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Abstract: Advancements in aerial mobility (AAM) are driven by needs in transportation, logistics,
rescue, and disaster relief. Consequently, large-sized multirotor unmanned aerial vehicles (UAVs)
with strong power and ample space show great potential. In order to optimize the design process
for large-sized multirotors and reduce physical trial and error, a detailed dynamic model is firstly
established, with an accurate aerodynamic model. In addition, the center of gravity (CoG) offset and
actuator dynamics are also well considered, which are usually ignored in small-sized multirotors. To
improve the endurance and maneuverability of large-sized multirotors, which is the key concern in
real applications, a two-loop optimization method for rotor tilt angle design is proposed based on the
mathematical model established previously. Its inner loop solves the dynamic equilibrium points to
relax the complex dynamic constraints caused by aerodynamics in the overall optimization problem,
which improves the solution efficiency. The ideal design results can be obtained through the offline
process, which greatly reduces the difficulties of physical trial and error. Finally, various experiments
are carried out to demonstrate the accuracy of the established model and the effectiveness of the
optimization method.

Keywords: large-sized multirotor; dynamics modeling; aerodynamics; endurance; maneuverability;
design method; structure optimization; rotor tilt angle

1. Introduction

For the past half century, multirotor unmanned aerial vehicles (UAVs) have developed
rapidly and have been successfully applied in the fields of aerial photography, industrial
inspection, and precision agriculture [1–3]. However, most of the current applications are
based on small-sized multirotors, which have limited available space and load capacity. In
contrast, large-sized multirotors have stronger power and larger space, which can expand
their application scope to transportation, logistics, rescue, and disaster relief [4,5]. To
promote so-called advancing aerial mobility (AAM) [6–8], the key concern for large-sized
multirotors is their endurance and maneuverability.

To improve the flight performance of multirotors, including endurance and maneuver-
ability, the design of the rotor tilt angle is an effective and simple method. For example,
fully actuated multirotors usually adopt this design to achieve six-degrees-of-freedom
(DoF) movement [9,10]. This type of design changes the direction of the force and torque
generated by the actuator by tilting the rotor to achieve different design goals. In general
terms, a dihedral angle can improve the hovering stability [11], and a cant angle can im-
prove the maneuverability of the yaw motion [10,12]. However, the rotor tilt angle design
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sacrifices the lift force, and the output forces of tilted rotors partially cancel each other out,
so an incorrect design may even result in reduced flight performance.

For the design of general multirotors, various methods have been proposed in the
literature. Most studies focus on the sizing and selection of propulsion system components,
according to different design requirements, such as flight maneuverability [13], battery
endurance [14,15], safety and reliability [16], design automation [17], etc. As for the rotor
tilt angle design, the dynamic manipulability measure method is proposed in [10] for hexro-
tors considering tilt angles and the arrangement of rotors. In [18], a numeric estimation
and optimization method is presented for the dynamic performance of multirotors with
tilted rotors.

However, the design methods mentioned above are targeted towards small- or medium-
sized multirotors. In fact, in addition to the inherent complex characteristics of multirotors,
such as motion coupling, the design of large-sized multirotors presents more difficulties
and challenges than the design of small-sized ones. This is because the increase in size leads
to a larger effect of nonlinearities and uncertainties that can be neglected in small-sized
multirotors, including center of gravity (CoG) offset, aerodynamics, and actuator dynamics.
On the other hand, large-sized multirotors are not convenient for physical trial and error
designs, which puts forward higher requirements for the effectiveness of the design method
and the accuracy of the mathematical model used in the design.

In other words, accurate modeling is important for the design of large-sized multi-
rotors. First of all, an accurate rigid-body dynamic model can be established based on
Newton–Euler equations [19,20], including the factors of CoG offset and the positions
of rotors. In [21,22], actuator dynamics is also considered to improve the flight control
performance of multirotors. As for the modeling of aerodynamics, which is complex but
important, a gray-box aerodynamics model is identified for quadrotors in [23] based on
high-speed flight data. In [24,25], the finite element analysis technique is used to analyze
the aerodynamic effects of actuators. Furthermore, a general explicit mathematical model of
aerodynamics is required for the design of multirotors. The simplified mathematical model
of aerodynamics is adopted in [26]. In [27,28], an accurate model of the aerodynamics of a
rotor is derived in detail. In addition, blade flapping and coaxial effects are analyzed in [29]
and [30], respectively.

In this study, in order to improve the effectiveness of offline design and reduce physical
trial and error for large-sized multirotors, a dynamic model of large-sized multirotors is
established in detail, including accurate rigid-body dynamics, aerodynamics, and actuator
dynamics. Then, to improve the endurance and maneuverability of large-sized multirotors,
the optimization method for rotor tilt angle design is introduced based on the established
mathematical model. The main contributions of this study can be summarized in the
following three points.

1. A dynamic model of large-sized multirotors is established accurately for use in
offline design or parameter tuning. The CoG offset, aerodynamics, and actuator dynamics
are well considered, which are neglected in small-sized ones. The high accuracy of the
established mathematical model is verified through experiments.

2. A two-loop optimization method for rotor tilt angle design is proposed based on
the accurate dynamics model to improve endurance and maneuverability. Specifically, the
inner loop is introduced to solve the equilibrium points of dynamic equations. This actually
relaxes the complex constraints caused by aerodynamics, so the overall optimization
problem can be solved effectively. In addition, the proposed method can also be extended
to other design tasks.

3. Benefiting from the highly accurate dynamic model and the efficient optimization
method, ideal design results can be obtained through the offline process, which greatly
reduces the difficulties of physical trial and error. Simulations and experiments are con-
ducted to verify that the optimized design improves the maneuverability and endurance of
large-sized multirotors.
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The rest of this paper is organized as follows. In Section 2, the accurate dynamic
model of the multirotors is established, including rigid-body dynamics, aerodynamics, and
actuator dynamics. The optimization method for rotor tilt angle design, with its motivation
and purpose, is introduced in Section 2. In Section 4, various experiments are carried out to
demonstrate the accuracy of the established model and the effectiveness of the optimization
method. Finally, conclusions are drawn in Section 5.

Notation 1. • ∈ R>0 represents a positive definite matrix. Given a, b ∈ R3, a× represents the
skew–symmetric matrix of a that satisfies a×b = a× b. The inverse operation of •× is denoted as
•∨, i.e., (a×)∨ = a. The unit vector of the z-axis is denoted as nz = [0 0 1]T .

2. System Modeling

In this section, the dynamics models are analyzed in detail. In addition to the rigid-
body dynamics of multirotors and the mechatronic dynamics of motors, the aerodynamics
of propellers, including the effect of rotor tilt angles, is also carefully considered, which is
usually ignored for small-sized multirotors but is crucial for large-sized multirotors.

2.1. Rigid-Body Dynamics

To develop the rigid-body dynamics model of multirotors, coordinate systems are
defined as shown in Figure 1. Let I represent the north–east–down (NED) inertia reference
frame, and B represent the forward–right–down (FRD) body-fixed frame.

Figure 1. Coordinate systems for multirotors.

Let p = [x y z]T ∈ R3 and v = [u v w]T ∈ R3 denote the position and velocity
expressed in frame I , respectively. R ∈ SO(3) represents the rotation matrix from frame B
to frame I , and ω = [p q r]T ∈ R3 is the angular velocity expressed in frame B. According
to Newton–Euler equations [19], the rigid-body dynamics of multirotors can be established
as follows:

ṗ = v (1)

mv̇ = mgnz + fr + fu (2)

Ṙ = Rω× (3)

Jω̇ = −ω× Jω + τr + τu (4)

with

fr = −mR
(
ω̇× + ω×ω×

)
rg (5)

τr = −mr×g RT(v̇− gnz) (6)

in which g ∈ R+ is the gravity constant; m ∈ R+ and J ∈ R>0 are the mass and the inertia
tensor of the multirotors, respectively; rg ∈ R3 denotes the center of gravity (CoG) vector;
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fr ∈ R3 and τr ∈ R3 are the force and torque caused by rg, respectively; and fu ∈ R3 and
τu ∈ R3 are the resultant force and torque generated by the propellers, respectively.

Remark 1. The resultant force fu and torque τu generated by the propellers vary according to the
configuration of the multirotors. They are determined by the position and attitude (i.e., the tilt
angles) of each rotor, which further affect the manipulation characteristics of the multirotors.

2.2. Aerodynamics
2.2.1. Blade Flapping

For large-sized multirotors, the blade flapping effect cannot be ignored. Based on
the equivalent torsion spring approximation shown in Figure 2, the first-order harmonic
approximation of the blade flapping motion can be expressed as

β = a0 − a1 cos ϕ′ − b1 sin ϕ′ (7)

where β is the blade flapping angle; ϕ′ is the blade direction angle expressed in the wind-
axis frame; a0 is the blade taper angle; and a1 and b1 are the longitudinal and lateral
periodic flapping coefficients in the wind-axis frame. According to [29,30], the blade paddle
dynamics can be described as follows. ä0

ä1
b̈1

+ D

 ȧ0
ȧ1
ḃ1

+ K

 a0
a1
b1

 = f (8)

where D is the damping matrix, K is the stiffness matrix, and f is the excitation vector. D,
K, and f are obtained by solving the moment balance equations acting on the equivalent
flapping hinge, and the details are presented in [29,30].

Rotor axis

Original modal Equivalent modal

Torsion spring

𝑑𝑤/𝑑𝑦
𝑊

𝑊𝑡𝑖𝑝

0.75

ҧ𝑒 1

Figure 2. Equivalent torsion spring approximation, in which ē is the dimensionless hinge offset; W is
the flapping amplitude at 0.75R; and Wtip is the flapping amplitude at the tip.

2.2.2. Propeller Aerodynamics

The aerodynamics acting on the propeller is calculated using the blade element method,
considering the blade flapping. Let T, HW , and YW be thrust, rearward, and lateral force,
respectively. The aerodynamic forces are expressed as
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T =
b

∑
i=1

(
κ
∫ R−e

0
F1(ϕ′i

)
dr′ − b

(
Mβ ä0 + mbg−mb(ẇ− uq + pv)

))
(9)

HW =
b

∑
i=1

( ∫ R−e

0
F3(ϕ′i

)
sin ϕ′idr′ − κ

∫ R−e

0

(
F2(ϕ′i

)
sin ϕ′i + F1(ϕ′i

)
βi cos ϕ′i

)
dr′
)

(10)

YW =
b

∑
i=1

(
−
∫ R−e

0
F3(ϕ′i

)
cos ϕ′idr′ + κ

∫ R−e

0

(
F2(ϕ′i

)
cos ϕ′i − F1(ϕ′i

)
βi sin ϕ′i

)
dr′
)

(11)

Let LW , MW , and Q be heading, pitch, and roll torque, respectively. The aerodynamic
torque is expressed as

Q =
b

∑
i=1

( ∫ R−e

0

(
e + r′

)
F3(ϕ′i

)
dr′ − κ

∫ R−e

0

(
e + r′

)
F2(ϕ′i

)
dr′ + IMRΩ̇

)
(12)

MW =
b

∑
i=1

(
− κ

∫ R−e

0
eF1(ϕ′i

)
cos ϕ′idr′ +

(
eMβ β̈i − Kββi

)
cos ϕ′i

)
(13)

LW =
b

∑
i=1

(
− κ

∫ R−e

0
eF1(ϕ′i

)
sin ϕ′idr′ +

(
eMβ β̈i − Kββi

)
sin ϕ′i

)
(14)

in which R is the rotor radius; b is the number of blades; e is the offset of the blade flapping
hinge; r′ is the radial length from the blade profile to the flapping hinge; κ is the tip loss
coefficient; mb is the blade mass; Mβ is the moment of inertia of the blade about the flapping
hinge; Kβ is the spring stiffness of the flapping hinge; and IMR is the moment of inertia of
the rotor. In addition, the details of F1(ϕ′i

)
, F2(ϕ′i

)
, and F3(ϕ′i

)
are described in [27,28].

Remark 2. For the coaxial multirotors, as shown in Figure 1, we assume that the induced inflow
of the lower propeller does not affect the ability of the upper propeller to generate thrust, and the
propellers are sufficiently close together that the wake from the upper propeller does not fully develop.
This assumption is based on [31], and it has been proven that it has acceptable precision because the
coaxial rigid rotors usually feature very stiff blades with a small separation distance between rotors.

2.2.3. Airframe Aerodynamics

The airframe aerodynamics is calculated through the experimental data of the wind
tunnel. The angle of attack, the sideslip angle, and the dynamic pressure of the airframe
take into account the aerodynamic disturbance effect of the rotors.

Let v f =
[
u f v f w f

]T
∈ R3 denote the relative air velocity at the aerodynamic center

of the airframe, which can be calculated as follows.

v f = v + ω× r f + viw f (15)

in which r f is the position vector from the aerodynamic center to the geometric center,
and viw f is the aerodynamic disturbance effect of the rotors, which is determined through
comprehensive ground tests on multirotors. These experiments directly measure the
aerodynamic interference between rotors. The viw f value for various operational conditions
is calculated using a look-up-table approach. Then, the angle of attack and sideslip of the
airframe are

α f = arctan
w f∣∣∣u f

∣∣∣ , β f = arctan
v f√

u2
f + w2

f

(16)

and the dynamic pressure at the aerodynamic center is

q f =
1
2

ρ
(

u2
f + v2

f + w2
f

)
(17)
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where ρ is the local atmospheric density.
In the body frame, the total airframe aerodynamics acting on multirotors is XF

YF
ZF

 = Tf

 −q f CDF
q f CYF
−q f CLF

,

 LF
MF
NF

 = Tf

 q f CRF
q f CMF
q f CNF

+ r f ×

 XF
YF
ZF

 (18)

in which

Tf =

 cos α f 0 − sin α f
0 1 0

sin α f 0 cos α f

 cos β f − sin β f 0
sin β f cos β f 0

0 0 1

 (19)

and the airframe aerodynamic coefficients CLF, CDF, CYF, CRF, CMF, and CNF are all
expressed as functions of the angle of attack and sideslip, which can be obtained from the
wind tunnel experimental data.

2.3. Actuator Dynamics

The propellers are driven by brushless DC (BLDC) motors with the well-known
mechatronic dynamics model [22].

Lm İ = U − Rm I − keωm (20)

Jmω̇m = km I − τd − kvωm − ks (21)

where U ∈ R and I ∈ R are the voltage and current of the motors, respectively; ωm ∈ R
is the rotation speed of the motors; Rm ∈ R+ and Lm ∈ R+ are resistance and inductance,
respectively; Jm ∈ R+ is the inertia of the motors; ke ∈ R+ is the back electromotive force
(EMF) constant; km ∈ R+ is the electromagnetic torque constant; kv ∈ R+ is the viscous
friction constant; ks ∈ R+ is the solid friction constant; and τd ∈ R is the load of the motors,
which can be obtained from the aforementioned aerodynamics of the propellers.

3. Rotor Tilt Angle Design

The main results are presented in this section. The motivation and purpose of the
design are clarified first, followed by the introduction to the optimization method based on
the aerodynamics model established in the previous section.

3.1. Motivation and Purpose

For multirotors, the rotor tilt angles have two degrees of freedom (DoF) that can be
designed, i.e., the dihedral angle φ ∈ R and the cant angle θ ∈ R, as shown in Figure 3.

𝜙𝜙

Dihedral angle

T

Fr = T • sin(𝜙𝜙)

(a)

Rotor1 Rotor2 Ft = T • sin(θ)

Fr

Cant angle
θ

(b)

Figure 3. Two DoFs of rotor tilt angles and their force analysis. (a) Side view: dihedral angle φ.
(b) Top view: cant angle θ.
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Generally, dihedral angle design is achieved by pitch tilting the rotor arms, as shown
in Figure 3a. As a result, part of the driving force T generated by the rotor is decomposed
into an inwardly directed normal component Fr, which can improve the hovering stability
of multirotors. As for the cant angle design, the adjacent rotors are tilted in opposite
directions by the same amount of rolling, as shown in Figure 3b. Moreover, the generated
additional tangential component force Ft improves the maneuverability of the yaw motion
for the multirotors.

However, both types of rotor tilt angle designs sacrifice the lift force for the component
forces in other directions, and these component forces partially cancel each other out,
which may reduce the energy efficiency of the multirotors. In addition, the rotor tilt angle
design may strengthen the coupling effect between the position and the attitude control.
Based on these considerations, the purpose of the design is to find the optimal rotor tilt
angles that balance the movement of each DoF and improve the overall endurance and
maneuverability of the multirotors.

3.2. Optimization Method

To construct the optimization problem, the common control architecture for multirotors
is introduced, as shown in Figure 4, which is adopted by many popular open-source flight
controllers, such as PX4 [32].

Controller Allocator Actuators Multirotors
Ref.

States

𝝈𝝈 𝑈𝑈 𝒇𝒇𝒖𝒖, 𝝉𝝉𝒖𝒖

Software Hardware

Figure 4. Common control architecture for multirotors.

As shown in Figure 4, the control architecture includes two parts, i.e., software and
hardware. The principle of the hardware is described in the modeling section. In the
software part, the output of the controller module is the normalized control input for
each DoF, as indicated by σ in Figure 4. For underactuated multirotors, this is σ ∈ R4;
for omnidirectional multirotors, it is σ ∈ R6. Then, the allocator module allocates the
normalized control input to each actuator and modulates it into the corresponding voltage
value U.

Specifically, the classical geometric control method [33] is adopted. The desired control
input force fud and torque τud are chosen as follows:

fud = −kpep − kvev −mgnz − fr + mẍd (22)

τud = −krer − kωeω + ω× Jω− τr + Jω̇d (23)

in which k• ∈ R3 are the control gains; xd, ωd ∈ R3 are the desired position and angular
velocity, respectively; and e• ∈ R3 are the state errors defined as in [33].

According to the maximum capacity of actuators, the desired fud and τud can be
normalized to σ as mentioned above. Then, based on the force and moment constants
of the actuator and the geometry of the airframe, the so-called control allocation matrix
Mx can be obtained and the input voltage U of each actuator can be determined through
U = M−1

x σ.
For a specific flight mission, if a certain DoF of σ is relatively lower, this means that

this DoF has a higher control margin and less power consumption, i.e., the endurance
and maneuverability of this DoF are better. In order to balance each DoF and achieve
the best overall performance in terms of endurance and maneuverability, the following
optimization problem is constructed.
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min
φ, θ

E = σTWσ (24)

s.t. Equations (1)−(21)

v = vd

φmin < φ < φmax

θmin < θ < θmax

(25)

where W is the diagonal weight matrix; •max and •min are the maximum and minimum for
•, respectively; and vd ∈ R3 is the desired velocity for a specific flight condition.

The optimization variables of problem (24) are the rotor tilt angles, and the constraints
include the system dynamics (1)–(21) established in the modeling section. Since the system
dynamics considers accurate aerodynamics, the result of problem (24) is very close to reality,
which reduces the trial and error costs.

However, it is also very difficult to solve problem (24) directly due to the complex
dynamics (1)–(21), so the two-loop solution is proposed, as shown in Figure 5. In the inner
loop, the complex dynamics (1)–(21), including the effect of aerodynamics, is solved by
means of the numerical optimization method in order to obtain the equilibrium state of the
multirotors. In other words, we solve the following nonlinear optimization problem:

min
R, fu , τu , σ

‖mgnz + fr + fu‖2
Wp

+
∥∥−ω× Jω + τr + τu

∥∥2
Wω

(26)

s.t. Equations (5)−(21)

v = vd

ω = 0

(27)

where Wp and Wω are weight matrices. Note that fr and τr are calculated according
to (5) and (6), respectively, and fu and τu are subject to the constraints of (7)–(21), including
aerodynamics and actuator dynamics. In this way, the first and second constraints (25) in
the original optimization problem (24) are actually relaxed.

Update rotor tilt angles

Update the dynamic of 
multirotors

Import initial value of 
state and control inputs

Solve the Equilibrium 
state of multirotors (26)

Calculate optimization 
problem function (24)

Import initial value 
of rotor tilt angles

Minimum?

Output results

Yes

No

Inner loop

Outer loop

Figure 5. Two-loop solution of optimization problem for rotor tilt angle design.
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In the outer loop, relying on the solution of the inner loop, problem (24) is solved
based on sequential quadratic programming (SQP) [34]. This is an iterative method used for
nonlinear optimization that approximates the nonlinear constraints and objective function
with quadratic functions. At each iteration, SQP solves a quadratic programming (QP)
subproblem based on a linearized model of the constraints (25) and a quadratic model of
objective (24), and the solution obtained provides a search direction for the updating of the
current estimate of the optimal solution, i.e., ∆φk and ∆θk. The update formulas for the
dihedral angle and cant angle are

φk+1 = φk + ηk∆φk (28)

θk+1 = θk + ηk∆θk (29)

in which ηk is the step size.

Remark 3. For the numerical optimization solution of the inner loop, a simulation model is built
based on the established mathematical models, using Matlab Simulink, as shown in Figure 7 in the
next section. Then, the Matlab trim() function is used to generate the trim states and trim inputs
for the simulation model.

4. Experimental Verification

The rotor tilt angle design for manned multirotors is presented as a case study in this
section. A coaxial multirotor with eight rotor arms and sixteen propellers, as shown in
Figures 1 and 6, is chosen for design and experimental verification. Firstly, the dynamics
model is verified, as it is the basis for the proposed design method. Then, the rotor tilt
angles are designed using the proposed design method.

Figure 6. Coaxial multirotor with eight rotor arms and sixteen propellers, trajectory tracking.

In order to verify the mathematical model established in Section 2, and for the subse-
quent design process, the simulation platform for the multirotors is established as shown
in Figure 7. Furthermore, the sensor noise and battery consumption are also considered
to simulate the real multirotor as much as possible, in addition to rigid-body dynamics,
aerodynamics, and actuator dynamics.

Figure 7. Simulation platform for multirotors.
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4.1. Model Verification
4.1.1. Rotor Tests

To test the steady-state and transient performance of the actuators, the actuator test
bench was designed as shown in Figure 8. The single-rotor test bench is illustrated in
Figure 8a. Compared to the actuator mounted on a multirotor, the test bench can provide
additional information on the rotational speed, thrust, torque, and current. The coaxial
rotor test bench, shown in Figure 8b, is composed of two single-rotor test benches. The
incorporated slide rail facilitates the easy adjustment of the distance between the rotors.

Torque Sensor

Motor

ESC

Speed Sensor

Thrust Sensor

Current Sensor

(a) (b)

Figure 8. Actuator test bench. (a) Configuration of single-rotor test bench. (b) Coaxial rotor test bench.

To begin, the aerodynamics of the propellers was verified with the comparative test
shown in Figures 9 and 10, in which the simulation results, experimental results, and
specification results from an official manual are presented. For the single rotor, the curves
of thrust and power versus motor speed are presented in Figure 9, while, for the coaxial
rotor, the curves of thrust versus power are presented in Figure 10, since the speeds of the
upper and lower motors are not exactly the same. Both results verify that the established
mathematical model can describe the actual propeller aerodynamics very well.

1,000 1,500 2,000 2,500 3,000 3,500

Omega (RPM)

10

20

30

40

50

60

T
hr

us
t (

kg
)

Single rotor

Model
Test
Spec

1,000 1,500 2,000 2,500 3,000 3,500

Omega (RPM)

0

2,000

4,000

6,000

8,000

10,000

P
ow

er
 o

ut
 (

W
)

Model
Test
Spec

Figure 9. Tests for aerodynamics of single rotor.
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t (
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)

Coaxial Rotor

Model
Test

Figure 10. Tests for aerodynamics of coaxial rotor.

4.1.2. Multirotor Tests

The hovering tests for the initial verification of the dynamics of the overall system
are shown in Figure 11, including the hovering throttle, hovering power, and hovering
time under different total weights. The experimental result and simulation result are well
matched, indicating that the dynamics of the overall system is accurate in the hovering
equilibrium state.
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Figure 11. Hovering tests for dynamics of overall system.

Moreover, to further verify the dynamics of the overall system, forward flight tests
were conducted, with the multirotor platform shown in Figure 6. For these tests, for
which the results are shown in Figure 12 and Table 1, only the forward flight speed, pitch
angle, thrust throttle, and pitch throttle are presented, since they strongly contribute to the
forward flight scenario. Figure 12 shows the forward speed curves for 6 m/s in detail, in
which the transient and steady state are both highly consistent between the experiment and
simulation, verifying the high accuracy of the mathematical model established in Section 2.
Note that since most of the power is used to compensate for gravity, consumption for
horizontal movement is very limited, which is why the shape of the power curve and that
of the thrust throttle curve are almost the same. In addition, more results for different
forward speeds and different total weights are presented in Table 1.
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Figure 12. Forward flight test for dynamics of overall system.

Table 1. Forward flight tests, with different forward speeds and total weights.

Weight Forward
Speed

Thrust Throttle Pitch Throttle Pitch Angle Power

Test Model Test Model Test Model Test Model

374 kg 6 m/s 57% 56% −10% −10% −2.5◦ −2◦ 66.2 kW 64.7 kW
374 kg 10 m/s 53% 52% −16% −17% −4.5◦ −4◦ 58.3 kW 59.1 kW
374 kg 12 m/s 50% 50% −17% −20% −7◦ −6◦ 56.2 kW 57.4 kW
429 kg 6 m/s 60% 61% −9% −10% −2.2◦ −1.9◦ 81.6 kW 80.0 kW

4.2. Design Verification

With a mathematical model of sufficient accuracy, the simulation platform can be
used in the design of the rotor tilt angles, and the design results are further experimentally
verified on real multirotors.

4.2.1. Preliminary Design in Simulation

First, the established high-accuracy simulation platform shown in Figure 7 was used
to explore the effects of the dihedral angle and cant angle on the flight performance of
large-sized multirotors. The performance variations under medium and high flight speeds
were verified, as shown in Figure 13 and Figure 14, respectively.

Figure 13 shows that when the dihedral angle φ = 5◦, the forward flight speed
tracking remains consistent. While the pitch angle decreases slightly, changes in thrust
and pitch throttle are minimal. However, the increased yaw throttle leads to higher overall
power, compromising the yaw control at lower and medium speeds. In contrast, the
configuration with a cant angle θ = 5◦ significantly reduces the yaw throttle, improving
the yaw control without majorly affecting other control channels. Figure 14 shows that
the configuration with a dihedral angle φ = 5◦ results in a further decrease in pitch angle
without notably affecting other control channels. The yaw throttle increases, but it is slightly
better compared to the medium-speed conditions. With a cant angle θ = 5◦, the yaw control
improves notably at higher speeds, with minor reductions in pitch throttle.
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Figure 13. Medium-speed forward flight simulation: maximum speed vmax = 4 m/s.
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Figure 14. High-speed forward flight simulation: maximum speed vmax = 8 m/s.

In summary, a dihedral angle design offers the advantage of a reduced pitch angle
with minimal changes in thrust and pitch throttle, but it has a pronounced adverse effect on
yaw control. On the other hand, a cant angle design significantly reduces the yaw throttle
without affecting other control channels.

4.2.2. Offline Design Optimization

Based on the analysis in the previous Section 4.2.1, a dihedral angle only has ad-
vantages when flying at high speeds, and it has certain side effects for medium-speed
scenarios where large-sized multirotors are restricted. Although the proposed method can
theoretically optimize the dihedral angle and the cant angle simultaneously, considering
the side effects of the dihedral angle and the convenience of experimental verification,
the optimization efforts were concentrated on the design of the cant angle for manned
multirotors as an example. Furthermore, the initial installation error of the rotor was also
taken into account. Two typical such errors are 0.6◦ and 1◦.

Based on the proposed design method and the simulation platform, Table 2 presents
the design results with the deference load and forward flight speed. In the Table 2, the
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throttle variation is the difference between the throttle value after optimization and before
optimization. From the throttle variation, the proposed design increases the overall throttle
margin by reducing the yaw throttle, thereby making more aggressive flight possible, i.e.,
improving the maneuverability. For the manned multirotor example, the cant angle for the
rotor can be chosen to be 5◦, which would be suitable for most situations.

Table 2. Cant angle design results.

Initial
Error Load CoG Forward

Speed
Cant

Angle
Throttle Variation *

Thrust Pitch Roll Yaw

0.6◦
0 kg (0, 0, 0) cm 0 m/s 3.44◦ 0.3% 0% 0% −5.6%

5 m/s 3.78◦ 0.37% 0.21% −0.09% −5.95%

50 kg (5, 0, 28) cm 0 m/s 3.99◦ 0.19% 0% 0% −6.64%
5 m/s 4.25◦ 0.26% 0.26% −0.08% −6.89%

1◦
0 kg (0, 0, 0) cm 0 m/s 4.92◦ −0.16% 0% 0% −11.02%

5 m/s 5.46◦ 1.03% 0.97% −0.2% −11.71%

50 kg (5, 0, 28) cm 0 m/s 5.66◦ 0.36% 0% 0% −13.06%
5 m/s 6.02◦ 0.56% 1.28% −0.19% −13.55%

* The difference in the throttle value after and before optimization.

Remark 4. It is impossible to design optimal rotor tilt angles for all flight conditions. Generally,
some typical flight conditions are selected for design, and their average design is adopted. As a
consequence, this average design is suboptimal for some flight conditions, but it is sufficient to
improve the overall maneuverability.

4.2.3. Experimental Design Verification

To verify the effectiveness of the design, trajectory tracking experiments were con-
ducted using the multirotor with eight rotor arms and sixteen propellers, as shown in
Figure 6. The 0◦ dihedral and cant angle of the rotors were set as the original baseline
configuration for comparison, as this is the basic design of most multirotors, while the
optimized configuration adopted a 5◦ cant angle for the rotors, as was designed above and
is shown in Figure 15. Since the yaw torque generated by the actuator was limited, in order
to prevent safety issues caused by actuator saturation, especially for the non-optimized
baseline, the maximum yaw angular velocity was limited to 10◦/s.

(a) (b)

Figure 15. Optimized design with 5◦ cant angle of rotors. (a) Overview; (b) zoomed-in view.
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The state comparison results and throttle comparison results are presented in Figure 16
and Figure 17, respectively. It can be observed from Figure 16 that when tracking the same
trajectory, the tracking performance of the position was almost the same, while the transient
response of the yaw was 4 s faster. Correspondingly, it can be observed from Figure 17 that
the yaw throttle value was reduced by an average of 6%, while the throttle values of other
channels were almost the same.
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Figure 16. Trajectory tracking experiment: state comparison.
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Figure 17. Trajectory tracking experiment: throttle comparison.

In addition to improving maneuverability, the rotor tilt angle design can also improve
the battery endurance of multirotors. The hovering experiment was carried out under
loads of different weights, and the hovering time was recorded and is shown in Figure 18.
It can be concluded that the heavier the load, the greater the relative improvement in the
hovering time. Combined with Figure 17, it can be explained that with almost the same
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thrust, roll, and pitch throttle, the optimized design requires less yaw throttle, so the overall
required energy consumption is reduced and the battery endurance time is longer.
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Figure 18. Hovering time comparison.

5. Conclusions

In this study, an accurate dynamics model for large-sized multirotors was established,
and the two-loop optimization method for the rotor tilt angle design of large-sized multiro-
tors was introduced.

More specifically, a high-accuracy dynamics model was established, including aero-
dynamics, CoG offset, and actuator dynamics. These factors are important for large-sized
multirotors, but are normally neglected in small-sized ones. The established model was
verified step by step experimentally, starting from a single-rotor system to a coaxial rotor
system and finally to an entire multirotor system. All results showed that the measured
data and model predictions were highly consistent.

The proposed two-loop optimization method was then based on the established
high-accuracy dynamic model. In this case, complex aerodynamic constraints were also
introduced into the optimization problem. In order to solve it effectively, the inner loop was
designed to solve the equilibrium points of the dynamics. Moreover, this inner loop can
achieve the relaxation of the complex aerodynamic constraints in the overall optimization
problem.

Benefiting from the experimentally validated high-accuracy models and the well-
designed optimization method, the ideal design of the rotor tilt angle was obtained through
an offline process, which greatly reduces the difficulties of physical trial and error. It was
also verified through experiments that the design results can improve the endurance and
maneuverability of large-sized multirotors.

In addition, the proposed method can also be extended to other design tasks. Future
work will focus on the design of high-performance controllers to improve fault tolerance
and safety.
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