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Introduction: Wind power and power coefficient

rrTWrT
Wind power
e 1 2 3 1,00
pw(t) = 50 mrp vw(t)”, wvw() e WP (Rx0;R)
(1)

Tip speed ratio

A= Mwg, vw) i= L2G 1] where wr = “S. (2)
grow gr

Power coefficient (approximation)

Cp: ﬁ — RZO, (ﬂ,)\) — Cp(ﬂ,)\) =

cr[ea F(B,A) — 3B — caff™ — c5)e e BN
with D := { (3,\) € Ryg x R>g | cp(B,A) >0}  (3)
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Problem: Speed control of wind turbine systems

A

PN -

pr [W]

Vcut—in UN Ucut—out VW [%]

= Regime I: Standstill. No power output, i.e. p; = 0.

= Regime II: Operation. Variable power output, i.e.. 0 < pr < py =>
Goal: Maximum power point tracking.

= Regime IIl: Nominal operation. Nominal power output, i.e. pr = py.
= Regime IV: Standstill (emergency stop), i.e. pr = 0.
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Problem: Speed control of wind turbine systems

0.6
L 04f
T o2
0 == 0
20 20
P s g A
A] B1°]

= Regime II: Maximum power point tracking, i.e. A — \*,
such that for given 5 = gy,

16

cp(Bo) = mleCP()vﬁo) < CPBetz = =5

~ 0,59.
27 ’

= Tip speed ratio \ := Awg, vw) = we — w¢; (speed control!)
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Funnel control: Objective and controller [6]

o (t)
e(0) Tet) P(-) = 0Fy ()
SN0
. \ /ot ~—ime ¢ [s]
W
-(0)

= Tracking with prescribed transient accuracy by design of ¢ (-), i.e.

V= 0: e()] = lyret(t) —y(B)] < ¥(t)
= Controller .
=:k(t)
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Funnel control: Admissible system class S (simplified)
System
x(t) = Az(t) + b(u(t) + ua(t))
+Bx(d(t, 2 (1) + (T) (1)) (4)
y(t) = cla(t),

satisfying
(sp1) the relative degree is one and the sign of the high-frequency gain is
known, i.e.

Y:=c'b#0 and sign(y) known;
(sp2) the unperturbed system is minimum-phase, i.e.

VseCwithR(s) > 0:  det [SI"CT‘A g} £ 0;

(sps) operator ¥ is of class' 7 (see Def. 1 in [6]) and globally bounded,

i.e. TeT and Mz :=sup {|[|(TE)(®)|| |t =0, &(-) € C([—h, o), R™)} <o0;
(sp4) disturbances are bounded, i.e. u4(-) € L*([—h,0); R) and

d(-,-) € L*([—h,0) x R";R™).
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Speed control: Stiff model of wind turbine systems

torque/current dynamics <

mr
<1 g% h (6) :ﬂo
1

3
Controller Ep— U Tosue  5pYem
q -q

WG, ref MG ref g rof 1
o ,

ha
s

€

Q

d o 1 (mT(vWaﬁ(h)‘)
—wg = NP T
gr

" s —me — ng) , we(0) =wd =0 (5)

where

cp(Bo, Npw (t) @ omrzow (8)* cp(Bo, A)
wG/gr 29y A .

(6)

mr(vw, Bo, A) =
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Speed control: Wind turbine system of class S ?

4o =3 (W —ma — Swg) is of class S, since

v

(Sp1) 70 =—5 == sign(yo) = —1

1
@]zé;ﬁo v

(sp2) VseC: det [i 0

(sps) T V (see[l, Sec.5.1.2))
(sp4) “disturbance = turbine torque” bounded \/ by (see paper, Sec. I11.D)

Y Bo,co = 0 Vow(-) e WHP(Rsg; R) VA € [cof0, 20):

3 *
omripllowlle cp
0 < mr(ow(+), Bo, A) < . (7
7(vw (+); Bos A) 2% oo (7)
== Application of funnel control for speed control is admissible!
9/16
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Speed control: Funnel controller

. mr <_>\
torque/current dynamics N © <%
~1 9r l e
1 3 1
Controller -y S R LDV S [— 5
WaG, ref ) MG, ref ig,ref r i ] me i—&- we

Controller with wg ref(t) == 22wy (1) =: w (t):

) = i) = = 7o slt T 7 (oer(t) — we ) ®)
sign 7o %z—’ —e(t)
=:k(t)
Properties:
Vi=0: le(t)] = lwg () —wa (t)] < ¥(2).
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Speed control: Classical controller [8]

0.6 +

0.4 +

—
~—
[a—

0.2 1

0 5 10 15 20
A1l
Controller:
o ep(A*, Bo)
— g A Waret =0. (9

29;?’ (A)?
Properties for all 0 < A\pin < A(0), vw (t) = v > 0,8 = o =0 A Fwg = 0[7]:

= locally asymptotically stable

= \* attractive, i.e. limy 0 A(1) = A* (& limyop wi(t) = w§ ).

mG,ref(t) = k}(pr( ) with kp
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Speed control: Simulation and comparison

wa,ref

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

torque/current dynamics

?

~1
—r 1 T 3 1)
Controller EPysa ers,id  2P¥YPM
q -q
[ | S—

mr le A
(6) = Bo
|
1
e
wa

MG, ref Zs,ref r

t

= FC:marer(t) = — ety (Worer (1) — wa (1)) With we rer(t) = 2220 (1)

s CC: mgret(t) = khwe(t)? with k% =

omrT
2g,3

5 cp(A*,B0)
(A*)?

A UJGJef(t) = 0.
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Speed control: Simul. results (# 1) —— FC, CC
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Speed control: Simul. results (# 2) —— FC,

wg [rad/s]

e [rad/s|

k [107-Nms/rad]
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1+ : "\/ \ffi
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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?
— theoretical results exist [5].

= ... damping of oscillations due to elasticity in shaft (non-stiff mechanics)?
— use of disturbance observer possible [2]

= ... use of internal models beneficial (wind predictions)?
— theoretical and experimental results for electrical drives exist [3, 4].
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Implementation data

description symbols & values [unit]

wind turbine (5)  © =9.9-106 [kgm?], g- =1 [1],

(without pitch rr =40 [m], o = 1.293 [kg/m?]

control) cp(N) = cp,1(N) asin (3) & see next table.
friction Fwe = F'wa + vrwe [Nm] with

F* asin[1, Sec. 1.4.5] (bounded),
vrp = 0.5 [Nms/rad] (viscous coeff.)

wind vy (+) from FINO project (see simulation results part 1)
initial value w = 03wl = e(0) = 0.7w},
funnel controller ¥ (-) = (A — ) exp (— t/Tg) + pwith A = 1 [rad/s],
asin (8) u=0.05 [rad/s], T = 2 [s],

s(t) = 0.5 - 1074 (t) [rad/s]"
controller (9) k% =1.89-10° [Nms?/(rad)?]

Gain scaling <(-) is chosen, such that k(¢) = <(t)/(¢(¢) — |e(¢)|) = 1 forall ¢ = 0.
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Power coefficient approximations

cp,1 (w/o pitch control) cp2
“ 0 0.73
C2 46.6 151
s 0 0.58
“ 0 0.002
s 2.0 13.2
c6 15.6 18.4
f(B.X) L—0.01 i — S
r - 2.14
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