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Abstract: Airborne wind energy systems (AWES) are more efficient than traditional wind turbines
because they can capture higher wind speeds at higher altitudes using connected kite generators.
Securing a real wind turbine or a site with favorable wind conditions is not always an assured
opportunity for conducting research. Hence, the Research and Development of the Laboratory Scale
Airborne Wind Energy Conversion System (LAWECS) require a better understanding of airborne
wind turbine dynamics and emulation. Therefore, an airborne wind turbine emulation system was
designed, implemented, simulated, and experimentally tested with ground data for the real time
simulation. The speed and torque of a permanent magnet synchronous motor (PMSM) connected to
a kite are regulated to maximize wind energy harvesting. A field-oriented control technique is then
used to control the PMSM’s torque, while a three-phase power inverter is utilized to drive the PMSM
with PI controllers in a closed loop. The proposed framework was tested, and the emulated airborne
wind energy conversion system results were proven experimentally for different wind speeds and
generator loads. Further, the LAWECS emulator simulated a 2 kW, 20 kW, and 60 kW designed with
a projected kite area of 5, 25, and 70 square meters, respectively. This system was simulated using the
Matlab/Simulink software and tested with the experimental data. Furthermore, the evaluation of the
proposed framework is validated using a real-time hardware-in-the-loop environment, which uses
the FPGA-based OPAL-RT Simulator.

Keywords: airborne wind energy system; emulator; LAWECS, PMSM; controller; renewable energy;
OPAL-RT; real-time HIL simulator

1. Introduction

In recent years, renewable energies have captured the attention of a significant portion
of the energy business and community. Due to their environmental and economic benefits,
renewable energy sources have emerged as viable replacements for fossil fuels [1]. Wind
power is one of the most rapidly growing renewable power sectors because of its high
efficiency and minimal operating costs, and has almost no greenhouse gas emissions. Wind
energy has the potential to supply 20% of the global power supply demands by 2030 [2].
As of December 2021, the worldwide offshore pipeline wind energy expansion ability
was determined to be greater than 369 GW [3]. Various wind turbines, each with their
fundamental components for transforming wind into power, have been built specifically for
this purpose [4,5]. Despite its rapid and astounding expansion, the cost of wind-generated
electricity remains expensive [6]. This encouraged investigators to explore ways to reduce
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the costs of wind power generation systems by enhancing turbine subsystems such as the
blades, gearbox, and converter to increase the amount of power generated.

The past few years have observed much interest in AWE technology as a practical
approach to increasing the amount of electricity produced by wind. Several businesses
and research organisations are now considering AWES. Various aspects of this technology,
including mechanical, control and electrical engineering are fascinating. Because powerful
and consistent winds may be obtained at higher altitudes, an increase in the traditional
wind turbine (TWT) height is advantageous. However, this is more costly and requires
more mechanical capabilities. AWE turbines may operate at higher altitudes with fewer
technological and economic constraints than TWT. AWES can assess winds between 0.1 and
2 km in altitude [7,8]. Due to the absence of turbines and towers in their design, airborne
wind turbines are also portable wind energy systems due to their minimal weight [9].
To harness the power of the wind, its kinetic energy must be transformed into electrical
energy, and the AWES attaches a ground station to a tethered glider, kite, or horizontally
flying turbine [10]. Loyd’s research demonstrated that a tethered wing with dimensions
comparable to those of a C-5A aircraft has the capability to produce 6.7 MW of electrical
power when subjected to wind speeds of 10 m/s. The energy produced is three times that of
a TWT [11]. The characteristics of existing AWE technological solutions are presented in [12],
with an emphasis on the hardware architecture of crosswind systems. The comprehensive
assessment of AWE technology to collect wind energy from greater heights may be found
in [7]. The aero-structural deformation of a leading-edge inflatable kite for capturing AWE
was presented in [13]. A multi-element air foil of a fixed-wing system operated in pumping
cycles is proposed in [14] to power a ground-based drum-generator module. In order to
allow the theoretical framework, different power theories and models have been proposed
and implemented in AWES for analysis, such as wind data, the control system for kites,
tether force, torque, and power [15–18].

The economic viability of AWES technology is made possible by its increased availabil-
ity, stability, and decreased cost [19]. Take-off and flying a tethered aircraft autonomously
validate the feasibility of the proposed take-off method, paving the way for the cheap
regional deployment of this AWES technology [20]. A lot of studies are being conducted at
the moment to improve kite-direction control by employing different control mechanisms,
such as predictive control [21–24]. Many studies have been conducted on the wind turbine
emulator [25,26]. For instance, an investigation of meteorological data from five Irish
geographical locations revealed an increase from 30% to 40% in wind velocity between
100 and 750 m in height [27]. Additionally, it was found that the capacity coefficient of
high-altitude wind turbines in these areas is around 52%, compared to 29% for conventional
turbines in Ireland [28]. Hence, a small increase in the wind power system’s operational
height may cause an appreciable increase in generated power.

In the literature, most wind turbine generators today use permanent magnet syn-
chronous machines (PMSM), induction motors, and DC machines. However, PMSMs
are a superior choice for direct-drive AWES compared to Doubly Fed and Squirrel Cage
Induction machines. This preference stems from the PMSMs’ gear-less operation and their
versatile capability to function in dual modes [29]. In addition to these benefits, a PMSM
has greater power density and efficiency, and it provides a quicker dynamic performance
than an induction motor. Moreover, its velocity and rotor angle may keep track more
accurately. Because of these merits, PMSM is an excellent choice for several uses [30–32].
Three-phase IGBT inverters are commonly used to drive PMSM because they are more
efficient than two-level converters in reducing the total harmonic distortion. This converter
can also balance the voltage of capacitors and lower switching losses [33,34]. The PMSM
uses the field-oriented control technique in the wind turbine simulation to more accurately
follow the performance curve of the wind turbine [33,35].

Researchers recently focused on developing real-time (RT) simulation models, which
offer advantages over offline simulations. A key feature of RT simulations is including
hardware systems in the simulation loop. This integration enhances simulation fidelity
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by enabling real-time interactions between the simulated model and physical devices,
leading to more accurate and realistic results. An illustrative example of a real-time Opal-RT
simulation for parameter estimation and precise current control for a six-phase induction
machine is studied in the literature [36]. The real-time HIL modelling of rotor-side converter
control for Induction machines using OPAL-RT is studied in [37]. The wind turbine system
uses doubly-fed induction machines to produce electricity. The OPAL-RT simulator results
demonstrated that the system’s performance improved [38]. New utility equipment and
power system control must be tested before deployment to the power grid. Real-time
digital emulators such as the real-time digital system and OPAL-RT may link to the actual
environment and establish an HIL emulation to help with testing [39]. A wind turbine
power generator device is used as a model for an experiment with the help of the OPAL-RT
real-time model, and the design of the wind energy conversion system was carried out [40].
The innovative optimal recommended technique is tested and deployed on OPAL-RT in the
HIL to merge physical simulation fidelity with numerical adaptability to simulations [41].
An experimental setup was developed to replicate a wind turbine-generator system, aiming
to emulate its behavior and characteristics. The configuration of the wind energy conversion
system is extensively explained utilizing the OPAL-RT real-time simulator [42].

The literature by [43] investigated the simulation aspects, which include no-load and
on-load test simulation at the generator terminal. This literature has yet to demonstrate
real-time validation using OPAL-RT. Moreover, the simulation results in the above literature
do not present the kite dynamics parameters such as tether force, drum speed, drum torque,
and drum power. Motivated by the above gaps, we presented the complete analysis of kite
dynamics, no-load and on-load test at the generator terminal. We validated with satellite
wind data, experimental ground test wind data, and validation with a real-time simulator
using FPGA processor-based OPAL-RT. Moreover, this includes the analytical comparison
for different evolution phases, parametrization, and the different power capacity of kite
emulator, which is indicated in Table 1.

Table 1. Analytical comparison of kite emulator is presented in the table below.

Parameter Castelino, R.V. et al., 2023 [43] Proposed Work

Kite surface area 2.5 m2, 14 m2, & 60 m2 5 m2, 25 m2 & 70 m2

Aerodynamic coefficient 1.125, 2.875 & 3.825 1.965, 3.8265 & 4.235
Wind speed 2 m/s to 12.25 m/s 1 m/s to 10 m/s

Different power ratings 1 kW, 10 kW & 100 kW 2 kW, 20 kW & 60 kW
Gear ratio 5 6

Satellite wind data Month of August Month of July

This paper is organized as follows: The introduction is provided in Section 1. The AWE
system is explained in Section 2. Section 3 describes the mathematical modelling of the kite
system, PMSM, Simulation, Emulator, and real-time model. The simulation results, real-
time experimental results, and the discussions are presented in Section 4, which includes
the analysis of kite dynamics; further, we have presented the no-load and on-load tests, as
well as the field data test analysis, using experimental simulations of ground-level data
and real-time results. Finally, this paper concludes with a summary of the research findings
and future scope in Section 5.

2. Airborne Wind Energy System

Ground-based AWE is an opportunity to capture winds at high altitudes. Figure 1
shows the simplified structure of the kite-based AWE system. The ground station comprises
a drum that is connected to a generator for the purpose of electrical power generation.
There are two stages of operation that make up a whole cycle: the traction stage and the
re-traction stage. During the generation stage, when the kite flies almost crosswind, the lift
force spins a tether drum and generator to generate electricity. When the wing reaches
the maximum tether length, the AWES begins the re-traction stage. During this stage, the
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power is utilised so that the tether can be returned to its initial length. Figure 2 shows
how much energy is produced and consumed during the traction and re-traction stages,
respectively. During the re-traction stage, the generator is employed as a motor [44].

Kite Travel Path

Kite

Tether

Drum

Motor/Generator

Ground Station

Retraction 

Phase

Generation

 phase

Transfer 

Phase

Figure 1. Technique for producing electricity by kite flight: In order to generate electricity, a kite flies
in a figure-eight pattern, which pulls a tether looped around a drum.

P

t

Power generation phase

Power consumption phase

0

Figure 2. Kite-based electricity generation: a power profile.

The kite is capable of manoeuvring with a high crosswind velocity to capture power
from a higher altitude. Because of this, a strong tether force develops, which turns the
generator on to generate electricity. A PMSM is located on the ground and receives torque
from the kite’s traction force [45]. Motor-side converters aim to regulate speed, manage
power and torque, and reduce switching frequency using PMSM. In this paper, the focus
is on a ground-based AWE systems emulator. A ground-based AWE system is a viable
method for harnessing high-altitude wind energy. It is highly challenging to obtain suitable
wind conditions or field locations for carrying out research on an actual AWES [33]. Hence,
it is expedient to develop dynamics models for AWE turbines, as well as emulations of such
turbines, to facilitate research and experimentation. Thus, we have proposed a Laboratory-
scale Airborne Wind Energy Conversion System (LAWECS), as depicted in Figure 3.
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Three Phase 

Resistive 

Load

PMSG ControllerController
DC/AC

Converter
PMSM

DRUM

Coupling

Kite Model 

System

Figure 3. Schematic Representation of a LAWECS.

There are various TWT emulations developed based on PMSM drives [26,33]; however,
limited literature has been implemented in LAWECS emulators. The literature discusses
the PMSM simulation of power generation but not the drum-side mechanical power
generation [23], which is crucial for AWES. The kite model system generates the output in
the form of a torque and reel-out velocity, and this output is then translated into mechanical
power. The proposed block diagram of LAWECS emulators involves a kite model, motor-
generator set, drum, variable load, and control system. The kite model system generates
the output, which is subsequently converted into mechanical power in terms of torque and
reel-out velocity. The second block illustrates the automatic power regulation of the kite
emulation system. It consists of a controller, a DC/AC converter, and a PMSM, referred to
as a drum, and connects it mechanically to the PMSG in order to generate electricity from
mechanical energy.

The key contribution and novelty of this proposed research study is listed as:

• A new approach to wind energy that involves creating a laboratory-scale kite-based
emulator that can be tested in real-time using various kite parameters to determine its
effectiveness for different capacity-building purposes.

• The literature above needs to provide information on specific parameters of kite
dynamics, such as tether force, drum speed, drum torque, and drum power, in the
simulation results.

• The simulated findings are validated in real-time using the OPAL-RT simulator, based
on Hardware in Loop (HIL) technology.

• The Laboratory-Scale Airborne Wind Energy Conversion System’s dynamic character-
istics are demonstrated, and its accuracy is confirmed through real-time OPAL-RT sim-
ulation.

3. Mathematical Modelling of LAWECS Emulator
3.1. Kite Modelling

Figure 4 illustrates the force and speed vectors exerted on a flying body during
a crosswind flight in a 2D model. The lifting force (FL) and drag force (FD) are repre-
sented, while the wind speed (VW), tether reel-out speed (Vtro), and crosswind speed (VC)
demonstrate how the combined vectors contribute to the apparent wind speed (Vap). This
two-dimensional model is formulated based on specific assumptions and incorporates
additional factors. One such factor is the modification of perceived speed due to the un-
reeling of the tether, which is observed in pumping kite systems. As the tether is unreeled
to generate power on the ground, the lifting body in this model drifts in the direction of
the wind. It is important to note that this drift is not solely dependent on the AWE system
itself. This model is based on four key assumptions, which are as follows:

• Massless point model for the lifting body.
• Massless tether connected to the ground with zero drag.
• Constant and uniform wind in the direction opposite to the flight path.
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• Steady flight of the lifting body.

These assumptions are made to simplify the analysis and may not fully capture all
real-world complexities.

FT
Vw

Vtro

Vc

FL

Vap

FD

Y

-X

Xa

Za

Figure 4. The 2D force diagram depicts the lifting body during crosswind flight. Adapted from [46].

To accurately determine the apparent wind speed, it is necessary to consider both the
actual wind velocity (Vw) and the tether reel-out velocity (Vtro). Consequently, the formula
for calculating the apparent wind speed is as follows:

Vap =
√

V2
C + (VW −Vtro)2 (1)

VC =
CL
CD

(VW −Vtro) (2)

we can also write the apparent wind speed from Equations (1) and (2) as shown below

Vap =

((
CL
CD

)2
+ 1

)
(VW −Vtro)

2 (3)

The lift force and drag force are determined by the apparent wind speed (Vap), the lift
coefficient, and drag coefficient, and expressed as

~FL =
1
2

ρaCLV2
ap As (4)

~FD =
1
2

ρaCDV2
ap As (5)

~FT = ~FL + ~FD (6)

The kite surface area is As in m2, the apparent wind velocity is Vap in m/s, the air
density is ρa in kg/m3, and the lift and drag coefficients are CL and CD. The tether force is
the combined effect of the lift force (FL) and drag force (FD) acting on the lifting body. The
square-root component represents the sum of these forces in the equation.

FT = FL

√√√√1 +
1(

CL
CD

)2 (7)

The power generation at the ground station is achieved by reeling the tether from a
drum, and is represented by the following equation.

P = FT ×Vtro (8)
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Presently, putting the FT in Equation (8), the power can be written as

P =
1
2

ρaCL AsVtro

((
CL
CD

)2
+ 1

)
(VW −Vtro)

2

√√√√1 +
1(

CL
CD

)2 (9)

For maximum mechanical power extraction, the tether reel-out velocity equals one-
third of the wind velocity [11], which is written as

Vtro =
1
3
×Vw (10)

Then, we rewrite Equation (9)

P =
2

27
ρaCL AsV3

w

((
CL
CD

)2
+ 1

)√√√√1 +
1(

CL
CD

)2 (11)

The drum torque (TD) in Nm is calculated by multiplying the tether force (FT) by the
drum radius.

TD = FT × r (12)

By incorporating the diameter of the drum as an additional input, we estimated the
optimal speed of the drum using the given equation, below:

ND =
Vtro

2πr
× 60 (13)

where the drum radius is r in meters, and the drum speed is ND in rpm.

3.2. PMSM Model

The equivalent electrical circuit of the PMSM, as depicted in Figure 5, includes the
resistance in Ohms and inductance in Henry. This circuit can be utilized to represent the
phase of each machine, assuming that the stator phase inductance (Ls), quadrature-axis
inductance (Lq), and direct-axis inductance (Ld) are equal. This analysis assumes that the
magnetic circuit has linear properties with negligible saturation, a constant air gap, and the
sinusoidal behaviour of a current.

Ls

Vd

id
RS

ωeLqiq

Ls

Vq

iq
RS

ωeLdid

ωeøfsd 

(a) (b)

Figure 5. Equivalent electrical circuit diagram of PMSM.

The variable vector display shows all three stages at the same time. It is shown in park
coordinates (d,q) by

Vq = Rsiq + Ls
diq
dt

+ ωLsid + wφ f sd (14)

Vd = Rsid + Ls
did
dt
−ωLsiq (15)

In the given equation, ~Vs represents the voltage at the stator, which is expressed as

~Vs = ~Vd + j.~Vq (16)
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The vector is a representation of the current that is flowing through the stator.

~is = ~id + j.~iq (17)

φsd = Lsid + φ f sd (18)

φsq = Lsiq (19)

The flux generated by PMSM, which can be written as

~Φ f s = ~φ f sd + ~φ f sq (20)

The torque developed by PMSM, which can be written as

Te = pφ f sdiq (21)

The circuit depicted in Figure 6 is a DC/AC power converter that operates from a
supply voltage of Vdc and consists of six IGBT switches. The AC voltage frequency can be
kept constant or altered based on the application’s requirements. The current controllers
generate reference voltages, which are reversed with the FOC method’s help using Clarke’s
and Park’s transform.

Vdc

S4 S2S6

S1 S3 S5 PMSM

a

b

c

C

Figure 6. DC/AC converter with PMSM.

The switching pulses for the DC/AC converter are generated by a sinusoidal pulse
width modulation generator, which receives its input from the reference voltage. The DC
input voltage is supplied to the DC/AC converter, which produces an AC output voltage
to drive the machines [47]. The Park and Clarke transform converts the three-phase (abc)
representation to a two-phase (dq) representation, which is given by the following equation.

Vsq =
2
3

[
Va cos θ + Vb cos (θ − 2π

3
) + Vc cos (θ +

2π

3
)

]
(22)

Vsd = −2
3

[
Va sin θ + Vb sin (θ − 2π

3
) + Vc sin (θ +

2π

3
)

]
(23)

Moreover, the inverse Park and Clarke transform convert two phases to three phases,
which can be described as

Va = Vq cos θ −Vd sin θ (24)

Vb = Vq cos(θ − 2π

3
)−Vd sin(θ − 2π

3
) (25)

Vc = Vq cos(θ +
2π

3
)−Vd sin(θ +

2π

3
) (26)

The generator’s three-phase electrical output power is described as follows:

Pe =
√

3 ·V · I · cos Φ (27)
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The voltage and current of the generator are denoted by V and I, respectively. Consider
the power factor, cos φ. The kite power calculated with Equation (8) and the generator’s
electrical power calculated with Equation (27) are identical.

3.3. Simulation Modelling of Kite System

The MATLAB SIMULINK environment was used to simulate the reel-out velocity,
tether force, drum speed, and drum torque, as shown in Figure 7. Kite model parameters
were the same as those described in Section 3.1. There were two different blocks utilized
to calculate the lift and drag forces. These blocks were determined using Equations (4)
and Equations (5). The third block computes and displays the results of the aerodynamic
force, which is equivalent to the tether force, as per Equation (7). The fourth block shows
the reel-out speed estimator, which is estimated using Equations (10). The final block
is the drum, which generates the drum torque and speed using Equations (12) and (13),
respectively.

Drag Force

ASAS ρaρa

Lift Force

Tether 

Force

DRUM

Drum Torque

Drum Speed

VW

Reel-Out

Speed 

Estimator

CL

CD

FD

FL

Figure 7. Matlab simulink Block diagram for wind speed to drum power conversion process.

The relationship between tether force and drum speed can be established using the fol-
lowing equation, which represents drum speed (ωd) in [rad/s] as a function of tether force:

ωd =
FT
r

√
Pd

As.ρa
(28)

Here, Pd represents the power of the drum in watts, FT represents the tether force, r is
the drum radius, ρa is the air density, and As is the kite surface area.

Figure 8 provides an overview of the methodology employed in this study through a
flow chart.
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ωref

If

 

Tref

If

 

Tact

Tact Tref=

Yes

ωactωact ωref= ωref=

ωactωact

Yes

No No

Speed sensor/ 

Torque sensor

PMSM

FOC Control

Speed sensor/ 

Torque sensor

PMSM

FOC Control

Start

Drum 

Dynamic

Wind Data

Kite Dynamic

Controlled 

Resistive Load

Pref

Yes/No

If

Pact = Pref 
Pact

PMSG

Controller 

End

A

A

B

B

Figure 8. Emulator flow chart for the LAWECS System.

The block first represents the input parameter (As, CL, CD, ρa, and Vw) for the kite
dynamic system. This block employs Equation (8) to generate mechanical kite power.
The next block is the dram dynamic, which uses Equations (12) and (13) to estimate the
torque and speed, respectively. In the subsequent phase, the torque and speed of the
machine are regulated utilizing the FOC technique. Subsequently, a torque and speed
sensor is employed to measure the speed and torque of machines, which are compared
with the reference speed and torque. If any error is detected, the control is subsequently
transferred to the controller, which then corrects the error. Further, a step permanent
magnet synchronous generator (PMSG) transforms the mechanical energy into electrical
energy. At last, a load controller links the PMSG to a managed resistive load.

3.4. LAWECS Emulator Model

The LAWECS emulator system comprises a kite model system, two PMSM, a three-
phase power inverter, and four controllers. A PMSM is utilized to emulate the charac-
teristics of a LAWECS. The PMSM is controlled by tracking the torque command of the
kite-based AWE turbine for a given set of inputs. The PMSM achieves a precise torque
using the FOC technique, ensuring a high-performance operation. The overall control
mechanism of the developed PMSM-based LAWECS system is illustrated in Figure 9.
The DC/AC Converter used the pulse width modulation technique in order to provide the
motor with three-phase power. Determining the rotor angle is achieved by employing a
sensing component integrated into the PMSM. This integration enables the mapping and
measuring of the phase currents of the PMSM with a rotor reference frame. The current of
PMSM is controlled by maintaining the direct-axis current at zero and ensuring that the
quadrature-axis current is sufficiently high to generate the desired reference torque at any
speed equal to or below the motor speed. The emulator is coupled with a PMSM serving as
the generator. The load controller controls the three-phase resistive load. In the outer speed
control loop, the reference speed (ωre f ) is a comparison with the real speed (ωact) to deter-
mine the speed error. The speed deviation is amplified in the current feedback loop with
proportional and integral gains prior to being represented as the q-axis current. The torque
generated by the PMSM is determined by the magnitude and polarity of the reference
current. The PMSM’s output torque gradually increases the rotating speed until it reaches
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the set point. The torque along the quadrature axis may be controlled independently by
setting the d-axis current controller’s reference to zero.

PMSM PMSG

Kite Model

SPWM

PI 

Regulator

Sensors

Controlled

Resistive 

load

id

iq

Vdc

idref

Vsq Vsd

ρa

CR

As

VW

θ 

θ 

PI

Regulator

ωact

ωref

Pref

Pact
S1 S2 S3 S4 S5 S6

0

Rotor Reference 

Frame 

Transformation

PI 

Regulator

PI 

Regulator

Ia Ib Ic

FOC Block

Figure 9. Proposed Control Mechanism for the LAWECS Emulator System.

Figure 10 illustrates the speed control loop that is part of the FOC approach. The cal-
culation of the error in the measured speed involves a comparison between the reference
speed (ωre f ) and the actual speed (ωact). The speed error undergoes proportional and
integral amplification and is performed before the q-axis current enters into a current
feedback loop.

PI 

Controller

FOC Controlled 

PMSM

Speed Sensor

ωact

ωref
ω

Figure 10. Speed Regulator Loop of the PMSM.

The power output control loop is illustrated in Figure 11, where a comparison is made
between the reference kite power (Pre f ) and the generator output power (Pact).

PI 

Controller

Controlled 

Resistive Load

Power Sensor

Pact

Pref
Pout

Figure 11. Load Power Regulator Loop.

This comparison allows for the determination of the error in the generator’s output
power. After adjusting the output power using proportional and integral gain, it is then
fed into the power-feedback loop and referred to as the load power.

Table 2: System simulation parameters for laboratory-scale airborne wind energy
conversion system, as shown in the table below:
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Table 2. Three test cases’ parameters for the LAWECS emulator.

Parameter 2 kW 20 kW 60 kW

Kite area 5 m2 25 m2 70 m2

Aerodynamic coefficient 1.965 3.8265 4.235
Wind speed 1–10 m/s 1–10 m/s 1–10 m/s
Air density 1.225 kg/m3 1.225 kg/m3 1.225 kg/m3

Gear ratio 6 6 6
Rated voltage of machines 375 V 375 V 375 V
Rated speed of machines 1500 rpm 1500 rpm 1500 rpm

Pole pairs of machines 4 4 4
Maximum torque of machines 12 Nm 127 Nm 382 Nm

3.5. Depiction of LAWECS Model for Real-Time Simulation

OPAL-RT provides a platform for designers to demonstrate their work in a realistic
environment. As shown in Figure 12, the model is divided into two subsystems. The first
subsystem is referred to as the master subsystem (SM).

Figure 12. Implementation of LAWECS in RT-LAB.

The SM Model subsystem, which includes all counting squares, operates continu-
ously on the target processor with a consistent supporting framework. On the other hand,
the console subsystem, named SC Model, contains everything required to display and
control a specific set of indicators and runs in the background on the host PC. The summon
station backs the comfort subsystem of OPAL-RT and communicates with the LAWECS
framework. Most of the insights in the display squares are transmitted through I/O chan-
nels for monitoring and recording by a Digital Storage Oscilloscope (DSO). A real-time
simulator enables the creation of a computer model based on a real physical system, which
can be executed on a computer in synchronization with real-time operations. RT-LAB is a
comprehensive platform designed for the real-time simulation of block diagram models. It
offers fast and automated implementation. RT-LAB is an open, fully integrated real-time
simulation software environment that has revolutionized model-based design. It seam-
lessly integrates with MATLAB/Simulink, providing flexibility and scalability for various
simulation and control system applications. With the ability to add computing power
as needed, RT-LAB enhances simulations and offers a versatile platform for efficient and
comprehensive model-based design. After using Matlab/Simulink for LAWECS modelling
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and testing, this model is used to automatically create the code, which is compiled and sent
to RT-LAB. When the code is made, it must be sent to OPAL-RT to be used in RTDS.

Comparing MATLAB simulations with RTDS (Real-Time Digital Simulator) simula-
tions can indeed provide several advantages, despite both being simulation tools.

• Validation: RTDS simulations are used to validate MATLAB models. The real-time
simulation results can be considered as a reference or ground truth against which
MATLAB simulations are compared for validation purposes.

• Accuracy and Fidelity: MATLAB may not accurately simulate system behaviour.
RTDS, on the other hand, is developed for real-time power system simulation, and
results are typically more accurate.

• Real-time response: RTDS is designed to run simulations in real time, making it
suitable for testing and validating control systems and protection schemes. MATLAB
simulations might not provide real-time responses, which can be crucial for assessing
the performance of control algorithms and devices in real-world scenarios.

The laboratory setup is depicted in Figure 13 and shows the real-time experimental
results’ validation of the presented LAWECS emulator. To examine the suggested LAWECS
emulator, a small-scale prototype was constructed. Further, a real-time OPAL-RT simulator
was utilized to validate Matlab simulink results.

Oscilloscope FPGA Processor
Real Time 

Simulator
Host PC

Figure 13. The real-time experimental setup.

The model execution in RT-LAB follows a flow chart, which outlines the sequence of
steps involved. The steps to simulate the system in RT-LAB are depicted in Figure 14.

Compile the model in 
OPAL-RT and generate 

C-code

Assign targers to the 
subsystem

Build the model in matlab

Divide the model in 
subsystem

Initialize the model by 
running 

Start

Re-divide 
the model into 

subsystem

Zero 
Over-runs

Execute the model

Reset the model

Pause the model

No

End

Yes

Load the model

X

X

Figure 14. Flow Chart of model execution in RT-LAB .
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4. Simulation Result and Discussion

In this section, the results of the LAWECS emulator are presented and discussed.
The emulator is connected to another permanent magnet-synchronous machine functioning
as a generator. The generator is loaded with a controlled variable resistance. The LAWECS
illustrated in Figure 9 was built and simulated using the Matlab/Simulink software 2022b.
The same model was also implemented in the RT-LAB simulator, as shown in Figure 12.
The results of the simulations were obtained considering variable wind speeds. The purpose
of both the software and OPAL-RT simulations is to compute the power by taking in the
parameters, and those parameters are listed in Table 2. The system simulation is performed
using the Simulink programming environment of MATLAB 2022b and OPAL-RT operating
system Linux 3.4.1, chassis type OP5033-XG with OP4520. We used a 20 µs step size for
this simulation, using the Ode4 solver.

4.1. Kite Property Analysis

The reference [23] focused on optimizing kite parameters for power generation, achiev-
ing a 400 W power output at a wind speed of 5 m/s. However, our simulated findings
indicate that, under similar wind conditions of 5 m/s, the model generates 800 W of power
and extends beyond this point, demonstrating the scalability of our model up to 60 kW
with a kite area of 70 m2 when operating at a wind speed of 10 m/s.

The dynamic behaviour of LAWECS was studied using MATLAB SIMULINK and
validated through a real-time OPAL-RT simulation. We have taken a signal builder block
from the simulink library browser and set the wind speed to be from 1 m/s to 10 m/s.
The impact of wind speed on various parameters such as tether force, kite power, drum
speed, and drum torque is depicted dynamically in Figures 15 and 16. The same parameters
as those discussed in Section 3.1 were used for the kite and presented in Section 3.3 were
used for the kite simulation model. Figure 15a,b shows the simulation results of wind
speed and tether force, which are validated using the real-time simulation in OPAL-RT,
as depicted in Figure 15c. The wind speed varies from 1 to 10 m/s in 8 s, and the tether
force is directly proportional to the square of the wind speed. With this preset condition,
the our proposed model yielded force measurements spanning from 24 N to 1.2 kN for a
kite area of 10 m2. A similar study [48] was conducted for the AWE system using a 6 m²
kite prototype with wind speeds ranged from 5 m/s to 7 m/s, resulting in measured forces
generated between 1 kN to 2.5 kN. Figure 15d show the drum torque, which changes
according to the wind speed. The drum torque generated at 1 m/s is 6 Nm, whereas at
10 m/s, it is 160 Nm. Figure 15e illustrates that the drum speed increases as the wind speed
increases. At a wind speed of 1 m/s, the minimum drum speed generated is 30 rpm, while
at 10 m/s, the maximum drum speed generated is 240 rpm. Figure 15f shows the real-time
drum torque and speed simulation, with each division representing between 52 Nm and
81.67 rpm, respectively.

Figure 16a displays the drum power, and Figure 16b shows the reference (kite) power,
which is a significant aspect of the electrical power generation from the kites. It varies from
10 W to 4 kW. Figure 16c illustrates the real-time simulation, with each division in the figure
representing 1.36 kW. Figure 16d,e exhibit the reference speed and torque of the PMSM,
respectively, using a six-gear ratio. It depends on wind speed; if wind speed increases, then
the reference speed of the motor increases, and the reference torque decreases. From 1 m/s
to 10 m/s, the speed varies from 230 rpm to 1500 rpm, while the torque ranges from 1.2 Nm
to 26 Nm. Figure 16f illustrates the real-time simulation of the reference torque and speed,
with each division representing 8.56 Nm and 500 rpm, respectively. These figures provide
comprehensive visualizations of the respective parameters and their interrelationships in
the study context.
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Figure 15. Kite Dynamic Properties: (a) Wind speed, (b) Tether force, (c) RT-Wind speed and tether
force, (d) Drum torque, (e) Drum speed, and (f) RT-drum torque and speed.

4.2. No-Load Test Analysis

Figure 17 shows the MATLAB simulink and real-time simulation results of LAWECS
under a no-load test. Figure 17a depicts the machine’s speed at no load, which is equal
to the rated speed of the devices. It varies from 230 rpm to 1500 rpm, the speeds of
the motor, which is the same as the reference speed of the machine. Figure 17b depicts
the real-time simulation of no load and reference speed, with each division in the figure
representing 500 rpm, which is the same as the simulation results. Figure 17c,d illustrate
the no-load current and the real-time no-load current, respectively. The results from both
cases are matched, indicating that the no-load current is zero in both scenarios. Figure 17e
shows the no-load generator voltage, which varies from 50 V to 375 V in 0 to 8 s at the
corresponding wind speed, while Figure 17f depicts the three-phase zoom voltage of the
generator. The simulation results for the no-load analysis are validated using a real-time
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OPAL-RT simulator, as shown in Figure 17g,h displaying the no-load voltage, which
changes from 50 to 375 Volts, with each division representing 114 Volts.

0 2 4 6 8

Time (seconds)

0

1000

2000

3000

4000

5000

D
ru

m
 p

o
w

e
r 

(W
)

(a)

0 2 4 6 8

Time (seconds)

0

1000

2000

3000

4000

5000

R
e

fe
re

n
c

e
 p

o
w

e
r 

(W
)

(b)

Drum power

Kite power

1360 W/div

Time(1 S/div)

1360 W/div

(c)

0 2 4 6 8

Time (seconds)

0

5

10

15

20

25

30

R
e

fe
re

n
c

e
 t

o
rq

u
e

 (
N

m
)

(d)

(e)

8.56 Nm/div
Reference Torque

Reference speed
500 rpm/div

Time(1 S/div)

(f)

Figure 16. Kite Dynamic Properties: (a) Drum power, (b) Kite power, (c) RT-Drum and kite power,
(d) Reference torque of motor (e) Reference speed of the motor and (f) RT-Reference torque and speed
of the motor.



Energies 2023, 16, 6804 17 of 30
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Figure 17. No-Load Real-Time Simulation Results: (a) Speed of coupled machines, (b) RT Speed
of coupled machines, (c) Generator current, (d) RT generator current, (e) Generator voltage, (f) RT
Generator voltage, (g) Generator voltage (zoom), and (h) RT Generator voltage (zoom).

4.3. On-Load Test Analysis

Figures 18 and 19 depict the on-load test analysis at the PMSG terminal. Figure 18a
presents the variation in the coupled motor speed. The red waveform shows the reference
speed, and the blue waveform shows the speed of the PMSM. At a wind velocity from
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1 m/s to 10 m/s, the motor speed changes from 230 rpm to 1500 rpm within 0 to 8 s, which
tracks the motor reference speed. Figure 18c illustrates the coupling torque between the
motor and the generator. It varies from 1 N to 26 N when the wind speed varies from 1 m/s
to 10 m/s, accurately tracking the kite’s reference torque. Figure 18e depicts the coupling
power between the motor and the generator, varying from 25 W to 4000 W when the wind
speed increases from 1 m/s to 10 m/s, and it precisely tracks the reference kite power.
As observed in Figure 18e, the generator torque is the opposite of the motor torque. When
the wind speed varies from 1 m/s to 10 m/s, the value differs from −1 Nm to −26 Nm.
The current flowing through the generator is observed in Figure 19a; it ranges from 0 A
to 14 A at wind speeds from 1 m/s to 10 m/s. The AC voltage of the generator, shown in
Figure 19e, ranges from 30 V to 195 V as the wind speed increases from 1 m/s to 10 m/s.
Figure 19g shows the generator’s electrical output, which accurately follows the kite power.

The simulation results for the on-load analysis were successfully validated using a
real-time OPAL-RT simulator. Figure 18b presents the reference and motor speed. The no
load and reference speed varies from 230 to 1500 rpm, with each division representing
500 rpm, while Figure 18d displays the reference and motor torque. The reference and
motor torque changes from 1.2 to 26 Nm, with each division in the figure representing
8.56 Nm. Figure 18f illustrates the variations in kite and motor power. The motor and kite
power varies from 10 W to 4 kW, with each division in the figure representing 1.36 kW, and
Figure 18h depicts the reference and generator torque. The reference and generator torque
changes from −1 Nm to −26 Nm, with each division in the figure representing −8.56 Nm.
Additionally, Figure 19b exhibits the generator current, which changes from 0 A to 14 A,
with each division in the figure representing 4.67 A. Figure 19f depicts the generating
voltage, which varies from 30 V to 195 V, with each division in the figure representing
64 Volts, and Figure 19h represents the kite and generator power, which vary from 10 W
to 4 kW, with each division in the figure representing 1.36 kW. The effectiveness of the
proposed PMSM-based emulator is demonstrated under varying load requirements using
the output of the kite model speed and torque reference values in a load test analysis of the
LAWECS emulator system.
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Motor speed
500 rpm/div

Time(1 S/div)

(b)

Figure 18. Cont.
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Figure 18. Real-Time simulation result: (a) Couplings speed, (b) RT Couplings speed, (c) Couplings
torque, (d) RT coupling torque, (e) Couplings power, (f) RT Couplings power, (g) Generator torque,
and (h) RT Generator torque.



Energies 2023, 16, 6804 20 of 30

(a)

14 A/div Generator current

Time(1 S/div)

(b)

(c)

14 A/div Generator current

Time(1 S/div)

(d)

(e)

64 V/div Generator voltage

Time(1 S/div)

(f)

0 2 4 6 8

Time (seconds)

0

1000

2000

3000

4000

5000

P
o

w
e
r 

(W
)

Kite power

Generator power

(g)

1360 W/div Kite power

Generator power

Time(1 S/div)

(h)

Figure 19. Real-Time simulation result: (a) Generator current, (b) RT Generator current, (c) Genera-
tor current(zoom), (d) RT Generator current(zoom), (e) Generator voltage, (f) RT Generator voltage,
(g) Generator output power, and (h) RT Generator output power.
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4.4. Three Different Power Rating Adaptabilities at Generator Terminal

In their study, he authors of [49] include a quasi-steady modelling framework for a
pumping kite power system and experimental validation. The experimental data estimates
the mechanical power production based on wind, system design, and operational charac-
teristics. The validation reference data comes from two technology demonstration tests
that generated 20 kW of nominal traction power with 14 and 25 m2 kites. However, our
study demonstrates using three different kite areas, 5, 25, and 70 m2, to generate 2, 20,
and 60 kW of power. The further developed power is validated with OPAL-RT in the
real-time discrete simulator.

We conducted simulations for three distinct power ratings, specifically 2 kW, 20 kW,
and 60 kW, at the generator terminal, considering corresponding aerodynamic coefficients
of 1.965, 3.826, and 4.235.

Figure 20 presents the results of these simulations, providing a visual representation
of the performance and characteristics associated with each power rating. In Figure 20a,
the maximum power output of 2 kW is observed when the kite’s surface area is 5 m2,
and the wind speed reaches 10 m/s. Figure 20c illustrates the simulation results for a kite
surface area of 25 m2, indicating a maximum power output of 20 kW at a wind velocity
of 10 m/s. Figure 20e presents the simulation results for a kite surface area of 70 m2,
demonstrating a maximum power output of 60 kW when the wind speed reaches 10 m/s.
The simulation results for the three different power ratings were successfully validated
using a real-time OPAL-RT simulator. Figure 20b presents the maximum generator power
of 2 kW, with each division in the figure representing 0.67 kW. Figure 20d shows the
maximum generator power of 20 kW, with each division in the figure representing 6.67 kW.
Figure 20f presents the maximum generator power of 60 kW, with each division in the
figure representing 20 kW. The investigation of different power levels demonstrates that
the LAWECS emulator is crucial for testing the system’s scaled-up version under various
load scenarios. It is essential to evaluate its performance before developing the actual
design system.
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Figure 20. Real-Time Simulation of output power in three distinct tests at the generator terminal:
(a) 2 kW, (b) RT 2 kW, (c) 20 kW, (d) RT 20 kW, (e) 60 kW, (f) RT 60 kW, and (f) RT 60 kW.

4.5. Field Test Wind Data Analysis

The estimation of force is derived from the data that were gathered during the field
test. Multiple experiments were performed to record the trajectory data of the tether and
kite force in a figure-eight pattern. Table 3 displays the raw data gathered during the field
testing, which includes information on the orientation of kite (Pitch, Yaw, and Roll), altitude
in meters, load cell measurements (analogous values) of the force, wind speed, and wind
direction. Typically, wind directions are reported considering the easterly axis.

Table 3. A set of 10 data points, sampled from the field test data, were used in the simulation.

Data Point Yaw
(Degrees)

Pitch
(Degrees)

Roll
(Degrees)

Altitude
(m)

Tether Force
(N)

Wind Speed
(m/s)

Wind
Direction
(Degrees)

1 50.67 −132.16 47.98 2.20 491.79 3.60 18

2 48.36 −136.11 51.89 3.10 494.61 3.55 15

3 45.95 −144.10 53.98 5.80 462.71 3.57 10

4 47.20 −148.21 55.08 6.50 473.03 3.62 9

5 48.22 −150.19 45.78 8.30 471.85 3.63 12

6 52.35 −152.20 36.56 9.20 461.11 3.64 14

7 54.91 −154.99 30.14 11.10 382.05 3.64 7

8 56.08 −155.99 26.23 11.50 292.12 3.70 7

9 54.81 −159.98 26.16 13.30 264.33 3.72 16

10 53.57 −165.89 28.37 14.10 222.23 3.69 13
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The equations representing the coefficients of lift (CL) and drag (CD) can be formulated
in the following manner.

CL ≈ 2π(θ̇ − β) (29)

CD ≈ 1.28× (cos(90− θ̇) + cos(β) + sin(90− φ′)) (30)

The angle between the kite and the direction of the wind is denoted by β, and it is
determined as the absolute value |χ− ψ| [50]. χ represents the angle between the wind
direction vector and the eastward direction vector, while ψ represents the angle between
the kite and the eastward direction vector.

4.5.1. Validation Using Satellite Wind Data

Figure 21 shows a graphical depiction of wind data gathered from satellites specif-
ically for the NITK beach location in the Dakshina Kannada district of the Indian state
of Karnataka. This figure provides a pictorial depiction of the analyzed 3D wind data,
offering insights into the wind patterns and characteristics at the NITK beach location. The
aforementioned satellite wind data analysis shows two hubs between 10 m and 50 m in
height. Figure 21a,b show the velocity and direction of the wind data for 12 months of 2022.
Whereas, Figure 22a,b show the velocity and direction of the wind data on one day in July.
Lastly, the plot indicated predominant southeastward changes in wind speed and direction.
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Figure 21. Satellite wind data: (a) Yearly profile of winds at 10 m above ground, and (b) Daily profile
of winds throughout the month of July.
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Figure 22. Satellite Wind data: (a) a yearly profile of winds at 50 m above ground, and (b) a daily
profile of winds throughout the month of July.

Hourly satellite wind data for electricity generating 50 m above the ground for July
2022 is displayed in Figure 23. The results are shown in figures below to simulate these data
in a LAWECS model. Figure 23a illustrates the wind speed variation, which ranges from
3.34 to 7.56 m per second. Figure 23b depicts the speed of machines, which changes from
495 rpm to 1112 rpm. The kite power generated, which ranges from 155 Watts to 1735 Watts,



Energies 2023, 16, 6804 24 of 30

is displayed in Figure 23d. Similarly, Figure 23e shows the generator power, which changes
from 165 W to 1730 W and is the same as the kite-developed power. The power generation
plot in Figure 24 displays the hourly power generation results for a one-month wind data
sample in July 2022, determined using satellite wind data collected 10 metres above ground
level. The LAWECS model was used to simulate the wind speed, motor speed, kite power,
and generator power, which are shown in Figure 24a,b,d,e, respectively. The wind speed
ranged from 2.39 m/s to 5.26 m/s, while the motor speed varied between 346 rpm and
775 rpm. The kite power output varied from 55 W to 588 W, and the generator power
output ranged from 65 W to 580 W, which was consistent with the kite-generated power.
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Figure 23. Simulation hourly satellite wind data at 50 m height: (a) Wind speed (b) Motor speed,
(c) RT Wind and motor speed, (d) Estimated kite power from physical model (PM), (e) Generator
power, and (f) RT Kite and generator power.
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Figure 24. Simulation hourly satellite wind data at 50m height: (a) Wind speed (b) Motor Speed,
(c) RT Wind and Motor Speed, (d) Estimated Kite Power of PM, (e) Generator Power, and (f) RT Kite
and Generator Power.

The satellite wind data simulation results are validated using a real-time OPAL-RT
simulator. The validation process is demonstrated in Figures 23c,f and 24c,f, showcasing
the dynamic behaviour of the kite at a 50 m and 10 m height using the satellite wind data in
real-time simulation results, respectively. Figure 23c depicts the variations in wind speed
and motor speed. The wind speed changes from 3.34 m/s to 7.56 m/s. Each division in the
figure represents 2 m/s, and the motor speed varies from 495 rpm to 1112 rpm, with each
division in the figure representing 371 rpm. Figure 23f shows the kite power and Generator
power at a 50 m height from the ground. The kite and generator power changes from 165 to
1730 Watts, with each division in the figure representing 578 Watts. Figure 24c illustrates
the wind and motor speeds. The wind speed changes from 2.39 m/s to 5.26 m/s, with each
division in the figure representing 2 m/s, and the motor speed varies from 346 rpm to
775 rpm, with each division representing 258 rpm. Lastly, Figure 24f displays the kite and
generator power at a 10 m height from the ground. The kite power and generator change
from 55 to 588 Watts, with each division in the figure representing 194 Watts.
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4.5.2. Validation Using Experimental Ground Wind Data

The results of the ground data simulation are presented in Figure 25. These results
encompass various parameters, including the motor speed, kite power measured during
field tests, kite power estimated using the physical model, coupling power, and generator
output power. Experiments were conducted to record from the figure-eight path of the kite,
such as the wind speed and tether force. These data served as valuable input for estimating
the power generated by the system. Those data are presented in Table 3. Figure 25a depicts
the experimental wind speed, showcasing a minimum value of 3.4 m/s and a maximum
value of 4.65 m/s. Figure 25b illustrates the machine reference speed with a six-gear ratio,
showing a range from 500 rpm to 685 rpm. The recorded kite power during the field test
exhibits a range of values, with the lowest recorded power being 230 Watts and the highest
recorded power being 810 Watts, as illustrated in Figure 25d, with sampling durations of
14 s and 26 s, respectively. As observed in Figure 25e, the electrical power of the emulator
varies at a minimum of 100 W with a time of 13 s and a maximum of 675 W for a time of
24 s at the PMSG terminal. Consistent with the physical model’s projected kite power, it is
a perfect match.

The simulation results of experimental ground wind data, as shown in Figure 25c,f,
are validated using a real-time OPAL-RT simulator. Figure 25c depicts the variations in
wind speed and motor speed. The wind speed varies from 3.4 to 4.65 m/s, with each
division in the figure representing 2 m/s, and motor speed varies from 500 rpm to 685 rpm,
with each division representing 227 rpm. Figure 25f displays the field kite power, kite
power, coupling, and generator power. The kite, coupling, and generator power changes
from 100 to 675 watts, with each division representing 227 watts, and the field kite power
varies from 230 to 810 watts, with each division representing 270 watts. This matches
perfectly with the calculated kite power based on the physical model.
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Figure 25. Experimental ground data simulation results: (a) Wind Speed (b) Motor Speed (c) RT
Wind and Motor speed, (d) Measured Kite Power of Field Test, (e) Generator electrical power, and
(f) RT Measured Field kite, estimated kite of PM and generator output power.

5. Conclusions

This paper’s research significantly contributes to the booming field of alternative
energy generation, which is currently experiencing worldwide growth. A LAWECS em-
ulator was built and deployed to simulate an actual airborne wind turbine’s drive train
in a controlled testing environment. This study explores a kite-based AWES emulator,
incorporating a field-oriented control technique to drive a PMSM. A DC/AC converter
employs a closed-loop current-based PI regulator to drive the motor. The proposed system
validated the MATLAB SIMULINK results with the experimental ground data measured
during a field test. Further, the proposed systems are verified with the real-time simulator
environment using OPAL-RT (OP5033), and it has been proved that the system’s dynamics
with OPAL-RT and MATLAB SIMULINK software showed the same responses. The main
findings of this paper are listed below:

• The LAWECS emulator provides researchers with a cost-effective solution by offering
a different range of kite sizes and adjustable wind speed.

• The proposed emulator was successfully applied to simulate three power ratings of
2 kW, 20 kW, and 60 kW at the generator terminal with kite surface areas of 5 m2,
25 m2, and 70 m2, respectively.

• The emulator system based on PMSM demonstrates promising results in emulating
the LAWECS with different wind speeds and kite areas.

• The wind velocity exhibited a range from 1 m/s to 10 m/s during both no-load and
on-load-rated scenarios. The LAWECS was verified using experimental ground test
data to evaluate the dynamic behaviour exhibited by the generator when subjected to
on-load conditions.

• The proposed systems were validated in a real-time simulator environment using
FPGA processor-based OPAL-RT. The system dynamics were compared between
OPAL-RT and MATLAB SIMULINK, and it was observed that both exhibited identical
responses.

Furthermore, the analysis demonstrates that the kite power obtained from the mathe-
matical model is consistent with the power developed by the emulator system. As the kite’s
tether force varies along its flight trajectory, the generator shaft speed must be precisely
managed. The PMSM-based emulation system shows promise for modelling LAWECS
with a wide range of kite sizes and wind conditions. The design and development of an
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experimental prototype, intended for the purpose of validating the proposed kite-based
system design and thoroughly assessing the performance of the emulator itself, will be
addressed in our future study.
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