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Abstract

As wind farms become larger, there is scope for improved operation via wind farm

control. Further development of wind farm control would be facilitated by more flexi-

ble operation of wind farms and so by more flexible operation of wind turbines. A

novel approach to wind farm control is proposed that provides full flexibility of both.

It consists of a wind farm controller architecture and an interface to individual

turbines. The design of a specific realisation of the interface, the Power Adjusting

Controller, is presented that requires little information on the turbine dynamics or

controller and does not compromise the operation of the wind turbine controller or

the turbine's safety. Results from a DNV Bladed simulation of a 5MW wind turbine

are presented to illustrate the behaviour of the Power Adjusting Controller and to

confirm that it meets the requirements to enable fully flexible operation of wind

turbines and, so of wind farms.
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1 | INTRODUCTION

Wind turbines are typically controlled to maximise the power output below a set rated wind speed, above which power is limited to the rated

value, and within set rotor speed limits. Whilst this approach is sensible for normal operation of individual machines, there are several occasions

when a more flexible approach may be of benefit, including for provision of grid frequency support,1,2 for curtailment of power (typically grid

requested)3,4 and for limitation of loads on the wind turbines.5 As wind farms become larger there is also scope for improved operation via wind

farm control.6–8 Wind farm control could potentially be used to increase power output from wind farms, to balance or reduce loads on wind tur-

bines in the farm or to make the wind farm operate in a manner more analogous to conventional electricity sources such as gas plant. A recent

expert elicitation on the topic9 has highlighted both the potential benefits of wind farm control and strong interest in the wind energy community

to develop wind farm controllers. Making wind turbines operate more flexibly and providing them with the ability to adjust their power output

quickly and accurately would make many wind farm control strategies easier to achieve. In turn, it would facilitate more flexible operation of wind

farms and further development of wind farm control. However, although some wind turbine manufacturers provide some flexible control of their

assets' power output through control improvements, many do not have full capabilities.

A novel approach to wind farm control is proposed here. It consists of a wind farm controller architecture that provides the wind farm with

full flexibility of operation and interfaces to each wind turbine in the farm that provides each turbine with full flexibility of operation. The control-

ler architecture requests changes to the operating state of each turbine through its interface, which then delivers that requested change. The con-

troller architecture is generic in the sense that, whilst not depending on any information about the wind turbines or their controllers, it enables a
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very wide range of wind farm control strategies to be enacted. Furthermore, the interface is generic in the sense that, whilst depending on very

limited general information on the wind turbine and no information on its controller, it is applicable to almost all variable speed wind turbines

without needing any modifications to the turbine's controller. Importantly, there is no feedback between the controller architecture and the inter-

faces and between each interface and wind turbine. However, although not required for most wind farm control strategies, an estimated wind

speed for each wind turbine, whose value, crucially, to avoid introducing feedback, does not depend on any turbine variables used in its estima-

tion, could be provided by each interface.

There would be no technical barriers to implementing the proposed novel approach on commercial wind farm developments. Furthermore,

since the interface does not interfere with the turbine controller, it would be straightforward to retrofit an interface to existing assets, thereby

providing them with greater flexibility of operation and a wider set of options for farm level control. A more immediate application of this generic

approach to wind farm control is to enable rapid prototyping and testing of wind farm control strategies. It has been implemented on StrathFarm,

the University of Strathclyde's in-house medium fidelity wind farm simulation software. Using this software tool, wind farm controllers that pro-

vide the full range of ancillary services at wind farm level10 and that reduce the loads on turbines over the farm8 have been explored.

The contribution made in this paper is the development of a generic approach to wind farm control. There are two aspects. The first, a wind

farm controller architecture is described in Sections 2 and 3, and the second, an interface between the farm level controller and a wind turbine,

the Power Adjusting Controller (PAC), in Sections 4 and 5. When combined, full flexibility of operation for the wind farm and turbines is enabled.

In Section 2, the wind farm controller architecture that is fully flexible without introducing feedback is determined and the role of the interface

defined. In Section 3, the general high level attributes for such an interface are discussed, including minimal attributes required of the wind turbine

controller, general structure of the interface, protection provided to the wind turbine and the mechanism by which its key attribute, namely, to be

feedforward in nature, can be achieved. In Section 4, the design of the PAC, a particular realisation of the interface, which exploits the dynamic

characteristics of wind turbines and the nature of their controllers, is investigated. In Section 5, it is illustrated that the PAC meets all the require-

ments of the interface to facilitate full flexibility of operation of both farm and turbines without introducing feedback, by means of a DNV Bladed

simulation of a 5MW wind turbine. (Since the purpose of this paper is to determine a generic wind farm controller, the inclusion of the design of a

wind farm controller to realise some specific controller on some specific wind farm is not deemed necessary.). In Section 6, conclusions are drawn.

2 | WIND FARM CONTROL ARCHITECTURE

A suitable architecture for a wind farm controller11 is depicted in Figure 1. This architecture is generic in the sense that any wind farm control

strategy involving changes in the turbines' generated power could be implemented using it. At the highest level of this architecture, that is, the

block labelled wind farm power controller, the power to be output from the farm, P0, is determined on the basis of information related to grid

requirements. Of course, it could be that no modification of the farm power output is needed, in which case the output from the wind farm power

controller ΔPFarm, would be 0. However, an adjustment of the farm power output, PFarm, could be needed, for example, for the purpose of

F IGURE 1 Wind farm controller architecture
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curtailment, when ΔPFarm would be determined by a control algorithm acting on the difference between P0 and PFarm. In this case, the control algo-

rithm might simply be PI, in which case the integral term would drive PFarm to P0 and ΔPFarm to 0 in steady state. The wind farm is explicitly

enclosed in a feedback loop causing a change in output power from the farm in response to a measurement of its output power.

At the second level of the architecture in Figure 1, that is, the block labelled wind farm distributed controller, the change in power, ΔPFarm, is

distributed over the turbines with turbine i being requested to change its power output by ΔPi such that

ΔPFarm ¼
XN

i¼1
ΔPi ð1Þ

where N is the number of turbines in the wind farm. Ignoring the arrows in Figure 1 labelled S1, � � �,SN, the explicit farm level feedback loop implic-

itly encloses each wind turbine in a feedback loop, causing a change in output power from that turbine in response to a measurement of farm out-

put power.

The explicit feedback loop enclosing the wind farm is depicted in Figure 2A (adapted from Leithead and Stock11), where Gi and di, respec-

tively, represent, albeit in simplified form, the dynamics of turbine i and the wind induced disturbance on its output. The distribution of ΔPFarm
over the turbines is represented by αi such that

XN

i¼1
αi ¼1 ð2Þ

The implicit feedback loop enclosing turbine 1 is depicted in Figure 2B (adapted from Leithead and Stock11). When all turbines in the farm are the

same, that is, Gi ¼G, i¼1,…,N, and the distribution of ΔPFarm is equitable, that is, αi ¼N�1, i¼1, …, N, the open loop system in Figure 2A becomes

CG and the open loop system in Figure 2B becomes N�1CG= 1þ 1�N�1� �
CG

� �
. For large wind farms, for which N�1, the gain of the latter is

much less than the gain of the former, since, at high frequency, the latter tends to N�1CG, whilst at low frequency, especially when C includes

integral action, it tends to N�1ð Þ�1. Hence, the implicit feedback enclosing each turbine is much weaker than the explicit feedback loop enclosing

the wind farm and tight control of the farm output power can be achieved without compromising or having any significant impact on the turbines'

controllers.

At the lowest level of the architecture in Figure 1, that is, the block labelled wind farm, each turbine must have an interface through which the

request to change its power output is enacted. To avoid demanding a change in output power from a particular wind turbine that it is unable to

provide or that would cause it to migrate into an unsafe region of the operational envelope, information about the turbine's current operational

state must be communicated to the wind farm distributed controller. However, the use of power, generator speed or any other turbine variable for

this purpose should be avoided; otherwise, additional feedback loops modifying the behaviour of the turbine's controller would be introduced,

compromising its effectiveness. Instead, logical flags are used as indicated in Figure 1 by S1, � � �,SN. The information conveyed by these flags

enables both the wind farm distributed controller and the wind farm power controller to avoid demanding a ΔPFarm or ΔPi that cannot be met.

Although the wind farm distributed controller can request a change in the setting of a flag, only the interface can enact a change.

F IGURE 2 (A and B) Wind farm controller feedback loop
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The architecture of the wind farm controller in Figure 1 thus enables the power output from the farm to be controlled without having any del-

eterious impact on the turbines provided the interface between the wind farm power controller and the individual turbines does not. Furthermore,

the rate of change in ΔPFarm is only limited by the speed with which the interface to each turbine can deliver a change in its power output. To real-

ise this inherent capability would require the interface between the wind farm power controller and the individual turbines to not introduce addi-

tional feedback loops enclosing the turbines' full envelope controllers, that is, to be feedforward in nature. For some applications of wind farm

control, such as derating its power output, the interface need not be particularly fast acting or accurate since the feedback loop enclosing the

wind farm ensures that PFarm would track whatever P0 is required. However, for other applications, such as minimising loads on turbines whilst

derating the farm output, the interface would need to be faster and more accurate.

3 | INTERFACE OVERVIEW

As discussed in Section 2, in order that use of the wind farm controller with the architecture of Figure 2 is fully flexible without introducing feed-

back, the interface between the wind farm power controller (via the wind farm distributed controller) and the individual turbines in Figure 2 must be

accurate, fast acting and feedforward. The general high level attributes for such an interface are explored in this section.

3.1 | Turbine full envelope controller attributes

Some general attributes are required for turbines' full envelope controllers, but these are kept to a minimum to be as unrestrictive as possible.

Generally, for a variable speed pitch regulated wind turbine, the controller is required primarily to regulate the rotor speed using a measurement

of rotor or generator speed. In below rated wind speed, the controller acts through varying the generator power or torque and, in above rated

wind speed, through varying the pitch angle of the blades. Over most of the turbine's operating envelope, the rise time of the closed loop system

is typically around 2 s. The exception is in below rated wind conditions when the objective for the controller is to maximise aerodynamic effi-

ciency. In that case, the rise time is typically around 20 s for large turbines. The corresponding feedback loop is much weaker than for the previ-

ous case, indeed very weak, with a much lower closed loop bandwidth, roughly 0.1 rad/s compared to 1 rad/s, but with much larger stability

margins. The frequencies of the blade, rotor and tower modes of the turbines are typically higher than the higher of these two bandwidths.

(In this paper, bandwidths or rates of change comparable to those of the rotor speed, when the controller acts to maximise aerodynamic effi-

ciency, are referred to as very low.)

3.2 | Structure of the interface

The most straightforward way to alter the turbine output power at all operating points would be to add an increment to the power or torque

demand. As required, this modification to the turbine's controller is feedforward in nature and fast acting as the speed of response is only limited,

in principle, by the speed of response of the power convertor. It is effective in above rated operation but much less so below rated.

In below rated operation, the feedback loop acting on rotor or generator speed to adjust the power or torque demand would treat the

feedforward adjustment as a disturbance input. Accordingly, when the turbine controller includes integral action, the feedforward adjustment

would be rejected completely by the turbine controller. The mechanism, by which this happens, is that the controller responds to changes in the

rotor speed arising from the imbalance between the turbine's aerodynamic torque and the generator reaction torque created by the feedforward

adjustment, thereby modifying the controller output in such a way as to cancel the feedforward adjustment. The rejection timescale is similar to

the response time of the closed loop system. When the turbine controller does not include integral action, which is commonly the case when the

controller objective is to maximise aerodynamic efficiency, the adjustment would still be rejected though not completely. In both cases, the

achieved change in generated power does not match that requested.

The remedy to prevent rejection of the increment in power or torque demand in below rated wind speed would be to modify the measured

rotor or generator speed by subtracting the consequent change in speed, that is, the difference between the current speed and the speed in the

case that the output power had not been altered. This second modification should, also, be feedforward in nature. It enables the turbine output

power to be altered accurately as required but the imbalance between the turbine's aerodynamic torque and the generator reaction torque

remains. With a positive imbalance between the rotor aerodynamic torque and the generator reaction torque, the addition of an appropriate

increment to the pitch angle demand would remove this imbalance. This final modification to the controller should again be feedforward in nature.

It is slower acting than the increment in torque as the speed of response is limited by the rate at which the blades can be pitched.

Taking cognisance of the above observations, the overall structure of the accurate, fast acting and feedforward interface between the wind

farm power controller and the individual turbines adopted here is that shown in Figure 3, where ΔP is the requested change in power and ΔT, Δωg
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and Δβ are the required feedforward increments on demanded generator torque, Td, measured generator speed, ωgm, and demanded pitch angle,

βd, respectively. In Figure 3, the input to the turbine's controller is generator speed and the outputs are generator torque and pitch angle. The

wind turbine controller input could equally well have been chosen to be rotor speed instead of generator speed and a controller output chosen to

be power rather than torque with only minor consequences for the interface. Although the more straightforward approach of adding an increment

to power demand could continue to be used above rated, the approach in Figure 3 is used for both below and above rated conditions, thereby

avoiding the need to switch between the two approaches.

In response to a request for a negative change in generated power, the operational strategy, when represented by a curve plotted in the tor-

que speed plane, is simply shifted downwards by the interface with the structure in Figure 3; that is, at every wind speed the torque changes but

not the rotor speed. In response to a request for a positive change in power, provided the imbalance between aerodynamic torque and generator

reaction torque can be removed by adjusting the pitch angle of the blades, the operational strategy is shifted upwards. The unchanged turbine

controller still causes the operational state of the turbine to track its operational strategy, albeit with that strategy being shifted up and down

dynamically by the interface.

3.3 | Interface supervisory controller

To provide protection to the wind turbine and ensure that its operating state is not driven into unsafe regions in response to a particular

requested change in power, the interface must include a supervisory controller. It monitors the operating state of the turbine and the requested

change. Depending on the former, the supervisory controller will reject or modify the latter as required to protect the turbine. Information on the

turbine state, whether a requested change can be enacted and limits applying to change requests are communicated to the wind farm distributed

controller through setting the logical flags, see Figure 1. In these circumstances, the actual change in power generated by the turbine is set by the

interface and it can, thus, be different from that being requested by the wind farm distributed controller. To prevent the wind farm distributed con-

troller from being compromised by these differences, the actual change in power is determined by the supervisory controller and communicated

to the wind farm distributed controller. Since only this information is provided and the interface does not enact any requested change in power, no

additional feedback loop is introduced. The supervisory controller also acts to prevent any unacceptably large increase in actuator activity from

arising in response to the requested change in power.

3.4 | Achieving feedforward nature of Interface

The additional inputs to the interface in Figure 3, Td, ωgm and βd, should only be used in ways that preserve the feedforward nature of the

interface, for example, by the interface's supervisory controller. However, as this may not be entirely possible, any feedback introduced by the

interface must not adversely affect the turbine controller's performance; that is, any feedback introduced must be weak and essentially

feedforward in nature. Nevertheless, if Δωg were exactly equal to the difference between the generator speed with ΔP≠0, ωgm, and the genera-

tor speed with ΔP¼0, then ωg0 in Figure 3 would be the latter. As far as the turbine controller is concerned, when ΔP≠0, the response of the

turbine to Td and βd remains the same as the response with ΔP¼0. In other words, the operating state of the turbine is altered without changing

the dynamics of the feedback loop; that is, the interface acts as a feedforward modification regardless of whether the increments, ΔT, Δωg and

Δβ, depend on Td, ωgm or βd. Hence, for the interface to be essentially feedforward in nature, Δωg needs to be a sufficiently accurate estimate of

the difference between the generator speeds with and without ΔP.

F IGURE 3 Interface between wind turbine and wind farm distributed controller
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4 | POWER ADJUSTING CONTROLLER

A specific realisation of the interface in Figure 3 that meets the requirement to be accurate and fast acting and is essentially feedforward, the

PAC, is described below. It is generic in the sense that it can be applied to almost all turbines regardless of the nature of their full envelope con-

trollers and requires few turbine parameters. The PAC's supervisory controller is fully discussed in Leithead and Stock11 and Stock.12 It includes

overall default bounds restricting the turbine's operating state to its safe regions that impose bounds on the permitted range of ωgm that are con-

servative with respect to the maximum permitted, and on TdþΔTð Þ. The supervisory controller, also includes overall default bounds, restricting

the rate of change of ΔP to be within the range acceptable to the convertor, as well as bounds on ΔP itself. Should these or any other bounds

incorporated into the supervisory controller be exceeded, the PAC is disabled8,10; that is, at this boundary and beyond, ΔP is rejected and the logi-

cal flag, indicating that this is the case, is set. The dynamic characteristics of wind turbines and the nature of their controllers are exploited to

establish that the PAC is essentially feedforward in nature for a very wide choice of ΔP.

4.1 | Increment in generator speed

As discussed in Section 3, an estimator for Δωg that is sufficiently accurate for the interface to be essentially feedforward in nature is required.

An appropriate model of the turbine subject to a power adjustment, that is, with ΔP≠0, on which to base this estimator, is

JN�2 dωgm

dt
¼�BN�2ωgmþQA βaþΔβa,ωgm=N,Vð Þ=N� TdþΔTð Þ ð3Þ

where J is the rotor inertia, B represents the drive train losses, QA is the rotor torque, V is an effective wind speed over the rotor, and N is the

gearbox ratio. The relationship of βa and Δβa to βd and Δβd, respectively, are βa ¼A sð Þβd and Δβa ¼A sð ÞΔβ, where A sð Þ is a transfer function

model of the pitch actuator. It is assumed that actual generator torque is the same as demanded generator torque. The equivalent model to

(3) with ΔP¼0 is

JN�2 dωg0

dt
¼�BN�2ωg0þQA βa,ωg0=N,V

� �
=N�Td ð4Þ

Hence, by subtracting 4 from 3,

JN�2 dΔωg

dt
¼�BN�2ΔωgþΔQ βa,Δβa,ωg=N,Δωgm=N,Vð Þ=N�ΔT ð5Þ

with

ΔQ βa,Δβa,ωgm=N,Δωg=N,Vð Þ¼QA βaþΔβa,ωgm=N,Vð Þ�QA βa, ωgm�Δωgð Þ=N,Vð Þ ð6Þ

When using 5 to estimate Δωg, its accuracy depends on the neglected dynamics being at sufficiently high frequencies that their impact is not

significant. Hence, the bandwidth of Δωg needs to be relatively low compared to blade, rotor and tower mode frequencies. All the inputs to the

PAC, namely, ωgm, βd and Td should be filtered to remove any pronounced high frequency peaks on their spectra and so remove similar high fre-

quency peaks on the spectra of the outputs, Δωg, Δβ and ΔT.

The accuracy of the Δωg estimate also depends on the accuracy of ΔQ, and so on the accuracy of a wind speed estimate, it being highly

unlikely that an appropriate measurement would be available. In general, the dependence of ΔQ on wind speed reduces with the magnitudes of

Δωg and Δβa. Hence, provided the magnitudes of Δωg and Δβa are kept within a suitable limit, the dependence of ΔQ on wind speed estimate

can be made sufficiently weak that the simple wind speed estimator in Appendix B1 would suffice. However, any such limit is not necessarily

strong, since the neighbourhood of the operating point, βa,ωg0=N,V
� �

, for which ΔQ is weakly dependent on wind speed is extensive, see

Appendix A. As placing bounds on TdþΔTð Þ and ΔP imposes bounds on Δβa, the overall default bounds on TdþΔTð Þ and ΔP typically suffice.

However, these bounds can be tightened, if required, to suitably limit Δβa.

Nonetheless, in certain circumstances, 5 and 6 do not provide a sufficiently accurate estimate for Δωg even when the approximation A2 is

very good. The reason is that, when the wind speed is varying, dynamic inflow is different for ΔP¼0 and ΔP≠0. Consequently, a wind speed

estimation that takes account of dynamic inflow is necessary. The estimated wind speeds for the two cases, bV0 and bVΔP, are now different and 6

becomes
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ΔQ βa,Δβa,ωgm=N,Δωgm=N,bVΔP,bV0

� �

¼QA βaþΔβa,ωgm=N,bVΔP

� �
�QA βa, ωgm�Δωgð Þ=N,bV0

� � ð7Þ

It remains the case that high accuracy of these modified wind speed estimates is not required, since the difference between bV0 and bVΔP is

small. The improved wind speed estimator described in Appendix B3 accounts for dynamic inflow.

4.2 | Increment in torque demand

To maintain the increment of power, ΔP, the increment in torque needs to change as generator speed changes; that is,

Pa�Pu ¼ Eff TdþΔTð Þωgm�Eff Td ωgm�Δωgð ÞþΔPð Þ¼0 ð8Þ

where Pa is the altered generated power, Pu is the unaltered generated power and Eff is the efficiency of power conversion. Hence, the increment

in Td to change the generated power by ΔP is

ΔT¼ΔP= Effωgmð Þ�TdΔωg= Effωgmð Þ ð9Þ

The Δωg estimator, incorporating ΔP and, as required by the interface, providing ΔT and Δωg as outputs, is depicted in Figure 4. As can be

seen from Figure 4, there are three feedback loops acting on Δωg. Together, these cause the Δωg estimator to act as a low pass filter. Ignoring the

feedback through ΔT, the bandwidth of this filter is the same as the bandwidth of the turbine's transmittance from pitch demand to genera-

tor speed. The bandwidth of the latter increases with wind speed but overall is typically less than 0.5 rad/s and less than 0.1 rad/s in below

rated wind speed, that is, very low. The additional feedback through ΔT is positive, reducing the open loop crossover frequency and so reduc-

ing the bandwidth of the Δωg estimator relative to that of the turbine's transmittance. This additional feedback can be stronger than the other

negative feedbacks, when there is too little aerodynamic damping provided by QA. The overall feedback is then positive and the Δωg estimator

de-stabilised.

4.3 | ΔP positive below rated wind speed

In below rated wind speed and just above rated wind speed, when ΔP is greater than zero, the imbalance between the turbine's aerodynamic tor-

que and generator torque cannot be removed by adjusting pitch angle. Hence, the rotor speed slows down with the pitch angle remaining at fine

pitch and Δβ at zero. In this situation, the magnitude of Δωg can become large. Furthermore, ΔT is positive and increases as the magnitude of

Δωg increases. Indeed, the limits on Δωg, discussed in Section 4.1, can easily be exceeded. When ΔP is greater than zero, this limit on Δωg is

ignored so as not to unnecessarily restrict the choice of ΔP.

F IGURE 4 Δωg estimator
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Since the wind speed estimates used in the Δωg estimator are effective wind speeds, their bandwidth and rate of change are very low. Hence,

ignoring ΔP, in terms of its spectral characteristics, the primary external input to the Δωg estimator is ωgm as its bandwidth need not be very low,

see Section 3.1. In particular, when the turbine controller is regulating generator speed to remain close to its rated value, the bandwidth of ωgm is

not very low. However, the Δωg estimator itself acts as a very low bandwidth filter, see Section 4.2. Furthermore, for the wind speeds being con-

sidered in this section, its bandwidth is sufficiently low that the Δωg estimator can be considered to act similarly to the integrator, N= Jsð Þ with the

rotor inertia, J, very large. Hence, the rate of change of Δωg is, also, very low.

When the turbine controller is regulating the turbine to track maximum aerodynamic efficiency, as discussed in Section 3.1, the bandwidth

and rate of change of ωgm are very low. Hence, both the bandwidth and rate of change of Δωg are very low.

Following from the above discussion, the bandwidth of Δωg is sufficiently low that the neglected dynamics in 3 have no significant impact on

the accuracy of the Δωg estimator. The main systematic error in Δωg is, thus, due to the magnitude of Δωg being excessive and consequently ΔQ

inexact. Hence, to prevent adverse effects on the performance of the turbine's controller being too great, the magnitude of Δωg still requires to

be subject to some limits. Note that when the turbine controller is regulating generator speed to remain close to its rated value, to avoid adverse

effects on the stability of the turbine's controller, the magnitude of errors in the components of Δωg with frequency close to the bandwidth of

the closed loop system needs to be much less than those in ωgm. However, any arising restriction on the magnitude Δωg is likely to be less

demanding than the restriction required to prevent the error in the magnitude of ΔQ being too large, since the bandwidth of Δωg is much less

than the bandwidth of the closed loop regulating rotor speed, see Section 3.1. When the turbine controller is regulating the turbine to track

maximum aerodynamic efficiency, there are no adverse effects on the stability of the turbine's controller due to the much greater stability

margins, see Section 3.1.

Weak overall default bounds are imposed on the permitted range of ωgm by the supervisory controller to keep the turbine in a safe operating

state. In lower wind speeds, the permitted range of ωgm includes a large interval of values, over which maximum aerodynamic efficiency is tracked.

At higher wind speeds, when the turbine controller is regulating generator speed to remain close to its rated value, tighter bounds on ωgm are

required. However, the overall default bounds on ωgm limit the duration of ΔP, becoming shorter as ΔP becomes larger since the rate of change of

Δωg increases. Since the magnitude of the error in Δωg is dependent on both the duration of ΔP and its size, the overall bounds on ωgm also con-

strain this error. Hence, any bounds on ωgm, required to ensure that the errors in Δωg do not become sufficiently large that the adverse effects on

the turbine's performance become too great, are likely to remain weak. The overall default bounds on ωgm typically suffice. However, tighter bou-

nds on the permitted range of ωgm and on the magnitude of ΔP can be imposed if necessary.

4.4 | Increment in pitch angle

Excluding the situation considered in Section 4.3 where ΔP is greater than zero in below rated and just above rated wind speed, it is possible to

reduce the imbalance, between the turbine's aerodynamic torque and generator torque, and thereby the magnitude of Δωg. The estimator for

Δωg, shown in Figure 4, is augmented by a feedback loop, controller, C, and transfer function model of the actuator, A sð Þ, as in Figure 5. The out-

puts from the combined controller and actuator model are the increment in pitch demand, Δβ, as required by the interface, βaþΔβa as required

by the feedback loop and βa as required by ΔQ. By including integral action in C, Δωg is zero in steady state when the change in generator toque,

ΔT, is balanced by the change due to Δβ in aerodynamic torque, ΔQ. Furthermore, Δβ is zero when ΔT is zero, Δβ is positive when ΔT is negative

and vice versa.

As discussed in Section 4.2, the dynamics of the Δωg estimator can be unstable. Hence, a primary requirement of the controller, C, in Figure 5

is to ensure stability of the augmented estimator.

In below and above rated wind speed, when the turbine controller is regulating ωgm to remain close to its rated value, the PAC can cause an

increase in the variation of ωgm relative to its rated value. When the operating conditions are such that this increase could cause an unacceptable

likelihood of overspeed events, ΔP is rejected by the PAC supervisory controller. The threshold for this rejection and, thereby, the frequency of

F IGURE 5 Augmented Δωg estimator
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its occurrence depends on the variance of Δωg. A requirement on the controller, C, is that, by keeping the magnitude of Δωg sufficiently low, this

threshold can be set at a suitably high level.

In above rated wind speed, the rotor speed is controlled by pitching the blades and the actuators sometimes have little spare capacity. This

spare capacity would sometimes not be sufficient to accommodate the addition of Δβ to βd without causing actuator rate limits or fine pitch to be

exceeded. Although these events cannot be eliminated, they must not occur to the extent that the turbine's full envelope controller is com-

promised by the PAC. Hence, the controller, C, is required to keep the magnitude of Δβa and its rate of change sufficiently small to prevent their

excessive occurrence.

In below rated wind speed and just above rated, as discussed in Section 4.3, the bandwidth of Δωg is very low due to the Δωg estimator act-

ing as a very low pass filter. In higher wind speeds, the bandwidth of the Δωg estimator increases strongly with increasing pitch angle. However,

the pitch feedback loop in Figure 5 acts as an additional high pass filter, namely, the sensitivity function for the closed loop system. Consequently,

an additional requirement for the controller, C, is to ensure that the combined filtering is sufficient for the higher frequency dynamics neglected in

3 to have no significant impact in above as well as below rated wind speed. The controller, C, is, also, required to ensure that the dependence of

ΔQ on the wind speed estimate is sufficiently weak through keeping the magnitude of Δωg sufficiently small. Any feedback, as opposed to

feedforward, introduced by the PAC through Δωg being inexact would then be sufficiently weak.

Provided C meets the above requirements on Δωg, the PAC would not compromise the wind turbine full envelope controller. However, the

requirements to keep the magnitudes of Δωg and _Δβa small are somewhat competing. Nevertheless, C can meet these requirements. (The magni-

tudes of Δωg and _Δβa depend on ΔP, becoming smaller as ΔP becomes smaller. When the PAC supervisory bounds on ΔP are set, this issue is

taken into account.)

4.5 | Augmented Δωg estimator controller

Through ΔQ, the additional feedback loop in Figure 5 includes aerodynamic torque, QA βaþΔβa,ωgm=N,bVΔP

� �
, on the forward path. As QA is

strongly nonlinear in pitch angle, the controller, C, must adapt to changes to the turbine's operating point. A similar situation is encountered by

the wind turbine controller when using pitch angle to regulate rotor speed in above rated conditions. A well-established and effective approach to

counteracting this aerodynamic nonlinearity, indeed, almost entirely removing it, is described in Appendix C. The nonlinear operator, OA g�1
� �

, is

incorporated into the turbine controller such that βd ¼OA g�1
� �

σ and σ is the output from linear controller, CL sð Þ, in Figure C2A. The same

approach, albeit with some modifications, can be employed by the controller C in Figure 5.

In above rated wind speed with rotor speed regulated to remain close to its rated value, the structure of the controller in Figure C2A would

be inappropriate for C in Figure 5, since βd is not at fine pitch and Δβ is added to it (see Figure 3). Instead, it is clear from Figure C2 that the sig-

nals, equivalent to σ in Figure C2, should be added rather than Δβ and βd themselves. Since, by C1, A sð ÞOA f�1
� �

OA fð Þu¼ f�1 A sð ÞOA fð Þuð Þ¼
A sð Þf�1 f uð Þð Þ¼A sð Þu for all u,

OA f�1
� �

OA fð Þ¼ I andOA fð Þ¼O�1
A f�1
� �

ð10Þ

Hence,

βd ¼OA g�1
� �

σ) σ¼OA gð Þβd ð11Þ

It follows that Figure 6 is a suitable structure, for the controller, C. On the Δωg estimator forward path, OA g�1
� �

counteracts the nonlinear

dependence on pitch angle of aerodynamic torque, QA βaþΔβa, � , �ð Þ. On the turbine controller forward path, OA gð Þ reintroduces the nonlinear

dependence on pitch angle of QA βa, � , �ð Þ so that, from the turbine controller's perspective, the nonlinear dynamic characteristics of the turbine are

unchanged by the addition of Δβ to βd and the effectiveness of gain-scheduling, or any equivalent element, incorporated into the turbine control-

ler remains unchanged. Indeed, if the wind turbine controller has the structure in Figure C2A, then the two operators, OA gð Þ in the augmented

Δωg estimator controller and OA g�1
� �

in the wind turbine controller, simply cancel. In Figure 6, advantage is taken of the auxiliary output from

OA gð Þ to provide an estimate of βa for ΔQ and the auxiliary output, βaþΔβa, from OA g�1
� �

to make the actuator model, A sð Þ, in the forward path

of Figure 5 unnecessary.

In below rated wind speed when the turbine controller is regulating the turbine to track maximum aerodynamic efficiency, ωgm is no longer

kept sufficiently close to rated rotor speed, ωgR, to ignore the dependence of the function, g �ð Þ, in OA g�1
� �

on rotor speed. By A5, g �ð Þ needs to be

replaced by ωgm=ωgRð Þ2 g �ð Þ. However, because of the wind turbine's weak speed control feedback loop (see Section 3) ωgm varies very slowly.

Furthermore, βd is held at fine pitch. Hence, instead of modifying OA g�1
� �

in Figure 6 to counteract the dependence of g �ð Þ on ωgm, the additional

nonlinear gain, ωgR=ωgmð Þ2, is incorporated into CL using standard gain-scheduling. In below and above rated wind speed, when the turbine con-

troller is regulating ωgm to remain close to ωgR, the value of ωgR=ωgmð Þ2, although fluctuating, stays close to 1.
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A further nonlinear gain, k �ð Þ, varying sufficiently slowly that standard gain-scheduling again suffices, is incorporated into CL. It can be used to

fine-tune the controller, C, for example, to accommodate changes in the function, g �ð Þ, corresponding to the local approximations, A3, needed to

maintain, as discussed in Appendix A, the accuracy of A2 over the full operating envelope. The estimated wind speed value being essentially inde-

pendent of the turbine variables and the relationship of wind speed to operating point being particularly simple, bVΔP is chosen to be the schedul-

ing variable here. However, it could be further scheduled with respect to ΔP if required. In above rated wind speed, the gain k bVΔP

� �
is less

important since A2 is then a global approximation, see Appendix A.

Because the Δωg estimator in Figure 5 has low order, a PI controller, albeit incorporating the two nonlinear gains, ωgR=ωgmð Þ2 and k bVΔP

� �
,

suffices for CL. The effectiveness of gain-scheduling is sensitive to its realisation,13,14 including, as here, the positioning of the integrator and

nonlinear gain. Practise indicates that the more effective realisations position the integrator last with the nonlinear gain immediately preceding it,

as chosen in Leithead et al.13 This choice of realisation can often be analytically substantiated.14–16 Accordingly, CL is implemented as in Figure 7,

where k1 and k2 are the integral and proportional gains, respectively. It has the advantage of smoothing the higher frequency fluctuations in

ωgR=ωgmð Þ2 and k bVΔP

� �
. The two inputs, Δωg and _Δωg , are made available by implementing, as in Figure 8, the transfer function, N2= JsþBð Þ, in

Figure 5. For any wind turbine, tuning the controller gains, k1 and k2, is straightforward using standard linear control methods.

As discussed in Section 4.4, the addition of Δβ to βd could cause actuator rate limits or fine pitch to be exceeded. When this happens, priority

must be given to the demand from the turbine's full envelope controller. Accordingly, limits on βaþΔβa and its rate of change, chosen to be

slightly conservative, are incorporated into OA g�1
� �

in Figure 6 (see Appendix C), but no limits are incorporated into OA gð Þ. Note that estimates of

the βa and _βa that would be the outcome with Δβ¼0 are provided by OA gð Þ in Figure 6. They correspond to the variables, v and _v, in Figure C4.

The PAC monitors these variables to determine the limits applied within the turbine's full envelope controller to βa and its rate of change and to

confirm that the limits on βaþΔβa and its rate of change are more conservative than the former. Otherwise, the PAC is shut down by its supervi-

sory controller and a flag set indicating that this is the case. The increment in pitch angle, Δβ, is, thus, trimmed so that only the spare capacity in

the actuator is exploited. To prevent wind-up of the integrator in Figure 7, back-calculation of the variables internal to OA g�1
� �

(see Appendix C)

is extended to include it.

4.6 | Discussion

The realisation of the interface presented here depends only on rotor inertia, J, drive-train losses, B, gear-box ratio N, rated rotor speed ωR, rated

power and aerodynamic torque and thrust coefficients for the turbine. By exploiting the dynamic characteristics of the wind turbine and the

nature of its controller, particularly those discussed in Appendix A and Section 3.1, the PAC meets the requirements to be accurate, fast acting

and essentially feedforward in nature and, thereby, the wind farm controller architecture is fully flexible without introducing feedback. The PAC's

supervisory controller is tasked with ensuring that the turbine is not driven into unsafe operating regions, including those in which the PAC ceases

to be feedforward. To do so, constraints are imposed on the range of rotor speed, over which the PAC can be active, and on the magnitude and

rate of change of the change in power requested. However, these constraints are weak. It should be noted that, whilst the PAC is designed for

implementation of wind farm controllers, it can be operated outside the context of wind farm control; for instance, to provide turbine level grid

frequency support.8 The operation of the PAC is illustrated in Section 5.

5 | ILLUSTRATION OF PAC CAPABILITY

To illustrate the PAC in operation, a series of simulations using the industry standard DNV Bladed software are conducted using a model of the

Supergen 5MW Exemplar wind turbine, a derivative of the NREL 5MW.17 In below rated wind speed, the turbine's full envelope controller

F IGURE 6 Controller for augmented Δωg estimator
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includes a CPmax tracking mode to maximise aerodynamic efficiency and a constant speed mode once rated rotor speed is reached. In above rated

wind speed, both rotor speed and torque are regulated to maintain their rated values.

The controller incorporated into the PAC, specifically the gains k1 and k2 in CL, is designed to minimise the magnitude of Δωg, with _Δβ limited

such that the total pitch rate _βdþ _Δβ does not exceed the limit of the actuator. The proportional gain of the augmented Δωg estimator is chosen

to be just sufficient to ensure that the estimator is stabilised. The integral gain is chosen to ensure that the bandwidth of Δωg is sufficiently lower

than frequencies of the neglected dynamics in 5, see Section 4.4, and, subject to the limit on _Δβ, to minimise the magnitude of Δωg.

To confirm that the PAC is essentially feedforward in nature, a necessary condition is that, from the turbine full envelope controller's perspec-

tive, the turbine's dynamics, locally to steady state operating points, are little affected by the addition of the PAC. This requirement is met since

the maximum change in transfer function gain of the turbine dynamics due to the PAC is about 0.2 dB.12 However, confirmation is required

through simulation that the Δωg estimator is sufficiently accurate that the PAC remains essentially feedforward in nature during transient

operation.

5.1 | Confirmation of accuracy and fast action

To illustrate that the PAC meets the requirements to be accurate and fast acting, the behaviour of a turbine in responses to the three test ΔP

demands, shown in Figure 9 are considered. Although these are slightly artificial, the increase in power is similar in some respects to the required

response for synthetic inertia, the reduction in power to a curtailment and the varied change in power to the required response for droop control.

The constraint on rate of change in power by the PAC supervisory controller is switched off to enable instantaneous changes in power in the

cases that include them. Simulations are conducted for constant wind speeds of 9 (below rated) and 15m/s (above rated), as well as for turbulent

wind fields with mean wind speeds of 9, 12 and 15m/s with IEA Class A (high) turbulence. The increase in power test ΔP demand and the

decrease in power test ΔP demand, are chosen to provide extreme tests of the PAC's ability to deliver a fast and accurate response by including

step changes. The varying power profile test ΔP demand, is closer to normal operation. Particularly with Class A turbulence, the most challenging

wind speed is 12m/s, since, in these conditions, the operating point switches repeatedly between below and above rated. At 9m/s, the magni-

tude of the first negative change in power, almost 800 kW, is very large. To prevent it being rejected, the bounds on ΔP have not been applied.

Comparison are made between the responses with and without the PAC for each wind speed.

5.1.1 | Constant wind speed

The decrease in power test ΔP demand depicted in Figure 9 consists of a fixed negative ΔP between 100 and 200 s. The resulting power, change

in power, rotor speed and pitch angle for both constant wind speeds are shown in Figure 10. There is a small overshoot after the change in ΔP at

100 s, followed by rapidly decaying oscillations. These are due to the turbine's first drive-train mode being excited by the instantaneous changes

F IGURE 7 Implementation of CL

F IGURE 8 Implementation of N2

JsþB
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in ΔP. When ΔP is reset to zero, the turbine may not be in a normal operational state. (Indeed, on occasions it may not be able to return to normal

operation without intervention.12) Accordingly, to provide a smooth and controlled recovery to normal operation, the PAC supervisory controller

can go into recovery mode. Whilst in recovery mode, any request by the wind farm distributed controller for a change in power is rejected and the

logical flag, indicating that this is the case, is set. In Figure 10, the PAC supervisory controller goes into recovery mode at 200 s without ΔP being

first returned to zero. Between 100 and 200 s, a small offset can be observed between the requested and actual change in power due to the rep-

resentation of aerodynamics in the Δωg estimator, see 5 and 7, and in DNV Bladed being different.

The increase in power test ΔP demand depicted in Figure 9 consists of a fixed positive ΔP between 100 and 110 s. The resulting power,

change in power, rotor speed and pitch angle for both constant wind speeds are shown in Figure 11. The large decrease in rotor speed associated

with a requested increase power during below rated operation can clearly be observed in Figure 11 with the wind speed 9m/s. The nature of the

responses for both constant wind speeds, see Figure 10, is similar to that of the decrease in power test ΔP, remaining fast and accurate. The dif-

ference at 110s in comparison to Figure 10 at 200s is due to the PAC supervisory controller going into recovery mode at 115s after ΔP is returned

to zero. At 9m/s, the recovery mode, in addition to removing the large reduction in rotor speed incurred whilst ΔP is positive, causes a reduction

in power between 115s and 150 s, see Figure 11.

The varying power profile test ΔP demand depicted in Figure 9 consists of negative ΔP between 100 and 245 s, positive ΔP between

245 and 282.5 s and negative ΔP between 282.5 and 400 s. The PAC supervisory controller goes into recovery mode at 400 s. The resulting power,

change in power, rotor speed and pitch angle for both constant wind speeds are shown in Figure 12. Unlike the increase in power test ΔP demand

and the decrease in power test ΔP demand, the rate of change of ΔP is slow. Consequently, turbine's first drive-train mode is not excited and the

rapidly decaying oscillations seen in Figures 10 and 11 are absent in Figure 12. The nature of the responses for both constant wind speeds is simi-

lar to those of the two previous test ΔP demands.

That the PAC is accurate is confirmed by the responses to all three power test ΔP demands and that it is rapidly acting is confirmed by the

responses to the first two power test ΔP demands. That it acts as intended indicates that the limits on the magnitudes Δωg and Δβa, related to

the accuracy of ΔQ as discussed in Section 4.1, are not breeched. Other than during a positive change in power, when it cannot be avoided, or

during recovery mode, when it is not required, the magnitude of Δωg is less than 0.1 rpm: that is, well within its limit. During positive change in

power, the magnitude of Δωg reaches a maximum of about 1.5 rpm. Nevertheless, the PAC still acts as intended, perhaps partly due, as discussed

in Section 4.3, to the short duration of the positive change in power. The magnitude of Δβa reaches a maximum of almost 6� between 150 and

200 s for the varying power profile test ΔP demand in 9-m/s wind speed. It is associated with the decrease in power being very large, almost

800 kW, that normally would not have been applied.

5.1.2 | Turbulent wind speed

For the decrease in power test ΔP demand, the responses for all three turbulent wind speeds are shown in Figure 13. A comparison is made of

the behaviour with and without ΔP.

F IGURE 9 Test ΔP demands used to illustrate speed and accuracy of the Power Adjusting Controller (PAC)
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High frequency perturbations such as 1P and 3P can be observed on power. After the change in power occurs at 100 s, these perturbations

can become misaligned between the two simulations, with and without ΔP, as turbine rotor speed is changed by the operation of the PAC. The

high frequency oscillations observed in the actual change in power are, thus, an artefact of the subtraction of the power without the PAC from

the power with the PAC. Importantly, the variance of the perturbations in power itself is relatively unchanged.

Additionally, high frequency perturbations in the actual change in power can be introduced by the full envelope controller switching between

modes, due to the timing of switches being slightly different with and without the PAC and the associated dynamic transients being different.

At 9 m/s, the large negative spike in actual change in power at 270 s is caused by a switch from the CPmax tracking mode of the full envelope con-

troller to the constant speed mode followed very quickly by the switch back to CPmax tracking. At 12 m/s, the positive spike at 120 s is caused by

a switch from above rated operation to below rated operation.

For the increase in power test ΔP demand, the resulting power, actual change in power, rotor speed and pitch angle for all three turbulent

wind speeds are shown in Figure 14. For the 12m/s turbulent wind speed, a switch from below rated to above rated occurs just before ΔP returns

to zero at 120 s. This switch contributes to the high frequency perturbations in actual change in power seen in Figure 14.

F IGURE 10 Response to a requested decrease in power with for 9 and 15 m/s constant wind speed

F IGURE 11 Response to a requested increase in power with for 9- and 15-m/s constant wind speed
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For the varying power profile test ΔP demand, the responses for all three turbulent wind speeds are shown in Figure 15. At 9m/s, the posi-

tive spike in actual change in power at 140 s is caused by a switch from above rated operation to below rated operation and the negative spike at

180 s is caused by a switch from the constant speed mode to the CPmax tracking. At 12m/s, spikes occur at 170, 205 and 320 s and, in 15m/s,

several spikes occur between 320 and 350 s all caused by switches between above rated operation and below rated operation.

Discounting the high frequency perturbations in the actual change of power that are an artefact of the way in which they are determined, the

accuracy and rate of action of the PAC in turbulent wind speed is similar to that in constant wind speed.

F IGURE 12 Response to a varying change in power with for 9 and 15 m/s constant wind speed

F IGURE 13 Comparison of responses with and without a requested increase in power with for 9 (upper figures), 12 (middle figures) and
15 m/s (lower figures) turbulent wind speed
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5.2 | Confirmation of feedforward nature

The estimated wind speeds, with and without the PAC, and their spectra are shown in Figure 16 for the varying power profile test ΔP in 12 m/s

turbulent wind speed (that features both above and below rated wind speed operation). There is a very close match between them, thereby con-

firming that the wind speed estimates are essentially independent of the turbine variables on which the wind speed estimator depends, an

F IGURE 14 Comparison of responses with and without a requested increase in power with for 9 (upper figures), 12 (middle figures) and
15 m/s (lower figures) turbulent wind speed

F IGURE 15 Comparison of responses with and without a requested varying change in power with for 9 (upper figures), 12 (middle figures)
and 15 m/s (lower figures) turbulent wind speed
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advisable attribute opening the possibility of its use by a farm level control without introducing feedback. Although, not providing direct confirma-

tion, Figure 16 does give some indication that the wind speed estimates are sufficiently accurate.

The cumulative spectra of Δωg for varying power profile test ΔP in 9, 12 and 15 m/s turbulent wind speeds are shown in Figure 17.

The bandwidths of Δωg , that is, the frequency at which the magnitude of the cumulative spectrum is 50% of its asymptotic value, are less

than 0.2 rad/s in all three cases. Confirmation is, thereby, provided that the bandwidths of Δωg are sufficiently low for the higher frequency

dynamics neglected in 3 to have no significant impact in above as well as below rated wind speed, see Sections 4.1 and 4.5. Furthermore,

from Figures 10–16, it can be seen that bounds on Δωg for the dependence of ΔQ on wind speed estimate to be sufficiently weak are not

exceeded.

The rotor speeds with and without the PAC, the actual change in rotor speed, that is, the difference between rotor speed with PAC and rotor

speed without PAC, and the estimated change in rotor speed, Δωg , are shown in Figure 18 for each test ΔP demand and each turbulent wind

speed. Discounting the high frequency perturbations, which have the same source as those discussed in Section 5.1.2, the difference between

Δωg and actual change in rotor speed is very little, thereby confirming that the PAC is feedforward in nature. It is, also, confirmatory of the wind

speed estimator being sufficiently accurate and the controller meeting the requirements in Section 4.4.

F IGURE 16 Time series and spectra of wind speed estimate with and without the Power Adjusting Controller (PAC) for varying change in
power in 12-m/s turbulent wind speed
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6 | CONCLUSIONS

A generic approach to wind farm control is established which enables full flexibility of operation of both a wind farm and its wind turbines. It is,

thus, capable of enabling a wide range of wind farm control strategies. At the wind farm level, a strategy is enacted by requested changes to the

power output of each turbine and the change in power for each turbine is enacted by a connected interface. The requested changes in power to

the turbines are subject to bounds to ensure that the operating state of each turbine remains in a safe region. The interface, through a supervisory

controller, is tasked with ensuring that these bounds are not exceeded. A particular realisation of the interface, the Power Adjusting Controller, is

designed. By exploiting the general dynamic characteristics of wind turbines and the general nature of their controllers, very weak bounds on

F IGURE 18 Rotor speed, actual change in rotor speed and estimated change in rotor speed for increase in power, decrease in power and
varying change in power at 9, 12 and 15 m/s turbulent wind speed

F IGURE 17 Cumulative spectra of Δωg for varying change in power in 9, 12 and 15m/s in turbulent wind speed
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requested changes in power are achieved. The design of the interface depends on only a small number of turbine parameters and its application

to any particular wind turbine is straightforward.
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APPENDIX A: DEPENDENCE OF ΔQ ON WIND SPEED

There exists functions, g �, �ð Þ, h �ð Þ and τ �ð Þ, where τ 0ð Þ¼0, τ0 0ð Þ¼1 and h �ð Þ and τ �ð Þ are weakly nonlinear, such that the aerodynamic torque of a

wind turbine rotor, QA β,Ω,Vð Þ, can be approximated by

QA β,Ω,Vð Þ≈Q0þ τ g β,Ωð Þ�h Vð Þð Þ ðA1Þ

where Q0 is chosen to be rated torque, QR.
16,18–20 To be more precise, for above rated wind speed and Ω equal to rated rotor speed, ΩR, the

approximation, A1, has surprisingly good accuracy for all operating points, β,ΩR ,Vð Þ, such that 0 <QA β,ΩR,Vð Þ<2Q0. For most operating points,

the approximation errors are typically less than 2% and reduce as QA�Q0ð Þ reduces in magnitude. Neglecting τ �ð Þ in A1, a less accurate but still

good approximation for aerodynamic torque is provided by

QA β,Ω,Vð Þ≈Q0þg β,Ωð Þ�h Vð Þ ðA2Þ

For most operating points, β,ΩR,Vð Þ, such that 0 <QA β,ΩR,Vð Þ<2Q0, the approximation errors are typically less than 8%. As would be

expected, more local approximations with reduced sets of operating points provide better accuracy; for example, for most of the operating points

such that 0:5Q0 <QA β,ΩR,Vð Þ<1:5Q0, the approximation errors are again typically less than 2%.

For any other fixed Ω≠ΩR, similar approximations to (A2) apply. The function of wind speed, h �ð Þ, that pertains at ΩR, still suffices for

0:8ΩR <Ω<1:2ΩR without any marked increase in approximation errors.19 Thus, (A2) is a global approximation in the sense that the set of points,

β,Ω,Vð Þ, for which it has high accuracy, encompasses all normal above rated operating points. The context for the approximation, A2, was initially

control of pitch regulated wind turbines, when wind speed is above rated and QA and Ω are kept close to Qr and ΩR, respectively, by the control-

ler. Nevertheless, the domain of V, for which it holds, extends into below rated wind speed.19

Of course, local approximations of the form, A2, apply with other choices of Q0 than QR. In particular, consider the operating point,

βo ,ΩR ,Voð Þ, for which aerodynamic torque QA ¼Qo ≠QR and the set of operating points, β,Ω,Vð Þ, such that

k1Qo ≤QA β,Ω,Vð Þ≤ k2Qo,with k1 ≤1≤ k2, and bk1ΩR <Ω<bk2ΩR, with bk1 < 1<bk2, then for some go �, �ð Þ and ho �ð Þ

QA β,Ω,Vð Þ≈Qoþgo β,Ωð Þ�ho Vð Þ ðA3Þ

Furthermore, provided k1Qo ≤QA βþΔβ,Ω,Vð Þ≤ k2Qo, k1Qo ≤QA β,Ω�ΔΩ,Vð Þ≤ k2Qo, bk1ΩR <Ω<bk2ΩR and bk1ΩR <Ω�ΔΩ<bk2ΩR, then

ΔQ β,Δβ,Ω,ΔΩ,Vð Þ¼Q βþΔβ,Ω,Vð Þ�Q β,Ω�ΔΩ,Vð Þ≈ go βþΔβ,Ωð Þ�go β,Ω�ΔΩð Þ ðA4Þ

Hence, ΔQ can be considered essentially independent of wind speed over an extensive neighbourhood of operating points, similar in extent to

that containing βo,ΩR,Voð ÞQA ¼Q0:

For Ωo ≠ΩR, since

Q β,Ωo,Vð Þ¼ Ωo=ΩRð Þ2Q β,ΩR, VΩR=Ωoð Þð Þ ðA5Þ

it follows that local to Q βo ,Ωo ,Voð Þ, Q β,Ωo,Vð Þ again has the approximation, A3, with Qo, g �, �ð Þ and h �ð Þ suitable rescaled and ΔQ remains

essentially independent of wind speed.

APPENDIX B: WIND SPEED ESTIMATOR

B1 | Simple wind speed estimator

A simple estimate of aerodynamic torque, bQA,
18,21,22 is

bQA ¼ JbΩdþBΩþNTd ðB1Þ

where Ω is rotor speed and
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bΩd ¼ as
sþa

Ω ðB2Þ

is an estimate of rotor acceleration. The corner frequency, a, of the low pass filter incorporated into B2 is chosen to reduce the level of noise in

bΩd without introducing too large a lag. Since

H β,λð Þ¼Ω�2QA ¼
1
2
ρπR5λ�2CQ β,λð Þ ðB3Þ

where λ¼ΩR=V is the tip speed ratio and V is wind speed, an estimate of tip speed ratio, λe, is obtained by solving B3 for a given bQA and β. A suit-

able estimate of wind speed is then Ve ¼ΩR=λe. It is straightforward to remove any unwanted components in Ve, such as structural mode or nP

peaks, using notch filters. The estimate, Ve, is an effective wind speed whereby a uniform wind speed represents the spatially varying wind speed

over the rotor. Especially for large rotors, effective wind speeds vary very slowly compared to point wind speeds. Aerodynamic coefficients, such

as CQ β,λð Þ in B3, are usually derived on the premise that the wind field is in steady state and uniform in the absence of the rotor, in which case V

is the wind speed for the whole wind field into which the rotor is placed. A possible alternative interpretation for V is that it is the wind speed at

the position of the rotor in its absence.

B2 | Simple dynamic inflow model

By blade element theory, neglecting the angular induction factor, the thrust on the rotor, T, depends on VR , the effective wind speed for the flow

field local to the rotor; that is,

T¼1
2
ρπR2V2

R
bCT β,λRð Þ ðB4Þ

where bCT is the aerodynamic thrust coefficient determined by blade element theory and λR ¼ΩR=VR. Since blade element theory does not depend

on the wind speed of the flow field far from the rotor, B4 does not need the flow field to be in steady state. Let V0 be the effective wind speed of

the flow field local to the position of the rotor in its absence. Were the wind field in steady state, by momentum theory, the thrust, TS, can be

expressed in terms of VR and V0; that is, with a single streamtube covering the complete rotor and neglecting rotational motion of the stream-

tube, by combining the linear momentum and energy relationships,

TS ¼2ρπR2VR V0�VRð Þ ðB5Þ

When the wind field is not in steady state, T≠TS and the reaction to the imbalance between T and TS induces a rate of change in the

momentum of the flow field local to the rotor. Since this rate of change of momentum can be represented by madVR=dt,
23

madVR=dt¼ TS�T¼2ρπR2VR V0�VRð Þ�1
2
ρπR2V2

R
bCT β,λRð Þ ðB6Þ

where ma is a representative mass for the local flow field. A simple model for thrust on the rotor including dynamic inflow is thus B6 together with

B4 and input wind speed, V0.

Let VR ¼ 1�að ÞV0. As V0 is an effective wind speed, it varies slowly relative to the rate of change of pitch angle and rotor speed that can

occur through control action. On that basis,

madVR=dt¼�maV0da=dtþma 1�að ÞV0dV0=dt≈ �maV0da=dt ðB7Þ

when B6 becomes

mada=dt¼�2ρπR2a 1�að ÞV0þ1
2
ρπR2 1�að Þ2V0

bCT β,λ0= 1�að Þð Þ ðB8Þ

where λ0 ¼ΩR=V0.
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Given V0 tð Þ, β tð Þ and Ω tð Þ over some time interval, VR can be determined using B6. Alternatively, a can be determined using B8, then VR using

VR ¼ 1�að ÞV0. Similarly to the relationship for thrust, B3, the rotor torque, Q, and power, P, are, respectively,

Q¼1
2
ρπR3V2

R
bCQ β,λRð Þ and P¼1

2
ρπR2V3

R
bCP β,λRð Þ ðB9Þ

The spectra for VR, when using B6 and B8, roll off approximately at 60 dB/decade and 40db/decade, respectively. Thus, the representation of

rotor thrust obtained using B8 is better and it is preferred.

Since blade element theory is an integral part of blade element momentum theory, the normal aerodynamic thrust coefficient, CT , implicitly

incorporates bCT . Hence, bCT can be derived from CT , when it is available. Given β, Ω and VR , there exists a bV0, for which the wind field is in steady

state and TS ¼ T. From B4,

2ρπR2VR
bV0�VR

� �
¼1
2
ρπR2bV2

0CT β,bλ0
� �

¼1
2
ρπR2V2

R
bCT β,λRð Þ ðB10Þ

where bλ0 ¼ΩR=bV0. Hence,

4as 1�asð Þ¼CT β,λR 1�asð Þð Þ ðB11Þ

where as ¼1�VR=bV0. Substituting as, the solution of B11 as a function of β and λR, into B10

bCT β,λRð Þ¼4as β,λRð Þ= 1�as β,λRð Þð Þ ðB12Þ

Using B12, B8 becomes

mada=dt¼�2ρπR2 1�að Þ
1�asð ÞV0 a�asð Þ ðB13Þ

which, together with VR ¼ 1�að ÞV0, provides a simple model for VR. Furthermore,

bV0 ¼ VR

1�as
¼ 1�að Þ

1�asð ÞV0 ðB14Þ

and

T¼1
2
ρπR2bV2

0CT β,bλ0
� �

,Q¼1
2
ρπR3bV2

0CQ β,bλ0
� �

and P¼1
2
ρπR2bV3

0CP β,bλ0
� �

ðB15Þ

From potential theory the suggested value for ma is 8
3ρR

324 but a value of 16
9 ρR

3 proved better when used in aero-elastic simulations.

B3 | Improved wind speed estimator

Since the aerodynamic relationship inherent to B3 pertains to a steady state wind field, the tip speed ratio estimate, λe, from the simple wind

speed estimator is for bλ0. With λe an input, B11 becomes

4as 1�asð Þ¼CT β,λeð Þ ðB16Þ

for which the solution for as is a function of β and λe, and B13 becomes

mada=dt¼�2ρπR3Ωλ�1
e a�asð Þ ðB17Þ

For a non-steady state wind field, an estimate for the wind speed local to the position of the rotor in its absence, bVe, is provided by
bVe ¼ΩR 1�asð Þ

1�að Þ λ
�1
e . Similarly to Ve, bVe is an effective wind speed. This improved wind speed estimator has been compared to an extended Kalman
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filter based on B13, a first-order model of the turbine and an effective wind speed model.25 No improvement in performance was discernible for

the Kalman filter based estimates.

APPENDIX C: GLOBAL GAIN-SCHEDULING

In above rated wind speed, as the aerodynamic torque, QA, is strongly nonlinear in pitch angle, the controller for a general pitch-based feedback

loop must adapt with changes to the turbine's operating point. A well-established global gain-scheduling approach for wind turbine controllers is

based on A1,15 which is depicted in diagram form in Figure C1. The implication of Figure C1 is that the dynamics of the feedback loop only

depends on pitch angle and rotor speed and not on wind speed, which is a disturbance input.

Part of a general pitch-based feedback loop, consisting of the controller, actuator and nonlinear relationship of rotor torque to pitch angle,

rotor speed, and wind speed, is depicted in Figure C2A. Since the dominant nonlinear dependence is on β, Ω is confined to a narrow interval about

rated rotor speed, ΩR, and τ �ð Þ is weakly nonlinear with τ0 0ð Þ¼1, the approximation, Q β,ω,Vð Þ≈Q0þg βð Þ�h Vð Þ, where g βð Þ¼ g β,ΩRð Þ, generally
suffices for control purposes as in Figure C2A. The controller has been split into two terms, a linear term, CL sð Þ, and a nonlinear operator, OA �ð Þ,
which has the property

u¼A sð ÞOA fð Þw¼ f A sð Þwð Þ, for all w ðC1Þ

F IGURE C1 Relationship of aerodynamic torque to β, Ω and V

F IGURE C2 (A and B) Linearisation of a general pitch-based feedback
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Since g A sð ÞOA g�1
� �

σ
� �¼ g g�1 A sð Þσð Þ¼A sð Þσ�

, it follows that the nonlinearity, g �ð Þ, can be removed from the feedback loop by choosing, as

in Figure C2A, f �ð Þ¼ g�1 �ð Þ. The system in Figure C2A is then equivalent to the linear system in Figure C2B. This gain-scheduling approach is

global in the sense that it makes the feedback system linear over the complete set of possible above rated operating conditions.

The schematic diagram for the nonlinear operator, OA �ð Þ, which has the property that u¼A sð ÞOA fð Þw¼ f A sð Þwð Þ, for all w is depicted in

Figure C3.15,16,20 With the second order actuator model

A sð Þ¼ c= s2þbsþc
� �

the equivalent equations to Figure C3 are

€v¼ cw�b _v�cv;u¼ f vð Þ;cy¼ €uþb _uþcu

Using

_u¼ f 0 vð Þ _v and €u¼ f 00 vð Þ _v2þ f0 vð Þ€v

cy¼ f 00 vð Þ _v2þ f 0 vð Þ €vþb _vð Þþcf vð Þ¼ f 00 vð Þ _v2þ cf0 vð Þ w�vð Þþcf vð Þ

to obtain the representation in Figure C4. When required, it provides v¼A sð Þw, _v, u¼A sð Þy and _u as auxiliary outputs.

With regard to the controller in Figure C2A, the input, w, in Figure C4 is σ, the output, y, is βd, and the auxiliary outputs, u and v, are an esti-

mate of βa and A sð Þσ, respectively. Of course, βa is required not to exceed fine pitch and _βa not to exceed actuator rate limits. There are

corresponding constraints on v and _v in Figure C4, which are applied to trim the output, βd, in such a way that the limits on βa and _βa are not

exceeded. When the controller in Figure C2A is implemented in digital form, the input, w, and all the variables internal to Figure 4 are back-

calculated at each time step to be consistent with the trimmed value of the output. When CL sð Þ, the linear term in the controller in Figure C2A,

includes integral action or low frequency poles, back-calculation is extended beyond w to include them to prevent wind-up. Provided βa and _βa

only attain their limits intermittently and any such occurrence is short lived, the only consequence is occasional slight increases in the variance of

the controlled variable, that is, rotor speed.

F IGURE C3 Schematic diagram for OA fð Þ

F IGURE C4 Realisation of OA fð Þ for a second-order system
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