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SUMMARY

In this paper we investigate nonlinear model predictive control (NMPC) for control of power generating
kites under changing wind conditions. We derive a realistic nonlinear model for a kite and compute energy
optimal loops for different wind speeds. We formulate the optimal control problem used by NMPC with an
adaptive periodic reference orbit. Under changing wind conditions we use the corresponding energy
optimal orbit as reference. To assure that the references do not unnecessarily depend on the wind
conditions, we added extra constraints. We solve this NMPC problem numerically with the real-time
iteration scheme using direct multiple shooting. Finally, we present numerical simulations which show how
this approach can handle even large disturbances of the wind direction and speed with negligible energy
losses. Copyright # 2007 John Wiley & Sons, Ltd.
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1. INTRODUCTION

The idea of using kites for wind power generation, that was first rigorously investigated by Loyd
[1] in the 1980s, has never been closer to a large-scale realization than now. Massimo Ippolito, a
contractor from Torino, and the Politecnico di Torino have already tested a prototype [2, 3] and
plan to build a large-scale ‘kite wind generator’, the University of Delft is developing kites to
produce energy with so called ‘Laddermills’ [4] and the SkySails company [5, 6] is already using
wind energy to pull large ships [7].
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One of the main challenges is to keep the kites automatically in the air under varying wind
and weather conditions. In this paper we therefore investigate the automatic control of fast
flying tethered airfoils. The particular variant we are investigating is based on a recent patent
application [8] and is close to the prototype proposed by Canale et al. [3]. For a thorough
investigation and presentation of even more efficient concepts, we refer to [9].

In our model there are four cables attached to the kite that rejoin to the main cable which is
connected to a fixed generator on the ground. The kite flies periodic loops to exert a strong
pulling force on the cable and generate power by a slow unwinding of the cable. We can control
the kite’s roll angle, its lift coefficient and the length of the cable. Of course, the kite has to be
pulled back at some time to achieve a periodic power generating orbit. In contrast to other
concepts [3, 4], here we suggest to use a lift or drag control to slow down the kite in this phase
and reduce the force on the cable.

First, we are interested in optimized periodic loops to achieve a maximal average power at the
generator. To solve the corresponding optimal control problem numerically, we use the optimal
control package MUSCOD-II [10, 11], that is based on the direct multiple shooting method [12].
This is a first big difference to our previous work on nonlinear model predictive control (NMPC)
of kites [13] where we used a very different kite model. Now, we are really able to generate
energy with the kite and present energy optimal loops for different wind speeds.

Since the power is increasing with the third power of the wind speed, it is evident that we have to
find an optimized periodic loop for every wind speed in order to generate the maximum power.
Thus, we parameterized the optimal reference loop with respect to the wind speed. To assure that
the reference orbit is not depending too strongly on the wind speed, we added some constraints.
For example, we fixed the length of the cable at the start of the loop and the period time of the
loop. The resulting loops are still close to optimal and changing the reference is made much easier.

Due to the inaccuracies of the model, unknown parameters of the system, and wind
disturbances it is in practice impossible to keep the kite exactly on the reference loop and we
need a feedback control to compensate these effects. Fortunately, recent developments in
NMPC make it possible to solve this demanding control task. Although the problem of
nonlinear real-time optimization is still challenging, we are now able to address our fast
changing, nonlinear kite control problem with the real-time iteration scheme. For further
information see [14].

The paper is organized as follows: in Section 2 the kite model is introduced, in Section 3 the
NMPC problem is formulated and the applied NMPC algorithm is specified, and in Section 4
numerical simulations are presented. Finally, we conclude the paper in Section 5.

2. THE KITE MODEL

We consider a kite flying in the wind that is blowing in ex direction, where ex is a unit vector. Let
ez be an unit vector pointing to the sky and ey :¼ ez � ex; such that fex; ey; ezg is an orthonormal
right-handed basis of the three-dimensional Euclidean space. Furthermore, the kite is connected
to a generator pulley by a tight cable with a positive length r:

An important advantage of power generating kites is that they can use the wind at high
altitudes. Using the wind shear model, as it is proposed in [15], the wind velocity w is depending
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on the altitude h over the sea:

wðhÞ ¼

ln
h

hr

� �

ln
h0

hr

� � w0 ð1Þ

where w0 is the wind velocity at a suitable altitude h0 and hr the roughness length.
For our purposes it is efficient to use spherical coordinates q :¼ ðr;f; yÞT to describe the

position and the orientation of the kite. We define the local orthonormal basis fer; ef; eyg by

er :¼ sinðyÞ cosðfÞex þ sinðyÞ sinðfÞey þ cosðyÞez

ef :¼ � sinðfÞex þ cosðfÞey

ey :¼ � cosðyÞ cosðfÞex � cosðyÞ sinðfÞey þ sinðyÞez

The position p of the kite is given by p ¼ rer: And its velocity is ’p ¼ ’rer þ r sinðyÞef ’f� r’yey:
How the kite’s equations of motion can be derived in detail is shown in [9]. The result can be

written in the form

.q ¼ S�1
F

m
� a ð2Þ

with S being a diagonal scaling matrix and a being a pseudo acceleration
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Note that the effective inertial mass m :¼ mk þmc=3 is a sum of the kite’s mass mk and a
contribution of the cable mass mc [9]. Furthermore, F is the total force in the local basis that is
acting on the kite.

Let us define the effective wind vector we in the kite’s system by

we :¼ wex � ’p ¼ wex � ’rer � r sinðyÞ ’fef þ r’yey

In the following consideration, we assume that the transversal axis et of the kite is always
perpendicular to this effective wind vector we by suitable yaw control. Furthermore, we
introduce a controllable roll angle C defined by

sinðCÞ :¼ et � er ð4Þ

where et is a unit vector pointing from the left to the right wing tip [16]. Finally, the direction en
of the aerodynamic lift is given by

en ¼
we

jjwejj
� et ð5Þ

The aerodynamic force on the kite is the sum of lift and drag

Faer :¼ 1
2 rcLAjjwejj

2en þ
1
2 rcDAjjwejjwe ð6Þ
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where cL is a controllable lift coefficient, cD the drag coefficient, r the density of the air and A
the effective area of the kite.

Besides the aerodynamic forces on the kite we also take the following forces into account: the
aerodynamic forces, the elasticity and the internal friction of the cable that reduce the efficiency
of the kite noticeably. Furthermore, the gravitational forces are important, as the cable has a
high mass. For a detailed discussion how these forces can be computed, we refer to [7,9]. The sum
of all forces together is called F and can be used in (2) to determine the equations of motion.

The specific kite we consider in this paper has a mass of 850 kg, an area of 500 m2 and a
volume of 720 m3: The cable which connects the kite to the power generator is made of kevlar. It
is 1150 m long and 0:07 m thick. It was first investigated by Houska and Diehl [7].

3. THE NMPC PROBLEM AND ALGORITHM

We use a precalculated optimized reference loop with fixed period time T ¼ 20 s; which is
parameterized with respect to the wind speed w0: In Figure 1 we show the reference loop for
different values of w0: In Figure 2 you can see the length r of the cable for the reference loop for
different wind speeds. In order to make the change of reference easier, we fixed the length r0 of
the cable at the start of the loop. Note that the kite is always flying downwards in the middle and
upwards in the outer regions. In Table I we show the average power produced by the reference
loop.

The states x and the controls u of the kite system are:

x ¼ ðr0; r;f; y; ’r0; ’r; ’f; ’y;C; cLÞ ð7Þ

u ¼ ð .r0; ’C; ’cLÞ ð8Þ

Figure 1. The optimized reference loop for different wind speeds.
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We consider the reference as a periodic steady state. The inputs for NMPC are the current
system states x0 and the parameters p; whereas the outputs are the three controls uð0Þ: In the
steady state the reference controls uw0

ref ðtÞ are applied.
The cost function of our NMPC problem is the continuous least-squares deviation of the

system states xðtÞ from the reference states xw0

ref ðtÞ plus the continuous least-squares deviation of
the controls uðtÞ from the reference controls uw0

ref ðtÞ over a certain prediction horizon Tp: Since
our prediction horizon Tp has to be finite, we add for stability reasons a least-squares mayer
term at the end of the prediction horizon to the cost function.

Using the definitions

DxðtÞ :¼ xðtÞ � xw0

ref ðtÞ ð9Þ

DuðtÞ :¼ uðtÞ � uw0

ref ðtÞ ð10Þ

for every control interval the following NMPC optimal control problem has to be solved:

min
xð�Þ;uð�Þ

Z t0þTp

t0

ðjjDxðtÞjj2Q þ jjDuðtÞjj
2
RÞ dt þ jjDxðt0 þ TpÞjj

2
Pðt0þTpÞ

ð11Þ

Figure 2. The optimal length r of the cable for different wind speeds.

Table I. The average power generated by the optimal reference loop.

Wind speed (m/s) Period time (s) Average power (MW)

8 20 2.58
9 20 3.60
10 20 4.82
11 20 6.21
12 20 7.77
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subject to
xðt0Þ ¼ x0 ð12Þ

’x ¼ f ðxðtÞ; uðtÞ; pÞ 8t 2 ½t0; t0 þ Tp� ð13Þ

umin4uðtÞ4umax ð14Þ

Note that we treat the case of full state feedback and assume here that the current system states
x0 and the parameters p are exactly known to the optimizer. The diagonal weighting matrices Q;
R and PðtÞ are used for tuning the NMPC performance. We have chosen PðtÞ ¼ Tp �Q: Note
that the time-depending matrix PðtÞ should ideally be computed as the solution of a time
periodic differential Riccati equation as described by Diehl et al. [13]. But this turned out to be
of lesser importance in our application.

To solve the described problem, we use the real-time iteration scheme with shift that is
thoroughly discussed in [14] and was investigated for kite control in [13].

After solving the optimization problem, the controls uð0Þ are applied for a certain sampling
time Ts to the system. After this time new controls have been calculated and are applied. It is an
important issue how to choose Ts: For the rest of this paper we set Ts ¼ 1 s: That means the time
Tc for the calculation of the new controls has to be significantly smaller than 1 s to allow a real-
time application of the algorithm. Note, however, that the real-time iteration scheme delivers its
feedback nearly without delay and the time Tc is only needed for preparation of the next
feedback response.

If the prediction horizon is a full loop (Tp ¼ 20 s), in all our simulations holds Tc50:7 s: So
we are sure that the new controls are always available when they are needed. In the following we
always set Tp ¼ 20 s:

4. NUMERICAL SIMULATIONS

In order to test our NMPC approach to power generating kites, we investigate several scenarios.
Changes of the wind direction and strength clearly have a major effect on the kite, because they
strongly affect the optimality of a given reference loop. We use the parameter w0 for the wind
speed at the altitude h0 and the parameter a0 for the horizontal wind direction to describe wind
changes. We assume that the vertical wind is negligible and that the horizontal wind direction a0
is the same at each altitude h:We use the wind shear model (1) to calculate the real wind speed w
at the altitude h: For ease of presentation, every scenario starts with w0 ¼ 10 m=s and a0 ¼ 08:

4.1. Single large disturbances of the wind speed

In general, NMPC can handle a single large disturbance in the wind speed w0 quite easily. No
matter at which point of the loop we apply the disturbance, the kite after 20 s is already on the new
reference loop. For example, it causes no problem when we reduce the wind speed from 10 to 8m/s
(cf. Figure 3) or if we increase the wind speed from 10 to 12m/s (cf. Figure 4) at the start.

This good behaviour is partly a result of the fact that the reference loop changes only weakly
with w0 (cf. Figures 1 and 2), although the generated energy increases rapidly (cf. Table I). So
only relatively small controls have to be applied to transfer the kite from one reference loop to
the other.
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4.2. Single large disturbance of the wind direction

When we change the angle a0 of the wind direction, the reference loop is rotated immediately
according to this angle. This seems reasonable because only in this way the kite can produce the
maximal energy. A problem is that our cable is very long (1150m) such that from the beginning
small changes of a0 make it necessary for the kite to move extremely far.

Nevertheless, NMPC is able to handle quite big changes of the wind direction. For example, if
we change a0 from 08 to �458 (Figure 5), the kite after 40 s back is in the steady state, and the

Figure 3. Changing the wind speed immediately from 10 to 8m/s.

Figure 4. Changing the wind speed immediately from 10 to 12m/s.
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optimizer remains safely in its region of convergence. Unfortunately, we cannot handle bigger
changes in the wind direction, in particular because our prediction horizon Tp ¼ 20 s seems to
be too short to generate stable feedback for transitions that last much longer. However, we
believe that bigger instantaneous changes are not very likely in reality.

4.3. Random disturbances of the wind speed and 1808 rotation

Now we apply random disturbances to the wind speed. These values are normally distributed
with mean value 10m/s and standard deviation 1

2
m=s: Furthermore, we change a0 within 500 s

randomly from 08 to �1808 (cf. Figure 6).
In the Figures 7 and 8 the resulting trajectory of the real-time controlled kite is shown. This

trajectory generates within 500 s an energy of 2:36� 109 J corresponding to an average power of

Figure 5. Changing the wind direction immediately from 08 to �458:

Figure 6. The random values of w0 and a0:
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4.72MW. Compared with the optimal reference loop for w0 ¼ 10 m=s (4.82MW) we only suffer
from a tiny loss of optimality of about 2%:

5. SUMMARY AND OUTLOOK

In this paper we investigated NMPC for control of power generating kites under changing wind
conditions. First, we derived a realistic nonlinear model for a kite. Afterwards, we formulated
the optimal control problem used by NMPC with an adaptive periodic reference orbit. Finally,
we solved this NMPC problem numerically with the real-time iteration scheme and showed with
several simulations that this approach can handle large disturbances of the wind direction and
speed as well as frequent random disturbances with only a tiny loss of optimality.

Nevertheless the reaction to wind disturbances is still a challenging problem. Short gusts have
to be ignored but long-lasting trends have to be considered. Moreover, in practice, the wind
parameters for the reference loop computation, as well as the system states, will never be exactly
known but have to be estimated from uncertain measurements. We believe that moving horizon
estimation (MHE) [17–20] will be the best way to solve the task to simultaneously estimate both
states and parameters.

Finally, the model needs to be validated and refined once extensive experimental data of the
first prototypes are available.
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Figure 8. The second part of the trajectory corresponding to Figure 6.
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