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In the new technologies for producing electricity from wind gusts, a new class of wind power
converter has been proposed. The hybrid autogyro uses the principle of autorotation to
generate lift. This paper proposes to take advantage of this rotation to also generate energy.
There are systems that use flying wings or airplanes to reach winds that blow in layers of the
atmosphere that are inaccessible to traditional wind turbines. Wind gusts are disturbances

that significantly affect the behavior of this kind of aircraft. However wind gust is the source
of energy and this wind speed increases with the aircraft’s altitude. This paper reviews

the mathematical model of the hybrid autogyro aircraft and proposes a control algorithm

Hybrid autogyro to ensure that the vehicle remains horizontal in forward flight, in this way is possible to
maximize the generated energy, this concept is tested in numerical simulations.

Symbol Description ) Inertial frame.

ap,ay, by Coning, forward, and side flapping angles. (e Error.

F Force vector [X Y Z]7. ()fus Fuselage.

g acceleration due to gravity. ()nr  Horizontal tail.

H Angular momentum vector. (-)pia  Proportional, integral and derivative terms.

Iix, Iy, I, Inertia matrix components. ), Rotor.

K,,K;,K;  Gain of control terms. or Vertical tail.

LM, Torques around x, y and z axes.

m Autogyro mass. .

pN, ,E, ;D Inertial frame positions (north, east, and down). 1 Introduction

P,O,R Body rotation rates about x, y, and z directions.

R Rotational matrix, body to inertial frame. The arrival of the 21st century brought a great advance in technology.

TAF Total aerodynamic force. Unmanned Aerial Vehicles (UAV’s) are now the object of interest

Uv,w Linear velocities in x, y, and z axes. by sectors of society that find more and more applications, for

v Velocity vector [U V W]T. example to explorer areas which are difficult to access or imply

X, Y.Z Forces in x, y, and z directions. high risk for humans [1]. UAV’s present great advances in design

1) Deflection angle of elevator. and control, due to the versatility of the applications [2, 3]. On

T Torque vector [L M N1”. the other hand, well-known techniques that use natural resources

v Noise. such as solar radiation, wind gusts or the water flow of rivers, could

b, 0,0 Euler angles (roll, pitch, yaw). be improved by using UAV’s for inspection and maintenance work

w Body rotation rate vector [P Q R]”. [4}15]. Furthermore, wind generators, solar panels, hydroelectric

Q34 Matrices of rotation rates. dams among others, have high-impact environmental and economic

()a Aerodynamic. costs. In addition, there are cases in which geographical and

a Air relative. environmental areas have very specific characteristics [6].

()a Desired angle. In recent years, air vehicles have presented advances in design

(w Air relative velocities. and control thanks to a large number of applications and scopes.
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One of the advances is to generate energy using wind gusts. In [[7]
the authors present a study of the technologies used to generate
energy. The techniques used for wind gusts can be arranged in three
main groups of generation [8]]:

e On board.
e Ground generation.

e On board and ground generation.

Aircraft Aircraft

N

Generator

Mechanical
Power

Electrical
Power

(a) (b)

’ Generator

Figure 1: (a) Ground generation. (b) Generation on board.

On board case has the purpose of converting the wind gust

to energy using electric generators like the Makani Company [9].

Ground generation case, the traction generated by the gust of wind

on the aircraft which is attached to some mechanism on the ground.

In [10]]-[13] are presented different techniques to transform that
traction force into energy. This technology is developed to obtain
benefits from wind gusts once the aircraft is on the air. However
take-off and landing of the aircraft are high risk maneuvers and are
performed manually.

The first model of the autogyro was developed by Glauert and
Wheatley in the early 30’s [[14, [15], who introduced the concept
of blade element impulse, a phenomenon responsible for the state
of autorotation. Developed by the Spanish engineer Juan de la
Cierva in 1923, the autogyro can be described as the antecedent of
the modern helicopter. The principle of self-rotation consists of a

free rotation wing for the elevation generated by the induced wind.
This aircraft is powered by engine (equivalent in classic airplane).

Thanks to self-rotation, landing and take-off are possible on a much
shorter runway, even under specific wind conditions, short take-offs
or jump start is possible. There is a great variety of aircrafts applied
to the generation of energy and there are different techniques of
flight for obtaining energy.

This paper proposes an autogiro with fuselage and a control
surfaces as an airplane to generate pitching moment. The main
difference is that it uses a free rotating wing which changes the
angle of the lateral inclination to generate the roll moment of the
aircraft, similar to the classic helicopter. The implementation of a
fixed wing for the autogyro fuselage is presented in [[16]-[19], the
improvement in performance is shown by the authors.

The paper is organized as follows: Section 2 presents the
autorotation in vertical flight and forward flight. Section 3 describes
the mathematical model of the autogyro and its dynamics. Section
4 describes the longitudinal control law. Section 5 is devoted to the
energy conversion. Final remarks are given in the conclusions in
section 6.
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2 Autorotation

2.1 Autorotation in vertical flight

Sometimes an auto start system (engine that drives the rotor) is
used for the take-off at a very short distance, producing an almost
vertical take-off. Similarly, the landing is done almost vertically
and in slow-soft landing. The autogyro as others aircrafts obtains
the lift from the wind upwards that crosses the disc formed by the
rotation of its main rotor inverse to the helicopters. This wind gust
generates aerodynamic forces along each propeller which allow the
autorotation [20, 121]].

Driven Driving Stall
uﬁ? TAF ife, TAF
| Drag Drag Lift.;,A[;rag

................................... R e s e i, e e

[
(a) (c)

Figure 2: (a) Driven: A bearing force is generated orthogonal to the wind incidence,
the total aerodynamic force is soft-opposite to the rotation. (b) Driving: A greater lift
force is produced, the region farthest from the center hub is the one with the highest
speed, the total aerodynamic force is positive to the rotation. (c) Stall: Mechanically
it is where the axis of rotation and hub of the helices is located.

The Lift force, Drag force and the Total Aerodynamic Force
or TAF are the forces with which it is possible to generalize its
operation and that vary along the regions of each blade [22].

2.2 Autorotation in Forward flight

Landing and take-off are important stages in flight. The forward
displacement generates aerodynamic forces that must be considered.
The autorotation, takes advantage of the wind incidence. The
autogyro must remain in forward flight to generate lift in the same
way as an airplane.

Vertical Flight Forward Flight

// ! by !
/ ¥

9; Stall fe———mty [ stall |
—
Driving Driving
Driven Driven |
{ Advancing side Retrating side
- RetrDisk
(a) (b)

Figure 3: From a top view its possible to separate the rotation disk in left and right
hemispheres, therefore the rotation is clockwise.
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Figure [3] shows the aerodynamic forces due to the relative wind
generated by the forward flight of the autogyro. The forward
blade corresponds to the right hemisphere and the retreating blade
corresponds left hemisphere. This relative movement of the forward
blade presents an increase in its total aerodynamic force which is
larger than the one produced by the retracting blade. This difference

induces an angular momentum that could cause an overturn [23} [24].

A semi-cyclic plate is able to control the orientation by tilting the
rotor disc using the roll moment [25]].

3 Mathematical model

3.1 Egquations of motion

The six-degree of freedom rigid body dynamics equations will be
developed in this section. The fundamental relations between forces
and linear momentum rates and torques and angular momentum
rates are

F=m

. 1
T=H )

where H is the angular momentum vector with the derivatives taken
with respect to the inertial frame ' [26]. The force and torque
vectors F = [X Y Z]T and 7 = [L M N]” are

F=m@+wxv)
' (2)
T=H+wXxH

where the derivatives are taken with respect to the airframe

Figure 4: Autogyro Diagram

and v = [U V W]7 is the relative velocities vector and w = [P Q R]”

is the rotation rates vector. Then, using the matrix cross product, the

angular momentum is

www.astesj.com

0 -R Ql||U
wXv=Q3v=| R 0 -P||V
-0 P 0||W

The force and moment equations can be rewritten as

3)

%F=V+Q3V
T=10w+ Qlw

where the individual state derivatives represents the forces and
moments vectors, where it is established that in a hybrid autogyro
the autorotating propeller is considered as a passive element,
therefore the remaining dynamics may well be represented as that
of a fixed-wing aircraft according to [27].

U X4 X, 0 RV - QW
Vi=—||Ya|+|Y.|+CT| O ||+|PW-RU 4)
w| "™\|z.| |z mg QU - PV
Pl [e O O'([La] [L/] [ORU, - L)
ol=|0 I, 0 My|+|M,.|+|RP(. - I,) (5)
R 0 0 I, Ny N, | |[POUy — ILy)

The weight vector g = [0 0 mg]” must be included with the
direction cosine matrix or rotational matrix R, which rotates vectors
from the body to the inertial frame. Euler angles describe the
rotation with respect to the inertial frame. R matrix transform
vectors from the body to the inertial frame and is defined as

[coco  CySesy — SuCp  CySeCs + SySe
R =|sgCco SySaS¢ + CyCy  SySeCy — Cy Sy
. So CoS¢y CoCy (6)
Cxx ny sz
=G Gy Gy
,CZX CZ}' CZZ

where ¢, corresponds to cos ¢, s4 corresponds to sin ¢ and the same
for cgy and sg, [28]. The relation between Euler angles and the
body angular velocities is the following

P ¢ —sin@
Q| =| 6Ocos+ycosfsing (7)
R —0sin ¢ + Y cos O cos ¢
The Euler angles derivatives are
#| [P+ (Qsing + Rcos¢)tané
0| = Qcos¢ — Rsing (8)

0 (Qsin¢ + Rcos ¢) secd

Finally, the equations for the position are defined in the local
coordinate frame as

»N U
PE|=R|V 9)
D W

where ,N, ,E, ,D represent the inertial frame positions (north, east,
and down).
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3.2  Wind model

The wind is introduced in the local frame, the body velocities
[U V W] are converted to local velocities through the direction
cosine matrix R. The wind velocities can be subtracted and the
result converted back to the body frame to obtain the air relative
velocity

U, ul (U,
Vo|=RT|R|V|=|V, (10)
W, wl |w,

where (-), and (-),, represent air relative and air relative velocities
respectively. For simulation proposes, the wind is generated by the
equation

Vy = (1 + Vwind)Vw[GW

1)

where v,, is the constant wind intensity. A zero mean Gaussian
noise turbulence term v,,;,; with standard deviation o, is added
to 1 to perturb v,,, this signal is then shaped by G,, to smooth the
turbulence, where G,, is a first order low pass filter.

3.3  Forces and Moments
3.3.1 Rotor Forces and Moments

The forces and moments produced by the rotor considering the
distance of the rotor hub from the vehicle center of gravity and if the
flapping angles are assumed small, the equations can be simplified
with sine and cosine approximations.

X [T

Y,|=| T,

Z| | -T "
Lri [ ~Tbz, (12
Mr = Tx,» - Talzr

N | 0

3.3.2  Aerodynamic Forces and Moments

The total aerodynamic forces and moments in the equations of
motion are:

XA— Xfus

Ya|= qus + Y,

ZA: :qus + Zpy (13)
LA _quszfux - thzvt
My| = XfMSZfMS = L Xy

NA ] thxvt

The approach to estimate these forces and moments is to assume
that, similar to a helicopter, the lift force is generated by a rotating
wing. However, an important aerodynamic difference is that the
wind flow is upward through the rotor. Another difference is the
absence of the moment produced by the helicopter motor. It is
possible to find a more complete study in [29] where similar details
to other aircrafts are considered.
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4 Control Structure

Separate lateral and longitudinal controllers are constructed in
decoupled modes and the two can be integrated with minimal risk
of interference.

4.1 Longitudinal Control Design

The longitudinal dynamics is governed by a PID controller as an
internal loop for attitude control. The controller includes the input
pitch angle. The corresponding output is the deflection angles of
the elevator 6,. The longitudinal control law is as follows:

8o = [0 = 0) Kpy — p| Kpy + Kig f |62 = 0) Ky — p]dr - (14)

a0 - 0) Kyo - p|
dp dr

the desired angle is represented by 6,;. The Classical PID control
strategy is used to control the attitude of the aircraft [26} [16] due
to the fact that the attitude of the hybrid autogyro and the energy
generation are independent processes. The PID Tuner app in Matlab
was used for automatically tuning the gains of a controller to achieve
a balance between performance and robustness.

10F T T T T qot

g

©) q

Figure 5: Step response. The response of the vehicle to the change of reference.

The inner loop PID controller for the longitudinal control
corresponds to the pitch attitude control. The altitude control
compares the pitch angle and desired pitch angle and uses it for
pitch stabilization to reach the desired altitude (Figure 5). Then it
commands the angle of the elevator to control the hybrid autogyro
pitch and correct the angle of attack. The longitudinal control of the
autogyro commands the flight up and down. In the presence of wind
it is necessary to consider the angle of attack of the autogyro which
must be regulated to keep the lift at aceptable level. Furthermore,
the rotor can be tilted lateraly to make the autogiro turn [30]. To
reduce the lifting force loss during the turning and maintain the
altitude, this paper adopts the pitching elevator feedforward control
method of the propeller (roll moment).
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The response of the Hybrid Autogyro to a change of direction
presents an effective control before the variation in the reference
that may come from the change of direction in the altitude. Figure 6
presents the response of the angle of attack due to a disturbance or
a change in altitude, the autogyro reaches its horizontal reference.

d g

Figure 6: Square wave signal response.

S Energy conversion

According to [31]] the wind velocity variation can be observed in
terms of the altitude. As shown in Figure 7, a terrain with obstacles

like buildings or high trees produces a reduction in the wind velocity.

In higher levels above ground we can find higher wind velocities
but in fact also greater amount of opposite wind gust, which are
considered as strong disturbances. The wind velocity variation
versus the height above ground exhibits a parabolic shape depending
on the ground roughness.

IS
&

|)<Il|||r|‘|||

Wind velocity (km/h)

Figure 7: Altitude vs Wind speed for equilibrium flight 65km/h.(image taken from
[311).

If the speed of the autogyro (induced by the motor) is equal to
the minimum wind speed required for the lift, then the autogyro

performs a stationary or suspended flight without displacement.

Actually, finding this balance in wind speed represents an ideal
for energy conversion. The autogyro can remain in flight
without using energy in the engine, which represents the highest
energy consumption during the flight. Other avionics components
(servomotors, sensors, autopilot, etc.), only used for the attitude
control, represent a lower energy consumption, which means an
increase in flight time [32]. The higher wind speed could represent

www.astesj.com

a negative displacement to the advance of the autogyro, in other
words, it would be necessary to anchor the autogyro as a kite.

Mys Watts
25 5
20 4
15 3
10 ‘ g 2
etia i}
T
thhk SRRAE

mmm \Wind tunnel === Pitot tube Watts

Figure 8: Wind speed vs energy in flight.

When the wind speed is above 65 km/h, the use of the main
motor for producing lift may not be necessary. However the
longitudinal control is crucial to improve the performance in the
generation of energy (Figure 8).

Viina = 65km/h — SWh.
6 Conclusions

15)

The hybrid autogyro uses the principle of autorotation to generate
lift and in this paper has proposed to take advantage of this rotation
for energy generation by placing generators on the frame. However,
the wind speed should be considerably higher to flight an autogyro
than the wind required for fixed-wing vehicles. Therefore, the
autorotation serves simultaneously to generate lift and to generate
energy. It has been observed that it is important to consider the
mathematical model and control algorithm of the autogyro to obtain
a good behavior of the aircraft. Consequently and because wind
gusts are also non-constant disturbances, the implementation of a
control strategy that improves performance in altitude control is
important for power generation. Nonetheless the wind is the source
for power generation at high altitude.

A wide range of topics for the UAV’s that pursue the generation
of energy, such as aerodynamics, avionics, control and energy is
presented in this paper. Currently these areas are continually being
developed promoting clean and renewable energy through specific
UAV’s projects.
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