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Introduction: Wind power and power coefficient

vW

rTωT

ωT rT
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Wind power

pW ptq “
1

2
̺ πr2T

loomoon

“AT

vW ptq3, vW p¨q P W1,8pRě0;Rq

(1)

Tip speed ratio

λ :“ λpωG, vW q :“
rTωG

grvW
r1s where ωT “

ωG

gr
. (2)

Power coefficient (approximation)

cP : D Ñ Rě0, pβ, λq ÞÑ cP pβ, λq :“

c1
“

c2 fpβ, λq ´ c3β ´ c4β
x ´ c5

‰

e´c6 fpβ,λq

with D :“ t pβ, λq P Rě0 ˆ Rě0 | cP pβ, λq ą 0 u (3)
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Problem: Speed control of wind turbine systems
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‚ Regime I: Standstill. No power output, i.e. pT “ 0.

‚ Regime II: Operation. Variable power output, i.e.. 0 ă pT ă pN ùñ
Goal: Maximum power point tracking.

‚ Regime III: Nominal operation. Nominal power output, i.e. pT “ pN .

‚ Regime IV: Standstill (emergency stop), i.e. pT “ 0.
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Problem: Speed control of wind turbine systems

05101520

0
20

40
60

0

0.2

0.4

0.6

λ [1] β [˝]

[1
]

cP,1p¨q

cP,2p¨, ¨q

‚ Regime II: Maximum power point tracking, i.e. λ Ñ λ‹,

such that for given β “ β0,

c‹
P pβ0q :“ max

λ
cP pλ, β0q ă cP,Betz “

16

27
« 0,59.

‚ Tip speed ratio λ :“ λpωG, vW q ùñ ωG Ñ ω‹
G (speed control!)
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Funnel control: Objective and controller [6]

ep¨q

ep0q ψp¨q “ BFψp¨q

ψp0q

´ψp0q

eptq

ψptq

´µ
t

funnel Fψ

time t rss

‚ Tracking with prescribed transient accuracy by design of ψp¨q, i.e.

@ t ě 0: |eptq| “ |yrefptq ´ yptq| ă ψptq

‚ Controller

uptq “ signpγ0q
1

ψptq ´ |eptq|
loooooomoooooon

“:kptq

eptq
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Funnel control: Admissible system class S (simplified)

System
9xptq “ Axptq ` b

`

uptq ` udptq
˘

`BT

´

dpt,xptqq ` pTxqptq
¯

yptq “ cJxptq,

,

/

.

/

-

(4)

satisfying

(sp1) the relative degree is one and the sign of the high-frequency gain is

known, i.e.

γ0 :“ cJb ‰ 0 and signpγ0q known;

(sp2) the unperturbed system is minimum-phase, i.e.

@ s P C with ℜpsq ě 0: det

„

sIn ´ A b

c
J

0



‰ 0;

(sp3) operator T is of class1 T (see Def. 1 in [6]) and globally bounded,

i.e. T P T and MT :“ sup t‖pTξqptq‖ | t ě 0, ξp¨q P Cpr´h,8q,Rnquă8;

(sp4) disturbances are bounded, i.e. udp¨q P L8pr´h,8q;Rq and

dp¨, ¨q P L8pr´h,8q ˆ R
n;Rmq.
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Speed control: Stiff model of wind turbine systems

1

torque/current dynamics

« 1

´´
´

β0
λ

ωG,ref

Controller

?

(6)

mG,ref

1
3

2
pψPM

3

2
pψPM

i
q

s,ref

Ters,i
q

s

mG ωG

mT

FωG

1

gr

iqs
`

1

Θ

d

dt
ωG “

1

Θ

ˆ

mT pvW , β0, λq

gr
´mG ´ FωG

˙

, ωGp0q “ ω0
G ě 0 (5)

where

mT pvW , β0, λq “
cP pβ0, λqpW ptq

ωG{gr

(2)
“
̺πr3T vW ptq2

2gr

cP pβ0, λq

λ
. (6)
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Speed control: Wind turbine system of class S ?

d

dt
ωG “ 1

Θ

´

mT pvW ,β0,λq
gr

´mG ´ FωG

¯

is of class S, since

(sp1) γ0 “ ´ 1
Θ

ùñ signpγ0q “ ´1 X

(sp2) @ s P C : det

„

s ´

1

Θ

1 0



“ 1
Θ

‰ 0 X

(sp3) F P T X (see [1, Sec. 5.1.2])

(sp4) “disturbance = turbine torque” bounded X by (see paper, Sec. III.D)

@β0, c0 ě 0 @ vW p¨q P W1,8pRě0;Rq @λ P rc0β0,8q :

0 ď mT pvW p¨q, β0, λq ď
̺πr3T ‖vW ‖8

2gr

c‹
P

c0β0
. (7)

ùñ Application of funnel control for speed control is admissible!
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Speed control: Funnel controller
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« 1

´´
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mG ωG
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gr

iqs
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Θ

Controller with ωG,refptq :“
grλ

‹

rT
vW ptq “: ω‹

Gptq:

uptq “ mG,refptq “ ´
loomoon

sign γ0

ςptq

ψptq ´ |eptq|
loooooomoooooon

“:kptq

`

ωG,refptq ´ ωGptq
˘

looooooooooomooooooooooon

“:eptq

(8)

Properties:

@ t ě 0: |eptq| “ |ω‹
Gptq ´ ωGptq| ă ψptq.
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Speed control: Classical controller [8]
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cP,1p¨q
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Controller:

mG,refptq “ k‹
PωGptq2 with k‹

P :“
̺πr5T
2g3r

cP pλ‹, β0q

pλ‹q3
^ ωG,ref “ 0. (9)

Properties for all 0 ă λmin ď λp0q, vW ptq “ v0 ą 0, β “ β0 ě 0 ^ FωG “ 0 [7]:

‚ locally asymptotically stable

‚ λ‹ attractive, i.e. limtÑ8 λptq “ λ‹ (ô limtÑ8 ωGptq “ ω‹
G ).
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Speed control: Simulation and comparison
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torque/current dynamics

« 1

´´
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Implementation of funnel controller (FC) and classical controller (CC):

‚ FC: mG,refptq “ ´ ςptq
ψptq´|eptq|

`

ωG,refptq ´ ωGptq
˘

with ωG,refptq “ grλ
‹

rT
vW ptq

‚ CC: mG,refptq “ k‹
PωGptq2 with k‹

P :“ ̺πrT
5

2gr3

cP pλ‹,β0q
pλ‹q3 ^ ωG,refptq “ 0.
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Speed control: Simul. results (# 1) FC, CC
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Speed control: Simul. results (# 2) FC, CC
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Conclusion and outlook

To take home:

‚ funnel control applicable for speed control of wind turbine systems

‚ tracking with prescribed transient accuracy (on generator side)

‚ improved performance and power output compared to classical controller

‚ more robust to torque/parameter deviations than classical controller

‚ wind measurement required (drawback!)

Open questions:

‚ ... impact of actuator saturation?

Ñ theoretical results exist [5].

‚ ... damping of oscillations due to elasticity in shaft (non-stiff mechanics)?

Ñ use of disturbance observer possible [2]

‚ ... use of internal models beneficial (wind predictions)?

Ñ theoretical and experimental results for electrical drives exist [3, 4].
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Implementation data

description symbols & values [unit]

wind turbine (5) Θ “ 9.9 ¨ 106
“

kgm2
‰

, gr “ 1 r1s,
(without pitch rT “ 40 rms, ̺ “ 1.293

“

kg{m3
‰

control) cP pλq “ cP,1pλq as in (3) & see next table.

friction FωG “ F‹ωG ` νFωG rNms with
F‹ as in [1, Sec. 1.4.5] (bounded),
νF “ 0.5 rNms{rads (viscous coeff.)

wind vW p¨q from FINO project (see simulation results part I)
initial value ω0

G
“ 0.3ω‹

G
ñ ep0q “ 0.7ω‹

G

funnel controller ψp¨q “ pΛ ´ µq exp
`

´ t{TE
˘

` µ with Λ “ 1 rrad{ss,
as in (8) µ “ 0.05 rrad{ss, TE “ 2 rss,

ςptq “ 0.5 ¨ 107ψptq rrad{ss11

controller (9) k‹

P
“ 1.89 ¨ 105

“

Nms2{pradq2
‰

Gain scaling ςp¨q is chosen, such that kptq “ ςptq{pψptq ´ |eptq|q ě 1 for all t ě 0.
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Power coefficient approximations

cP,1 (w/o pitch control) cP,2

c1 0 0.73

c2 46.6 151

c3 0 0.58

c4 0 0.002

c5 2.0 13.2

c6 15.6 18.4

fpβ, λq 1
λ

´ 0.01 1
λ´0,02β

´ 0.003
β3`1

x – 2.14
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