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Abstract: This article presents a virtual swashplate mechanism for a mini helicopter in classic
configuration. The propeller bases are part of a passive mechanism driven by main rotor torque
modulaton, this mechanism generates a synchronous and opposite change in the propellers angle
of attack, then the thrust vector tilts. This approach proposes to control the 6 degrees of freedom
of the aircraft using two rotors. The main rotor controls vertical displacement and uses torque
modulation and swing-hinged propellers to generate pitch and roll moments and the horizontal
displacement while the yaw moment is controlled by the tail rotor. The dynamic model is obtained
using the Newton-Euler approach and robust control algorithms are proposed. Experimental results
are presented to show the performance of the proposed virtual swashplate in real-time outdoor
hover flights.

Keywords: virtual swashplate; classic helicopter; torque modulation; swing-hinged propellers

1. Introduction

The swashplate is an essential mechanism for classic helicopters that enables them to
perform takeoffs and landings in short areas and hover flights. Since its invention, slight
modifications have been proposed to reduce its complexity in order to reduce maintenance
and repair costs. However, multirotors are less efficient than a classic helicopter but their
maintenance and repair are simpler and cheaper. A virtual swashplate approach is an
option where a main rotor torque modulation and a lead-lag hinge modification are used to
also synchronously increase or decrease the angle of attack of the blades. It is then possible
to reduce the number of mechanical parts, their complexity and the number of actuators
used to control the mini helicopter. Thus, the use of a classic configuration helicopter
does not imply an increase in maintenance or repair costs. The electronic control is an
important topic in the development of autonomous missions of the Unmanned Aerial
Vehicles (UAVs).

The theoretical analysis of the dynamics of a classic helicopter differs from that of
a fixed-wing aircraft due to its hovering capacity. The analysis of a mini helicopter pro-
vides the dynamic characteristics necessary for the design of control algorithms to perform
stable flights. In [1] the authors presents a simple learning control strategy based on
gradient descent that minimizes the cost function defined by the error dynamics of the
nonlinear helicopter system for a test bench with two degrees of freedom and compares
a Linear-Quadratic Regulators (LQR) and a Proportional-Integral-Derivative (PID) con-
trollers. In [2,3] the authors present a flight system based on a non-linear model and a robust
control based on Hoo algorithm for the stabilization of a helicopter in classic configuration
showing experimental results in real time outdoor flights. The authors in [4] present the
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robust stabilization of the nonlinear model of a helicopter in the face of disturbances caused
by wind gusts, a nonlinear controller was designed based on a chain of integrators with
saturated feedback and its performance is successfully shown in numerical simulations.

Swashplate mechanisms are used in different helicopter as coaxial, tandem, or classical
configurations to control maneuvering, the angular moments are resulting from increasing
the collective angle of attack or tilting the propellers more to one side than the other.
Swashplates are mechanically complex, expensive and fragile, therefore our objective is
to design a virtual swashplate control approach that does not require any actuators to
stabilize a helicopter’s flight. In such a virtual swashplate approach the rotors can be used
to generate thrust and pitch and roll moments, tilting the thrust vector. A UAV applying a
virtual swashplate approach is an underactuated system having six degrees of freedom that
are controlled with only two actuators. In recent years, important technological advances
have been developed around the world on helicopter sensors and actuators.

In [5] the authors propose a novel coaxial helicopter that provides its main actuator the
ability to tilt its thrust vector without using servo actuators or control surfaces to perform
attitude control maneuvers, reducing the mechanical complexity of the swashplate when
flying indoors. The authors in [6] present the technique of cyclic control of the blade
pitch in the rotors of a helicopter in tandem configuration without using servomotors
to maneuver using a PID control algorithm, also showing tests of indoor flights. In [7]
the authors present a theoretical study on the design of a cylindrical mono-rotor using
swashplateless torque modulation approach, employing a rotor to control thrust, pitch
and roll and anti-torque moments fins for rotor drag compensation. A non-linear model
is also proposed using the Euler-Poincare approach and proposing a non-linear control
for the control of the proposed vehicle. Virtual cyclic control is not only applicable in the
torque modulation, in [8] the authors propose a cyclic control for a rotor composed of two
fixed-wing aircraft joined with a rigid rod and uses the control surfaces to coordinate the
pitch and roll moments, the performance of this virtual swashplate and its nonlinear control
are tested in numerical simulations.

The present manuscript focuses on the hover flight of a mini helicopter with a virtual
swashplate depicted in Figure 1 and the experimental results showing the performance
of the robust control algorithms during outdoor flights. The main rotor tilts the thrust
vector through torque modulation and hinged blades. The tail rotor compensates for the
reactive torque of the main rotor. Torque modulation and slanted hinges at the hub of
the propellers generate the change in the angle of attack and therefore the inclination of
the thrust vector. Sensors like an inertial measurement unit (IMU), Global Positioning
System (GPS), and barometer have been used on autopilot to obtain the helicopter attitude
and position.

Figure 1. Mini helicopter with virtual swashplate.
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The novelty in this work can be listed as follows:

(1) The virtual swashplate approach is implemented in a classic helicopter platform, which
is the most efficient aerodynamically with respect to coaxial or tandem configurations.

(2) An estimated torque of the main rotor and the nonlinear dynamics is developed.

(8) Several outdoor flight tests are carried out to validate the algorithm robust control.

(4) The swing-hinged mechanism has only three pieces reducing the weight and complex-
ity of the main rotor.

(5) The blades used with symmetric airfoil reduce the stress and heating of motor in
contrast to cambered blades that have higher drag coefficients due to the changes in
angle of attack.

The paper is organized as follows: Section 2 presents the virtual swashplate mecha-
tronics. Section 3 describes the mathematical model. Section 4 is devoted to the control
strategies. The experimental results are shown in Section 5. Concluding remarks are pre-
sented in the Sections 6 and 7 sections respectively. Appendix A describes the gyroscopic
effect present in the helicopter main rotor.

2. Virtual Swashplate

The mini helicopter in classic configuration prototype used in this work does not
have an angular velocity reduction gear, so the propellers and the motor are linked by
the same shaft and the torque applied is the same. Then, to produce the pitch and roll
moments, the torque modulation changes as a sinusoidal signal with variable amplitude.
The amplitude of this signal corresponds to the amplitude of the desired torque. The tail
rotor is used to compensate the yaw moment produced by the main rotor. Figure 2 shows
the swing-hinged propellers lag due to torque modulation of the main rotor. The propeller
bases are passive mechanisms driven by main rotor torque modulation, this mechanism
generates a synchronous and opposite change in the blades angle of attack, then the thrust
vector tilts.

Torque Constant Torque
Decrease Torque Increase

- - —

o

Negative 20°
Blade

40+

Positive

Blade = 20

Figure 2. Lead-lag swing-hinged blades due torque modulation.

2.1. Mechanics

The constant torque means constant angular velocity of the rotor and keeps the angle
of inclination of the propeller blades constant at 12 degrees (see Figure 3a). This would
be the case of the helicopter in hover under ideal conditions, without roll or pitch control
inputs. The main parts of the rotor are the brushless motor, the central hub fixed to the
motor shaft, the propeller bases which are attached to the rotor hub by two angled and
parallel hinges and the symmetrical airfoil blades, see Figure 3b. Due to the inertia of the
blades, they convert the variations in angular velocity into an orderly and synchronous
change of the blades angle of attack.
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Figure 3. Swashplate mechanism: propellers hub and bases. (a) shows the constant angle of attack
with constant angular velocity. (b) shows the slatend hinge inclination. (c) shows the angular position
of the rotor. (d) shows the synchronous change of the angle of attack in the positive propeller and in
the negative propeller due to the lag.

The angular position of the main rotor is measured by using a high-resolution Hall
effect sensor (Figure 3c) to guarantee the torque modulation in each period even at high
revolutions per second. In the same way a high-resolution speed controller is necessary to
command the high frequency Pulse-Width Modulation (PWM) signal.

The swing-hinged propellers shown in the Figure 3d react to torque modulation of
the main motor. Given a control input at the roll or pitch moment, the angular velocity
reference is a sine wave that lags the propellers with respect to the center hub and the
propellers angles of attack increase and decrease synchronously due to the inclination of
their bases. The torque modulation and the swing-hinged blades generates an inclination
in the thrust vector, and it can control the forward-backward and left-right movements
with the main rotor.

2.2. Electronics

The mini helicopter electronic system is a set of embedded hardware and software
systems that control different parameters involved in the flight such as attitude, position
and swashplate virtualization. In the autopilot, the hardware involved in orientation
control is the Inertial Measurements Unit (IMU) that includes accelerometers, gyroscopes
and magnetometers, while a Global Positioning System (GPS) and barometer are used for
position control. A Hall effect sensor to measure the angular position and an external micro-
controller to combine the roll, pitch and thrust signals to command the torque modulation
in the main rotor are necessary to virtualize the swashplate. The autopilot is compatible
with the PX4 firmware and is programmed with algorithms to control attitude and position
while the microcontroller processes the control signals to generate a single high frequency
output for the main rotor.

Figure 4 shows the Pixhawk Cube Black as an autopilot, it has redundancy in inertial
sensors and a frequency of 168 MHz for the fusion and processing of signals and control
algorithms. The PWM signals that come out of the autopilot are the yaw moment control
that is sent directly to the Electronic Speed Controller (ESC) tail rotor and the thrust, roll,
and, pitch moment control signals with a frequency of 50 Hz. The microcontroller receives
the control signals of the autopilot and the angular position of the main rotor from the
Hall effect sensor through the SPI port at a frequency of 8 kHz. The microcontroller fuses
and processes the control and rotor angular position signals at a frequency of 16 MHz to
send to the High frequency ESC of the main rotor brushless motor at a frequency of 32 kHz
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considering that the motor can reach up to 6000 revolutions per minute. The autopilot and
the microcontroller are programmed with their own language based on C++. The autopilot
firmware does not have a default configuration for a virtual swashplate helicopter and the
mixer also needed to be created.

: Hub .
@VWRC PWM - 50Hz.\9 Negative Blade e Positive B@\‘

Tail Rotor | Microcontroller
- PWM = 50Hz. . ESC

Shaft

N

Transmitter-RC
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#== Brushless Motor
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6 - PWM — 50Hz.

Autopilot

eMagnet
12V.

O - SPI — 8kHz. s
Hall effect sensor

\ Power Supply Rotor with Virtual Swashplate /

Rotorcraft Embedded Mechatronics

Figure 4. Virtual swashplate flight system diagram.

The AS5047P is a Hall effect based high resolution angular position sensor for high
speed angle measurement (up to 28,000 rpm) over a full 360 degree range. The microcon-
troller receives the absolute angle position data with 14-bit resolution. This sensor provides
the angular position feedback with a constant magnetic field magnet fixed to the motor
shaft for cycle control of the virtual swashplate.

The high-performance electronic speed controller processes the PWM signal of nominal
input frequency up to 40 kHz whose pulse width varies from 1 ms to 2 ms. Figure 5
shows the pulse width modulation with a sinusoidal reference where many pulses are
produced in each rotation cycle of the main rotor to virtually emulate the control of a
traditional swashplate.

v(t)

U u t

Figure 5. PWM signal (green line) with sinusoidal reference (blue line).

2.3. Pitch and Roll Control through Torque Modulation and Swing-Hinged Propellers

The angular moments generated with the virtual swashplate approach emulate the
cyclic control of a helicopter, substantially decreasing its mechanical complexity. The thrust,
pitch and roll control signals are combined to control the thrust vector and the yaw moment
is controlled by the tail rotor which compensates for the reactive torque of the main rotor.
The following picture illustrates how the angular moments of the helicopter with a virtual
swashplate are generated.

As shown in Figure 6, the roll moment for lateral control is activated when the rotor
passes through the position ® = 0°,180° then the acceleration of the rotor lags the blades
with respect to the center of the rotor increasing the angle of attack of the positive blade up
to 20° and decreasing the angle of attack of the negative blade up to 4° synchronously. This
control command tilts the thrust vector to the left or right, producing a roll moment and
consequently a lateral displacement.
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Figure 6. Roll moment and Lateral displacement.

As shown in Figure 7, the pitch moment for longitudinal control is activated when
the rotor passes through the position ® = 90°,270° then the acceleration of the rotor
lags the blades with respect to the center of the rotor increasing the angle of attack of the
positive blade up to 20° and decreasing the angle of attack of the negative blade up to
4° synchronously. This control command tilts the thrust vector to forward or backward,

producing a pitch moment and consequently a longitudinal displacement.
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Figure 7. Pitch moment and Longitudinal displacement.

A hover flight would assume that the speed of the main rotor is constant and that its
reactive torque is compensated by the tail rotor in addition to the blades having the same
angle of attack at all times 12° and the thrust vector and the vertical axis are collinear as

shown in Figure 8.
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Figure 8. Yaw moment and vertical displacement.
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3. Mathematical Model
From [9] the mini helicopter with virtual swashplate can be modelled as
m¥ = —usinf
mij = u cos 0 sin¢ (1)

mZ = ucosf cos ¢ —mg

Tij + COn. )i = %

where m is the mass, g is the acceleration due to the gravity, u is the control input, C is
the Coriolis matrix, 7 = (¢, 0, 1) is the attitude vector, T is the control input vector and J
represents the inertia matrix where

Jax ]xy Jz
J= ]yx ]yy Iyz )
Jzx ]zy Jzz

Figure 9 shows the representation of the mini helicopter where f; = k;w? fori = 1,2.
represents the main and tail rotors force where k; > 0 represents a set of propellers
aerodynamics constants and w; represents the angular velocities of the rotors. The tail rotor
reactive torque is neglected. The Euler angles rates are get as

¢ p
0| =Tlq
P r

where

1 singtanf cos¢tand
T=10 cos ¢ —sin¢
0 sin¢gsect cos¢sect

h

Figure 9. Mini helicopter diagram.

The rotor torque ¢ g y) is defined as

’T'(p = fldl sin (@)Lp
Ty = frd1cos (@)l (3)
Ty = My — fodo

where M; is torque due to the main rotor, 41 and d; are the distances from the main rotor
and tail rotor to the center of mass, @ is the angular position of the main rotor and I'y and
[y are the aircraft control inputs.
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4. Control Strategies
4.1. Attitude Control

From (1)
Jij=1—-C(y,7)n+M (4)
where J is considered as a constant. When T = 1. + M, where
f1d1r¢ sin (@) 0
T, = | f1d1Tgcos (®)|, M= 0 (5)
—fad> My

Let us propose the following linear dynamics

Jﬁ =T (6)
The error is defined as
Jij=Jn—17 7)
then
Jij =M~ C(n, 1)y (8)

In order to estimate the unknown dynamics described in (8) a Levant differentiator is
implemented [10] . Building a third order Levant differentiator for each #;

. 3 . _

Zo=vy =721 —Kq|Zp— 171-|3;51gn(Z0 — 1)

Zy=v1 =27 - K3|Z; — V0|f5i8”(zl ) )
Zz =1y =73 — K2|Zz — V1|7Sig1’l(ZZ — 1/1)

Z3 = —Kysign(Zz —vs)

Then
i =27 (10)

where 7 is used to compensate the nonlinear dynamics described in (4). Then, an approx-
imation to linear system (6) is considered and a PID control algorithm for the attitude
is proposed

= kye(t) + ki/e(t) dt + kgé(t) — 7 (11)
where 7; represents the references set-point and the error vector is defined as
(] 0 — Gd
ey ¥ —¢a

4.2. Position Control

From (1) the following control algorithms are proposed

L1
0, sin G(Vx) (13)
u
where Vy = % + (x — xy),
sin~16

$a = —m(—vy) (14)

where Vi, =y + (v — va), .
"= cochos<i)(g —V2) (15

where V; = 2 + (z — zy).
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5. Experimental Results

This section presents the experimental results to validate the proposed attitude and
position control strategies for the mini helicopter with virtual swashplate. The controller
parameters were adjusted in order to reduce the transitory overpeak until the best perfor-
mance was obtained. The parameters used are shown in Table 1.

Table 1. Mini helicopter flight parameters.

Parameter Value Parameter Value Parameter Value

kp 0.27 dq 0.05m Tz 6790.391 kg-mm?
k; 0.075 dy 0.15m Jyx —797.035 kg-mm?
ky 0.015 Jex 3424.408 kg-mm? Jzy —672.494 kg-mm?
Z4 15m  Jyy 7662.255 kg-mm? Jox 168.773 kg-mm?

The terms of the inertia matrix were estimated using computer-aided design, modeling
and analysis software. Although the matrix is not diagonal, the parameters decrease as it
move away from the main diagonal to values close to 10% and 2% and it is clear that the
main diagonal terms are significantly larger.

A mixer algorithm is designed and implemented in px4 autopilot using classic config-
uration helicopter and its actuators. This mixer produces four signals, two for the motors
and two for the servos. The motor signals are for the main rotor and tail rotor, varying
the speed to control vertical displacement and yaw moment, while the servo motors are
for the pitch and roll moment signals. The thrust, pitch and roll signals are sending from
the autopilot to the external microcontroller at a frequency of 50 Hz to produce the torque
modulation signal. Is necessary to obtain the angular position of the main rotor and sent it
to Electronic Speed Controller (ESC). The signal from the tail rotor is sent directly to the
ESC. Equation (3) shows the mixer design implemented in the external microcontroller.

Figure 10 shows the performance of the control algorithm for the roll, pitch and yaw
angles of the helicopter with virtual swashplate. The reference for the roll and pitch angles
is zero while the reference for the yaw angle is —1.3 radians.

1 1

& i
0.5 0.5
w w0
5 5
& op— o VJW%—_—MNWW
c o
-0.5 05|
Y 1 | [ | | | [ [
20 30 40 50 60 70 80 20 30 40 50 60 70 80
seconds seconds
-0.5

B I e PP W

radians

20 30 40 50 60 70 80
seconds

Figure 10. Angular roll, pitch, and yaw displacements (¢, 6, 1).
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Figure 11 shows the performance of the virtual swashplate helicopter position control
algorithm during hover flight. The references for the position are —4.7 m for the x axis,
—1.5 m in the y axis and 1.5 m for the z axis.

0
-05
-1
|4 4
© - @
z 3 -15 =]
£ =
-6 2
-25
8
20 30 40 50 60 70 80 20 30 40 50 60 70 80
seconds seconds
3
2.5
2
@
@
5 1.5
E
1
0.5

20 30 40 50 60 70 80
seconds

Figure 11. Lateral, longitudinal, and vertical displacements (x, y, z).

Figure 12 shows the trajectory of the helicopter with virtual swashplate during hover.
The helicopter moves to the reference position during the first 15 s and then maintains its
position for one minute with an accuracy of +0.05 m.

z(m)

Figure 12. Threedimensional trajectory in hover flight.

Table 2 presents the mean standard deviations of the position and velocity error during
hover flight.
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Table 2. Standard error of the mean.
Parameter Value Units
Standard deviation of horizontal position 0.3852 m
Standard deviation of vertical position 0.3273 m
Standard deviation of horizontal velocity 0.1421 m/seg.
Standard deviation of vertical velocity 0.1018 m/seg.

To prevent accidents related to energy consumption, the following safety actions are
implemented: At low battery levels, an acoustic warning at 30% and an emergency landing
at 15%. This safety protocol prevents overheating of the main motor and overdegradation
due to battery wear.

Figure 13 shows the hover stability for helicopter using virtual swashplate is ensured
in outdoor flight. The mini helicopter reaches the position references in a short period of
time with some oscillatory behavior around the horizontal reference values. Therefore,
the results obtained are satisfactory.

-

Figure 13. Mini helicopter with virtual swashplate in outdoor hover flight.

6. Discussion

UAVs using virtual swashplate are found in the literature as torque modulation,
swashplateless or servomotorless vehicles and the main examples are mentioned in the
Introduction section. The virtual swashplate approach reduces the number of actuators
needed, typically from 4 to 2, to control the 6 degrees of freedom. This approach reduces
the complexity of the mechanism necessary to tilt the thrust vector.

The classic helicopter UAV is aerodynamically more efficient than other configurations
like tandem and coaxial. However, it is necessary to compensate the reactive torque
produced by the main rotor (see Appendix A). The virtual swashplate requires an extra
microcontroller and a high-resolution angular position sensor, even at the high revolutions
per minute that a brushless motor can provide.

Position accuracy can be improved by using a Real-Time Kinematic (RTK) system.
However, the size of the helicopter restricts the space available for payloads.

Flight tests showed that aggressive maneuvering increases the drag in the blades and
consequently the brushless motor overheated. Implement the virtual swashplate approach
in a helicopter with a speed reduction gear to reduce stress and heating of the brushless
motor is proposed as future work.
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7. Conclusions

The mini helicopter with virtual swashplate demonstrates hover stability and a good
performance in attitude and position control in hover flight. The attitude angles follow
the reference in a smooth way. The swing-hinged mechanism has been manufactured in
strong and light materials to resist the centrifugal force of the propellers at high revolutions
per minute.

The sinusoidal reference includes thrust, roll and pitch signals to produces the acceler-
ation and deceleration of the rotor in each cycle. The high frequency torque modulation
ensure the attitude and position command control. The positive blade increases the lift
force on one hemisphere of the rotating disk and negative blade decreases in the other
hemisphere by generating angular momentum. The emulation of the swashplate of a heli-
copter is obtained by torque modulation and simple swing-hinged mechanics. The control
algorithm is designed to compensate the nonlinearities and reactive torque to perform
outdoor flights.
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Abbreviations

The following abbreviations are used in this manuscript:

UAV  Unmanned Aerial Vehicle

LOR Linear—Quadratic Regulator
PID Proportional Integral Derivative
IMU Inertial Measurement Unit

GPS Global Position System

PWM  Pulse-Width Modulation

ESC Electronic Speed Controller
RPM  Revolutions Per Minute

RTK Real-Time Kinematic

Appendix A. Main Rotor Gyroscopic Effect

The pitch and roll control inputs increase the lift force on one hemisphere of the rotor
and decrease lift force on the opposite hemisphere. This imbalance effect generates an
angular momentum that acts on the helicopter. The helicopter’s rotating blades behave like
a gyroscope. Precession is a physical phenomenon of the gyroscopes when the applied
force acts 90° to the side of its rotation.

Due to the gyroscopic effect, a pitch angular momentum induces a roll angular mo-
mentum, i.e., with a displacement of 90°, as shown in Figure Al. An empirical adjustment
is applied so that the behavior of the helicopter is correct.
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- ess\o“ p
 plane of prec lane of force
Figure A1. Gyroscopic effect on the main rotor. The applied force green plane, the rotation red plane

and the precession blue plane.
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