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Problem formulation

Airborne wind energy systems during pumping mode —> Bidirectional power flow

R |
wind vector ™ kite

reel in
energy dissipation phase energy “production”
e machine: p,,, > 0 e machine: p,,, <0

e net/grid: p,, < 0 -~ tether e net/grid: p,, > 0

i;vground winch with electric drive
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Grid-side control

Overview

Turbine Gear Generator Back-{o-back converter

Filter PCC Trafo

Grid
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Wm ictsalic | uac sabeagbe ugbe
| Control
Wm,ref Udc,ref Ppcec dpcc
| Operation management
Vaw Ppcc,ref dpcc,ref
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Nonlinear dynamics of DC-link
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Classical DC-link PI controller

Grid-side control structure in voltage orientation with constant Pl controller

DC-link current Park Clarke )
control controllers (Pl)  transformation  transformation PWM Vsl fiter ~ PCC: grid
.d
i
Hde,ret : frel l :"’fkref a7 _|uf ret[aB /Juf o sabe [T | ufe [ O]
——O—> t—\}% - .
_ - aB abe U AN il TP
vaq T Ip
iﬁ)ref com- ¢0 ugbc < e
pen- wo | PLL Pm DC-link
sation > N
vy g T (capacitance)
zjf dq 1; B "‘;’lbc
apB abc
Ude
implementation in (d, g)-CoSy (voltage oriented control) approximation
. . 1 Tapp
PI controller with constant gains: ik ik
firef £
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Linearized system [1]
For small signals Z := « — z*, u := u — u*, d:=d— d*, where
()

U id x’ i
zi= (4 ), wi=ifu=(4), di=pn and |uw|=| V7] ()
2 ' Y 4 L et
Pm
it holds that d
T = AB() + Bu() + bud(t)
with
of(z,u,d) of(z,u,d) of(z,u,d)
A= B = = =
ox ‘(1)’ ou ‘(1) [b1,b2] and b od ‘(1)
=Ty =T ()
d,*
N 1+ <7f L )
Ugc(s) —1 3(dy+2Ryi*) g +2Rpil
~ = 1,00 SIg—A b1:— *f
Z}i,ref(s) ( 7 )( ) QCdcudC 5(1 + STBPP)
=:VI=Vi(x*)
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“Structurally varying” system [2]

current linearized
closed-loop system Flg
1 Tapp
".’d ".’d ~
_Yoref | : o vaaasTy) | Yde
S
.d,x adc(s) _ V§

(Casel) p, =0 = ;7" =0 = Ty =0 = = =
f v ifl,ref(s) s(1+ sTupp)

dx Uac(s) VS + sTy)

(Case?2) pp >0 = ;7" >0 = Ty, >0 = < =
! v i o(s) L+ 8Tapp)

(minimum-phase)

* U V&1 — s|Ty
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Root locus of linearized system

gain Pl controller  current linearized
(increasing) (normalized) closed-loop system Fg
—Vr 1 T, 1 Tapp

™
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Root locus (7 = 17, depends on equilibrium!)
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Local stability analysis

Hurwitz criterion

Transfer function of (linearized) closed-loop system

C y a 1 5
Fon(s) = uge(s) VRVE(1 + sTapp) (1 + sTY)

Udcref(S) 83 TnTapp +82 Tn(1 + Ty VEVR) +5 (Tv + Tn)Vs Ve + VRV
—— ~——

=:a3 =:as =:a1 =:ao

Sufficient condition for local stability

= 0<Vgr < z(vz IV* & stable region

app *
o To > % VR VATT?] + T3] >0

Vr
= qg, a1,as,a3 > 0 and Dy := asa; — agag > 0.
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Nonlinear DC-link Pl controller

Control system in voltage orientation with nonlinear P controller

nonlinear current Park Clarke )
Pl-controller controllers (Pl)  transformation  transformation PWM Vsl fiter ~ PCC: grid
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Nonlinear DC-link Pl controller

Controller design and local stability analysis

Pole placement: Two tuning parameters Vi & T,,; three poles A1 & Ay + 2\,

53TnTapp + Tn(l + T\;VS,’(VR) +s (T\; + Tn)vng + VRV§
—_—— —

=:a3 =:ag =:a1 =:ap

; (S — )\1)(5 — A +]>\i)(5 — X2 *j)\i)
For given A\, <0and A; #0 = Computation of V(17 ,VE, A2, Ai) > 0,
T, (T3, VE, A2, A;) > 0 (analytic expression derived for online parameter
adjustment) and X\ (77, V3, A2, A;) < 0.
Sulfficient condition for /ocal stability

2 1
" 0= A e,

1 2
s 0> )\2 max{ 2Topp |T* \/(T* e + |T* |Tapp — )\7(}

= ag,a1,0a2,a3 > 0, Dy := asa; — agag > 0 and A1 < 0.
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Nonlinear Pl-control for
Simulation results for 20 kW AWE system:
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Conclusion and future work

To take home:
= DC-link voltage control

o nonlinear system dynamics with structurally varying nature
o nhonminimum-phase behavior during reel-in phase
o very conservative classical Pl controller design necessary

= nonlinear Pl controller

o design based on pole placement and online parameter adjustment
o faster tracking and disturbance rejection
o smaller DC-link capacitance feasible (— cheaper)

Future work:
= Lyapunov-based stability analysis
= Measurement results (construction of test bench in progress)
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