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Abstract This paper presents an experimental study
of variable collective-pitch rotor systems for multiro-
tor helicopter applications. An experimental research
facility has been established to conduct this research.
The facility enables the high-resolution measurement
of forces and torques produced by rotor systems. The
power consumption of the rotor system during exper-
imentation can also be recorded. The experimental
research facility also allows for the characterisation
of the effect of rotor systems on multirotor heli-
copter performance. It is shown that the variable
collective-pitch rotors have a significant performance
advantage over fixed-pitch rotors when comparing
thrust response, and multirotor helicopter step input
response performance. Further, it is observed that vari-
able collective-pitch rotors are more efficient in terms
of energy consumption than comparable fixed-pitch
rotors under similar operating conditions.
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1 Introduction

Unmanned Aerial Vehicles (UAVs) have received
widespread attention in both military and civilian
domains in recent years [2, 21, 26]. In particular,
multirotor helicopters have been the subject of sig-
nificant research since gaining attention in the early
2000s [5, 11, 13, 25, 27]. Applications for multiro-
tor helicopter research range from data collection and
surveillance [15], to cleaning up after nuclear waste
spills [13]. Much of this research has been focused on
the control aspect of multirotor helicopters [6, 18]. To
this end, most research groups have chosen to modify
commercially available hobbyist systems [20, 22, 24].

The increased research efforts into multirotor heli-
copters are primarily due to the robustness and
mechanical simplicity of the multirotor helicopter
platform [11, 23]. Traditional pod-and-boom heli-
copters make use of swashplates to alter the cyclic
and collective rotor pitch to affect changes in thrust,
and rolling and pitching moments. The incorporation
of swashplates significantly increases the mechanical
complexity of the system. Multirotor helicopters are
able to affect rolling and pitching motions by utilising
multiple rotors to generate thrust differentials across
the body of the aircraft. This removes the necessity of
the swashplate. The mechanical complexity of multi-
rotor helicopters is further reduced by the utilisation
of rotors that also have fixed collective-pitch.
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To vary the thrust produced by fixed-pitch rotors,
the angular velocity of the rotors must be changed.
This places fundamental constraints on the flight
envelopes of multirotor helicopters. In particular, the
response time of the rotor is limited by the rotational
moment of inertia of the motor-rotor pair. Experimen-
tal studies have demonstrated that thrust rise times of
>(0.2s render multirotor helicopters uncontrollable
[23]. For small multirotor helicopters, < 4kg, the
motors and rotors are not required to be suffi-
ciently large to increase thrust rise times above this
threshold.

However, heavier multirotor helicopters require
larger rotors [16]. The torque required to rapidly
change the angular velocity of large rotors quickly
surpasses the torque that can be supplied by motors
suitable for multirotor applications. This limitation
effectively constrains the maximum size of multirotor
helicopters.

Although stable flight control of small multi-
rotor helicopters equipped with fixed-pitch rotors
can be achieved, traditional helicopters have demon-
strated aggressive flight manoeuvres outside of the
flight envelope of multirotor helicopters [1, 12]. This
is in part due to the ability of traditional heli-
copters to produce reverse thrust, allowing for inverted
flight manoeuvres and sudden changes in direction.
Enabling the performance of these types of manoeu-
vres for multirotor helicopters would significantly
increase the number of potential applications for this
type of aircraft, particularly in cluttered environments.

To overcome the limitations of fixed-pitch rotors,
the implementation of variable collective-pitch rotors
for multirotor helicopter applications has been sug-
gested in the literature [4, 11]. The consensus among
these researchers is that adding variable collective-
pitch rotors - without incorporating a swashplate to
any of the rotors - does not significantly increase
the mechanical complexity of the aircraft design, nor
does it reduce its robustness. In [11], the authors
demonstrated agile flight manoeuvres using a feed-
forward variable collective-pitch actuator model. A
computational analysis of the dynamic performance
of fixed and variable collective-pitch rotors was also
performed. However, limited effort has been made
to experimentally verify the extended control band-
width of variable-pitch rotors for multirotor helicopter

@ Springer

application or to investigate the effect of rotor angu-
lar velocity on the control bandwidth of multirotor
helicopters.

A further consideration for rotors for multirotor
helicopter application is the effect they have on the
power consumption of the system. A critical design
consideration for all aircraft is their weight. As aircraft
must carry a power supply on board, the amount of
energy the system consumes during flight is an impor-
tant specification. This is especially true of multirotor
helicopters, which do not have passive lifting surfaces
and must provide thrust to overcome the weight of
the system. An investigation into the performance of
variable collective-pitch rotor systems with respect to
power consumption is therefore necessary.

The remainder of this paper is organised as fol-
lows. In Section 2 the dynamics models of electric
motors, and variable collective-pitch rotors are pre-
sented. Section 2 also includes a discussion of meth-
ods of control allocation for variable-pitch rotor sys-
tems. The experimental methodology and analysis of
the dynamic response and power consumption of vari-
able collective-pitch rotors is presented in Section 3.
In Section 4, the effects of actuator control bandwidth
on the flight performance of a multirotor helicopter
is experimentally determined. The effects of actuator
selection on power consumption of the multirotor heli-
copter are also characterised. A computational anal-
ysis is conducted in Section 5 to further explore the
flight performance of variable collective-pitch rotor-
equipped multirotor helicopters. Finally, conclusions
are drawn in Section 6.

2 Thrust Actuation
2.1 Rotor Aerodynamics Model

To determine the dynamics model of variable
collective-pitch rotors, it is necessary to undertake a
detailed study of rotor aerodynamics. The rotors used
in this experimental analysis are symmetric, almost
rectangular, and have a radius of 125mm. As the max-
imum chord-to-thickness ratio of the rotor blades is
12 %, a NACA 0012 airfoil is chosen to model the
rotor blades. It is assumed that the flow is laminar over
the rotor blade.
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Fig.1 The variable
collective-pitch rotor

Due to the symmetry and low thickness-to-chord
ratio of the rotor blade, the infinite-blade sectional lift
coefficient, ¢;, is given by [14]

] =2ra = mya, @)

where « is the local angle of attack, as shown in Fig. 1.

To correct for the finite rotor blade, it is necessary
to calculate the sectional lift coefficient considering
the flow field around the finite wing. The following
change of coordinates is made

6= cos—l(%y), )

where b is the length of the rotor blade, and y is the
position along the blade measured from the plane of
symmetry. b and y are labelled in Fig. 1.

For an arbitrary circulation distribution, the sec-
tional lift coefficient is given by [14]

o0
my. C .
o = % § A, sin(nf), 3)

n=1

where c is the local rotor blade chord length shown in
Fig. 1, the subscript s refers to the values at the plane
of symmetry, and the values of A, can be found by
solving the Eq. 4 at N stations along the rotor blade.
In Eq. 4, o, is the absolute angle of attack, and the true
values of A,, are found in the limit as N — oo.

N
6
w0 (0) = TS ZA sin(n) + ”SbCS > na, S‘:l(” ) @)

0
n=

For the non-cambered, almost rectangular, rotor
blade in question, it can be assumed that ¢, is equal
to o everywhere along the span, and that ¢ = ¢; and
m = m,. Therefore, Eq. 4 is simplified to

= A, 0)(1 5
o= 2; sm<n><+2£ =), (5)
where AR is the aspect ratio of the rotor blade. Equa-
tion (5) can be solved simultaneously for A,. The
coefficient of the total lift of the rotor blade is given

by the weighted integral of Eq. 3:

b/2
- / CifcC | _
—b/2 qooS 48

where S is the wing area, and g is the dynamic
pressure of the local flow.

The coefficient of total induced drag on the rotor
blade, Cp,, can then be calculated using the following:

My, Csb

Ay, (6)

N A2
Cp, = (Cp)et Y —=* (7)
n=1 1
where (Cp, ). is the coefficient of total induced drag
on the rotor blade for an elliptical lift distribution, and
is calculated as
2

Cr
(Cp;)et = R ®)

Making the assumption that the flow into the rotor
is uniform, the coefficient of total thrust of the rotor,
Cr, can then be calculated as using Eq. 9 [16].

oo B

1
CTZEO'B CLa(___) (9)
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Table 1 Analytic rotor blade aerodynamic coefficients

Cr, CrL, Cp;

i CD[)
2.44 0.0 0.2302 0.01

In Eq. 9 o is the ratio of the rotor blade area to the
area of the total disk swept by the rotor, B is a tip-loss
correction factor, Cy, is the derivative of the total lift
coefficient of the rotor blade with respect to «, o is
the angle of attack of the rotor blade at the root of the
rotor, and A is the dimensionless inflow into the rotor
and is given by

— CT
)L_,IT. (10)

Likewise, the coefficient of total torque of the rotor,
Cy, is calculated as

1 o0y A 1
CQ=§6CLQK)»(?—§)+§UCD, (11)

where « is an induced power factor and includes the
effects of both tip loss and nonuniform inflow, and Cp
is the coefficient of total drag of the rotor blade and is
calculated as follows,

Cp = Cp, + Cp;, (ap), (12)

where Cp, is the zero rotor-angle coefficient of drag.
Using a simple momentum analysis, x is approxi-
mately equal to 1.25 [16].
The theoretical aerodynamic coefficients obtained
for the rotor blade are presented in Table 1.

2.2 Actuator Dynamics Model

Brushless DC motors are utilised to drive the rotors
on board typical multirotor helicopters. The DC-motor
is well modelled by a resistor, inductor and voltage
generator in series [7]. For small DC motors the induc-
tance term can be neglected as the response of the
electrical part of the system is significantly faster than
the mechanical part. Therefore, the following equation
is adequate to describe the DC motor.

v=Ri+ Krwy (13)

In Eq. 13 v is the voltage applied to the motor, R is
the resistance of the motor, i is the current through the
motor, K is called the motor constant and wj; is the
angular velocity of the motor.
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Further, the dynamics of the motor is described by
the following equation

ItTmom = Om — 0O, (14)

where I, is the total motor and motor load moment
of inertia, @y, is the angular acceleration of the motor,
QO u is the motor torque, and Qy is the load torque.
The motor torque, Q y, is proportional to the elec-
trical current, i, through constant Kj;. Therefore, the
dynamics of the motor can be written by combining
Egs. 13 and 14. The resulting differential equation is:
KEIfMa)M-F%U— Or. (15)
Neglecting any friction inside the motor, the load
torque can be calculated as the total torque due to the
rotor,

ItTmoy = —

In Eq. 16, p is the density of air, A is the area swept
out by the rotor, and R is the rotor radius.

Assuming that the inflow velocity, V;, is approxi-
mately constant under multirotor operating conditions,
the following approximation can be made [16]:

Vi
AR —. 17
Ro A7)
Eq. 16 can therefore be simplified into an equation
of the following form
01 = Kg,0*a} + Kg,0* + Kg,000 — Kg,, (18)
where
Ko, = pR*cCp,

1 4
KQ2 = ZpR CCDO
Ko, = pR3ckViCp,
1 2 2
Ko, = E'OR ckViCy,. (19)

Substituting Eq. 18 into Eq. 15 results in the fol-
lowing nonlinear actuator dynamics model

Ityow = —Kle + Ksz — KQICL)ZO{(Z)
—Ko,0* — Kgywao + Ko, (20)
where
KpKy
Ky, = —H4
M R
Ky
Ky, = —. 21
M, R (21)
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It must be noted that as the rotor is fixed to the drive
shaft of the motor, wy = w in Eq. 20.

To complete the actuator dynamics model, the
thrust produced by the rotor is calculated as follows:

T = pA*R*Cr
BV
— pcR3BX?Cy (02 Ty 2
PR B2 Cr (= = ) (22)

Eq. 22 is further simplified into the following equa-
tion:

T = Kr,w’ag — K0, (23)
where

Kr = 1 R3B3C
T — 3:0C Ly

1
Kr, = EpchBzViCLa. (24)

Eq. 20 and Eq. 23 make up the complete nonlinear
actuator dynamics model.

2.3 Control Allocation of Variable-Pitch Rotors

Inspection of Eq. 20 and Eq. 23 reveals two available
control inputs into the dynamics model of variable-
pitch rotor systems: the voltage applied to the motor,
v, and the rotor blade angle, «g. Similar to [11], the

Feed-Forward
Dynamics
Model

\ 4

e

dynamics model of the variable-pitch rotor system can
be linearised about the hover condition, w = wy and
o) = 0[(), H-.

Ao = [ KMI _ ZKQI‘UH‘XO,H _ ZKszH _ KQ3(X0'H ]Aw

“TIrm Itm Irm Irm
+ [% _ 2Kg,who0n _ Koyon ] Av (25)
Itm Itm Ity Ao
2 Av
AT = I:KleHao,H — KTZ ] Aw + |:OKTla)H ]
Aag

The output of the dynamics system is the change in
thrust, AT, Aw is an internal state of the system, and
Av and A6y are the control inputs.

As discussed in [11], the linearised dynam-
ics model demonstrates the fundamental difference
between fixed-pitch rotors and variable collective-
pitch rotors. If the pitch is held constant in the state-
space model presented in Eq. 25, the thrust can only be
actuated by first altering Aw through applying Av: the
Av control input only affects the AT output through
the motor dynamics. If the pitch of the rotor is free
to vary, there exists a direct feed-through term in the
output equation: the Aag control input bypasses the
motor dynamics.

However, a complication arises in that altering the
pitch of the rotor negatively affects the angular veloc-
ity of the motor due to an increase in load torque (16).
To overcome this, it is necessary to incorporate a con-
trol architecture into the system that responds quickly

Within Electronic Speed
Controller (ESC)

|
|
—)/>—> P.I Controller P.I Controller L_| DC Matorand
Desired A Desired| Vol{age Rotor
RPM ~ Current: |
] I
I |
|
: Filter €
| | Measured Current
B e |
Butterworth
Filter - Measured RPM

Fig. 2 The proposed rotor angular velocity feedback control architecture
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to changes in motor load torque and rotor angular
velocity.

The proposed rotor angular velocity control archi-
tecture is presented in Fig. 2. The feed-forward
dynamics model is derived from the inversion of
Eq. 20 in the steady state (@ = 0). Here, it is nec-
essary to calculate v/R rather than v, as the input to
the Electronic Speed Controller (ESC) is the desired
motor current draw. The feed-forward model is pre-
sented in Eq. 26. The PI Controller in Fig. 2 is a
common automatic control technique and is discussed
in most control texts (see for example, [3]). The ESC
measures the angular velocity of the motor via a flux-
observer. A 5M-order low-pass Butterworth Filter is
applied to this output to attenuate any sensor noise.

Fig. 3 The rotor
thrust-torque experimental
platform

The cutoff frequency of the Butterworth Filter, f, is
set at f./fo = 0.22, where the sample frequency, fo,
is 1000Hz. The cutoff frequency was chosen to atten-
uate noise above the maximum expected rotor angular
velocity of 13000RPM. The order of the Butterworth
Filter was calculated to achieve a desired attenuation
of 20dB at 300Hz.

<

(Kyy o+ Ko, 0} +Kg,0* +Ko,000+Kp,)

R~ RKp,

(26)

The control architecture presented in Fig. 2 allows
the angular velocity of the rotor to be set indepen-
dently of the rotor blade pitch angle. The varying

\ Variable-Pitch
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Rotor
Electronic Speed
Controller
Z
ATI Force-
Torque Sensor
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motor load torque due to the rotor blade angle of attack
is compensated for by the feedback control loop.
3 Experimental Model Verification

In this section an experimental analysis of the motor
and rotor dynamics is undertaken. To this end, an

Angular Velocity (1000 RPM)

experimental platform incorporating a six-axis force-
torque sensor has been developed. In designing the
experimental platform, care has been taken to min-
imise ground effect by ensuring the rotor downwash is
unencumbered as possible. The experimental platform
is presented in Fig. 3.

The force-torque sensor is able to measure forces
within the range of 80N with a resolution of 0.02N

Fig. 5 Steady state torque 0.25

versus rotor angular
velocity as a function of
rotor blade angle of attack
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along the X and Y axes, and 240N with a resolu-
tion of 0.04N along the Z axis. The sensor is able to
measure torques within the range of =4 Nm with a res-
olution of 0.0005Nm about all X, Y and Z axes. The
force-torque sensor is capable of a sampling rate of up
to 500Hz. The sampling rate depends on the number
of axes the of forces and torques being measured.
The experimental platform also incorporates an
ammeter and voltmeter that are able to record mea-
surements at a rate of 100Hz. This allows the power
consumption of the motor to be calculated.

3.1 Steady State Response of Actuators

The rotor was initially driven without the closed-loop
control scheme. Instead, inputs to the ESC were given
directly and the resulting rotor angular velocities were
recorded. This allowed the thrust and torque produced
by the rotor to be measured as a function of rotor
angular velocity and rotor blade angle of attack. The
results of this experiment are presented in Figs. 4
and 5. In these figures, the continuous experimen-
tal results are obtained through post-processing the
discrete data points.

The results obtained from the experimental analysis
demonstrate good agreement with the analytic predic-
tions made in Section 2.1. For higher blade angles
of attack, the analytically derived model over-predicts
the measured thrust values by as much as 15 %. This

Fig. 6 Steady state thrust

Table 2 Experimental torque load coefficients

Ko, (Kg.m?)
1.20e—06

Ko, (Kg.m?)
6.15e—09

Ko, (Kg.mz/s)
—1.19¢—04

Ko, (Kg.mz/sz)
3.06e—02

is likely due to the flow over the rotor blade beginning
to separate from the blade, violating the laminar flow
assumption made in the analytic derivation. This is
further supported by the significant increase in torque
load over the analytic results as the rotor blade angle
of attack increases.

The experimental torque load results allow the
coefficients in Eq. 18 to be calculated using least-
squares regression. These calculated coefficients are
presented in Table 2.

3.2 Actuator Power Consumption

Throughout the experiments presented in Section 3.1,
the voltage supplied to the motor and the current
drawn by the motor were recorded. This allows the
power consumption of the actuator to be calculated.
In Fig. 6, the thrust produced by the variable
collective-pitch rotor is plotted against the actuator
power consumption for various rotor blade angles
of attack. This provides an insight into operating

response versus power
consumption as a function
of rotor blade angle of
attack
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Table 3 Experimental motor coefficients where
Krr (A.s) FrR, (A/Nm)
4.43e—04 7.02¢—03 Kpp — Kmy _ Ke
! RKw, R
K 1 : (28)
2 RKw,  Ku

regimes for variable-pitch rotor equipped multirotor
helicopters if the objective is to conserve as much
energy as possible. For example, the power consump-
tion can be reduced significantly by ensuring the rotor
blade angle of attack remains under 15 degrees if the
desired thrust is less than 6/N. This can be achieved
by varying the motor angular velocity rather than the
rotor blade angle of attack if the response time of the
system can be maintained below the 0.2s threshold as
discussed in [23].

The results in Fig. 6 also demonstrate that the flow
over the rotor blade has fully separated for a rotor
blade angle of attack of 25 degrees. The flow separa-
tion results in an increased power consumption due to
the increase in drag associated with flow separation. A
significant decrease in thrust is also observed.

The remaining unknown coefficients in Eq. 26 can
be calculated using the current drawn by the motors
during the actuator power consumption experimental
analysis. Eq. 26 can be rearranged into the following
form

The above allows the use of least squares regression
to find Krp, and Kfrp,. The calculated coefficients
are presented in Table 3.

3.3 Dynamic Response of Actuators

The most significant theoretical advantage of utilis-
ing variable collective-pitch rotors is the decreased
thrust response time. In order to explore this perfor-
mance advantage, the dynamic response of the vari-
able collective-pitch rotor was compared against the
dynamic response of an 11x4.7 fixed-pitch rotor. The
11x4.7 fixed-pitch rotor was chosen as the range of
thrusts it is able to produce is comparable to the vari-
able collective-pitch rotor for a similar range of rotor
angular velocities. It is also very commonly utilised
for multirotor helicopter applications.

Eq. 25 suggests that the thrust can be altered
much more rapidly for a larger angular velocity, as
AT w%,A@o. Therefore, the affect the rotor angu-

v _ Krro+Krp, 0L 27) lar velocity has on the response time for the variable
= 1 2L . . .
R collective-pitch rotor will also be explored.
Fig. 7 Ascending step 7
input response of actuators
6 4
o® goo ® ..
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The dynamic response of the rotors is characterised
using both an ascending and descending step input.
The ascending and descending step inputs are applied
to the system independently after ensuring the rotor
has reached a steady angular velocity. The results
of applying an ascending and descending step input
to the rotors are presented in Figs. 7 and 8, respec-
tively. The closed-loop control scheme presented in
Section 2.3 was used for both the variable collective-
pitch rotor and the fixed-pitch rotor. The coefficients
in the feed-forward model had to be experimentally
determined individually for each rotor type.

For the ascending step input presented in Fig. 7,
the fixed-pitch rotor has a settling time of 0.10s. This
is comparable to the variable-pitch rotor at an angu-
lar velocity of 6, 000R P M, which has a settling time
of 0.12s. However, the response time of the variable-
pitch rotor improves significantly over the response
time of the fixed-pitch rotor as the angular velocity of
the variable-pitch rotor is increased: with an angular
velocity of 8, 000R P M, the settling time is 0.075s; an
angular velocity of 10, 000R P M results in a settling
time of 0.04s.

The performance of the fixed-pitch rotor suffered
significantly for the descending step response, hav-
ing a settling time of 0.3s (Fig. 8). This was as
expected as Eq. 25 indicates that increasing the thrust

produced by a fixed-pitch rotor is achievable by
increasing the voltage. However, decreasing the thrust
produced saturates the available control input as a
negative voltage cannot be applied to the motor by
the ESC.

The responses of the variable-pitch rotor to the
descending step input are similar to the ascending
step input responses. Only the variable-pitch rotor at
6000RPM demonstrated a significant difference in
response, with the settling time reduced to 0.10s. This
is due to the servo having to apply less torque to
overcome the load when decreasing the blade angle
of attack compared to increasing the blade angle of
attack. The change in load on the servo is due to the
aerodynamic moment of the blade aiding the servo
when decreasing the blade angle of attack [10]. This
effect is less significant as the rotor angular velocity
increases, as the blade angle of attack has to be altered
by a lesser magnitude.

The experimental analysis has demonstrated a max-
imum potential improvement in response time of 60 %
when using variable collective-pitch rotors over fixed-
pitch rotors for an ascending step input response. For
a descending step input response, the performance
advantage is even more significant, with an improve-
ment in response time of 87 % when using variable
collective-pitch rotors.

Fig. 8 Descending step 6 ‘
1 ¢ Fixed Pitch
mnput response of actuators LY ¢ Closed-Loop Variable Pitch (6000 RPM)
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4 Experimental Analysis of the Effect of Actuators
on Multirotor Helicopter Performance

4.1 Effect of Control Bandwidth on Multirotor
Helicopter Response

In Section 3, an experimental analysis of variable-
pitch rotors was undertaken. Variable-pitch rotors
were found to have an increased maximum absolute
thrust rate of change over fixed-pitch rotors of simi-
lar specification. The effect the enhanced bandwidth
has on the flight performance of multirotor helicopters
will be analysed in the following section.

To analyse the effect of enhanced bandwidth for
multirotor helicopter applications, an experimental
research facility has been established. The experimen-
tal facility consists of a quadrotor helicopter, a single
degree of freedom (1DOF) test stand, and a high
speed camera capable of recording 150 frames per sec-
ond. The high speed camera utilised in conjunction
with image processing software developed in MAT-
LAB®allows a step input response in the attitude of
the multirotor to be recorded and analysed. Vision-
based ground-truth measurement and tracking is well
established in research endeavours in a wide range
of fields [9, 26]. The camera and image processing
software is outside of the control loop of the quadro-
tor helicopter, which relies on the Madgwick Atti-
tude Determination Algorithm [17] for attitude state
estimation. Previous research undertaken by the

Fig. 9 A still image of the
multirotor helicopter on the
1DOF test stand

Frame: 0082
Angle: -8.8

authors has confirmed the suitability of the Madgwick
Attitude Determination Algorithm for UAV applica-
tion [8].

A still image taken using the high-speed camera
during the experimental analysis is presented in Fig. 9.

The attitude of the quadrotor helicopter is regulated
using the feedback control architecture presented in
Fig. 10. Here, the output of the PID Controller, Up, is
the desired moment about the centre of gravity of the
quadrotor. The control allocation block calculates the
thrust required of each rotor using the algorithm pre-
sented in Eq. 29, and determines the appropriate rotor
blade pitch angle and rotor angular velocity using
Eq. 25. The motor angular velocity is regulated using
the control architecture presented in Section 2.

’ = — 29
|:90,R } 2K7 107 |: = 1| Tora 29)

In Eq. 29, the subscripts L and R indicate the left
and right rotor, respectively, D is the distance between
the centres of the two rotors, T34 is the total desired
thrust produced by the two rotors. T;rq; 1S set at 1.5
times the total weight (V) of the quadrotor helicopter
for this analysis.

In Section 3.3 it was demonstrated that higher
rotor angular velocities increase the available actu-
ator control bandwidth. Therefore, the rotor angular
velocities are held at 10, 000R P M for the following

@ Springer



282

J Intell Robot Syst (2016) 83:271-288

Rotor Blade Pitch Angles

3 /\) R P.L.D. N Control - Quadrotor
Desired \A Controller Us | Allocation énlgular Helicopter
. - > elocity >
Aniaide ®, 8o Controller
N
Measured RPM and Current
Attitude _

Estimated Attitude

Determination

Inertial Measurements

Fig. 10 The attitude PID feedback control

experimental analysis. This corresponds to the highest
rotor angular velocity that could be achieved with-
out inducing unmanageable vibration of the quadrotor
helicopter.

The experimental procedure adopted is as follows.
Using the variable-pitch rotors, the Ziegler-Nichols
(ZN) PID controller tuning methodology is utilised.
That is, the integral and derivative gains of the PID
controller, K; and Kp respectively, are set to zero
and the proportional gain, Kp, is increased until an
impulse control input induces a constant amplitude
oscillation of the quadrotor helicopter. At this point
Kp is recorded as the ultimate gain, Ky. The period
of constant-amplitude oscillation, Ty, is determined
by applying a Fast Fourier Transform (FFT) to the
recorded ground-truth attitude. The PID controller
gains are then set using the tuning guide presented in
Table 4 [19]. Once the PID controller gains have been
determined using the Ziegler-Nichols tuning method-
ology, the step response for each of the tuning gains is
recorded. The entire process is repeated using fixed-
pitch rotors on the quadrotor helicopter.

Table 4 PID control tuning rules

Although the above-mentioned method of tuning
the PID Controller is unlikely to result in optimal
performance [19], it does allow the variable-pitch
rotor equipped quadrotor to be compared to the fixed-
pitch rotor equipped quadrotor for a given set of PID
parameters. This allows conclusions to be drawn
regarding the performance of the quadrotor due to
enhanced actuator bandwidth.

The step-input results are presented for the
variable-pitch rotors in Fig. 11, and for the fixed-
pitch rotors in Fig. 12. The rise time, settling time and
percentage overshoot are given for each set of rotors
and for each tuning methodology in Table 5.

The results in Table 5 provide a clear indication
of how the enhanced control bandwidth available due
to the utilisation of variable collective-pitch rotors
improve the agility of the quadrotor helicopter. The
fixed-pitch rotor equipped quadrotor demonstrates an
average increase in rise time of 21 %, an average of
12 % increase in settling time, and has an average
of 9 % greater percentage overshoot over the same
quadrotor fitted with variable collective-pitch rotors.

Tuning rule Kp K, Kp

P 0.5Ky

PI 0.45Ky 1.2Kp/ Ty

PD 0.8Ky 0.125Kp Ty
ZN PID 0.6Ky 2Kp/Ty 0.125Kp Ty
Pessen integral rule 0.7Ky 04Kp/Ty 0.15KpTy
Some overshoot 0.33Ky 2Kp/Ty 0.33KpTy
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Fig. 11 Step input 60 —
response of the variable o Ees'red
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equipped quadrotor 50 '_'g%
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4.2 Power Consumption during Smooth Trajectory expected-use conditions. To simulate expected-use
Tracking conditions, the quadrotor helicopter is made to track
a smooth sinusoidal attitude trajectory for 200s using
An important consideration for actuators for use in each set of rotors. The current drawn by the quadrotor
multirotor helicopter applications is the effect they helicopter, and the voltage supplied to the quadrotor
have on the power consumption of the system. To helicopter are recorded at a rate of 100H z throughout
this end, the power consumption of the quadrotor the trajectory tracking.
helicopter when utilising fixed-pitch rotors and vari- The attitude PID feedback controller was tuned
able collective-pitch rotors will be analysed under using the ZN PID tuning rule for this experiment. This
Fig. 12 Step input response 70 :
of the fixed collective-pitch o Ees"ed
rotor equipped quadrotor ==p|
601 == PD
= PID
== Pessen Integral Rule
50} === Some Overshoot
n
8
> 40t
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< E
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Table 5 Multirotor step input response characteristics

Tuning rule Characteristic Variable-Pitch Fixed-Pitch
P Rise time 0.58s 1.01s
Overshoot 41 % 43 %
Settling time 6.1s 9.69s
PI Rise time 0.70s 0.74s
Overshoot 21 % 30 %
Settling time 3.32s 11.61s
PD Rise time 0.27s 2.02s
Overshoot 85 % 109 %
Settling time 15.80s 17.02s
ZN PID Rise time 0.38s 0.53s
Overshoot 56 % 39 %
Settling time 7.76s 7.80s
Pessen integral rule Rise time 0.25s 0.38s
Overshoot 77 % 113 %
Settling time 8.63s 12.60s
Some overshoot Rise time 1.13s 0.65s
Overshoot 10 % 30 %
Settling time 5.42s 6.76

tuning rule was chosen as the step input response of
the quadrotor helicopter was similar when using either
set of rotors (Table 5).

The results obtained during the experimental anal-
ysis are presented in Fig. 13. In this figure, the motors
are set to an idle angular velocity at approximately

Fig. 13 Quadrotor power 300

—10s, and the smooth trajectory tracking begins at
time Os.

The total power consumption for the first 200s
of smooth trajectory tracking was 500mAh for
the quadrotor equipped with fixed-pitch rotors,
and 402mAh for the quadrotor equipped with

consumption during
sinusoidal attitude
trajectory tracking 250 |

200 |-

Power (W)
o
o
T

100

50 {

— Fixed-Pitch
—— Variable—Pitch
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Fig. 14 Smooth trajectory tracking of fixed collective-pitch rotor equipped quadrotor

variable-pitch rotors. Therefore, the variable-pitch
rotors reduce the overall power consumption of the
system by 19.6 %.

5 Computational Analysis of Variable
Collective-pitch Rotor-equipped Multirotor
Helicopter Performance

To further explore the effect variable collective-pitch
rotors have on multirotor helicopter performance, a
computational analysis has been conducted. This anal-

ysis utilised the rotor parameters obtained in Section 3
within a multirotor helicopter computational model.
The control scheme presented in Fig. 10 was utilised
within the computational analysis, as were the PI PID
control tunings found in Section 4.1. The dynamic
and kinematic equations that make up the multi-
rotor helicopter dynamics model are those widely
described within multirotor helicopter literature (for
example, [25]). A 4™ _order Runge-Kutta method was
implemented to numerically solve the differential
equations within the multirotor helicopter dynamics
model.
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To compare the performance between fixed
collective-pitch rotors and variable collective-pitch
rotors, two quadrotor helicopters were tasked with
tracking a non-smooth 3-dimensional trajectory with
a maximum allowable absolute error of 1.00m. The
first quadrotor helicopter was equipped with fixed
collective-pitch rotors, and the second with variable
collective-pitch rotors. The total time taken for each
quadrotor to complete the desired trajectory allows for
a comparison between rotor systems. To this end, the
trajectory was parametrised in time and a line-search

was conducted to find the minimum total time given
the maximum allowable absolute error condition. The
results of the analysis are presented in Figs. 14 and 15.

As presented in Fig. 14, the fixed collective-pitch
rotor equipped quadrotor helicopter completed the
trajectory tracking in 111.55s. The quadrotor heli-
copter with variable-collective pitch rotors completed
the trajectory tracking in 105.07s, as presented in
Fig. 15. This represents an improvement of 5.8 %
when comparing variable collective-pitch rotors to
fixed collective-pitch rotor systems.

20 I
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£ 1o} .
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o .
0 100 120
20
151 b
3 10+ i
>_
5F i
0 |
0 100 120
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__20r B
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Fig. 15 Smooth trajectory tracking of variable collective-pitch rotor equipped quadrotor
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6 Conclusions

This paper presented a detailed experimental analy-
sis of variable collective-pitch rotors for multirotor
helicopter application.

The dynamics models of the variable collective-
pitch rotors and brushless DC motors were developed.
This resulted in a full nonlinear dynamics model of
the rotor and motor system. The dynamics model was
utilised to establish a rotor angular velocity feedback
control architecture, allowing the rotor angular veloc-
ity to be controlled in the presence of changing load
torque on the motor.

Further, an experimental analysis of variable
collective-pitch rotors was conducted to characterise
the performance of the system in comparison to fixed-
pitch rotor systems. The performance of a quadrotor
helicopter was also investigated when equipped with
both fixed-pitch rotors and variable collective-pitch
rotors.

The experimental analysis demonstrated a clear
performance advantage when utilising variable
collective-pitch rotors in place of fixed-pitch rotors
for multirotor helicopter applications. This perfor-
mance advantage was primarily in the response time,
and therefore agility, of multirotor helicopters. A
secondary benefit of utilising variable collective-pitch
rotors was the reduction in power consumption of
the multirotor system. A computational analysis fur-
ther demonstrated that the performance advantage of
variable collective-pitch rotors translated to improved
flight performance of multirotor helicopters.

The performance advantage does come at the cost
of increased mechanical complexity, however this is
minimised by avoiding the use of swashplates found
in traditional pod-and-boom helicopters. It is therefore
concluded that incorporating variable collective-pitch
rotors for multirotor helicopter application is a viable
option when developing multirotor helicopters capa-
ble of agile flight regimes.

Future work will continue to explore the perfor-
mance advantages of equipping multirotor helicopters
with variable collective-pitch rotor systems.
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