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ABSTRACT: An algorithm has been developed that provides filter parameters for pitch control loops in order to compensate
for dynamic inflow effects. This improves the loop stability, especially near rated conditions. The filter behaviour reflects
the ‘inverse of the normalised’ rotor-integral dynamic wake behaviour in accordance with the ECN differential equation
wake model. Any (existing) pitch controller can be upgradedwith such a filter. The algorithm has been implemented and
incorporated in the ECN control design tool.
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1. INTRODUCTION

Research work on dynamic inflow pointed out that the mea-
sured short-term response of rotor loads on pitch variations
may exceed the predicted loads from equilibrium wake aero-
dynamic analysis[1]. The effect appeared significant near
rated conditions and was defined ‘dynamic inflow’. In an
earlier stage of pitch control development, the simulationof
variable speed wind turbines with pitch-to-vane control in
PHATAS [3] occasionally showed poor loop stability. Since
this also occured near rated conditions it was assumed that
this was caused by the (temporarily) higher ‘process gain’,
that is to say the senstivity of the aerodynamic torque to pitch
variation, as a result of dynamic inflow. This made us to look
for a device that could compensate for the dynamic wake re-
sponse on blade pitching in wind turbines. In addition, the
parametrisation had to be convenient and the implementa-
tion as an ‘add-on’ to existing control algorithms was very
desirable. Point of departure for the development of this
‘compensation algorithm’ was the dynamic inflow model
of Snel and Schepers, called the ‘ECN differential equa-
tion wake model’ which had been derived from the ‘ECN
cylindrical wake model’[2].

2. APPROACH

The compensation method is based on a linearised treatment
of the verified ECN differential equation wake model. More
specifically, we derived filters for the pitch angle and the
wind speed for use withCp− andCt-data that cater for the
transient effects in the rotor torque and thrust caused by the
dynamic wake behaviour. In a working point, the transient
dynamic behaviour of the rotor loads is modelled by a first
order lead-lag filterHDI

X , with transfer function description:

HDI
X (s) =

XDI(s)

XEquiWake
(s) =

(1 + τXlead(Vw,Θ,Ω))

(1 + τXlag(Vw,Θ,Ω))
(1)

Input to the filter is the aerodynamic torqueTa or thrustFa

that result from equilibrium wake aerodynamic conversion
(XEquiWake). The filter output is the ‘real’ rotor loadXDI

with the dynamic inflow effect included. The time constants
τXlead andτXlag depend on the working point, defined by the
wind speedVw, pitch angleΘ and rotor speedΩ. The
larger the ratio betweenτXlead andτXlag, the larger the ratio

between the frozen wake (= ‘short-term’) and equilibrium
wake response of the filter.

Figure 1 shows the dependency of the lead and lag time
constants of the simplified dynamic wake model by Eq. (1)
on the wind speed (the pitch angle and rotor speed vary
in accordance with the ‘working point trajectory’ for rated
power operation).
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Figure 1: Lead and lag time constants of Dynamic inflow
modelling by Eq. (1)

The dashed lines in the plots of figure 2 show the dynamic
wake effects according to eq. 1 via the transient behaviour
on a stepwise change in the pitch angle for two working
points, viz. in rated wind speed and 20% above rated wind
speed.

The compensation algorithm is ideally set up by the inverse
of the dynamic wake modelling lead-lag filter (1). A conve-
nient implementation is obtained by letting the compensation
time constants only depend on the low pass filtered pitch an-
gle Θ. The transfer functionHDIC

Ta
of the compensation

filter for the aerodynamic torque is:

HDIC
Ta

(s) =
TDI

a (s)

TEquiWake
a (s)

=
(1 + τTa

lag(Θ))

(1 + τTa
lead(Θ))

(2)

The solid lines in figure 2 show the compensation algorithm
response according to eq. 2 on a stepwise change in the pitch
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Figure 2:Transient response of rotor loads via Eq. (1) and
compensation algorithm output by Eq. (2)

angle for the two working points. It can be observed that
the product of the wake model and compensator responses
equal 1.

3. DERIVATION OF FILTERS

The ECN differential wake model consists of annulus specif-
ic first order differential equations. In the linear area of the
polars of the lift coefficients the induction behaviour in each
annulus is governed by (Ui, R, c annulus axial induction
speed, radius and chord,Rb blade radius):

2πR∆R · ρ · 2Rb · fa · Fp · d
dt

(Ui) = B · 1
2
ρ · c∆R ·K ·

(arctan(
Vw − Ui

ΩR
) − θ) · ΩR ·

√

(ΩR)2 + (Vw − Ui)2 −

2πR∆R · ρ · FpUi · (Vw − FpUi) (3)

with Prandtl’s tip correction factorFp (as by[3]):

Fp = 4
π2 · arccos (e−

(Rb−R)π

d ) · arccos (e−
(R−Rroot)π

d )

with d = 2πR
B

·
(Vw−Ui)

√

(Ω·R)2
+(Vw−U

i
)2

The wake adaption factorfa is proportioanl to reciprocal
of speed of wake adaptation and decreases with increasing
relative annulus radiusR/Rb:

fa(R/Rb) =
2π

∫ 2π

0

{
1 − ( R

Rb
) cosψ

[1 + ( R

Rb
)2

− 2( R

Rb
) cosψ]1.5} dψ

(0.80, 0.59, 0.25 forR/Rb = 0.5, 0.7, 0.9)

The corresponding annulus specific expressions for the ax-
ial force and aerodynamic torque are (K′ = 1

2
ρ · c∆R ·

K, Vrel =
√

(ΩR)2 + (Vw − Ui)2):

Fax = K′ · (arctan(
Vw − U i

ΩR
) − θ) · ΩR · Vrel (4)

Tw = R ·K′ · (arctan(
Vw − U i

ΩR
) − θ) · (Vw − U i) · Vrel

Linearisation of the equations for the loads and the axial
induction speed yields the following expressions:

δFax = Kfr
fθ · δθ +Kfr

fv · δVw +Kfu · δUi

δTw = Kfr
tθ · δθ +Kfr

tv · δVw +Ktu · δUi

d
dt

(Ui) = −A · δUi +Bθ · δθ +Bv · δVw (5)

Note that all coefficients depend on the annulus and the
working point.

With the time-derivative operator notation (d
dt

) for the vari-
ation in the axial induction speed,

δUi = Bθ

d
dt

+A
· δθ + Bv

d
dt

+A
· δVw ,

the transfer function from the pitch angle variation to the
thrust force variation is obtained by just replacing the oper-
ator d

dt
by the Laplace operators from the expression below

δFax = (Kfr
fθ+Kfu ·

Bθ
A

)·

(

( 1

A+Bθ·Kfu/K
fr
fθ

) · d
dt

+1

1
A

·

d
dt

+1

)

· δθ (6)

Similar expressions hold for the aerodynamic torque as
output and the wind speed as input. This yields four
equilibrium-wake gains and unit-gain filters per annulus:

δFax = Keq
fθ ·

τdfθ

d
dt

+ 1

τi
d
dt

+ 1
· δθ +Keq

fv ·
τdfv

d
dt

+ 1

τi
d
dt

+ 1
· δVw

δTw = Keq
tθ ·

τdtθ
d
dt

+ 1

τi
d
dt

+ 1
· δθ +Keq

tv ·
τdtv

d
dt

+ 1

τi
d
dt

+ 1
· δVw

with (per annulus and working point)

Keq
fθ = (Kfr

fθ +Kfu · Bθ

A
) (etc.)

τdfθ
= 1

A+Bθ·Kfu/K
fr
fθ

(etc.)

τi = 1
A

Summation over the rotor annuli and the blades yeilds the
rotor-integral impact of wake dynamics (N annuli):

δFaxrot = B

N
∑

n=1

{

Keq
fθ

τdfθ

d
dt

+ 1

τi
d
dt

+ 1

}

n

δθ+

{

Keq
fv

τdfv

d
dt

+ 1

τi
d
dt

+ 1

}

n

δVw

δTwrot = B

N
∑

n=1

{

Keq
tθ

τdtθ

d
dt

+ 1

τi
d
dt

+ 1

}

n

δθ+

{

Keq
tv

τdtv
d
dt

+ 1

τi
d
dt

+ 1

}

n

δVw

Assumption on separation of gains and time constants
(ΣR =

∑N

m=1
Rm):

δFaxrot = B

N
∑

n=1

{Keq
fθ }n·

1

ΣR
·

N
∑

n=1

{R · τdfθ
}
n

d
dt

+ 1

1

ΣR
·

N
∑

n=1

{R · τi}n
d
dt

+ 1

· δθ + . . .

= Keq
Fθ ·

τdFθ

d
dt

+ 1

τI
d
dt

+ 1
· δθ + . . . (7)

allows use ofCt-data with 2 unit-gain filters forFaxrot :

θF =
τdFθ

d
dt

+ 1

τI
d
dt

+ 1
· θ and VwF =

τdFv
d
dt

+ 1

τI
d
dt

+ 1
· Vw

Faxrot = 1
2
ρπR2

b · Ct(
ΩRb
VwF

, θF) · V 2
wF

(8)



(similar forTwrot with Cp-data)

The required parameters in each annulus are:

- frozen wake gainsKfr
fθ, K

fr
fv, K

fr
tθ , K

fr
tv

- force and torque sensitivitiesKfu,Ktu to induction

⇒ linearised load expressions from Eq. (4)

- induction-change transition parameterA

- induction-change input parametersBθ,Bv

⇒ linearised axial impulse equation from Eq. (3)

The linearised load expressions and impulse equation must
be available for the working point valuesVw, Ω, θpt, the
working point & annulus specific valuesUi, and the annulus
specific datac, θtw,K,R, ∆R (θ = θpt + θtw ⇔ setting =
pitch+twist),K = dCℓ/dα).

A generic procedure, which only requires the overall data
Prat, Vwrat , Ω,Rb,B, can be applied. Such a procedure

- assumesK ( 2π /rad) and relative spanwiseCp-
distribution (e.g. equal power extraction efficiency);

- estimates chord/twist-data from rated conditions;

- calculates{θpt} and{{Ui}} in Vw-range.

(working points only forα small (≃ 0.2 rad or less))

Of course, the application of a non-linear aerodynamic code
will yield more accurate results for the required working
point values of the axial induction speeds in the rotor an-
nuli. However, the demanded accuracy on the time con-
stants derived is not that high. An error of ca. 10% will
not significantly affect the quality of the compensation al-
gorithm, which is set-up from the ‘inverse dynamic wake
model equations’ (see Eq. (1) and (2)).

4. RESULTS

Figure 3 shows a typical near-rated simulation for a multi-
MW-size wind turbine. Though the results do not differ that
much, it can be observed that the variations in the thrust
force and aerodynamic torque are lower when the dynamic
inflow compensation algorithm is added to the controller. In
addition, the pitch actuation is significantly more smooth in
case of compensation.

The impact of dynamic inflow compensation on the loop
stability is much more significant. Figure 4 shows the so
called ‘open loop gain’ of the pitch control loop for the rotor
speed (Nyquist plots).

The distance from the O-mark on the x-axis to the inter-
section of the graphs with the x-axis is a measure for the
robustness of the loop stability (gain margin). In general,
a distance of 0.5 is considered sufficiently safe. That is to
the say, the closed loop stability is still guaranteed when the
effect of pitch variation on the rotor speed is twice as strong
as expected during the design.

Another stability measure is the so-called phase margin. If
the phase shift of the overall transfer from pitch variations
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Figure 3:Time domain simulation with and without dynamic
inflow compensation
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Figure 4:Nyquist plots in four ranges of working points

to the rotor speed variations is 45 degrees more in the up-
per bound of the controller bandwidth (e.g. 1.0 rad/s) than
expected, stability is still guaranteed. Additional phaseshift
is caused by e.g. a slower responding pitch actuator than
expected.

Especially near rated conditions (upper left plot), the stability
margins are about half-size when dynamic inflow compen-
sation is omitted. An implication of this is that an additional
loop delay of ca. 0.2 s will yield instability while the allowed
additional loop delay amounts to ca. 0.7 s when dynamic
inflow compensation is included.

5. CONCLUSIONS

The developed compensation method for dynamic inflow re-
duces the complicated dynamics of the wake behaviour to
a few simple differential equations. Incorporation in pitch
control loops is straightforward and effective: a linear filter is
added to a ‘standard’ pitch controller, designed on equilibri-
um wake aerodynamic data (like power and thrust coefficient
data). It improves the loop stability around rated conditions
without loss of control performance, slightly lowers the rotor



loads, and significantly lowers the pitch actuator load. The
compensation algorithm can be elegantly parametrised with
a stand-alone algorithm, which neither requires detailed tur-
bine data nor simulations with an aerodynamic code. The
filter is included in control algorithms[5] with satisfying
results in simulations and in the field[4].
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