Inwind turbine gplicaions, dn/dp is reaily obtained from dT/dp along the locus of equili brium
points. Thefunction h*, required for the formulation in figure 11ais then cdculated as

_ 1
Iy = (P
h=(p) = [y ah ds
—(s
ds
with suitable boundary conditions. However, the gproach of figure 11b avoids this dep and is,
therefore, more dired for wind turbine goplications than that of figure 11a.

3. When the aduator bandwidth is much greder than that of the controlled system, such that the
o
dp’
approach of Leithead et al. (1990, b, 1991a, 19929). For low bandwidth aduators, however, the
approach of figure 11b requires the availability of an adequate aduator model. Whilst this
information is often available, or easily determined, the gproach of figure 13a avoids atogether
any nedl for detailed actuator knowledge provided that a measurement of pitch angle is avail able
and the aduator exhibits first order behaviour over the control bandwidth. Furthermore, the latter
approach can acoommodate aduators whose charaderistics vary slowly over time (see for example,
Desoer & Vidyasagar 1975 Shamma & Athans 1990 Khalil & Kokotovic 1991 for theoreticd
results relating to the stability of dowly-varying linea and nonlinea systems).

feedbad term, a (p)? is small, the gproaches of figures 11b and 13breduce to the eisting

4. The gproach of figure 13a encloses the aduator in a positive feedbadk which, essentialy, cancds
with the aduator internal fealbadk leaving it open-loop; under nominal conditions, the negative

feedbad of a) ensures that @ is dynamicdly linealy related to u. However, the lineaity of the
negative feedbad is dependent on mutual cancdlation, via the open-loop aduator dynamics, of the

nonlinea functions, h and S—; Significant nonli neaities, which can be expeded to influence the

foregoing mutual cancdlation in a complex manner, are, typicdly, present internaly within red
aduators. It follows that this approach can be expeded to be rather lessrobust, in general, with
resped to the aduator nonli neaiti es, than the other li nearisation approaches (which benefit from the
lineaising adion on the aduator of itsinternal high gain feadbad).

Whil st the lineaisation approadches which have been derived are nominally equivalent, they differ
with resped to a variety of implementation issues. The foregoing discusson clealy indicates that the
choice of the gpropriate implementation of the lineaisation is, in general, strongly application
dependant. With regard to wind turbine goplicaions, the mnventional feedbad lineaisation approac
of figure 13ais judged to be unsuitable owing to the requirement for a positive feedbadk loop around
the aduator, with consequent robustnessimplicaions. The dternative formulation, figure 13b, is also
judged to be unsuitable owing to the requirement for a measurement of pitch rate.

5. Controller Start-Up/Shut-Down
5.1 Stability Analysis of Controller Start-up/Shut-Down

In order to fadlit ate stability analysis, the ntroller start-up strategy of Leithead et al. (199, b,
19915, 19929), figure 8, is reformulated as depicted in figure 14. The two formulations are equivalent
(ignoring, for the moment, the cntroller terms which compensate for the a@odynamic nonlineaity).
The Small Gain theorem, and criteria derived from it such as the Circle Criterion, (see for example,
Desoer & Vidyasagar 1975 may be enployed to provide straightforward sufficiency conditions for the
stability of the nonlinea closed-loop system with the aontroller start-up/shut-down strategy of figure 14.
In order to apply small gain analysis, the mntrolled system in figure 14 is reformulated as a SISO linea
time-invariant block with transfer function Ciye(F-Couer GAY)/(1+CinneF) and nonlinea feedbadk
provided by a saturation element with a lower limit of zero. The nonlinea saturation element is an



operator with induced L, norm in the range (0,1]; therefore, by direa applicaion of the Small Gain
theorem, the dosed-loop system is gable provided the magnitude of the transfer function Ci,per(F-Couter
GA)/(1+CinneF) does not excead unity. From figure 15, it is clealy seen that this condition is stisfied
for the representative 300 kW machine when the ntroller start-up strategy of figure 14 is employed.

An asssanent of stability robustness is aso necessary and may be performed rigorously by
repladng G by G(1+IN), reformulating the system in figure 14 as a MIMO linea block with one
feedbadk via ' and a seaond via the saturation element, and then applying small gain analysis once
again. However, the rigour of this approacd is counter-balanced by its inherent conservativenesswhich
gredly restricts the utility of the stability margins thereby derived. Consequently, it is important that
less conservative results are obtained. This may be atieved using harmonic balance techniques (see
for example, Atherton 1982 at the cost of reduced rigour. The dominant source of uncertainty typicdly
lies in the a@odynamic behaviour of the turbine blades and may be wnsidered largely as a gain
uncertainty. Since the describing function of ared memorylessnonlinea gain is red, the gain margin
isindicated to be auseful measure of robustnesswhich may be asessd by increasing the plant gain
and analysing the stability of the dosed-loop system. With the controller start-up approach of figure 14
the 300 kW madhine is determined to passeessa gain margin of 10 dB; that is, the gain margin of the
linea open-loop system is preserved.

5.2 Design Guidelines

The ntroller start-up/shut-down approach of Leithead et al. (1990, b, 19913, 19923) introduces
additional design freedoms into the wntroller; that is, a variety of parameters which require to be
seleded appropriately. Leithead et al. (19913, 19928) suggest, on the basis of physicd insight, that the
closed-loop transfer function of the start-up/shut-down loop within the wntroller should be similar to
that of the overall closed-loop system. Whilst this guideline gives rise to accetable performance in
many cases, it can be seen from figure 7 that, althoughthe gproac of Leithead et al. (19913, 19923)
gredly reduces the power transients at start-up, these transients remain significantly larger than those
experienced during continuous above-rated operation at low wind speeds; for example, around 40% (40
kW) higher in figure 7. Consequently, design gudelines to achieve improved performance ae
desirable.

The dynamics of the wind turbine drive-train introduce alag between changes in the wind speed and
the corresponding changes in the power output; that is, when the wind spee rises above rated, there is
a lag before the power output responds and control adion is resumed. It follows that the start-up
performance might be improved by anticipating the transition from below to above rated power
generation and, thereby, compensating somewhat for the dynamics of the drive-train. Predictive adion
may be adhieved by augmenting the C, o block with afilter, P, possessng suitable phase lead. 1n order
to recover the ntroller transfer function for above-rated operation, the inverse of this filter must be
included in the Cj, block (the modification to the dharaderistics of the start-up minor feedbadk loopis
negligible). It isrequired that both the filter transfer function, P(s), and its inverse, P(s), are stable and
both CoueP and Cinne P are redisable. For the 300 kW madhine, a simple filter with transfer function
(st+0.75)/(st+1.5) introduces appropriate phase lead and reduces the start-up power transient by over 50
kW in figure 7 in comparison with the mnventional approach of Leithead et al. (19913 19923). The
start-up transient is now well within the range of power fluctuation experienced during rormal above-
rated operation at low wind speeds; that is, extending present design gudelines to include gpropriate
shaping of the partitioned controller transfer functions can leal to a substantial improvement in start-up
performance.

5.3 Relationship to Anti-wind-up

In the mntext of linea analysis, generation of rated pawer requires the pitch angle to be negative
when the wind spedd is below the rated. However, with regard to the nonlinea plant, the atual pitch
angeis physicdly constrained to be positive and a negative pitch demand by the controller corresponds
to below rated operation. The cntrol adion is suspended on encountering the lower limit on the pitch
angle, which the blades can adop, and readivated by movement of the blade pitch ange off this limit.
This interpretation enables a cmnnedion to be made between the, apparently rather spedfic, wind
turbine cntroller start-up/shut-down problem and the general field of constrained control.

With regard to constrained control design, approaches which diredly acount for the presence of
aduator constraints have been devised using optimal control theory (Frankena & Sivan 1979 Garcia et
al. 1989, Lyapunov methods (Gutman & Hagander 1985, invariant set theory (Wredenhagen &
Belanger 1994 and athers (for example, Sussnan & Sontag 1994. However, in pradice the most



widespread approach involves first designing a linea controller, ignoring control input constraints, and
then adding some form of compensation which minimises any adverse dfeds of the cnstraints on
closed-loop performance (Kothare et al. 1994). Whilst a grea variety of (sometimes rather ad ha)
compensation methods have been devised (seg for example, Fertik & Ross1967, Shinsky 19671988
Buckley 1971, Astrom & Wittenmark 1984 Hanus et al. 1987, Campo & Morari 1990, many of the
techniques can be acommodated within more general approaches (Walgama & Sternby 1990 Kothare
et al. 1994. Historicdly, performance degradation due to aduator saturation has often been considered
in the context of PI/PID controllers and has been attributed to so-cdled integrator (or reset) ‘wind-up’
(ealy references include Shinsky 1967, Fertik & Ross1967). In qualitative terms (seg for example,
Astrom & Wittenmark 1984, when the aduator is saturated the control feedbad< loopis broken and the
plant no longer responds to the cntroller. However, the pure integrator in the controller continues to
be driven by the cntrol error and its output increases in magnitude or ‘winds-up’. Conseguently, on
returning to unsaturated operation transients develop which can lead to a loss of performance ad
instability. Wind-up, as described above, is only exhibited by a non-stable dement such as an
integrator (Astrom & Wittenmark 1984). However, performance is also known to be degraded by
stable dynamic dements with sufficiently slow dynamics (Doyle et al. 1987, Campo & Morari 1990.
Nevertheless compensation methods for reducing the performance deterioration associated with hard
aduator limits are widely referred to as ‘anti-wind-up’ techniques and this term is, therefore, also
adopted here.

The transients asociated with wind turbine controller start-up may be dtributed to some form of
‘wind-up’ within the cntroller, whil st operating below rated, and start-up strategies for reducing these
transients may be nsidered within the ati-wind-up context. Genera results from the field of
constrained control may then be gplied to wind turbine controller start-up and, similarly, solutions
developed for the latter problem may be diredly generalised to a broad class of constrained control
problems. The formulation depicted in figure 14 o the wntroller start-up strategy of Leitheed et al.
(199(y, b, 19913, 1992 supparts this connedion to the anti-wind-up context for both the particular,
esentialy singe-sided, position constraint in figure 14 and for more general position constraints. The
discusdon is confined to the isaue of controller start-up and ignores, for the moment, the other
implementation isaues considered in this paper.

The gproach of freeing the cntroller integral adion during below rated operation is immediately
seen to correspond to the condtiond integration method, commonly described in the anti-wind-up
literature (see for example, Fertik & Ross1967, Astrom & Rundquist 1987), of halting integral adion
when a hard limit is encountered and the mntrol demand and its derivative have the same sign. The
formulation of figure 14 subsumes the condtiond integration approach which corresponds to the
spedal case when the controller is partitioned such that the anti-wind-up feedbadk loop contains only a
pure integrator and high (formally, infinite) gain. Whilst this mple gproach works well for certain
applicaions (Astrom & Rundquist 1987, the performance can be poa, see figure 7, when the
technique is applied to wind turbine mntrol. The poa performance of the cnditiona integration
approach in figure 7 is attributed to prolonged transients associated with the low frequency dynamicsin
the controller (Leithead et al. 19913, 19923). The improved performance of the gproach of Leithead
et al. (199Cy, b, 19913, 1992 in figure 7 is asociated with applying corredive feedbad to bah the
pure integrator and the low frequency controll er dynamics.

A further connedion may be made with the high gdn conventiond anti-wind-up approach
described by Kothare et al. (1999 (a fairly dired generaisation of the badk-cdculation approach
(Fertik & Ross1967, Astrom & Wittenmark 1984 Hanus et al. 1987). However, this approach is not
equivalent to that of Leithead et al. (1990, b, 19913, 1992), since the formulation of Leitheal et al.
(199(, b, 19913, 19923) employs dynamic feedbadk whilst the cnventional anti-wind-up approach of
Kothare et al. (1994 is expresdy confined to static anti-wind-up feedbadk. Moreover, Leithea et al.
(199(y, b, 19913, 19929) partition the aontroller such that only part of the dynamics of the controller
are enclosed within the aiti-wind-up loop whereas Kothare et al. (1994 apply high gain feedbadk
around the entire @ntroller. The performance of the high gan conventiond anti-wind-up approac is
not generaly effedive when applied to wind turbines. Figure 14 also reveds the simil arity between the
approach of Leithead et al. (1989 1990, b) and the model-based anti-wind-up approad independently
proposed by Irving and briefly outlined by Hanus (1989 (but apparently not developed, beyond this
initial suggestion, to the point of being pradicable). However, it differs from the gproac of Leithead
et al. (1991a, 19929) in severa important respeds, particularly with regard to the treament of dow
plant dynamics (seethe discusgon in sedion 3.2 concerning the dynamic inflow).

Campo et al. (1987 and Kothare et al. (1994 have proposed a rigorous g/nthesis approach, based
on p-theory, for seleding anti-wind-up parameters. However, this approad is apt to be both rather



conservative and relatively complex. Hence, it is often necessary, and indeed common pradice, to
exploit physicd insight to minimise mnservativenessand to develop simple heuristic tuning gudelines
(Astrom & Rundquist 1989in the antext of PI/PID control) such as those developed in sedion 5.2.

Whilst consideration is almost always restricted, in the genera anti-wind-up context, to static
compensation, the results discused here indicae that, in appropriate drcumstances, dynamic
compensation can achieve superior anti-wind-up performance

6. Actuator Velocity/Acceleration Saturation

It iswell known that the hard limits present in all actuators can gve rise to a degradation in control
performance and may lead to a reduction in the stability margins and, indeed, instability. However,
whilst it is noted in sedion 5 that a cnstraint on the output of the aduator can have a onsiderable
impad on closed-loop performance, the dfed on performance of velocity and accéeration constraints
within the aduator is typicdly less marked since these @nstraints are normally only encountered for
short periods of time. Velocity and acceeration constraints may, nevertheless degrade the dosed-loop
stability margins. This is ill ustrated in figure 16 for the representative medium-scde turbine. Whil st
the unconstrained system possesss a nominal gain margin of 10 dB, the dosed-loop system becomes
unstable, exhibiting alarge anplitude limit cycle, when aduator velocity constraints are introduced and
the loop gain is increased by a fador of 2.5; that is, the aduator velocity constraints reduce the gain
margin by 20%. This type of behaviour is likely to be exacebated in large-scde madines for which
the increased size and inertia of the turbine rotor can require the aduator to be operated closer to its
hard limitsin order to mee the performance spedficaion (Rogers & Leithead 1999.

Although aduators are dmost always subjed to a mmbination of several constraints, the literature
(with the notable exception of Fertik & Ross1967) is largely confined to the consideration of a simple
position constraint on the output of the aduator. Moreover, the aduator dynamics are dmost always
negleded. Figure 16 indicates that the aduator limits on velocity and accéeration in wind turbines
cannot be ignored implying, in turn, that the aduator dynamics ceannot be negleded. Some
simplification is possble, however, sinceit is almost always the cae that only one of the velocity and
accéeration constraints proves restrictive in pradice and it is, therefore, sufficient to consider aduators
with a single velocity or accderation constraint. The discusgon in this «dion is confined to a singe
velocity/acceeration constraint in the aduator.

The requirement is to devise a method to acommodate the presence of a velocity/acceeration
congtraint within the aduator. Other than requiring compatibility with the cntroller start-up
arrangements discussed in sedion 5, the other implementation issues considered in this paper are
ignored. A reset type of anti-wind-up formulation, whereby integral adion is obtained via positive
feadbadk (see for example, Astrom & Wittenmark 1984 Walgama & Sternby 1990 Kothare et al.
1994, is unattradive owing to the compatibility requirements and the presence of significant acuator
dynamics. Instead, the goproad depicted in figure 17 dredly extends the antroller start-up/anti-wind-
up approadh, developed in sedion 5, to acommodate velocity/acceeration constraints (Rogers &
Leithead 1994 Leith & Leithead 199%). This formulation employs feedbadk of the difference

between the output of the red aduator, A, and a linea (unconstrained) model, A w to the input of the
Cinrer blOCk in the controller via asuitable filter, F. A measurement of the control demand is always
avail able within the @ntroller and, when the aduator output is hot measured, it may be estimated from
an appropriate model of the aduator which includes a representation of the velocity/accéeration
constraints (in a similar manner to the gproaches proposed by Astrom & Wittenmark 1984 Doyle et
al. 1987 and athers).

The stability analysis techniques discussed in sedion 5 may also be gplied to provide sufficiency
conditions for the stability of the aontrolled system when the foregoing velocity/accéeration constraint
compensation approach is employed. Applying small gain analysis to the example medium-scde wind
turbine, let y denote the input to the velocity saturation and x denote the output. In closed-loop
operation, y isrelated to x by the transfer function

( MocinnaFA u 'MocinnacoutefG'Cinr‘erFA uT'T)Ml/S
y=00000000000guoooooooong x (32
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and the system may, therefore, be re-formulated with this linea transfer function in the forward path
and with feedbadk via the velocity saturation nonlineaity. When Fis sleded to be again of unity, the
small gain theorem indicaes that, with anti-wind-up, the dosed-loop system is gable for any saturation
both in nominal conditions and with the loop gain increased by afacor of 2.5. A plot of the magnitude
of (32), when the saturation element is replacal by a fixed gain of 0.6, is siown in figure 18; the
magnitude is lessthan 1.664, indicaing stability for the dassof paosition nonlineaities with norm in the
range (-0.001,1.201) which, of course, encompasses the saturation nonlineaity. When the loopgain is
increased by 3.15, the system is indicated to be stable for the norm of the saturation nonlineaity lying
in the range (0.087, 1.003); that is, for the input to the saturation nonlineaity lessthan 11.5 times the
saturation limit (1150 degrees/second). The velocity is extremely unlikely to exceed such alarge value
in pradice and the system may be taken as dable for pradicd purposes with the required gain margin of
10 &B.

7. Integrated Controller Realisation

In the precaling sedions, the implementation issues (compensation of the nonlinea aerodynamics,
automatic controll er start-up and accommodation of aduator constraints) are considered separately and
appropriate strategies for their resolution are developed. It remains to combine these strategies to
achieve a ontroller redisation which caters for al of the implementation isues in an integrated
manner. The analysis of sedion 4 is clealy valid when operating above rated with the aduator
unsaturated. It follows immediately that, in these drcumstances, the ntroller redisation should
appropriately lineaise the nonlinea agodynamics in acmrdance with the results in sedion 4. In
contrast, during below rated operation and/or during aduator saturation the control loop is effedively
broken and lineaisation of the ae@odynamics is, therefore, not required. Insteal, the objedive is to
ensure that the transition to above rated/ unsaturated operation is, in some sense, smocoth.

Whil &, of course, small gain methods and p-theory may be employed to rigorously analyse asystem
with multi ple saturation nonli neaities, the very conservative nature of the results obtained often grealy
limits their utility in pradice. Owing to the manner of wind turbine operation, the wnstraints on the
control demand and aduator velocity/accéeration are rarely encountered simultaneoudly.
Consequently, they can be mnsidered separately, assuming that the cntrolled system is sufficiently
robust to acommodate this approximation.  Simulation results, employing a well-validated
methoddogy, confirm the validity of this sparation for wind turbines (Leith & Leithead 199%, 19961).
This approadh permits a useful compromiseto be adieved between rigour and conservativeness

The mntroller redisations developed by Leithead et al. (1990, b, 19913, 19929 achieve smocth
controller start-up by incorporating a minor feedbadk loop which, in some sense, mimics the plant
dynamics and enables the controller to continue operating when below rated. This dart-up strategy
compensates for the wntroller nonlinea gain in a natural manner by incorporating a nonlinea gain
equal to dT/dp, seefigure 8, in the minor feadbadk loop. However, whilst both the controller and the
minor loop contain a gain, which varies nonlinealy in above rated operation, these gains are constant
during below rated operation. It foll ows that, with this drategy, the @ntrol loop is effedively linea
with resped to the ae@odynamics during baoth above and below rated operation. Whilst Leithead et al.
(19918, 19929) developed this controller start-up strategy for a spedfic goproach to aeodynamic
lineaisation, it is easily seen to be compatible with all of the lineaisation techniques developed in
sedion 4.3. However, the lineaisation approaches of figure 13 are judged to be unsuitable for wind
turbines, see sedion 4.3, and attention is, therefore, confined to the dired lineaisation strategies of
figure 11.

The anti-wind-up strategy, developed in sedion 6 to acaoommodate aduator velocity/accéeration
saturation, is a fairly dired generalisation of the start-up strategy of Leithead et al. (1990, b, 1991a,
1992). It might be expeded, therefore, that the strategy for acwmmodating the nonlinea
aeodynamics of the plant, discussed above for controller start-up, might extend to this case. However,
the controller nonlinea gain need not, now, be wnstant when the aduator is sturated and nonlinea
analysis of the minor loop gain therefore becomes necessary. In the light of the discusgon in sedion 4,
a nonlinea gain equal to dT/dp (without assciated integral adion) is insufficient for modelling the
nonlinea behaviour of the a@odynamics with resped to the pitch angle. It follows, therefore, that an
appropriate solution, which is compatible with the li neaisation methods of sedion 4.3, isto incorporate

the function, ﬁ(-), in the ati-wind-up feedbadk loop in order to compensate for the cntroller
nonlinea gain. The controller start-up and anti-wind-up strategies may be combined immediately to



give asingle minor feedbadk loopwhich is adive during below rated operation and when the ac¢uator is
saturated.

When the aeodynamic lineaisation strategy of figure 11bis employed, the foregoing considerations
lead to the aontroller redisation depicted in figure 19. This redisation provides an integrated strategy
for resolving the isaues of nonlinear agodynamics, controller start-up and aduator saturation. Its
eff edivenesshas been confirmed by extensive simulation studies (Leith & Leithead 199%). When the
aduator dynamics are sufficiently fast and the aduator saturation limits are such that they may be
negleded, the redisation of figure 19 reduces, esentialy, to that of Leithead et al. (19913, 19923). An
equivalent redisation, based on the lineaisation strategy of figure 11a, is realily obtained.

The importance of adopting an appropriate mntroller redisation isill ustrated by figure 20 for the
medium-scde wind turbine. The gpropriate controller redisation enables a substantial improvement in
performance to be obtained in comparison to a poa controller redisation (with the nonlinea
agodynamic gain positioned after the pure integrator in the controller, conditiona integration anti-
wind-up at start-up, no velocity anti-windup and consequently the requirement for a reduction in the
controller gain in order to maintain adequate stability margins). The poar controller redisation is quite
plausible and, indedd, its use has been observed on commercial wind turbines. Note that the examplein
figure 20 ill ustrates the performance for a moderate wind speed in order to emphasise the cnsiderable
importance of the controller redisation even urder relatively benign wind conditions; at higher wind
spedls the performance gains associated with an appropriate redi sation become still more pronounced.

8. Summary and Conclusions

In this paper, three of the important, generic, implementation isaies encountered when developing
controllers for pitch-regulated constant-speed wind turbines are considered, namely

1. Compensation of the strongly nonlinea blade aeodynamics.
2. Automatic controll er start-up/shut-down.
3.  Accommodation of velocity and acceeration constraints within the aduator.

It is siown that the aeodynamic behaviour of the rotor posesses a locd separability property
whereby the dependence of the ae€odynamic torque on the dfedive wind speed and the blade pitch
angle may be eplicitly de-coupled. Whilst this property is locd to a neighbourhood d the locus of
equili brium operating points, the neighbourhood is sufficiently large to include the normal operating
envelope. The locd separability property enables svera strategies to be rigorously established to
acommodate the nonlinear aerodynamics both by dired lineaisation and by feedbadk lineaisation.
Although rominaly the same, the strategies differ with resped to many important pradicd isaies,
including the prior knowledge necessary, robustness sensor requirements, degree of complexity (and,
related to this, the scope for simplificaion in certain circumstances) and compatibility with controll er
gtart-up and anti-wind-up strategies. The eisting strategy for accommodating the nonlinea
aeodynamics, originaly developed on the basis of physicd insight, is rigorously derived hut it is
determined that this drategy is only valid when the aduator bandwidth is aufficiently large. Whilst this
requirement istypicaly satisfied in medium-scde wind turbines, it may not be for large-scde machines.
However, the analysis enables the existing strategy to be diredly extended to cater for all macdines.

With resped to the issue of automatic start-up/shut-down of the wind turbine cntroller, a rigorous
stahility analysis is presented for the first time and novel design gudelines are proposed which can
significantly reduce the power transients at controller start-up (by over 50 kW for a machine rated at
300kW). Itisnoted that a dose mnnedion exists between the, apparently rather spedfic, requirement
of ensuring appropriate automatic controller start-up/shut-down as the wind speed fluctuates and the
genera issue of anti-wind-up in the field of constrained control. This connedion is exploited to
observe that solutions, developed for the spedfic wind turbine problem, are, in genera, diredly
applicable to a broad class of constrained control problems. Several aspeds of one particular wind-
turbine wntroller start-up strategy are noted to be novel in the anti-wind-up context and of quite general
applicaion. Whilst consideration in the general anti-wind-up context is almost always restricted to
static compensation, the results presented here demonstrate that, in appropriate drcumstances, dynamic
compensation can achieve superior anti-wind-up performance.

Whilst it is well known, particularly in the mntext of processcontrol, that hard aduator limits can
degrade performance and reduce the stability margins or, indeed, induce instability, this issue has
previously been negleded in wind turbine gplicaions. Typicdly, an aduator velocity constraint can
reduce the gain margin of a pitch-regulated wind turbine by around 20%. If adequate stability margins



are not achieved a wind turbine system must sometimes destabili se, although rot necessarily become
unstable, in which case the wind turbine would experience large load fluctuations. The reduction in the
stability margins is, furthermore, likely to be exacebated on large-scde machines where, owing to the
increased size and inertia of the turbine blades, the aduator may require to be operated at its hard limits
to agreder extent in order to mee the performance spedficaion. Since atuator constraints are dways
present, it follows that it is necessary, unlessalternative mrredive measures are enployed, to de-tune
the controller in comparison to the linear unconstrained situation in order to achieve alequate stability
margins. Strategies for remvering adequate stability margins without de-tuning the @ntroller are
described in the anti-wind-up literature. However, these ae rather limited in scope and are not diredly
appliceble, in general, to wind turbines (and many other application areas) for which restrictive
position, velocity and accéeration constraints may all be present and the dynamic behaviour of the
aduator cannot be negleaed. A novel, and quite general, anti-wind-up strategy is proposed which
catersfor these drcumstances.

The separate strategies for resolving the implementation issues are combined to achieve an elegant
controller redisation which acommodates al the implementation issues in an integrated manner. The
importance of adopting an appropriate wntroller redisation is considerable and is ill ustrated for a 300
kW wind turbine.

The implementation isaues considered in this paper are, of course, not confined to wind turbines but
are of wider concern..
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Figure 1 Block diagram representation of wind turbine control loop

Figure2a Dynamic relationship of aerodynamic torque to pitch angle and effedive wind speed
Figure 2b Locd lineaisation of agrodynamic non-lineaity.

Figure 2c Block diagram deacomposition of agrodynamic non-lineaity

Figure 3 Actuator configuration

Figure 4 Bode plot of open-looptransfer function of 300kW machine

Figure 5a Block diagram representation of agodynamic compensation approach of Leithead et al.
(199@, b, 1991a).

Figure5b Block diagram representation of gain-scheduling aerodynamic compensation.

Figure 6 Typicd power time histories for 300kW machine & 16 m/s mean wind spead with nonlinea
gain positioned before & after pure integrator in controll er®

Figure 7 Typica below to above rated transiti on for 300kW madhine?

Figure 8 Controller start-up approach of Leithead et al. (1990, b, 1991a8)

Figure 9 Strategy of Leithead et al. (1991a, 19929) to resolve the implementation isues

Figure 10 Plot of agrodynamic torque point values vs. € ill ustrating the range over which a function
1(€) provides an acarrate representation.

Figure 1la Dired lineaisation

Figure 11b Dired lineaisation with velocity form

Figure 11c Reformulation of figure 11bfor robustnessanalysis.

Figure 12 Typicd power time historiesfor 1 MW machine & 12 m/s mean wind speed with & without
compensation for the aduator dynamics’.

Figure 13a Conventiona feedbadk lineaisation.

Figure 13b Velocity form of feedbadk linearisation.

Figure 14 Reformulation of controll er start-up approach of Leithead et al. (1990, b, 19913, 19929)
Figure 15 Plot of |Cipner(F-GA )/ (1+FCinne)| for 300kW wind turbine

Figure 16 Limit cycle induced by velocity constraints without anti-wind-up and corresponding stable
response when anti-wind-up is employed®.

Figure 17 Anti-wind-up arrangement for velocity/accéeration saturation

magnitude

Figure 18 Small gain analysis of closed-loop system with loopgain increased by afador of 2.5.
Figure 19 Controller redi sation which addresses the implementation issues in an integrated manner™.
Figure 20 Impad of controller implementation on power output of medium-scae example machine (16
m/s mean wind speed, 20% turbulenceintensity).

Table 1 Aerodynamic coefficients for medium-scae wind turbine

2 except for the spedfic detail s noted in the text the integrated redi sation discussed in sedion 7 was
employed.
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45 50

Wind spedd dT/op oT/ov
(m/s) Nm/deg. Nm/(mvs)
11 -2400 14600
13 -8500 16200
15 -12400 19200
17 -16800 21600
19 -18500 23800
21 -22500 25200
23 -24200 25800
25 -26400 27200

Table 1 Aerodynamic coefficients for medium-scde wind turbine



