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Abstract— The Airborne Wind Energy paradigm proposes
to generate energy by flying a tethered airfoil across the wid
flow. An essential problem posed by Airborne Wind Energy
is the control of the tethered airfoil trajectory during pow er
generation. Tethered flight is a fast, strongly nonlinear, mstable
and constrained process, motivating control approaches sed
on fast Nonlinear Model Predictive Control. In this paper,
a computationally efficient 6-DOF control model for a high
performance, large-scale, rigid airfoil is proposed. A cotrol
scheme based on receding-horizon Nonlinear Model Prediet
Control to track reference trajectories is applied to the
proposed model. In order to make a real-time application
of Nonlinear Model Predictive Control possible, a Real-Tine
Iteration scheme is proposed and its performance investigad.

Keywords : flight control, fast NMPC, trajectory tracking,
Real-time iteration, Optimal Control

. INTRODUCTION

This paper addresses the problem of control during power
generation.

In [10], a reliable methodology for designing power
generating periodic trajectories (i.e. orbits) is presdnt
Because the actuator limitations and process constraiats a
significantly activated by the resulting orbits and becahse
process dynamics are strongly nonlinear, this paper pespos
to tackle tethered flight control through Nonlinear Model
Predictive Control (NMPC).

Classical NMPC approaches suffer from two major draw-
backs when applied to fast processes: a) the computational
time required to compute input updates can be prohibitively
large in a real-time scenario, and b) the latency between
the computation of the process state estimation and the
corresponding process inputs update can be large, hence
imposing a significant delay between measurement and the

To overcome the major difficulties posed by the exponer€Sulting control actions.

tially growing size and mass of conventional wind turbine Because tethered flight is a fast, unstable and perturbed
generators [14], [2], the Airborne Wind Energy (AWE)ProCess, both issues are critical for the applicability foé t

paradigm proposes to get rid of the structural elemenfiMPC scheme to a real AWE system. To address these
not directly involved in power generation. An emergingSSUes; the Real-Time Iteration (RTI) scheme has been pro-

consensus recognizes crosswind flight as the most efficig?Sed in [7], [13]. RTI proposes to reduce the computational
approach to perform power generation [15]. Crosswind flighime required by conventional NMPC scheme by performing
essentially consists in extracting power from the airflow b Single Newton-type iteration per control input update
flying an airfoil tethered to the ground at a high velocitynstead of several SQP steps. Moreover, the RTI scheme
across the wind direction. Power can be generated by (BjOPOSes to reduce the control update latency by preparing
performing a cyclical variation of the tether length, tdget MOSt Of the computations without a priori know-

with cyclical variation of the tether tension or (b) by using®dge of the process state so as to perform the Newton-type
on-board turbines, transmitting the power to the ground vist€P in @ negligible time when the process state estimation
the tether. In this paper, option (a) is considered. becomes available.

Because it involves a much lighter structure, a major " [6], afastNMPC scheme based on RTI was successfully
advantage of power generation based on crosswind ﬂigpﬁsted in S|m_ulat|on for_the control of a rudimentary power
over conventional wind turbines is that higher altitude ca§€nerating kite model in the presence of perturbations of
be reached and a larger swept area can arguably be achieJB§, Process initial conditions. Recently, a simple mode$ wa

hence reaching wind resources that cannot be tapped into $PWn to allow NMPC sampling time of 1 ms [9]. The model
conventional wind turbines. considered the kite as a point-mass, assuming a) a perfect

While the potential efficiency of the principle is estap-control of the time derivative of the lift coe_fficie_rﬁ_(), b) a
lished in theory, a major research effort is still required€rfect control of the roll rate, c) that the side slip is petly

to address the many engineering difficulties posed by i@ncelled by some ad-hoc control, and d) that the yaw rate
implementation. Among the several issues that have beShunbounded. Because these assumptions are not realistic |
identified so far, the control of tethered flight is a majoPractice, a more elaborate control model is required.

challenge. The control problems currently recognized as 1NiS Paper proposes a model that considers the airfoil as

most crucial are a) control during power generation b) antr & 119id-body, 6-DOF object interacting with the air mass. It
during airfoil retrieval and c) control during airfoil lach, 1S @ssumed in this model that the pitch-roll-yaw accelerati
rates are directly controlled, i.e. it is assumed that a fast
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in computational performance that is suitable for a reakti change of reference frange— € is obtained by the rotation
application. So as to propose a realistic scenario, the casatrix R:
study presented in the simulations considers a turbulemd wi

velocity as the process disturbance. R=EG',
This paper is organized as follows. The process model is [ —q1 90 o —Q ]
presented in Section Il, the NMPC scheme is proposed in G=| -2 -0z Qo 1 |,
Section Ill. Simulation results are presented in Section IV | —O03 G2 —O1 Qo |
E(l;lrt]u\r/e developments and conclusions are proposed in Sec- [ —n Qo —OU3 G ]
L : E=] % a9 O —0 |. (1)
Contribution of the paper: this paper proposes a 6-DOF - - @ 9o |

model for tethered flight control, for which a NMPC control
scheme based on the RTI technique is developed and teste@ecause the set of coordinatgs y,z} describes the po-

in simulations in the presence of turbulent wind. sition of the center of mass of the airfoil, the translationa
dynamics and the rotational dynamics are separable. It is

Il. PROCESSMODEL . . P
assumed in the proposed formulation that the airfoil pitch-

The airfoil is considered as a rigid body having 6 degreeI%Il—yaw accelerations are directly controlled, i.e. definw
of freedom (DOF). An orthonormal_ reference frame= as the projection of the airfoil angular velocity vector iret
{ex.¢y,&,} attached to the ground is chosen to genera

. . > . Birfoil frame &, the airfoil rotational dynamics reduce to:
the Cartesian coordinate system defining the position of the

airfoil center of mass. The frameis chosen s.t. a) the wind
is blowing in theey-direction, b) the vector, is opposed
to the gravitational acceleration vecigrand c) vectoey is . ) )
defined bye, = e, x &. The origin of the coordinate system WhereT € R® is a set of control variables. Becaugej =0,
coincides with the generator. Defining the set of coordimatdne quaternion norm constraigfq =1 is preserved by the
{x,y,z}, the position of the airfoil center of mass is givendynamics (2). Yet, for long integration times, a correctan

by P = Xxex+ye, +ze;. In the following, the coordinate the numerical drift of the quaternion norm may be needed.
vector X € R3 is defined asX := [x,y,7'. The tether is  The kinetic and potential energy functions associated to
approximated as a rigid link of (time-varying) lengtithat ~ the translational dynamics of the airfoil read:

constrainsX (i.e. the airfoil center of mass) to evolve on le ST

the 2-dimensional manifol@ = 3 (XTX —r2) = 0. Such an Ja = 3FaX X, Va=Fagz

assumption requires that the tether is always under tension

In this paper, it is assumed that the second time derivati\%here':‘f} IS tthe mass of_tr:e daltrf();rl]. Tthe k'lmi.t'c alng pots?tlal
of the tether length, i.e. € R is a control variable. energy functions assoclated fo the transiational dynaptics

Spherical coordinates can appear as a more reasona%\g tether read:
choice to describe the proposed system, yet the choice of
Cartesian coordinates can be motivated by the following

features: where is the tether linear density. The Lagrangian associ-

« the computational complexity of the model equationgted to the translational dynamics of the system reads:
in Cartesian coordinates is lower than in spherical

coordinates L=Ta+T7—Va—V1+AC,

» a model based on cartesian coordinates is better suited
for further model developments, i.e. for including a)whereA is the Lagrange multiplier associated to the algebraic
tether dynamics, b) a tether attached to a moving poionstrainC. With V =V + V7, using the Lagrange equation
on the ground, used to transfer energy to the airfoil [8],
and c) the modeling of dual (or multiple) airfoil systems 20_5 _ d_L =F,

An orthonormal reference framé = {&y,&y,E;} is at- dtox oX
tached to the airfoil s.t. @) the basis vecty spans the the system translational dynamics are given by the follgwin
airfoil longitudinal axis, pointing in the forward direoth  jhdex-3 DAE:
and is aligned with the airfoil chord, b) the basis vecter
spans the vertical axis, pointing in the upward directiord a mX +mX+Vx =F+AX, C=0, 3)

c) the basis vecto€y is given by&y = &, x . The origin

of & is attached to the center of mass of the airfoil. ThavhereVi =0xV=[ 0 0 (Fa+31pur)g |, F is the coor-
description of the airfoil attitude is given by the operatodinate vector of generalized forces associatefiiy, z} and
performing the change of reference frae+ €, wheree m=Fa+ %ur.

is a translation ofe to the airfoil center of mass. In order As an alternative to using (3), an index-reduction allows
to avoid model singularities resulting from a represeatati to reformulate (3) as a set of ODEs. For agyc R, using
based on Euler angles, quaternions are preferred [17]. TBét) = 0,C(to) = 0, C(tp) = O, the resulting index reduction

.1 .
q= EGT w, w=T, (qTq)t:(J =1 (2)

Tr =3 Jo 02X Xurdo = 2urX™X, Vr=3lurgz,



of (3) yields the index-1 DAE (together with the consistencyvhere R is given by (1) andly=[EJ. =[ 0 1 0 }T.

conditions): The resulting total aerodynamic force in the ground frame
X FoVy— mX i.e.Fa = [FL + FD]e is:
MIX | = | xTxZeor | “) 1
mls —X Fa = 5PA(CL Ve xR-1y—Cp [V]e) IV,
k| )
R IVl = (= W)+ 2+ 2)2.
2C(ty) = (XTX—r?),_, =0, _ o _
_ To a0 In this model, it is assumed that the lift and drag coef-
Clto) = (X X—”)t:to =0, ficients C_ and Cp depend on the angle of attack and

side-slip angle8 only. For some rang@min < o < Omax and
—Bmax < B < Bmax CL and Cp are well approximated by
[17], [4]:

wherels is the 3x 3 identity matrix. Because the algebraic
stateA appears linearly in (4), the acceleratiodsand the
Lagrange multiplierA are given by:

X *Mil F*fol'hx 5 C = CI(_}av
[A } {XTX—fZ—rF}’ ©) Co = C9+Ch(C)?+CEp2,

vl L [ & (XTXIs=xXT) —X 0 Al B o :
=XTX | —XT “ml whereCp, Cp andCp are the airfoil drag, the induced drag,
and the side slip drag coefficients respectively, wkife is
hence the translational dynamics can be treated as a setgé lift coefficient slope. The proposed quadratic depeceen
ODEs. Similarly to (2), a correction of the numerical driftof C_ on 8 arises from the symmetry of the system and a
of C may be required for long integration times. The forceraylor expansion of the drag coefficient with respeci3to
in the tether is readily given by note that [17] neglects this contribution, while [4] propes
o o a linear dependence w.r|3].
Fr=[AX]|=Ar. ©6) Defining v = [vy, vy, vz]Lr as the coordinate vector of the
Because a Cartesian coordinate system is used, the genelative velocityv projected in the airfoil framé&, i.e.:
alized forcesF in (4) are given by the sum of the aerody-
namic forces acting at the airfoil center of mass, projeated
framee. Introducing the relative velocity,
of the airfoil w.r.t the air mass given by:

v =g =R Me.

i.e. the velocity oy small anglesr and 8 can be approximated by [17]:

' Ve, + ; a = —tanri(Z)~_2
V= (X—W)ex+Yyey+ze,, = - AT
whereW € W € R is the local wind velocity field projected v y
in frame e, the norms of the lift and drag forces are given B = tant Y |~ y
by [17]: (vZ+v2)? (v2+v2)?

1 2 1 2 Assuming a laminar wind flow with a logarithmic wind
IR = EpACL”VH ’ IFoll = EpACD”VH ’ shear modgl blowing in the uniform(-directio?],w is given
whereC,_ andCp are the lift and drag coefficient respectively,by [16]:
p is the air density and\ the airfoil surface. W(2) = W log(z/z)
The lift force is orthogonal to the relative velocity. log(z0/z)’

Moreover, it is assumed in this model that the lift forc%here\/\/oeR is the wind velocity at altitudey andz is the

is orthogonal FO the al_rf0|l tr_ansversal axis spar_medElgy ground roughness. For the sake of simplicity, in this paper
therefore the lift force is collinear to the vectbrgiven by: only the wind along the-axis is considered. A generalization
L=vxE,. of this formulation to a 3D wind field is straightforward.
In this paper, the approximate tether drag model proposed
Note thatL is normed to||v||. The drag force is defined asin [11] is used. The tether drag is lumped into a single
collinear and opposed to the relative veloaityThe lift and  equivalent forcd=P (projected in frame) acting at the airfoil
drag forces,/. and Fp acting on the airfoil are therefore center of mass (see [11]) given by :
given by: 1
FP = ——pD1Crr|| V. —fe | ([V].— &),
R 2PACVIL o= ZpACo ||\ T g ral i)
whereg =r1[x, vy, z }T, Dt is the tether diameter,
and Cr the tether drag coefficient. The sum of the forces
F in (5) acting at the airfoil center of mass is given by
F=Fa+ FP. Using (6), the generated energy is readily given
El,=R-1l, Me=[x-W y z]", by E = —f Fr.

In order to compute the lift and drag forces in frame
vectorsEy andv shall be projected ire. These projections
are given by:



The following boundary conditions are required for the I1l. NMPC ALGORITHM

consistency of the model dynamics: A. NMPC Formulation
(XTX — rz)t:to = 0, (XTX — ”)t:to =0, It is proposed here to formulate a receding horizon NMPC
T _ scheme using a least squares (LSQ) function penalizing the
(@a-1)., = O (7)

deviation of the process control input and states from the

In the following, the process dynamics and the proceseriodic power-generating reference trajectories. Bseaa
boundary conditions (7) will be put in the form: small side-slip angl@ is crucial for the process performance
=f (0, UMW), g(X(to)) =0, _and for an_efﬁcient trajectory tracking, a penalty @nis

_introduced in the NMPC cost function.

where f lumps together the process d¥nam|cs The inequality constraints©C, < 1 andA < 0in (10) are
dascrlbed in this section, U = [F,Ty,T2, T3] € pyre state constraints and are directly affected by the wind
R? ~are the process control input, andt = yelocityW, therefore wind turbulences can drive the process
X, ¥:2.%,Y, 2, 0o, 1, G2, G3, @1, @z, @3, 1, F]° € R™ are  yaiectories out of the feasible domain. This is especially
the process state trajectories. a problem for the constrain€. < 1 which is active at
A. Summary of the process model assumptions and limita-  the power-generation reference trajectories. To tackie th
tions issue, the following slack reformulation of constraint®)1

Assumptions is proposed:

The proposed model is based on the following assumpg, 5, <1 ¢ 4+5>0, A-S<0, S>>0,
tions: '

1) tether elasticity and dynamics are neglected, the teth@Pd al1 penalty on the slack variable is included in the

drag is approximated using a linear wind shear modeNMPC cost function. In the presence of process disturbances
the tether is always under tension violations of the original constraints 9C_ <1 andA <0

2) direct control of the Roll/Pitch/Yaw accelerations ~ cannot be excluded. Thus some robustness w.r.t. violatibns
3) lift force is orthogonal to the airfoil transversal axis constraints (10) need to be considered in the system design,
4) lift and drag coefficients depend on the angle of attacR-9- the airfoil shall be designed such that a transition to a

a and the side-slip anglB only stall situation C_. becomes too large) occurs smoothly and
5) angle of attackr and side-slip angl@ are small can be easily recovered from [4]. .
6) linear-lift model, quadratic drag model The NMPC is based on repeatediy<0,1, ...) solving the
Limitations following optimal control problem (OCP):

The proposed model is singular for the degenerate scenar- . ti+Th — 5 ™
ios a) X =0 (airfoil collapses to the origin) and b} =0 urn.l)rjs WSS*/ti (1% =X + 1w — Wl
(airfoil longitudinal speed drops to zero). Moreover, thadv 2
shear model prohibita< z (airfoil very close to the ground). : +Qp%) dt, (11)

. Process Constraints - N
X(t)=X(t), Wo=Wo(t), S>0,

We propose the following control input bounds:
CL*S]_S]., CL+S_|.ZO; )\*Szﬁoa

~40degs’ < T < 40degs’ k=123 herety =i Ts and Ts is the NMPC ling timeTy th
) wheret; =iTs and Ts is the sampling timeTy the
-5m/s < < 5m/S (8) NMPC prediction horizonY (t + To) = X (t) andU (t + To) =
and the following path constraints: U(t), Vt € R are the state and input reference trajectories
_40d < < 40d ke 123 f:omputed off-ling,CL(~) =C_ (x,u,vvo) is_ 'Fhe correspond-
egs < w‘ - egs " ing reference trajectory for the lift coefficier andR are
—-10m/s < f < 10m/s 9)

constant positive-definite weighting matricédg, and Qg
In the following, (8) and (9) are lumped together as thare positive constant weights. Vec®e [ S| S ]T is the
inequality constraintd (X, U) < 0. set of slack variables, andi > O the corresponding row
In addition, in order to keep the process in the regionector of positive weights. Vector¥(t;) andWp (t;) are the
where the model assumptions are valid, the following patbstimated process state and wind velocity at time ingtant

constraints need to be considered: Note that the process state estimate must satisfy the
0 < CL(XW) < 1, consistency conditiog (X(ti)) =0.
AXW) < 0. (10) The methodology used to compute the power generating

. _ _ ~ reference orbits is similar to the one presented in [11]. For
ConstraintA <0 is required to keep the tether under tensiofthe sake of brevity the details are omitted in this paper.
(model Assumption 1), and constraint0C_ <1 is required

to keep the airfoil in the linear-lift region [17] (model B- NMPC Implementation
Assumption 6). Note that the actual bounds on the linear- Approximate solutions to OCP (11) are computed using
lift region depend on the airfoil used. the software packagdCADO [12]. A piecewise-constant
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Fig. 1. Perturbed wind velocityp (plain line) and reference wind velocity y (Dm)
(dashed line), in (m/s).

Fig. 2. Simulated trajectories for the airfgiz position: NMPC trajectories
(plain line), open-loop trajectories (dotted line) anderehce trajectories

control vector parametrization (CVP) of the process cdntrgthe dots are the points on the multiple-shooting grid),nm). (
inputl(.) is used. The chosen NMPC prediction horizon was
set toTy = To/2, whereT, = 22.94s. The CVP is based on
N = 20 elements of uniform duratiofyp = Tv/N. The OCP

is discretized using a multiple-shooting method [1], udimg
CVP time grid. The process dynamitsare discretized over
the shooting intervals via the Runge-Kutta 45 integration
method. The NMPC sampling tim =t; —t;_; was chosen
asTs = Teyp. Matrix Q was chosen diagonal, with:

diag{Q} = 104.[3.6,0.08 0.22, 5, 5, 5,
10, 10, 10, 10, 10, 10, 10, 0, 1].

Side-slip angle (deg)

.
The remaining weights in (11) were chosen as {Rjg= Y P rimely Y rmely
[4-1074,20,20,20], Ws = [ 10? 10? |, and Qg = 10°.

Note that the units of the weights are defined consistentgg- 3. Left: Simulated trajectory for the lift coefficienC() and reference

with the variables they correspond to, so as to yield (dashed line)Right: simulated trajectory for the side-slip ang[g) (plain
. . ! ine) and reference (dashed line), in (deg).
dimensionless cost.

A real-time implementation of the NMPC scheme requires

that the time needed to provide a solution to the NLFI)mowledge of the process state is available. However, lsecau

approximating (11) is C(_)nsistently less than The NLP ¢ ogtimation of the local wind velocity for AWE systems
was repeatedly solved via the RTI method where a) at eag\ stil a fully open question, it was assumed here that

sampling time;; the control inputs are updated using a singlg,, estimation of the actual wind velocity is available, i.e.
Newtoq step instead of severaI.SQP iterations, resulting Wo(ti) — W was used in the NMPC formulation.
approxm_wate but faster .control |r_1put updates, an_d. b) most The proposed simulation was run over the duration of three
of the !mear algebrg involved in -the QP providing the, s They-z trajectory is presented in Fig. 2, alongside
control input update is prepared W'thOl_Jt kr_10w|edge _Of thﬁ/ith the y-z reference trajectory on the multiple-shooting
future process state and parameter estimation, resuttirg i grid points. The lift coefficienC, and side slip angl@ are

negligible control latency. See [7], [13], [6] for a detaile displayed in Fig. 3. The averaged power generaient /T,
description of the RTI scheme. can be seen in Fig. 4

V. SIMULATION RESULTS The time required for the computation of the NMPC input

In this Section, the simulation results obtained for th&lPdates was of the order of the NMPC sampling frequency

model proposed in Section Il and the control aIgorithmTS' It should be underlined here that this computational per-

proposed in Section Il are presented. The model parametdp§Mmance can be significantly improved via auto-generated
are summarized in Table I. The proposed scenario consider§z-0de [9]

turbulent wind velocity as the process disturbance. Stahda
turbulent wind models for wind energy are available in the
literature [3], yet for sake of simplicity a simple pertutioa This paper has proposed a computationally efficient 6-
of Wp = 10m/s was considered in this paper, based on BOF control model dedicated to the control of tethered flight
Gaussian random walk smoothened by a first-order filter. Thapecific to the Airborne Wind Energy concept. The model is
perturbed wind velocity profile is displayed in Fig. 1. well suited for an integration into a NMPC scheme acting

In order to clearly distinguish the control problem fromas a high-level controller providing pitch-roll-yaw reégice

the state estimation problem, it is assumed here that exdrdjectories to a lower-level controller. The proposed siod

V. CONCLUSION & FURTHER DEVELOPMENTS
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Fig. 4. Simulated trajectory of the averaged power germrgplain line),
and averaged power generation without process perturbétiashed line)
in (MW).

TABLE |
MODEL PARAMETERS

MPC [5].
Finally, simulations based on state-of-the-art 3D turbtile
flow models are the object of future research.
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Parameter|| Value | Unit
ma 5-10° | (kg) 1
A 500 | (m?) (1
C,‘g 5‘62 -
10~ -

% 102 | - g
Co 0t |- 3]
P 123 | (kg-m~3)

Dt 5.1072 | (m) [4]
Cr 1 - [5]
u 284 | (kg-m1)

z 102 | (m-sh

% 100 | (m) [6]

(7]
was integrated into a fast NMPC algorithm based on the
Real-Time lIteration scheme performing the tracking of a
power-generating reference trajectory. The control sehem(®
was successfully tested in simulation in the presence of a
turbulent wind velocity. o
A. Further developments

Tether dynamics have been neglected in this paper. HoW9]
ever, for large scale AWE systems, the tether dynamics are
likely to have a significant impact on the process behaviof )
The development of a computationally efficient tether dy-
namics model and the integration of such a model into thﬁz]
NMPC scheme are the object of current research.

The computational performance can significantly be im-
proved via auto-generated C-code [9]. In addition, becaus¥!
multiple-shooting is an ideal framework for a parallelinat
of the highly time-consuming sensitivity evaluations,uftg  [14]
research will consider the implementation of fast NMPC
schemes for tethered flight on multi-core platforms, hencges
dividing the time required for the sensitivity evaluation &
corresponding factor. 16]

The process performance is sensitive to process distyf7]
bances. It has been observed in simulations that a low side-
slip angle is crucial for both the trajectory tracking and
the power generation. However, future research will carsid
a more formal approach to performance tracking, by e.g.
casting the control problem in the framework of Economic
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