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Abstract

Blade flapping, control methods and rotor/rotor aerodynamic interference are some of the main differences
between quadrotor aircraft and helicopters. To investigate these differences in flight performance of square
formation quadrotor aircraft, a performance prediction model, including a validated rotor model, an
aerodynamic model, and a propulsive trim model, is used. The square formation quadrotor aircraft with
variable blade pitch or rotor speed as control means are analyzed. Compared with a helicopter rotor, from
low to medium speed flight, the aerodynamic interference between the front and rear rotors dominates the
power difference between quadrotors and helicopters. At high speed flight, the blade flapping and
aerodynamic interference can lead to increased power, and the blade flapping can be more pronounced.
Applying cyclic pitch controls in quadrotor aircraft can effectively control the blade flapping, reduce the rotor
power, and increase the maximum forward speed. In general, the overall rotor power consumption of
guadrotor aircraft is larger than the equivalent helicopter rotor.

NOMENCLATURE v; induced velocity, m/s
w damping factor, dimensionless
Cu, pitching moment coefficient, dimensionless w weight, N
D fuselage drag, N Y rotor side force, N
F force, N arp longitudinal tilt of fuselage, rad
H rotor drag force, N B blade flapping angle, rad
k cross-induced velocity factor, dimensionless o collective pitch, rad
Ly longitudinal distance from the rotor shaft to O1c lateral cyclic pitch, rad
the mass center of the aircraft, m 015 longitudinal cyclic pitch, rad
L, lateral distance from the rotor shaft to the K self-induced velocity factor
mass center of the aircraft, m p air density, kg/m?
L, vertical distance from the rotor plane to the Y azimuth angle, rad
mass center of the aircraft, m Q  rotor speed, rad/s
M, rolling moment, Nm subscripts
M, pitching moment, Nm F contrllbutlon from fuselage
p rotor power, W 1-4 r_otor index
q dynamic pressure, Pa superscripts
Q rotor torque, Nm 0 d()/dt
R rotor radius, m
T rotor thrust, N 1. INTRODUCTION
t time, s
|7 magnitude of free stream velocity, m/s Quadrotor aircraft weighting several kilograms

have been widely applied in aerial photography,
recreation, observation and other areas. Due to
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their excellent controllability, quadrotor aircraft are
now expanding their application in transportation,
search and rescue, communication and so on. Their
size becomes larger, and their weight becomes
heavier. However, certain limitations in flight
performance, such as payload, endurance, range
and so on, make their adoption difficult. An effective
way to solve this problem is to reduce the power
consumption of quadrotor aircraft, and improve the
flight performance. Understanding the design
features of quadrotor aircraft and their potential
effects on the flight performance is paramount for
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the selection of effective means to reduce the rotor
power. The efficiency of quadrotor aircraft
compared with helicopters is another interesting
guestion, since they all belong to vertical takeoff
and landing aircratft.

Almost all past research on quadrotor aircraft
focused on flight dynamics and control. Most of the
times, simple estimates of rotor thrust and rotor
torque are used [1-6]. The rotor thrust and torque
are assumed to be proportional to the square of the
rotor speed. These models can not consider the
effects of air compressibility and stall on the rotor
aerodynamics, and blade flapping is usually not
taken into account, which is paramount for the
aerodynamics of flexible rotors in edgewise flight. It
is obvious that these models need improvemets for
the prediction and analysis of the flight performance
of quadrotor aircraft.

Luo et al. proposed a novel forward flight model
for quadrotor aircraft with a wake interference model
[7], that could provide consistent trends with CFD
analyses. Hwang et al. investigated the
aerodynamic interactions among the rotors of
quadrotor aircraft using CFD [8]. The results
showed that the aerodynamic interactions among
the rotors needed to be considered in the design of
the flight control system. Misiorowski et al.
confirmed the strong interference between the front
and rear rotors of quadrotor aircraft [9]. Their study
showed that the rear rotor performance was
lowered by the wake trailed from the front rotor of
the quadrotor [10]. It is obvious that the
aerodynamic interference due to the multi-rotor
configuration is a key feature of quadrotor aircraft.
Quadrotors change the thrusts of each of their
rotors for control by adjusting rotor speed or blade
pitch. Niemiec and his coworkers developed a flight
dynamics model of a 2kg quadrotor helicopter
based on the blade element theory [11, 12].
Variable speed rotor consumed less power than
variable blade pitch, so the control method may
have significant influence on the flight performance,
which is a different from helicopters.

Quadrotor aircraft remove cyclic pitch controls
from their rotor systems, to simplify the system and
reduce weight. Without cyclic pitch controls, the
blade flapping is uncontrolled. At hover or low
speed flight, the longitudinal and lateral blade
flapping may be not an issue. If, however, large
longitudinal or lateral flapping occurs at a rotor
system, this may lower the flight performance. In
past research efforts, the blades of quadrotor
aircraft are usually treated as rigid bodies, since the
blades are very stiff for small scale quadrotor
aircraft. The blade flapping is usually not considered
in the modeling. However, large rotor blades could
not be designed to be very stiff. If the quadrotor
blades are made similar to helicopter rotor blades,
the blade flapping motion has to be considered in

edgewise flight. Removing the cyclic pitch controls
from the rotor systems is an important design
difference from helicopter rotors.

This work considered the whole aircraft trim,
blade flapping and aerodynamic interference
between the front and rear rotors. The effects of air
compressibility and stall on the rotor aerodynamics
are considered in the rotor model. The design
features of quadrotor aircraft, which are different
from helicopters from the point of view of flight
performance, are also explored. Blade flapping,
aerodynamic interference and trim method are
investigated by comparing the performance with
helicopter rotors. Cyclic pitch controls are also used
to reduce the power consumption and improve the
flight performance.

2. FLIGHT PERFORMANCE MODEL

2.1. Rotor Model

The blade model is based on a rigid beam with
a hinge offset and a hinge spring, which is used to
match the fundamental flapwise blade frequency.
Look-up table aerofoil aerodynamics is used to
calculate the lift and drag coefficients of blade
elements according to the local resultant air flow
and angle of attack, which can capture air
compressibility and stall effects. The local resultant
air flow consists of the forward speed of the aircraft,
the motion of the blade, and the induced velocity.
The induced velocity over the rotor disk is predicted
by the Pitt—Peters inflow model [13], which captures
the first harmonic variation of induced velocity in
azimuth. The rotor model is described in Ref. 14.

The rotor model is rotating in the counter-
clockwise direction. For the rotors rotating in the
clockwise direction, the same rotor models are
used, but the directions of the side force, rolling
moment and rotor torque need to be modified to the
opposite direction. In the following analysis, the
distribution of the angle of attack of blade segments
is presented in the counter-clockwise direction for
the convenience of comparison.

2.2. Propulsive Trim

For the square formation quadrotor aircraft,
usually, the fuselages are symmetry about the
centerline of the vehicle, so the side force and the
rolling moment acting on the fuselage can be
assumed to be zero. Even if the lift generated by the
fuselage is omitted, the drag, weight and pitching
moment on the fuselage must be considered, as
shown in Figure 1. The four rotors are named as
ROTOR 1, ROTOR 2, ROTOR 3, and ROTOR 4
according to their locations, as shown in Figure 1.
The rotor hub forces and moments and their
corresponding directions are also shown in the
figure. Due to the different rotation direction, the
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side forces, rolling moments and torques on
ROTOR 1 and ROTOR 4 are different from those
acting on ROTOR 2 and ROTOR 3.

Square Configuration
Quadrotor

‘\‘\ L ,'/L, \»\‘-//j
Figure 1 Forces and moment on the fuselage.
Due to the symmetry of the quadrotor aircratft,
the six equilibrium equations for the quadrotor can
be reduced to the following three equations:
(1) 2(T, + T3) cosap + 2(H; + H3) sinay = W,
(2) 2(T; + T3) sinay — 2(H, + H3) cosap = D,

(3)2(T3 _ TI) _ 2(My, +My;) n (W sin ag—D cos aF)LZ+MyF-

Ly Ly

If the quadrotor aircraft uses blade pitch for
control, the previous three equilibrium equations
can be used to obtain the collective pitch angles of
ROTORs 1 and 3, ie. 6" and 6, and the
longitudinal tilt of the fuselage ar . Combining
Equations (5) and (6), the longitudinal tilt of the
fuselage can be expressed as:

D
—+(H{+H3)
@ & = tan! <—“F)

%—(Hl +H3)sinag

The following iterative algorithm is proposed to
obtain the converged value of the longitudinal tilt of
the fuselage, using

Dt [(Hn+(H3)n] cos(ar)
5 a =tan"1 (32 - - 2.
®) @ (%—[(Hl)nﬂm)n] sin(ap)n

Combining Equations (5) and (7), the rotor thrusts
T, and T; can be obtained by

(6) T, = W (HitHz)sinap (My, +My,)
1 4cosag

2cosag 2Ly

_ (W sin ap—D cos ap)Lz+Myp _

=T
4L, Ar
and
(7) T, = w _ (Hy+H3)sinap (My1+My3)
3 4cosag 2cosaf 2Ly
(W sin ap—D cos ap)Lz+Myp
= TB'

4Ly

To obtain the converged values of the collective
pitch angles, the Newton's method is used to solve
Equations (10) and (11), and the iterative
expressions are

@ (65),,, = (6), ~w LT ~ T/ (575) -
and

©) (0),,, = (05), = w [T = T/ () .

€)
26"/

where, w is an empirical damping factor to enhance
the convergence of the iteration and reduce the
computation time. A value of 0.5 is used in this
work.

If the quadrotor aircraft uses rotor speeds for
control, the rotor speeds can be obtained by

(10)  (Uns1 = Q)n —w [(T)n — (Tal/ (;’%11)",
and

A1) (@)ner = @)= w ()~ T,/ (22)

2.3. Aerodynamic Interference Model

A theoretical formula on the basis of the Biot-
Savart law is used to predict the aerodynamic
interferences between the rotors, which is validated
by the experimental results [10]. This method has
been extended to consider the aerodynamic
interferences for multi-rotors in forward flight [15]. At
a forward speed (rotor advanced ratio 4 > 0.1), a
lifting rotor can be modeled as a circular fixed wing
[16, 17]. A horseshoe vortex is trailed from the
retreating and advancing sides. This aerodynamic
interference model is based on the Biot-Savart law,
and assumes that the horseshoe vortex trailed from
one rotor induces additional downwash to the other
rotor. For a quadrotor aircraft, the induced velocity
over the rotors can be expressed as
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MO kar kay kaz Ky »®

i i0

where, the superscript 1 to 4 denotes the index of
the rotors, and the subscript '0' denotes the velocity
of an isolated rotor. k;; denotes the cross-induced
velocity factor generated by the jth rotor to the ith
rotor.

2.4. Model Validation

The flight data of the UH-60A helicopter [18] is
utilized to validate the rotor model used in this work.
The parameters of the main rotor are listed in Table
1[19, 20]. The fuselage drag equation utilized in the
analysis is [18]

(13) g (ft2) = 35.83 + 0.016 x (1.66a5)?.

The distance between the hub center of the tail rotor
and the main rotor shaft is 9.9263m. The vertical
distance from the mass center of the helicopter to
the rotor hub is 1.77546m. The comparison
between the predictions of the rotor power with the
flight test data for the takeoff weight coefficient of
0.0074 is shown in Figure 2, and the predictions by
the present method are generally in good
agreement with the flight test data for the cases
considered.

Table 1: Main rotor parameters [19, 20]

Main Rotor Radius 8.1778 m

Main Rotor Speed 27.0 rad/s

Blade Chord Length 0.5273 m

Blade Twist Nonlinear

Blade Airfoil SC1095/SC1094R8
Number of Blades 4

Flap Hinge Offset 0.381m
E(I_}a:%c—ihMass per Unit 13.92 kg/m
Longitudinal Shaft Tilt 30

Since this work focuses on fundamentals, the
rotors of the baseline quadrotor aircraft are the
same as the UH-60A rotor without cyclic pitch
controls for convenience. The takeoff weight is
assumed to be 4 times the UH-60A helicopter and a
weight of 37899kg is used as the baseline. The
fuselage drag is also 4 times the fuselage drag of
UH-60A helicopter shown in Equation 13. The

pitching moment coefficient of the fuselage is
defined as

M
(14) CMyF = >

—
5PV (TR?)(2Ly)

A moment coefficient of -0.03 is used, and for the
quadrotor aircraft investigated, L, and L, are both
set to be 2.0R.

%10™

—F.’redictio-n
gt| O Test

Rotor Power Coefficient

0 0.05 01 0.15 0.2 0.25 0.3 0.35 0.4
Advance Ratio

Figure 2 Comparison of predictions with flight test
data.

3. VARIABLE BLADE PITCH

In this section, control means varying the blade
pitch. Figure 3 shows the rotor power and
corresponding power increase with forward speed.
The power changes of the front and rear rotors are
relative to the corresponding helicopter rotor. The
figure suggests the following conclusions:

1) At low speed flight without aerodynamic
interference, the front and rear rotors have almost
identical power consumption as the helicopter rotor.
With interference, the front rotor power decreases
by 2.55%, and the rear rotor power increases by
11.2% at a speed of 50km/h. The aerodynamic
interference is beneficial to the front rotor and
harmful to the rear rotor. The total power of the
quadrotor aircraft is larger than 4.0 times the
helicopter rotor, which indicates that aerodynamic
interference is not beneficial.

2) With increasing the forward speed, the rotor
power of the quadrotor aircraft first decreases, and
then increases. At medium speeds, a minimum
value appears, which corresponds to the economic
speed. The aerodynamic interference has strong
influence on the front and rear rotors, especially on
the rear rotor at medium speeds, which is due to the
different relative locations of the rotor powers. The
increment of the rear rotor power increases with the
forward speed, and then decreases. At medium
speeds, it can reach the maximum value, since the
wake trailed from the front rotor approaches closer
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to the rear rotor. Without the aerodynamic
interference, the front or rear rotor power has
relatively small change compared with the
helicopter rotor power at low to medium speed
flight.

3) At high speeds, the front and rear rotor
powers are much larger than the helicopter rotor. At
a speed of 250km/h, the front rotor power increases
by 25.1% (381.0kW), and the value for the rear rotor
is 10.7% (162.4kW) without the aerodynamic
interference. With the interference, the increments
for the front and rear rotors are 25.6% (388.5kW)
and 19.5% (297.0kW). It is obvious that some other
factor (not only the aerodynamic interference) also
causes the power increase at high speed flight.

4) In general, the aerodynamic interference has
significant influence on the rotor performance,
especially on the rear rotor, which is due to the
design feature of multi-rotor configuration. Two key
parameters can influence the aerodynamic
interference. One is the flight state, and the other is
the distance between the rotors. Selecting a
suitable flight speed can avoid strong aerodynamic
interference. Increasing the distance between the
front and rear rotors weakens the aerodynamic
interaction, but a weight penalty may be paid.

2000
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Front Rotor: No Interference
1800 [ Rear Rotor: No Interference
~$- Front Rotor: With Interference i |
—<- Rear Rotor: With Interference E
g 1600 rd
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N
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800 - -
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Speed [km/h]
(a) rotor power
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40% [ A - Front Rotor: With Interferenc
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(b) power increase
Figure 3 Rotor power and corresponding power
increase with forward speed.

At high speed flight, the parasitic power is the
major contributor to the total power. Equation 13
indicates that the longitudinal tilt may lead to power
differences at high speed flight. Figure 4 shows the
longitudinal tilt of the fuselage with the forward
speed. It is clear that the quadrotor aircraft has
much larger longitudinal tilt than the helicopter,
which indicates that the quadrotor aircraft will
consume more parasitic power than the helicopter.
The aerodynamic interference has little influence on
the longitudinal tilt of the quadrotor aircraft, since it
primarily causes the change in the rotor induced
power.

—&—Helicopter B
16 No Interference
=B With Interference| .:P

Longitudinal Tilt [°

50 100 150 200 250
Speed [km/h]

Figure 4 Longitudinal tilt with forward speed.

Since the fuselage drag of the quadrotor
aircraft is balanced by all rotors, every rotor
provides different propulsive force. The parasitic
power balanced by a rotor is defined as

(15) Pp; = (T; sinay — H; cos ap)Vy,

Figure 5 shows the parasitic power with the
forward speed. It is clear that the rotors of the
quadrotor aircraft usually consume more parasitic
power than helicopter rotors. The front rotor power
is larger than the rear rotor. Without the
interference, the parasitic powers of the front and
rear rotors increase by 236.7kW and 166.4kW at a
speed of 250km/h. The increase in the parasitic
power is not the total increase in the front rotor
power. With interference, the values are 255.6kW
and 155.9kW. The larger longitudinal tilt leads to an
increase in parasitic power, but it is not the only
contributor to the power increase observed. The
rotor profile and/or induced power increase
simultaneously.

Equation 2 indicates that the increase in the
fuselage or rotor drag can lead to an increase in the
longitudinal tilt of the fuselage, which in turn may
lead to an increase in fuselage drag. Figure 6
shows the rotor drag with forward speed. The rotor
drag contributions of the quadrotor aircraft are
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unusually much larger than helicopter rotors, which
suggested that the quadrotor aircraft rotors are
operating in a more severe aerodynamic
environment. At high speed flight, the drag of the
front rotor becomes larger than the rear rotor. The
aerodynamic inference has relatively small influence
on the rotor drag.

1000

—6—Helicopter Rotor

~£— Front Rotor: No Interference
Rear Rotor: No Interference

g+ Front Rotor: With Interference

—<&- Rear Rotor: With Interference

800

600 |

400 [

Parasitic Power [kW]

200

150 200 250
Speed [km/h]

Figure 5 Parasitic power with forward speed.
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Figure 6 Rotor drag with forward speed.

Figure 7 shows the distribution of the angle of
attack over the rotor disk at a speed of 250km/h
with the aerodynamic interference. An intuitive
impression is that the rotors of the quadrotor aircraft
see larger angle of attack in the retreating side,
especially for the front rotor. The rotors of the
guadrotor aircraft operate in a more severe
aerodynamic environment than the helicopter rotor.
It can lead to the increase in the rotor drag and rotor
power, and the performance naturally degrades. In
the front part of the rotor disk of the quadrotor
aircraft, the angle of attack is larger than the
helicopter rotor, which indicates the corresponding
lift at the front part can be larger. The higher lift at
the front part may lead to a larger nose up pitching
moment, and affect the aircraft trim.

AoA[deg]

Shhbhioapmwrno~Nmo =

(c) rear quadrotor
Figure 7 The distribution of the angle of attack over
the rotor disk.

Figure 8 shows the rotor induced and profile
powers with forward speed. Without the
aerodynamic interference, the change of the
induced power is relatively small from low to
medium speed flight, and becomes pronounced at
high speed flight. With aerodynamic interference,
the induced power of the rear rotor is much larger
than the front rotor, which agrees with the
mechanism of the aerodynamic interactions
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between the front and rear rotors. However, the
aerodynamic interference is beneficial to the front
rotor in low to medium speeds, but with small
magnitudes. The induced power of the rear rotor
decreases with the forward speed, and the profile
power increases. At high speed flight, the increase
in the front rotor profile power becomes more
pronounced, even without aerodynamic
interference. The rotor induced and profile powers
are much larger than the helicopter rotor, which
indicates that the efficiency is lower than the
helicopter rotor at high speed flight.
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(b) profile power
Figure 8 Rotor induced and profile powers with
forward speed.

The previous analysis indicates that the
qguadrotor aircraft operates in a more severe
aerodynamic environment than the helicopter rotor,
which increases the rotor profile and induced
powers. Without the aerodynamic interference, this
phenomenon is still pronounced at high speed flight.
A major design feature of the quadrotor aircraft is
the remove of the cyclic pitch controls from the rotor
systems. The cyclic controls can adjust the
distribution of the lift between the advancing and
retreating sides, and control the tilt of the rotor disk
plane. Figure 9 shows the steady blade flapping
with the azimuth at a speed of 250km/h, and the

aerodynamic interference between the front and
rear rotors is included. The rotors of the quadrotor
aircraft have much larger blade flapping than
helicopter rotors. The phase difference between the
helicopter and quadrotor aircraft is distinct. The
phase corresponding to the maximum flapping of
the quadrotor is close to the minimum flapping of
the helicopter rotor. This phase difference is close
to 180°. The rotor disk of the quadrotor aircraft is
tilting backward, which can lead to a tilt of the rotor
thrust and corresponding increase in the rotor drag.
In the blade retreating side, the rotor blades of the
quadrotor are flapping downward, which can cause
an increase in the angle of attack. That is the
reason why the angle of attack at the retreating side
of the quadrotor aircraft is much large. The
helicopter rotors use the cyclic pitch controls to
overcome these shortcomings.
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Figure 9 Steady blade flapping.

It is obvious that blade flapping decreases the
aerodynamic efficiency of the rotors of the quadrotor
aircraft. The helicopter rotor uses cyclic pitch to
alleviate the severe aerodynamic environment. The
cyclic pitch can be beneficial for quadrotor aircraft
too. Figure 10 shows the rotor power of the
quadrotor aircraft with longitudinal or lateral cyclic
pitch angles at a speed of 250km/h. The power
reduction is defined as the difference between the
value at the pitch of 0° and the value with a
longitudinal or lateral cyclic pitch control divided by
the helicopter rotor power. It is obvious that the
longitudinal or lateral cyclic pitch can effectively
reduce the rotor power. The lateral cyclic pitch
control 6, has the potential in reducing more power
consumption. If the cyclic pitch controls of the
helicopter rotor at a speed of 250km/h are used
(0, =2.97° and 8,;, = —6.58°), the front and rear
rotor powers can be reduced by 13.1% and 8.32%.
It can therefore be expected that more power can
be saved by optimizing the cyclic pitch controls.
Another benefit of applying cyclic pitch controls in
the rotor systems of quadrotor aircraft is the
increase in the maximum forward speed. From the
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previous analysis, it can be concluded that
uncontrolled blade flapping can lead to an increase
in the rotor power at high speed flight.
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Figure 10 The effect of the cyclic pitch angles on the
power reduction.

4. VARIABLE ROTOR SPEED

For comparison, the prescribed collective pitch
of the quadrotor aircraft is set to 8°, 9°, 10°, 11°, and
120, respectively. In the following analysis,
aerodynamic interference is included. Figure 11
shows the collective pitches with the forward speed.
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Figure 11 Variable collective pitch with forward

speed.

Figure 12 shows the rotor speeds with the
forward speed for different prescribed collective
pitches. With increasing the forward speed, the rotor
speeds of the front and rear rotors generally
decrease first, and then increase. Increasing the
prescribed collective pitch leads to a decrease in
the rotor speed, and the rotor advance ratio
increases. This can increase the aerodynamic
asymmetry between the blade advancing and
retreating sides of the rotors. Naturally, the
maximum forward speed decreases with reducing
the prescribed collective pitch. For smaller collective

pitch, the rotor speed has to be larger to generate
enough thrust. The increase in rotor speed leads to
the increase in the blade tip speed, which limits the
maximum forward speed.
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Figure 12 Rotor speed with forward speed for
different prescribed collective angles.

Figure 13 shows the longitudinal tilt of the
fuselage with forward speed for different prescribed
collective pitch angles. The longitudinal tilt of the
quadrotor aircraft is much larger than the helicopter,
which indicates that larger rotor drag is generated
by the quadrotor aircraft. Larger longitudinal tilt
means larger fuselage parasitic power. Increasing
the prescribed collective pitch leads to the increase
in the longitudinal tilt.

Figure 14 shows the rotor drag with the forward
speed for different prescribed collective pitch. This
is similar to Figure 6. The rotor drag of the
quadrotor aircraft is much larger than the helicopter
rotor, which leads to much larger longitudinal tilt.
Increasing the prescribed collective pitch leads to
an increase in the rotor drag, which means the
deterioration of the aerodynamic environment
around the rotors.
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Figure 14 Rotor drag with forward speed for
different prescribed collective angles.

Figure 15 shows the longitudinal blade flapping
with forward speed for different prescribed collective
angles. The rotor disk of the helicopter tilts forward,
but the rotor disks of the quadrotor aircraft tilt
backward. The large backward tilt can lead to large
rotor drags shown in Figure 14. Generally, the front
rotor has larger longitudinal blade flapping than the

rear rotor at a same prescribed collective pitch,
which indicates that the front rotor generated larger
rotor drag. Increasing the prescribed collective pitch
results in an increase in the longitudinal flapping,
since the lower rotor speed corresponding to the
larger collective pitch results in more severe
aerodynamic asymmetry between the advancing
and retreating sides of the rotor disk.
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Figure 15 Longitudinal flapping with forward speed
for different prescribed collective angels.

Figure 16 shows the distribution of the angle
attack at a speed of 250km/h and collective pitch of
10°. Different from Figure 7, the angle of attack in
the retreating side is not large, and the stall is not
develped. Figure 12 shows that the rotor speed of
the quadrotor aircraft at this state is much larger
than the helicopter rotor, so the angle of attack
decreases. At a speed of 250km/h and collective
pitch of 10°, the rotor speed is 28.8rad/s, and the
corresponding Mach number at the blade tip in the
advancing side is 0.90. As the rotor speed changes
to 30.3rad/s at a speed of 260km/h, the
corresponding Mach number is 0.94. It can be
concluded that the compressibility effect at the
blade tip limits the maximum speed of the quadrotor
aircraft using the control method of varying rotor
speed.
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Figure 16 Distribution of the angle attack at a speed
of 250km/h and collective pitch of 10°.

Figure 17 shows the rotor thrust with forward
speed for different prescribed collective angels. The
front rotor thrust decreases first, and then
increases. On the contrary, the rear rotor thrust
increases, and then decreases. This trend is
because of the variation of the resultant pitching
moment acting on the quadrotor aircraft. At low
speed flight, the nose up pitching moments
generated by the rotors are larger than the nose
down moment generated by the fuselage. The rear
rotor needs to generate larger thrust than the front
rotor to balance the nose up pitching moment. At
medium to high speed flight, the direction of the
resultant pitching moment changes, and the rear
rotor has to generate a lower thrust. For the front
rotor, the thrust decreases with increasing the
prescribed collective pitch, and the rear rotor
increases. However, the magnitudes are relatively
small. Increasing the prescribed collective pitch has
substantially small influence on the rotor thrusts.
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Figure 17 Rotor thrust with forward speed for
different prescribed collective angels.

Figure 18 shows the rotor power with forward
speed for different prescribed collective angles. The
figure indicates the following conclusions:

1) At low speed flight, increasing the collective
pitch means the decrease in the rotor speed. Lower
rotor speed can lead to the reduction of the rotor
profile power [21, 22]. The rotor power consumption
decreases.

2) At medium speed flight, the rear rotor has
larger power consumption than the front due to the
aerodynamic interference. The change of the front
rotor power is substantially small, and the rear rotor
power decreases with increasing the collective
pitch. With a large collective pitch of 12°, the front
rotor power can increase, but the rear rotor power
still decreases by a very small decrement. Figure 19
shows the distribution of the angle attack at a speed
of 150km/h and collective pitch of 12°. It is clear that
the retreating side of the front rotor sees a much
larger angle of attack, which indicates that it is
about to undergo stall. The stall area is much larger
than the rear rotor. Figure 12 shows that the front
rotor has a much smaller rotor speed than the rear
rotor at the speed of 150km/h. This leads to larger
angle of attack and more severe aerodynamic
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asymmetry. That is the reason why the rotor power
increases with a larger collective pitch at a medium
forward speed.

3) At high speed flight, the rotors of the
qguadrotor aircraft have a larger power consumption
than the helicopter rotor. Since the aerodynamic
interference has a smaller influence on the front
rotor, the increase in the rotor power of the front
rotor primarily comes from blade flapping. The
increase in the rear rotor power comes from the
aerodynamic interference and uncontrolled blade
flapping. Increasing the prescribed collective pitch,
which means the reduction of the rotor speed, can
decrease the power at high speed flight. It can also
increase the maximum forward speed.

4) Compared with Figure 3, the rotor power
using variable rotor speed larger or smaller than the
rotor using variable blade pitch depends on the
prescribed rotor speed and collective pitch. Different
prescribed collective angles can lead to an increase
or decrease in the rotor power.

5) It can be concluded that using a large
prescribed collective pitch is preferred from the
point of view of flight performance. The major side
effect is a possible power increase at a medium
speed due to the lower rotor speed.

4000

— Helicopter Rotor|
—Q0
3500 | —9—90—8
4 0,=9°
3000 0 =10°
= 0
= e 90=11°
15 2500
2
[}
a
5 2000
°
o

50 100 150 200 250 300
Speed [km/h]
(a) front rotor
4000 T T

— Helicopter Rotor|
=0
3500+ 66,78
ﬁekao=9°
3000 | =10°
= Ho 10 $]
= s yo=11° J
5 2500 14
S i
z .
o
5 2000
°
o

50 100 150 200 250 300
Speed [km/h]

(b) rear rotor
Figure 18 Rotor power with forward speed for
different prescribed collective angles.

(b) rear rotor
Figure 19 Distribution of the angle attack at a speed
of 150km/h and collective pitch of 12°.

Figure 20 shows the rotor profile power with the
forward speed for different prescribed collective
angles. The rotor profile power generally decreases
with the forward speed, and then increases, except
for the front rotor at medium speeds. At low speed
flight, increasing the prescribed rotor collective can
distinctly decrease the profile power. At medium
speeds, this works for the rear rotor, but not for the
front rotor. Since too low rotor speed can incur
severe stall problem in the blade retreating side, as
shown in Figure 19, the front rotor profile power can
increase. At high speeds, increasing the collective
leads to a decrease in the power consumption and
an increase in the maximum forward speed.

Figure 21 shows the rotor induced power with
the forward speed for different prescribed collective
angels. The aerodynamic interference is beneficial
to the front rotor at low speed flight, but the
magnitude is small. It has strong influence on the
rear rotor. At low speed flight, the increase in the
power is caused by the aerodynamic interference,
and the prescribed rotor collective pitch has little
influence on the rotor induced power. At medium
speeds, the collective pitch has substantially small
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influence on the induced power. At high speeds, the
effect becomes pronounced, and increasing the
prescribed collective pitch can reduce the induced
power.
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different prescribed collective angels.

The previous analysis indicates that using
cyclic pitch controls is an effective way to reduce
the rotor power at high speed flight. Figure 22
shows the power reduction by the cyclic pitch
controls at a speed of 250km/h and collective pitch
of 10°. It is clear that the cyclic control can
effectively reduce the rotor power, especially the
lateral cyclic pitch control. At a lateral cyclic pitch
control of 100, the front and rear rotor powers can
be reduced by 17.1% and 15.4%, respectively. It
can be expected that more power can be saved by
optimizing the cyclic pitch controls. Another benefit
of applying the cyclic pitch controls in the rotor
systems of quadrotor aircraft is an increase in the
maximum forward speed.
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Figure 21 Rotor induced power with forward speed
for different prescribed collective angles.
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Figure 22 Power reduction by cyclic pitch control at
a speed of 250km/h.

At a speed of 150km/h and a prescribed
collective pitch of 12°, the front rotor power can be
significant. Figure 23 shows the effect of the cyclic
pitches on the rotor power at that flight state. It is
clear that the cyclic pitches can reduce the rotor
power, and the overall power reduction percentage
is a little smaller than what is shown in Figure 22.
Different from the mechanism at high speed flight,
the longitudinal cyclic reduced the blade pitch in the
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retreating side to decrease the angle of attack to
alleviate the stall effect at a medium speed. At high
speed flight, the angle of attack in the retreating
side is small, as shown in Figure 16. The increase
in the angle of attack can improve rotor
performance. The strategy of applying cyclic pitch
controls is different for different flight states.
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Figure 23 Power reduction by cyclic pitch control at
a speed of 150km/h.

5. CONCLUSIONS

This work focused on the investigation of
design features of quadrotor aircraft different from
helicopters from the point of view of flight
performance. A performance model considering the
whole aircraft trim, blade flapping, and aerodynamic
interference between the front and rear rotors is
used to analyze the flight performance of a square
formation quadrotor. By using the formation
symmetry of quadrotor aircraft, the six equilibrium
equations are reduced to three, and an iterative
algorithm is proposed to obtain the converged
solution of the equations. The analyses yielded the
following conclusions:

1) The major design features of quadrotor
aircraft different from helicopters are the
uncontrolled blade flapping and the aerodynamic
interference between the front and rear rotors from
the point of view of flight performance. These lead
to the overall rotor power consumption of quadrotor
aircraft larger than the equivalent helicopter rotor.

2) Uncontrolled blade flapping can lead to the
backward tilt of the rotor disk, which causes an
increase in the rotor drag, especially at high speed
flight. The increased rotor drag leads to an increase
in the forward tilt of the fuselage, which can cause
an increase in the parasitic power. The uncontrolled
blade flapping also leads to an increase in the angle
of attack in the blade retreating side, which can
degrade the aerodynamic performance and the
corresponding increase in the rotor profile and
induced powers.

3) The aerodynamic interference is beneficial to
the front rotor with a small magnitude, and can lead
to the power increase in the rear rotor. In general,
the aerodynamic interferences between the rotors
lead to the increase in the total power of quadrotor
aircraft.

4) The cyclic pitch controls can be used in the
rotor systems of quadrotor aircraft to effectively
reduce the power consumption. The strategy of
applying cyclic pitch controls can be different for
different flight state. The lateral cyclic pitch is more
effective in reducing the rotor power than the
longitudinal cyclic pitch control at high speed flight.

5) For varying rotor speed, using a larger
prescribed collective pitch can be beneficial for
power saving, except for the front rotor at medium
speed flight. The larger prescribed collective pitch
leads to much lower rotor speed, which can
increase the rotor profile power due to the stall in
the blade retreating side.

6) Compared with the helicopter rotor, from low
to medium speed flight, the aerodynamic
interference between the front and rear rotors
dominates the power change. At high speed flight,
both the wuncontrolled blade flapping and
aerodynamic interference can lead to the increase
in the rotor power, and the uncontrolled blade
flapping can become more pronounced.
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