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ABSTRACT

Airborne Wind Energy Systems (AWES) can access stronger, steadier high-altitude winds with
lower structural and economic requirements than conventional turbines, but their cyclic reel out-
/in operation produces highly dynamic power swings that complicate grid integration. This work
presents an Energy Management System (EMS) tailored for a ground-generation AWES hybrid mi-
crogrid and validates it under variable wind conditions to approximate real environmental dynam-
ics. The EMS implementation is achieved through a state-based controller in MATLAB/Simulink,
using Stateflow, that coordinates grid export, a supercapacitor bank, and a battery. A Software-
in-the-Loop (SiL) framework models power converters, hybrid electrical storage, and the electric
machine while injecting time-varying wind-driven AWES power profiles and prediction uncertainty.
Results show that, despite stochastic changes in cycle energy and intra-cycle fluctuations, the EMS
maintains DC-bus stability, smooths the power profile delivered to the grid, and minimizes battery
cycling by prioritizing supercapacitor action, thereby demonstrating robust operation and effective
control under realistic conditions. These findings indicate that variable-wind-aware EMS design is
key to dependable AWES integration in decentralized grids and provides a scalable pathway from
simulation toward laboratory and field deployment.

Keywords: Airborne Wind Energy, Energy Management System, DC Microgrid, Hybrid Storage, Simulation,
Stateflow, Variable Wind
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1 Introduction

Airborne Wind Energy Systems (AWES) aim to harvest stronger and often more persistent winds at
altitudes that are difficult to access with conventional tower-based turbines [1-3]. In ground-generation
AWES, a tethered kite flies crosswind trajectories and transfers traction through the tether to a ground-
based winch-generator set. The pumping principle alternates a traction phase, during which energy is
extracted, with a retraction phase, during which part of that energy is spent to recover the tether [1, 4].
Figure 1 summarizes the working principle of the technology considered in this paper.
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(a) Ground-generation AWES concept.
Adapted from [5]. (b) Pumping-cycle principle. Adapted from [6].

Fig.1 Ground-generation AWES and pumping-cycle operating principle.

At the ground station, the instantaneous mechanical power exchanged by the AWES is governed by
the product of tether force, T and reeling speed, v,

Pawgs =T, (1)

so changes in aerodynamic loading, path geometry, wind conditions, and actuation are transferred directly
to the electrical interface [4, 7]. As a result, the source seen by the DC bus is not quasi-steady. It contains
fast intra-cycle fluctuations associated with the figure-eight maneuver and slower cycle-to-cycle changes
in net energy. Direct grid export therefore requires an intermediate energy-management layer capable of
buffering short-term power excursions while correcting longer-term energy imbalance.

Hybrid storage is a natural candidate for this task because the relevant physical time scales are
separated. A supercapacitor can absorb fast power swings with limited energy content, while a battery
is better suited to slower corrective action [8, 9]. For AWES, however, the relevant input to the EMS is
not a generic renewable fluctuation but a profile shaped by coupled flight dynamics, reeling kinematics,
and actuation. An EMS evaluation that relies only on nominal or idealized pumping cycles is therefore
incomplete.

This paper focuses on that missing step. It presents a simulation-based evaluation of a Stateflow EMS
for a hybrid DC microgrid supplied by a ground-generation AWES. Variable pumping-cycle profiles are
generated with the LAKSA/KiteAcrobat environment [10, 11] and injected into a Software-in-the-Loop
electrical model.

2 Related Work and Research Gap

The literature relevant to this paper spans three connected areas. The first concerns the physical basis
of crosswind power generation and the strong dependence of pumping performance on tether force, reel
speed, and flight trajectory [1, 4, 7]. Review work has also emphasized that rapidly varying aerodynamics,
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gusts, and intermittency are not only flight-control challenges but also electrical-integration challenges
[12]. That connection is central here because the EMS ultimately sees the electrical consequence
of those flight-layer disturbances rather than the aerodynamics directly. Recent AWES studies have
therefore started to address the electrical consequences of pumping-cycle variability and the need for
storage-assisted smoothing solutions [13].

The second area concerns electrical interfacing for ground-generation AWES. Ahmed et al. [14]
develop a simplified dynamic model of a kite generator and dual-converter grid interface, showing
grid-connected operation and MPPT adaptation under slowly varying wind assumptions. Their work is
relevant because it demonstrates the importance of the generator-side and grid-side conversion chain.
However, it does not address hybrid-storage coordination under non-stationary pumping-cycle variability.

The third area concerns EMS architectures for hybrid-storage renewable microgrids. General EMS
and microgrid-storage reviews are available in [15, 16], while battery-supercapacitor coordination and
supervisory strategies are discussed in [8, 9]. AWES-specific EMS studies remain limited. The closest
precursor to the present manuscript is the work of Flores-Martin et al. [17], who propose an EMS for
a ground-generation AWES microgrid and demonstrate DC-bus regulation and cycle-energy balancing
under nominal pumping cycles.

Table 1 positions the present manuscript relative to the most relevant prior work. Relative to [17], the
present study does not claim a fundamentally new EMS architecture. It replaces nominal-cycle evaluation
with a simulation workflow in which the EMS is tested against variable pumping-cycle profiles generated
from the LAKSA/KiteAcrobat environment. The research gap addressed here is therefore the lack of
EMS assessment under AWES-derived non-stationary input that preserves both fast intra-cycle content
and slower cycle-to-cycle drift.

Table 1 Positioning of the present work relative to selected prior literature.

Reference Main focus Input assump- EMS/storage Limitation relative to this paper
tion scope

Ahmed etal.  Ground- Simplified wind No AWES- Does not assess non-stationary

[14] generation kite evolution and specific AWES-driven storage coordina-

generator and

closed-orbit

hybrid-storage

tion

grid interface operation EMS
Vermillion ez Review of AWE  Highlights in- Not an EMS Motivates the problem but does not
al. [12] control research termittency, validation evaluate a microgrid EMS
gusts, and study
rapidly varying
aerodynamics
Flores-Martin ~ EMS for ground- Nominal AWES- Does not inject variable-wind-
etal [17] generation pumping-cycle  oriented EMS derived cycle distortions into the
AWES profiles with DC-bus EMS assessment
regulation
This work EMS evaluation  KiteAcrobat- AWES-
under variable derived cycle oriented EMS
wind library with with DC-bus
randomized regulation

cycle selection
and amplitude
perturbation
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3 Simulation Framework and AWES-Derived Input Generation

The paper uses a simulation-based workflow. First, measured wind data are processed and used to
drive the LAKSA/KiteAcrobat model of the airborne subsystem. Second, the resulting cycle-resolved
AWES-side power traces are segmented, stored, and combined into scenario sequences. Third, those
profiles are injected into a Simulink electrical plant model controlled by the Stateflow EMS. Figure 2
summarizes this chain.
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Fig. 2 End-to-end workflow used in the simulation study.

3.1 LAKSA/KiteAcrobat simulation environment

The AWES input profiles used in this paper are derived from the LAgrangian Kite SimulAtors
(LAKSA) tool-chain [10]. The underlying two-line KiteAcrobat model represents the kite as a rigid
body connected to the ground by two straight, massless, inelastic tethers; tether gravity and aerodynamic
drag are neglected, and the constrained six-degree-of-freedom problem reduces to four generalized
coordinates handled through Lagrange’s formalism [11]. For the present study, this reduced-order
structure is appropriate because it preserves the cycle timing and the main force transients needed at
the EMS input without introducing unnecessary aerodynamic or aeroelastic complexity, resulting from a
more complete description of tether dynamics.

Following the compact formulation of [11], the generalized coordinates are gathered in the state
vector

Xg=1[¢, v, m 0], (2)

where ¢ and y orient the plane that contains the tether triangle with respect to the Earth frame, n locates
that triangle within the plane, and 6 gives the rotation of the kite body frame with respect to the auxiliary
frame attached to the tether geometry. The dynamic state advanced by the solver is the extended vector
x = [xg,%;]7.
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The control input is
x.=[¢ 6], 3)

where ¢ is the normalized distance between the ground point and the midpoint of the segment joining the
two tether attachment points, and ¢ represents the steering asymmetry associated with differential line
lengths [11]. In the Simulink implementation, the control module updates x. from the path-following
logic and actuator limits, while the environment, kinematics, aerodynamics, forces, right-hand-side, and
post-processing subsystems exchange state and control variables at each time step to reconstruct the kite
trajectory and the power-related quantities.

3.2 Derivation of cycle-resolved power profiles

At each time step, the kinematics module computes the kite position, linear velocity, angular velocity,
and the associated Jacobians from x and x.; the aerodynamic module then forms the apparent wind and
evaluates the aerodynamic forces and moments; finally, the forces and right-hand-side modules assemble
and integrate the Lagrangian equations of motion [11]. In the KiteAcrobat version used in this work, the
reel-out/reel-in velocity is explicitly added to the kite motion when computing the apparent wind, so the
force history reflects both crosswind flight and reeling dynamics.

The resulting tether load is converted into ground-side shaft variables through the drum radius,
r and the gear-box ratio N. In the implementation used, the tether force F' generates a load torque
Tioad = F - r/N; inertial and viscous contributions associated with the rotating drivetrain are then added
to obtain the total shaft torque 7, and the instantaneous shaft power is computed as

Pghaft = T w, 4)

with w the motor angular velocity. The offline LAKSA/KiteAcrobat stage therefore yields the power
exchanged at the drum/electric-machine shaft. In the Simulink microgrid, that power is applied at the
AWES/electric-machine branch, where the bidirectional machine—converter interface maps the corre-
sponding generated or motoring intervals onto the DC bus.

Short negative excursions within an otherwise generating interval are retained in the exported profiles.
They arise when steering or reeling demand temporarily dominates the traction-derived contribution,
particularly during rapid path corrections or high-tension transients, and therefore constitute a meaningful
stress case for the EMS. These events are also possible during transient operation of ground-generation
AWES devices.

3.3 Cycle segmentation and scenario generation

The solver output is exported as a continuous time series and then segmented into full pumping
cycles, each one comprising a reel-out interval followed by a reel-in interval. In the dataset considered,
each cycle’s length varies with time because it is directly coupled to the wind speed. The segmented
cycles are stored in a library of N profiles, from which the next cycle is selected during the multi-cycle
simulations. Representative examples of the resulting AWES input profiles are shown in Figure 3.
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Fig.3 Representative cycle-resolved AWES input profiles obtained from KiteAcrobat and used in the
electrical simulations.

To emulate extended operation with a finite wind record, the multi-cycle simulations draw cycle
profiles from this library and apply a per-cycle random amplitude factor v. This procedure preserves the
original intra-cycle waveform while varying the sequence-level operating conditions seen by the EMS.

4 DC Microgrid Model and EMS Design

4.1 Simulated DC microgrid architecture

The AWES-derived input profiles are injected into a simulated DC microgrid comprising an electric-
machine interface, a grid-side converter, a supercapacitor branch, a battery branch, and a protection
branch. The single-line representation used throughout the paper is shown in Figure 4.
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Fig.4 Single-line diagram of the simulated DC microgrid.

The modeled subsystems and their roles are as follows:

* AWES/electric-machine branch: the ground-generation interface is represented by a three-phase
electrical machine connected to the DC bus through a bidirectional AC/DC stage. During reel-out,
the branch injects power into the DC bus; during reel-in, it absorbs power from it.

* Grid-side branch: a grid-tied AC/DC converter exports power from the DC bus. The results
reported in this paper concern grid-connected operation only.

* Supercapacitor branch: the supercapacitor bank is interfaced through a bidirectional DC/DC
converter and is assigned the fast buffering role.

* Battery branch: the battery is also interfaced through a bidirectional DC/DC converter and
provides slower cycle-level energy correction.

* Protection branch: a braking resistor is available as a dissipative path in overvoltage conditions.

4.2 Supervisory EMS objectives and energy coordination
The supervisory EMS has three objectives:

* maintain the DC-bus voltage within admissible limits;

* assign fast intra-cycle power buffering to the supercapacitor branch and slower cycle-level correc-
tion to the battery branch;

* preserve continuous grid export despite the strongly time-varying AWES input.

Figure 5 illustrates the intended power-sharing principle over a representative pumping cycle. The
grid branch is commanded to deliver a continuous export level, the supercapacitor branch absorbs the fast
mismatch between the AWES interface and the grid demand, and the battery branch corrects the residual
cycle-average error when the supercapacitor state drifts away from its reference operating point.

Grid EM

Power kW]

-2 I I I I | I I I I
0 10 20 30 40 50 60 70 80 90 100

Time [s]

Fig. 5 Illustrative power-sharing principle between the AWES/electric-machine branch and the grid
branch during a representative pumping cycle.
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For the supervisory relations below, positive Pgy denotes net power injected from the AWES/electric-
machine branch into the DC bus, and positive Pgig denotes power exported from the DC bus to the grid.
Positive Psc and Py, denote charging power absorbed by the supercapacitor and battery branches,
respectively. Negative storage power therefore corresponds to discharge from storage to the DC bus.

At the end of cycle n, the expected net energy of the next cycle is written as
Enet[n+1] = Ereclout[n+1] — Ereelin[n+1] — Egrid [n+1], (5)
where Ereel.out 18 the energy extracted during reel-out, Ereelin 1 the energy required during reel-in, and
Egriq is the energy scheduled for export.
The measured deviation of the supercapacitor energy from its reference state is

Escditt[n] = Escln] — Esc(0] = %C (Vsc[n]2 - Vsc [0]2), (6)

where C is the equivalent capacitance and Vgc[0] is the reference supercapacitor voltage.

The cycle-level energy that the battery must absorb or deliver during the next cycle is then

Epa[n+1] = Enet[n+1] + Esc gire[1]. (7)

To avoid unnecessary battery cycling, the supervisory controller applies a deadband:

07 |Ebat[n+1]| < Emin,

Poa[n+1] = { Epy[n+1] 8)
—  |E +1]| > Emin,
Tcycle [n+1] | bat [n ] | min

where Ejj, is the minimum cycle-energy threshold for battery participation and Teycle is the duration of
the selected next cycle.

The instantaneous supercapacitor charging/discharging command follows from the remaining power
imbalance:

Psc = Pem — Pgiid — Poar. )

In the simulations reported here, the value used in (5) is available from the next selected cycle
profile. The paper therefore evaluates the supervisory logic conditioned on that cycle-level information.
A separate study of wind-to-energy prediction accuracy is outside the scope of the present manuscript
and should not be inferred from the results.

4.3 Local converter roles and protection

The supervisory equations above determine the desired energy allocation. The plant-side converter
controls implement that allocation subject to voltage and current constraints.

For the supercapacitor branch, the controller uses a voltage target and current limit consistent with
(9). The reference voltage is
Vmin Psc < 0,

sC >
Vse =1 " (10)
VSC , Psc =0,
and the low-voltage-side current limit is
im _ |Pscl
Ly = : (11)
SC Vs
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With the sign convention adopted above, Psc > 0 corresponds to supercapacitor charging and Psc < 0
to supercapacitor discharge.

The battery branch acts on a slower time scale. Its role is not to absorb every short fluctuation, but
to correct the cumulative cycle-level bias represented by (7) and (8). In the reported simulations, the
battery current therefore appears only when the cycle-energy correction is needed or when bus-voltage
support is required. This is consistent with the intended reduction of unnecessary battery cycling, but
the present manuscript does not quantify lifetime benefit and should not claim it beyond this operational
interpretation.

The protection branch remains inactive in normal operation. If the DC-bus voltage exceeds a
predefined threshold, the braking resistor is commanded to dissipate excess power and prevent overvoltage
escalation. A higher threshold is reserved for emergency stop logic in the simulated protection layer.

4.4 Software-in-the-Loop implementation and assessment criteria

The supervisory controller is implemented in Stateflow within MATLAB/Simulink 2024b, while the
electrical subsystems are represented in the same simulation environment. This yields a Software-in-the-
Loop framework in which the AWES-derived input profiles, the electrical plant, and the EMS interact
consistently at system level. This simulation environment offers flexibility during testing, and allows
for exploratory analysis of different profiles, generation sources and environmental conditions that might
impact performance of the AWES device.

The assessment criteria used in the reported cases are summarized in Table 2: bus-voltage regulation,
maintenance of the supercapacitor operating window, continuity of grid export, and clear separation
between fast and slow storage roles.

Table 2 Assessment criteria used in the reported simulation cases.

Criterion Interpretation

DC-bus regulation Vpce remains within the admissible band [0.93, 1.07] p.u. in the reported cases

Supercapacitor oper- Vg remains within [0.70, 1.30] p.u.

ating window

Grid-export continu- The grid branch remains continuous relative to the strongly variable AWES/electric-
ity machine branch

Storage-role separa-  The supercapacitor branch carries the dominant fast fluctuations, while the battery
tion remains inactive in the single-cycle case and intervenes sparsely in the multi-cycle case

A compact conceptual diagram of the EMS logic already used in the project is shown in Figure 6.

Excent where otherwise noted. content of this paper is licensed under 070 = 9 The reproduction and distribution with attribution of the entire paper or of individual
X wher wis Ne is paper is licensed un - . . . . . .
a Creitive Commons Attribution 4.0 Interndtioij License pages, in electronic or printed form, including any material under non-CC-BY 4.0
BY a t S 0 b & SC. . . . .
licenses is hereby granted by the authors and respective copyright owners.


https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

!

Enet [TL + 1} = Ereel—out [n + 1] - Ereel—in [n + 1] - Egrid [’fl + 1]

Esc ait[n] = % C(Vsc[n)? — Vic[0]?)

Epat[n + 1] = Enet[n + 1] + Esc aiee[n]

No

Ebat [n + 1]
Tcycle [n + 1]

Pyy[n+1]=0 Prag[n + 1] =

No

During cycle

Vscret = VsCmin| | VsCref = V50 max

Jeor < el | |Pscl
SC lim VSC SC lim VSC

Fig. 6 Conceptual flow diagram of the EMS logic [17].

5 Results and Discussion

The results reported below are limited to the simulation cases already documented in the manuscript:
one representative variable-input cycle and one multi-cycle window built from the KiteAcrobat-derived
profile library. The discussion therefore remains tied to the available voltage and current traces and to
the admissible operating bands defined in Table 2.

5.1 Single-cycle response

Figure 7 shows a representative pumping cycle driven by a variable AWES input profile. The DC bus
remains within the admissible range of [0.93, 1.07] p.u., despite the pronounced transients introduced
by the AWES/electric-machine branch. The current traces reveal the intended division of labor: the
supercapacitor branch responds to the dominant fast excursions, while the battery remains effectively
inactive in this particular case. The supercapacitor voltage evolves smoothly and remains inside its
admissible window, indicating that the branch has sufficient headroom to absorb the fast mismatch
between AWES-side power and grid export.
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Fig.7 Single-cycle simulation results.

The short negative excursions visible in some injected profiles, already illustrated in Figure 3, are
consistent with the interpretation given in Section 3: they represent short-duration intervals in which
actuation demand locally dominates the AWES-side power balance. In the single-cycle result, those
events do not destabilize the bus. Instead, they are absorbed by the supercapacitor branch, which is
exactly the type of disturbance rejection the hybrid-storage architecture is meant to provide.

Grid-export smoothing is supported qualitatively by two pieces of evidence. First, the grid branch
remains markedly smoother than the AWES/electric-machine branch in Figure 7b. Second, the power-
sharing pattern shown in Figure 5 is consistent with the EMS objective of decoupling the grid-side
delivery from the fast content of the AWES input.
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5.2 Multi-cycle response

Figure 8 extends the analysis to several consecutive pumping cycles. Across this multi-cycle window,
the DC-bus voltage remains within the admissible band, which indicates that short-term regulation is
preserved even when both the shape and net energy of the injected AWES profiles vary from cycle to
cycle. The supercapacitor voltage remains inside its operating window, but unlike the single-cycle case
it now exhibits repeated recentering behavior associated with battery intervention.
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(b) High-voltage-side currents across the same multi-cycle window.
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(c) Supercapacitor voltage across the same multi-cycle window.

Fig. 8 Multi-cycle simulation results under non-stationary AWES-derived input.

The current traces in Figure 8b show dense and frequent supercapacitor activity together with
comparatively sparse battery participation. This is the expected pattern for the proposed supervisory
logic: the supercapacitor remains the primary fast buffer, while the battery acts mainly when cumulative
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cycle-level bias would otherwise drive the supercapacitor away from its reference operating region. In
that sense, the multi-cycle case is more informative than the single-cycle result because it shows the
slower storage branch acting in its intended role.

Table 3 summarizes the main observations supported by the reported cases.

Table 3 Observed behavior in the reported simulation cases.

Case Main observation

Representative DC-bus voltage remains within the admissible band; the supercapacitor carries the dom-
single cycle inant fast excursions; the battery remains effectively inactive

Multi-cycle win- DC-bus regulation is preserved across successive variable cycles; the battery intervenes
dow intermittently to recenter the supercapacitor state; fast fluctuations remain concentrated

in the supercapacitor branch

6 Conclusion

This paper presented a simulation-based evaluation of an Energy Management System for a hybrid
DC microgrid supplied by a ground-generation Airborne Wind Energy System. The distinguishing
feature of the study is the use of AWES-derived variable wind pumping-cycle profiles generated with the
LAKSA/KiteAcrobat environment and injected into a Software-in-the-Loop electrical model. Through
this framework, the EMS is assessed under power profiles that retain both the fast intra-cycle fluctuations
of crosswind operation and the slower cycle-to-cycle variation associated with non-stationary wind
conditions.

A relevant conclusion of this work emerges when it is compared with prior AWES-oriented EMS
studies based on nominal pumping-cycle inputs, particularly the previous work of Flores-Martin etal. [17].
Whereas that earlier study demonstrated the viability of the supervisory architecture under nominal cycle
profiles, the present paper shows that the same control philosophy remains effective when the AWES
input is made more demanding by variable cycle shapes, actuation-induced short-duration disturbances,
and cycle-to-cycle energy drift.

The study also clarifies the practical value of the hybrid-storage architecture for this application. The
results support a clear division of labor in which the supercapacitor branch absorbs the dominant fast
mismatch between AWES-side power and the grid-side demand, while the battery is reserved for slower
corrective action associated with cumulative cycle-level imbalance. For ground-generation AWES, this
separation is particularly important because the source variability is structured by the pumping cycle
itself and cannot be treated as generic renewable intermittency. The EMS must therefore manage not
only average energy imbalance, but also the transient content introduced by maneuvering, reeling, and
actuation.

From an electrical-integration perspective, the results reinforce the need to treat ground-generation
AWES as a disturbance-rich source rather than as a quasi-steady generator. The contribution of the paper
is therefore not only the assessment of a specific EMS implementation, but also the demonstration that
AWES-oriented supervisory control should be evaluated with input profiles derived from non-stationary
wind conditions, instead of relying exclusively on nominal cycle templates. In that sense, the proposed
simulation workflow constitutes a useful intermediate step between conceptual EMS design and future
experimental validation, because it preserves the link between airborne dynamics and the electrical
disturbances seen by the DC bus.
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