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KEYWORDS Abstract Manned multi-rotor electric Vertical Takeoff and Landing (eVTOL) aircraft is prone to
Multi-rotor eVTOL: actuator saturation due to its weak yaw control efficiency. To address this inherent problem, a rotor
Control efficiency; cross-tilt configuration is applied in this paper, with an optimization method proposed to improve
Flight dynamics model; the overall control efficiency of the vehicle. First, a flight dynamics model of a 500-kg manned
Cross-tilt optimization; multi-rotor eVTOL aircraft is established. The accuracy of the co-axial rotor model is verified using
Endurance time a single arm test bench, and the accuracy of the flight dynamics model is verified by the flight test

data. Then, an optimization method is designed based on the flight dynamics model to calculate an
optimal rotor cross-tilt mounting angle, which not only improves the yaw control efficiency, but
also basically maintains the efficiency of other control channels. The ideal rotor cross-tilt mounting
angle for the prototype is determined by comprehensively considering the optimal results with dif-
ferent payloads, forward flight speeds, and rotor mounting angle errors. Finally, the feasibility of
the rotor cross-tilt mounting angle is proved by analyzing the control derivatives of the flight
dynamics model, the test data of a ground three Degree-of-Freedom (3DOF) platform, and the
actual flight data of the prototype. The results show that a fixed rotor cross-tilt mounting angle
can achieve ideal yaw control effectiveness, improving yaw angle tracking and hold ability, increas-
ing endurance time, and achieving good yaw control performance with different payloads and for-

ward speeds.
© 2024 Production and hosting by Elsevier Ltd. on behalf of Chinese Society of Aeronautics and
Astronautics. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org|
licenses/by-nc-nd/4.0/).

1. Introduction
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E-mail address: crlae@nuaa.edu.cn (R. CHEN). In recent years, the concept and system of Urban Air Mobility

Peer review under responsibility of Editorial Committee of CJA. (UAM) for urban low-altitude travel, transportation, and var-
ious special flight missions have gained much research atten-
tion."> One of the research directions of UAM is manned
multi-rotor electric Vertical Takeoff and Landing (eVTOL)
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aircraft due to its excellent vertical takeoff and landing perfor-
mance, high safety redundancy, and low noise.>*

However, recent simulations and flight tests in related liter-
ature > '° have shown that this type of aircraft is prone to actu-
ator saturation during yaw control. Generally, the pitch and
roll motions of a conventional multi-rotor eVTOL aircraft
are controlled by the resultant moment generated by the
multi-rotor thrust, and the yaw motion is controlled by the
counter-torque differential between motors. Compared with
conventional multi-rotor Unmanned Aerial Vehicles (UAV),
manned multi-rotor aircrafts have specific characteristics of
heavy load and high inertia. As a result, the yaw moment gen-
erated by the torque difference between motors has a more
limited effect on the yaw angular acceleration of the aircraft.
In other words, the yaw control efficiency of eVTOL aircraft
is much lower than that of other control channels (lift, roll,
and pitch), which can easily cause yaw controller saturation.
This phenomenon can degrade the flight quality of the aircraft
and even cause some motors to overheat, leading to aviation
accidents. Therefore, it is necessary to alleviate or avoid the
issue of yaw controller saturation for multi-rotor eVTOL air-
craft, especially for a manned vehicle.

To date, many scholars have proposed various methods to
address the problem of yaw controller saturation in multi-
rotor eVTOL aircraft. One approach is to add constraints to
prevent saturation from occurring. Weighted optimal control
allocation® is one such method, which allocates control signals
to ensure that actuators operate within a safe and effective
range. Similarly, a fixed-time neural control scheme ’ with
input and attitude constraints has been proposed, which uti-
lizes a Neural Network (NN) anti-saturation auxiliary system
to overcome adverse input saturation effects and introduces a
Nonlinear State-Dependent Function (NSDF) to ensure that
attitude constraint bounds are not violated. Another approach
is to alleviate the effects of saturation to maintain flight perfor-
mance. Event-triggered Reinforcement Learning (RL) control
strategies® can stabilize quadrotor UAVs with actuator satura-
tion, while the finite-time trajectory tracking control strategies’
based on the Adaptive Dynamic Surface Control (ADSC) the-
ory can enable UAVs to track the desired trajectories quickly
and accurately. Other methods, such as extension Simple
Adaptive Control (SAC),"” dynamic anti-windup compensa-
tion'"'? and adaptive quasi-sliding mode tracking control
algorithms,'® have also been used to handle input saturation
effects and improve control performance. In addition to these
approaches, some researchers propose adaptive neural fault-
tolerant control schemes '*'° that introduce auxiliary systems
to handle actuator faults, external disturbances, and input
saturation.

The control methods proposed in most literature can
achieve satisfactory performance by avoiding or alleviating
the issue of yaw controller saturation in multi-rotor eVTOL
aircraft. However, the fundamental reason for this issue, the
low efficiency of yaw control, is not addressed. There are rela-
tively few studies that investigate the methods to improve the
inherent effectiveness of yaw control from the perspective of
configuration design.

Over the past five years, some eVTOL technology compa-
nies have implemented a rotor cross-tilt configuration method.
By tilting the rotors, this technique utilizes the tangential com-
ponent of rotor thrust to participate in yaw control, and effec-
tively improves the yaw control efficiency of multi-rotor

eVTOL aircraft. This configuration method has been utilized
in various models such as DJI’s S1000, Wisk Aero’s Cora ser-
ies, and Boeing’s PAV, as shown in Fig. 1.

Nevertheless, there is a lack of public documentation or
patents describing the rotor cross-tilt configuration to date.
Therefore, it is worthwhile to further investigate an optimiza-
tion method for the rotor cross-tilt mounting angle. This
method can not only enhance the yaw control efficiency but
also maintain the effectiveness of other control channels,
thereby achieving optimal control performance overall. Mean-
while, it is important to consider the impact of this configura-
tion on the aircraft’s flight performance. Furthermore, to
ensure practical applicability, a robust design should consider
any potential errors in tilt mounting, and the variation of flight
state.

This paper proposes a rotor cross-tilt mounting angle opti-
mization method to address the intrinsic low yaw control effi-
ciency of manned multi-rotor eVTOL aircraft. A 500-kg
manned multi-rotor eVTOL aircraft designed and manufac-
tured by a key research project in Zhejiang Province is used
as a prototype, as shown in Fig. 2. The accuracy of the co-
axial rotor model is verified using a single arm test bench,
and the accuracy of the flight dynamics model is verified by
the flight test data. Then, the rotor cross-tilt mounting angle
optimization method is designed based on the flight dynamics
model to not only improve the yaw control efficiency, but also
basically maintain the efficiency of other control channels. The
ideal rotor cross-tilt mounting angle for the prototype is deter-
mined by comprehensively considering the optimal results of
rotor cross-tilt mounting angle with different loads, forward
flight speeds, and rotor mounting angle errors. Finally, the fea-
sibility of the rotor cross-tilt mounting angle is proved by ana-
lyzing the control derivatives of the flight dynamics model, the
test data of a ground three Degree-of-Freedom (3DOF) plat-
form, and the actual flight data of the prototype.

This research uses the open-source control code PX4 and
the supporting ground station QGC (QGroundControl) to
conduct various ground and flight tests on the manned
multi-rotor eVTOL aircraft prototype. PX4 is a professional
autopilot supported by an active world-wide community '
and is most suitable for the design and test phase of the aircraft
prototype of this study.

2. Flight dynamics modeling and validation

The aircraft’s 8-axis and 16-propeller configuration limits its
footprint while ensuring aerodynamic efficiency, making it
an exceptionally safe option. Additionally, the aircraft’s design
includes more power redundancy, smaller blade diameter, and
symmetric pitch and roll control, allowing it to maintain
hovering even if any two propellers lose power. The basic
parameters of the prototype are shown in Table 1.

2.1. Flight dynamics modeling

The aerodynamic force and torque of the rotor are calculated
using the blade element theory, and the ground effect is consid-
ered according to the ground test data of a single co-axial
rotor. The induced velocity calculation is based on the Pitt-
Peters first-order harmonic dynamic inflow model. The lower
rotor’s inflow consists of a combination of its own induced
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(a) DIT’s S1000

Fig. 1

Fig. 2 Prototype of manned multi-rotor eVTOL.

Table 1 Basic parameters of prototype.
Parameter Value

Empty weight (kg) 374

Type of rotor Tmotor P47*18 CF
Upper and lower rotor 0.34

spacing (m)
No-load moment of inertia
Ix, Iy: Iz (kgmz)

151, 150, 252

Body size (m) 43 x43x2
Position of rotor platform (0, 0, 0.27)
Aerodynamic center of 0, 0, 0)
fuselage (m)

Maximum one motor 12

power (kW)
Rotor configuration 8 co-axial and co-rotating rotor

systems, center symmetry

velocity and the upper rotor’s induced velocity when the dis-
tance between the upper and lower rotors is close enough.'”
Then, the relationship between the thrust coefficient of the
lower rotor and the induced velocity can be expressed as
follows:

W 2
Cry =2y, \/Hl2 + [ — (Vioa + viow)]

Y ”il*"f,l (1)

= QR
T = pnR*(QR)*Cr,

where Cr,; denotes the lower rotor thrust coefficient; vjp; and
viou denote the dimensionless induced velocities of the lower
and upper rotors, respectively; g denotes the forward ratio;
(15, vs1, Wsy) denotes the velocity at the hub of the rotor; Q
denotes the rotor speed; R denotes the rotor radius; 77 denotes
the lower rotor thrust; p denotes the local atmospheric density.
The upper rotor is above the slipstream of the lower rotor,

(b) Wisk Aero’s Cora series

(c) Boeing’s PAV

eVTOL prototype with cross-tilt configuration.

resulting in an equivalent climb rate vy, which is lower than
the induced velocity vjy;. The speed ratio viu/vio; is denoted
as dy (04 < 1). The Biot-Savart law is applied to simulate
the streamline of the lower rotor, and the speed ratio d, rep-
resenting the interference acting on the upper rotor is yielded
as follows: '®

Vio.u _Du
Sy = 0 1 |
vio,l \/ R*cos?y + D},

where y denotes the wake skew angle;D;, denotes the distance
between co-axial rotor hubs. The overall calculation flow chart
of the co-axial rotor aerodynamics is shown in Fig. 3.

The aerodynamic interference between the multi-rotor sys-
tem can significantly alter the flight dynamics characteristics
across the flight range, which should be considered in the rotor
modelling process. In this paper, the interaction among multi-
rotor in forward flight is also modeled using the Biot-Savart
law,"” which assumes that the rear rotor operates in an addi-
tional uniform downwash induced by the front rotor. The rear
rotor downward-induced velocity is calculated by considering
a simple horseshoe vortex (see details in Ref. 19). The interfer-
ence can be quantified by calculating the ratio k between the
downward induced velocity at the center of the rear rotor
and the induced velocity at the center of the front rotor.
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Fig. 3  Structure of co-axial rotor aerodynamics.
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pcosy + 1+%—ptan o sin y

k= iz, FR _ q (3)
VizF ] 4 wpﬂ[l + pcos?y(tan o + tan *,))2}

where o denotes the angle of attack of rotor disk; y denotes the
co-axial rotor wake skew angle; p = //R; | denotes the distance
between co-axial rotors;v;, rr denotes the downward induced
velocity at the center of the rear co-axial rotor;v;.r denotes
the induced velocity at the center of the front co-axial rotor.
In order to improve computational efficiency, this study only
considers the aerodynamic interference between the front
and rear rotors during forward flight simulation, as shown in
Fig. 4.

The dynamic characteristics of the prototype rotor flapping
motion are closer to those of the co-axial rigid hingeless rotor
due to the large size of the upper and lower rotor blades. An
equivalent flapping hinge offset is generally used to simulate
the flapping motion of a rigid hingeless rotor, and the equiva-
lent flapping frequency and mode shape are ensured to be as
close as possible to the real situation. Therefore, this paper
adopts a method of combining an equivalent flapping hinge
offset and an equivalent flapping torsion spring to construct
a flapping motion model of the prototype rotor blade
(Fig. 5). In Fig. 5, e denotes the dimensionless hinge offset;
W denotes the flapping amplitude at 0.75R; Wy, denotes the
flapping amplitude at the tip.

7 Wlip
R- ﬁ0.75

where f3) 75 denotes the flapping angle at 0.75R of the original
blade. It is necessary to add an additional flapping torsion
spring at the equivalent flapping hinge to keep the flapping fre-
quency constant after equivalent flapping hinge offset. The
stiffness of the torsion spring can be obtained according to
the flapping frequency, as shown below:

_ ¢RM,
Ky = <w2 —1-¢ ; ”>1p92 (5)
B

e=1

4)

where Kj denotes the equivalent flapping torsion spring stiff-
ness; Iz denotes the inertia moment of blade flapping; On
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Fig. 4 Interactional diagram of front co-axial rotor wake to rear
co-axial rotor.

Rotor axis

fa—— ] ~—Torsion spring 1
| 0.75 |
I |

—— Original model ~  ===---- Equivalent model

Fig. 5 Equivalent torsion spring approximation.

denotes the first-order flapping natural frequency of the
dimensionless rotor; My denotes the mass moment of blade
flapping. Thus, it can be ensured that the equivalent flapping
frequency and the flapping mode are similar to the real
situation.

According to the moment balance acting on the flapping
hinge, the following blade flapping motion equation can be
derived:

IgP + KyB + (Iy cos f+ eMp)Q* sin
R—e 1 _2 _
ﬁ = K/ EpaL(QR)2 (UTOG + UTUP> r'dr'
0
+2(Ig + eMp) (pwcos @' — gy Qsin @')+
Is(Puw Sin @' + Gy cos @') + Mg( — ug + pv — g) (6)

where 8 denotes the blade flapping angle; ¢ denotes the flap-
ping hinge offset; k denotes the rotor tip loss coefficient; a
denotes the blade lift line slope; ¢ denotes the blade segment

chord length; Ur, Up denote the blade profile normalized tan-
gential and normal airflow velocities, respectively; g denotes
the blade profile pitch angle; ' denotes the radial length from
the blade profile to the flapping hinge; pyw, guw denote the
hub roll and pitch angular velocities in the rotor wind axis sys-
tem, respectively; ¢’ denotes the blade azimuth angle; u, v, w
denote the velocities in the body axis system; p, ¢ denote the
roll and pitch angular velocities in the body axis system,
respectively; g denotes the acceleration of gravity. By equating
the constant term and the coefficient of the first harmonic term
on the left and right sides of Eq. (6), the dynamics equation of
the rotor disk in the wind shaft system can be derived as.

do do [}
d] + D dl + K ay :f (7)
51 61 bl

where D denotes the damping matrix; K denotes the stiffness
matrix; f denotes the extrinsic motivator vector; ag, @;, and
by denote the taper, rear, and side angles of the rotor disk,
respectively (see details in Refs. 20,21).

The aerodynamic force and moment coefficients of the fuse-
lage are obtained by interpolation of wind tunnel test data.
The flight dynamics model is obtained by combining the
dynamics equation of the rotor disk Eq. (7) with the rigid body
kinematics equation, which can be expressed as follows:

y :f(yuuv Z)

V= Driyein] ®)
u= [5c; 5131; 51011; 5p}
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where y contains the fuselage state yg, rotor state yg, and
inflow state y;; u denotes the control vector, in which ¢, is
the dimensionless thrust throttle input (0-1); Jy,; denotes the
dimensionless roll control input (—1-1); J,, denotes the
dimensionless pitch control input (—1-1); é, denotes the
dimensionless yaw control input (—1-1); ¢ denotes time.

In this paper, the control derivative OM. / 36, of yaw
moment M. to yaw control input d, is used as an index to mea-
sure the yaw control efficiency. The larger the control deriva-
tive, the higher the control efficiency. The control derivatives
of yaw, pitch, roll and vertical velocity can be extracted from
the control derivative matrix, which is calculated by linearizing
the nonlinear flight dynamics model (8) with the small distur-
bance hypothesis.'” The linearized flight dynamics model can
be established as

Ay = AAy + BAu 9)

where Ay denotes the state increment of the current state
benchmark; Au denotes the control increment of the current
control benchmark; Ay denotes the first-order derivative of
the state increment; 4 denotes the derivative matrix of the state
quantity; B denotes the derivative matrix of the control quan-
tity. The control derivative corresponding to each control
channel can be obtained in the matrix B.

For the subsequent design process, a simulation platform of
the multi-rotor eVTOL aircraft is established as shown in
Fig. 6, where o, denotes the vector of all rotor rotation
speeds. The platform includes the sensor noise module, battery
module, rigid body dynamics, aerodynamics, actuator dynam-
ics, and the turbulent wind field model based on Dryden.

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

Lo =U— Ryl — kQ
{ U k (10)

JnQ =kl — 14 — kQ — ky

where U and I denote the voltage and current of motor, respec-
tively; R, and L, denote the resistance and inductance,
respectively; J,, denotes the inertia of motor; k. denotes the
back Electromotive Force (EMF) constant; k,, denotes the
electromagnetic torque constant; k, denotes the viscous fric-
tion constant; k, denotes the solid friction constant; t4 denotes
the load of motor which can be obtained from aforementioned
aerodynamics of rotor.

2.2. Validation

The accuracy of the co-axial rotor model is verified using a sin-
gle arm test bench. The thrust and output power of the upper
and lower rotors are measured using the tension meter, torsion

meter, and the laser velocimeter. The test results are compared
with the calculated results of the co-axial rotor model. Fig. 7
shows that the co-axial rotor model can describe the actual
rotor aerodynamics well.

The steady forward flight of the prototype with empty pay-
load is calculated and compared with the test data of the latest
version of the prototype, as shown in Fig. 8. The test environ-
ment was as follows: Hangzhou Nanhu test flight site, 20 m
above the ground, level 1 wind (0.3-1.5 m/s), standard atmo-
spheric pressure, and fully charged before takeoff. The trim
results of the prototype flight dynamics model established in
this paper agree well with the flight test results.

The simulation platform is verified using maneuver for-
ward flight test data, as shown in Fig. 9. The flight test took
place at the Nanhu test flight site in Hangzhou, with a for-
ward speed command of 6 m/s, a height of 30 m above the
ground as commanded by ground station QGC, level 3 wind
(3.4-5.4 m/s), standard atmospheric pressure, and fully
charged before takeoff. The flight test data and simulation
results are compared and analyzed. The forward flight speed,
pitch angle, thrust control input, and pitch control input,
which strongly influence the forward flight scenario, are pre-
sented in Fig. 9. The results demonstrate highly consistent
maneuvering and steady states between the experiment and
simulation, confirming that the simulation platform estab-
lished in this paper is accurate.

3. Rotor cross-tilt mounting angle optimization method

This paper proposes a rotor cross-tilt mounting angle opti-
mization method, which uses the tangential component of
rotor thrust to improve the yaw control performance. In addi-
tion, this method also aims to maintain the control efficiency
of the original lift, pitch, and roll channels to achieve the over-
all optimal control performance.

Fig. 10 shows a schematic diagram of rotor cross-tilt config-
uration for the prototype multi-rotor eVTOL aircraft, where
pm denotes the rotor cross-tilt angle; 7" denotes the co-axial
rotor thrust; /. denotes the normal distance between the lateral
force F, and the center of gravity, and /, denotes the vertical
distance. The lateral component of co-axial rotor thrust F; gen-
erates an auxiliary yaw moment N, on the center of gravity of
the fuselage. In this paper, the prototype adopts the configura-
tion of co-axial rotor, and the upper and lower rotors rotate in
the same direction (co-rotating). Therefore, the auxiliary yaw
moment is always in the same direction as the negative torque
of the co-axial rotor (the co-rotating configuration makes the
negative torque direction of the co-axial rotor fixed), and this
helps improve the yaw control efficiency of the aircraft.

Power required

Current, voltage
Battery module

Desired commands
B —

I Cascade PID controller I—u>| Motors allocator

Motors Multi-rotor nonlinear flight
(including o, dynamics model

mechatronic (including Dryden wind

dynamics of turbulence model)
motors)

Sensor module y
(including filtering algorithm)

Fig. 6 Simulation platform for multi-rotor eVTOL.
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Fig. 7 Thrust and power of co-axial rotor vs test data.
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Fig. 8 Prototype simulation vs steady-level flight test.

In a multi-rotor eVTOL aircraft, the lateral and longitudi-
nal moments are generated by the thrust from the rotors, and
the yaw motion is controlled by the counter-torque differen-
tial. Here, considering the central symmetry of the aircraft,
only lateral-relevant moments and forces are discussed. The
yaw and lateral moments (N and L respectively) acting on
the multi-rotor aircraft without cross-tilt angle is yielded as

N=0,-0,+0;—-04+0s— 0+ 0;— 0
4

= Z(Q(zm) = Q) (11)

i=1

L:(T1+T6—T2—T5)4,+(T7+T3—T3—T4)lx (12)

where Q,(i=1, 2,---, 8) refers to the torque from each co-
axial rotor system.

The additional torque generated from the tangential force
from the rotor cross-tilt angle is added as follows:

4 4
N= Z(Q(Z{—l) - Q(Zr‘)) Cos ﬁm + Z(TZFI - TZi)lX sin ﬁm
i=1 i=1

i

(13)

L=(T\+Ts— T» — Ts)l,cos B, + (T7 + Ty — T3 — Tu)lx cos B,
(14)

Then, the possible coupling resulted from the tilted rotor is
analyzed. Yaw control leads to additional tangential compo-
nents of propeller thrust, resulting in the lateral force as

Ev.yaw:(Tl _TZ_T5+T6)Sinﬂm (15)

Considering the central symmetry characteristics of the air-
craft, as shown in Fig. 10, the lateral force is near zero in yaw
control.

Furthermore, a lateral (roll) control also introduces addi-
tional lateral forces, which can be expressed as

Fyron = (T1 + Tg — T, — Ts)sin B, (16)

The lateral forces contribute to the total lateral moments,
represented by

L= (T\+Ts— T, — Ts)l,cos B, + (T7 + Ts — T3
— T4)l cos By + Fronhieg (17)

where /., refers to the height of the rotor above the aircraft
center of gravity. As indicated by Eq. (17), the additional force
F, ;on benefits the corresponding lateral control.

According to Fig. 10 and Egs. (13)-(17), a tiny rotor cross-
tilt angle has limited effect on improving the yaw control effi-
ciency, while an excessively large cross-tilt angle can signifi-
cantly increase the lift throttle, reduce the control efficiency
of other attitude control channels, and even lead to control dif-
ficulties and arm lateral structural strength problems. There-
fore, it is necessary to find an ideal rotor cross-tilt mounting
angle for the prototype.

In practical application, there are unavoidable installation
errors. Therefore, the rotor mounting angle error ¢y is also
considered in rotor cross-tilt mounting angle optimization.
Fig. 11 shows a schematic diagram of rotor mounting angle
error ¢y for the prototype multi-rotor eVTOL aircraft, where
F, denotes the lateral component of co-axial rotor thrust T
due to the rotor mounting angle error ey; (i = 1,2,...8) of
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Fig. 10 Rotor cross-tilt configuration.

the 8 co-axial rotors. The lateral force F. generates an extra
yaw moment N, on the center of gravity of the fuselage, which
may reduce the yaw control efficiency of the aircraft. The con-
ventional rotor radial mounting error is found to have little
influence on the three-attitude control performance of the
multi-rotor eVTOL aircraft. Therefore, this paper only consid-
ers the rotor tangential mounting angle error, and a positive
error is defined as generating positive torque moment.

The final torque moment considering the influence of the
mounting angle error is as follows:

N =

M- gt

[Naio1) = c08(Bm + €pi-1)) — Nag €0s(By — €o2i))]

i

+ 3 [Toimi Ly sin(By, + epiz1)) — Taily sin(Bry, — €pi)]

i=1

(18)

St

Co-axial rotor Co-axial rotor

Fig. 11 Rotor mounting angle error ¢, for each co-axial rotor.

Based on the manufacturing process of the prototype and
the actual measurement results before and after hundreds of
flight tests, the optimization calculation proposed in this paper
introduces the following two kinds of tolerance ranges:

(M

(@)

Conventional error range: the absolute value of the total
rotor mounting angle error on the eight arms cannot
exceed 4.8°(Zf:1|e0i| < 4.8"). In other words, the abso-
lute value of the rotor mounting angle error on each
arm cannot exceed 0.6° on average
(leai] 0.6, i=1,2,---, 8).

Large error range: the absolute value of the total rotor
mounting angle error on the eight arms cannot exceed
80(2?:1\30:'\ < 8). In other words, the absolute value
of the rotor mounting angle error on each arm cannot
exceed 1° on average (|eg| <17, i=1,2,---, 8).
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This paper focuses on designing the optimal rotor cross-tilt
mounting angle for steady flight states of the aircraft, such as
hovering and forward flight, which involves trim calculation
and cross-tilt angle optimization. Therefore, a numerical opti-
mization method that can simultaneously complete both trim
calculation and optimization is proposed to obtain the optimal
rotor cross-tilt angle in specified flight tasks and rotor mount-
ing angle errors. The calculation process is illustrated in
Fig. 12.

In order to balance the power consumption of each control
input and achieve the optimal overall flight performance, the
objective function is defined as the minimum sum of squares
of the total control inputs of the aircraft. This approach aims
to achieve an optimal balance of control inputs while minimiz-
ing power consumption and enhancing flight performance.

minJ, = wlég + wzélzm + ‘4’35120.1 + w4(3123 (19)
s.t.

ﬁmmin < /))m < ﬁm,max (20)
where w; — wy denote the weight coefficients. The control

weights of the four channels are equally important, so w;—
wy is considered as 0.25. The available range of the rotor
cross-tilt angle (B, min—Pm.max) 18 set between —30° — 30°, and
the initial value f,, of the iteration is 0°.

During each optimization iteration, the algorithm updates
the cross-tilt mounting angle and performs a trim calculation
using the flight dynamics model updated with the current flight
mission, rotor installation angle error, and cross-tilt mounting
angle. The trim calculation yields the corresponding control
variables, which are then employed to calculate the objective
function Ja until the convergence is achieved. In the trim cal-
culation, the resultant force and moment acting on the aircraft
are balanced, so the angular velocity (p, ¢, r), linear accelera-
tion (u, v, W), and angular acceleration (p, ¢, /) terms of the air-
craft are all equal to 0.

p=0,g=0,r=0
u=0,y=0,w=0,p=0,4=0,7=0
p="Vi

1)

where p denotes the position in the earth axis, and V4 denotes
the expected speed of the flight mission.

In addition, the flapping motion of each rotor is also in a
steady state.

Ay
K ap
by

—f=0 (22)

The trim calculation and rotor cross-tilt optimization are
solved by the robust sequential quadratic programming algo-
rithm ** and the golden section method, respectively.

Import initial rotor
cross-tilt angle

Specified flight task and

rotor installation angle error

Update rotor cross-tilt
angle 8

Trim calculation >

IO, u 0

Update flight
dynamics model

Calculate objective
function

[ Output 8| ]

Fig. 12

Model linearization
Ay=AAy+BAu
' N
Output control
L derivatives )

Schematic diagram of rotor cross-tilt mounting angle optimization method.
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This paper uses the control derivative as a metric to mea-
sure the control efficiency. The larger the control derivative,
the higher the control efficiency. The control derivatives of
yaw, pitch, roll and vertical velocity can be extracted from
the control derivative matrix B, which is calculated by the lin-
earized flight dynamics model Eq. (9).

The 500-kg manned multi-rotor eVTOL prototype is used
to calculate the optimal rotor cross-tilt mounting angle with
different takeoff weights, forward flight speeds and rotor
installation angle errors. The optimization results are shown
in Tables 2 and 3.

According to Tables 2 and 3, the optimal rotor cross-tilt
mounting angle varies with different payloads, forward flight
speeds, and rotor mounting angle errors. With the increase
of the rotor installation error, the aircraft experiences a larger
extra adverse yaw moment, which requires a larger rotor cross-
tilt mounting angle to counteract the adverse effect. In addi-
tion, the optimal rotor cross-tilt angle also gradually increases
with the forward flight speed and payload. This is because the
yaw control derivative OM. / 0d, of the yaw moment M. to the
yaw control input J,, gradually decreases with the increase in
forward flight speed and weight, as shown in Fig. 13. Thus,
a larger rotor cross-tilt angle is required to help improve the
yaw control efficiency.

As shown in Fig. 14(a), after optimization, the yaw control
derivative M. / 00, is greatly improved (increased by 200%),
indicating the improvement of yaw control efficiency. Fig. 14
(b) shows the roll control derivative OM, |/ 89y, (the pitch con-
trol derivative is similar to the case of roll due to the central
symmetric configuration of the prototype). The lift channel is
represented by the vertical control derivative 0V, / 9. of the
vertical velocity V. to the thrust control input .. It can be seen
from Fig. 14(b) that the optimal rotor cross-tilt mounting
angle has little effect on the thrust and roll channels, so that
the overall optimal control performance is achieved.

According to the parameter analysis in Tables 2 and 3, it
can be found that within a certain range of rotor installation
angle error, payload, and flight speed (taking the prototype
as an example, the average rotor installation error of 0°-1°,
payload of 0-80 kg, and speed of 0-6 m/s), the optimal rotor
cross-tilt mounting angle does not vary significantly (3.43°-
6.86°). If we take the average of all the optimal solutions
within this range as a fixed rotor cross-tilt mounting angle
(5°), it is found that the deviation of each control derivative
from its optimal value will not exceed 2.5%, which can also
lead to good overall flight performance.

From an engineering perspective, it is impractical to
develop a drive device for the multi-rotor aircraft that needs
to adaptively adjusts the rotor cross-tilt angle according to
the payload and flight speed, considering the additional drive
equipment weight, as well as the costs of modifying the struc-
ture and power system. Fortunately, based on the above theo-

Table 2 Results of rotor cross-tilt optimization (ey = 0.6°).

Load (kg)

Forward speed

0 m/s 4 m/s 6 m/s
0 3.43° 3.63° 4.01°
40 3.85° 4.01° 4.29°
80 4.38° 4.53° 4.78°

Table 3 Results of rotor cross-tilt optimization (ey = 1°).

Load (kg)

Forward speed

0 m/s 4 m/s 6 m/s
0 491° 5.22° 5.80°
40 5.47° 5.72° 6.18°
80 6.18° 6.43° 6.86°

2.6

22+

14} — v
: —Load 40 kg
— Load 80 kg
0 1 2 3 4 5 6 7
Forward speed (m/s)

Yaw control derivative (rad/s?)
o

Fig. 13 Yaw control derivatives with different speeds and loads
before optimization.

retical analysis, it can be concluded that an ideal yaw control
effect can be also achieved using a fixed rotor cross-tilt mount-
ing angle (as shown in Fig. 15). The ground and flight test data
introduced in the following Section 4 will also demonstrate this
point very well. This conclusion has great significance in engi-
neering application.

4. Ground and flight tests

In this paper, the feasibility and application value of the opti-
mization result are further illustrated by the test data of the
three Degrees of Freedom (3DOF) rotor platform and the
actual flight test data of the prototype before and after rotor
cross-tilt optimization.

4.1. Ground 3DOF rotor platform test analysis

This paper conducts yaw hold and yaw slope command track-
ing tests on a 3DOF rotor platform, and compares the results
before and after rotor cross-tilt optimization. The 3DOF rotor
platform is shown in Fig. 16.

Fig. 17 shows a comparison of the yaw hold command test
data of the prototype 3DOF rotor platform. As shown in
Fig. 17, under the yaw hold command, the yaw control
amount J, after rotor cross-tilt optimization decreased signif-
icantly (variance decreases by 70% and maximum amplitude
decreases by 58%), and the amplitude of the yaw rate fluctua-
tion is reduced by 50% on average.

Fig. 18 shows a comparison of the yaw slope command (12
(°)/s) test data of the prototype 3DOF rotor platform. As
shown in Figs. 18(a) and (c), the yaw angle tracking perfor-
mance after rotor cross-tilt optimization is better under the
yaw slope command (12 (°)/s), and the maximum error is
reduced by 40%. A comparison of Figs. 18(b) and (d) shows
that the yaw control amount J, after optimization has an
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Fig. 14 Comparison of control derivatives before and after optimization.
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Fig. 15 Schematic diagram of rotor cross-tilt mounting.

Fig. 16

3DOF rotor platform.

amplitude of close to 10% at the beginning and end of the
slope command, and then immediately returns to 0%. In addi-
tion, the pitch and roll tracking performance of the prototype
rotor platform remains unchanged, so these test results are not
compared here.

4.2. Prototype hovering flight test analysis

Hovering flight tests are used to validate that the rotor cross-
tilt mounting angle can achieve good yaw control performance
under different payloads, as shown in Fig. 19. The test envi-
ronment of the two groups of data is the same, i.e., the Nanhu
test flight site in Hangzhou, 2 m above the ground, level 3
wind, standard atmospheric pressure, and fully charged before
takeoff. In this paper, the flight test data are compared and
then analyzed.

Fig. 20 shows a comparison of the hovering flight test data
of the prototype with empty payload. With rotor cross-tilt of
5°, the maximum tracking error is reduced from 7.5° to within
3°, and the yaw control J,, used to maintain the yaw attitude is
significantly reduced (variance decreases by 65%, and the max-
imum amplitude decreases by 50%).

Fig. 21 shows a comparison of the 70-kg payload hovering
flight test data of the prototype between no rotor cross-tilt and

5° rotor cross-tilt. As shown in Fig. 21(a), it is difficult to
maintain the yaw attitude under a payload of 70 kg with no
rotor cross-tilt. The maximum tracking error reaches nearly
60°. In Fig. 21(b), the yaw control is too high, and is almost
saturated throughout the process. As flight time increases,
the battery voltage decreases, requiring increased thrust throt-
tle to maintain lift, which reduces the throttle margin available
for attitude control. Consequently, after 6.5 min, the aircraft
becomes unable to sustain yaw attitude. In compliance with
our pre-established safety measures, the aircraft will initiate
an automatic landing. It can be seen that under a heavy pay-
load condition, the additional yaw moment caused by the
rotor mounting angle error increases, resulting in the issues
such as difficulty in maintaining the yaw attitude, easy capping
of the throttle, and decline of endurance time.

As shown in Figs. 21(c) and (d), the yaw tracking perfor-
mance is significantly improved at rotor cross-tilt of 5°, with
the maximum tracking error of 4.5° only. The yaw control
amount J, required to maintain the yaw is significantly
reduced and basically maintained within 5%. In accordance
with our pre-established safety measures, the aircraft will initi-
ate an automatic safe landing when the remaining battery level
reaches 10% State of Charge (SOC).

Table 4 shows a comparison of the actual hovering dura-
tion time of the prototype under different payloads with no
rotor cross-tilt and 5° rotor cross-tilt. As shown in Table 4,
the endurance time of the manned multi-rotor eVTOL devel-
oped in this project has been extended due to the significant
reduction in the proportion of yaw control amount. In other
words, the greater the load, the more obvious the improvement
in endurance time.

Furthermore, from Table 4, it is notable that when the load
is 30 kg, the endurance time improvement is 5.9%. However,
when the load is 70 kg, the endurance time improvement is
84.6%. This is because when the load is 30 kg, both configura-
tions of “No rotor cross-tilt” and “Rotor cross-tilt of 5°” yield
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Fig. 18 Comparison of yaw slope command test data of prototype 3DOF rotor platform.

similar remaining battery levels, leading to a modest 5.9%
improvement in endurance time. On the other hand, when
the load is 70 kg, without rotor cross-tilt, the aircraft is unable
to maintain its yaw attitude when the battery has only dis-
charged 50% (SOC 50%), necessitating a landing. With the
implementation of rotor cross-tilt, the aircraft can hover until
it reaches a safe remaining battery level (SOC 10%) before

landing. Hence, the endurance time improvement is signifi-
cantly higher at 84.6% in this case. It is worth noting that dur-
ing each test flight, there may be unavoidable variations in
rotor mounting angle errors and the surrounding wind field,
which can affect the flight time of the aircraft. For example,
when flying with an empty load, the endurance time improve-
ment is 8.3%.
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Fig. 19  Prototype hovering flight test.

4.3. Prototype trajectory tracking test analysis

The trajectory tracking tests are used to validate that the rotor
cross-tilt mounting angle can achieve good yaw control perfor-
mance at different forward speeds, as shown in Fig. 22. The
test environment of the two groups is the same, i.e., the Nanhu
test flight site in Hangzhou, 30 m above the ground, level 3
wind, standard atmospheric pressure, no payload, fully
charged before takeoff, and the same trajectory command
ordered by ground station QGC. The flight position and con-
trol data are presented in Fig. 23.

During forward flight, the yaw control derivative decreases
with increasing speed (as shown in Fig. 13), indicating a
decrease in yaw control efficiency. Consequently, more yaw
control input is required during forward flight. In this study,
the rotor cross-tilt optimization method is employed to
increase the yaw control derivative of the prototype by
200% compared to its original value (as illustrated in
Fig. 14). This significant increase in the yaw control derivative
results in a notable improvement in yaw control efficiency,
thereby reducing the amount of yaw control input required
during forward flight. As shown in Fig. 23, when tracking
the same trajectory, the manned multi-rotor eVTOL prototype
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exhibits consistent trajectory tracking performance with both
configurations of “no rotor cross-tilt” and ““5° rotor cross-
tilt”. In comparison, the yaw control amount J,, is reduced
by an average of 7% with 5° rotor cross-tilt, and other control
channels are almost the same. Considering the previous results
from hover tests, it can be concluded that the cross-tilt opti-
mization method can improve yaw control efficiency during
both hovering and forward flights.

5. Conclusions

Manned multi-rotor eVTOL aircraft exhibits requirements for
stronger power, larger structure size, and higher payload.
Under the condition of heavy payload, the problem of yaw
control actuator saturation is prominent. At present, the
research on yaw anti-saturation of multi-rotor eVTOL aircraft
mainly focuses on improvement of control law, which cannot
fundamentally solve the problem of weak yaw control effec-
tiveness. Therefore, this paper investigates a rotor cross-tilt
mounting angle optimization method, which can not only
improve the yaw control efficiency but also maintain the effi-
ciency of other control channels, so as to achieve the overall
optimal control performance. A 500-kg manned multi-rotor
eVTOL aircraft is used as a prototype, and then a rotor
cross-tilt mounting angle optimization method is designed to
maximize the overall control efficiency with different loads,
forward flight speeds, and rotor installation angle errors.
Through theoretical analysis and experimental verification,
this paper draws the following conclusions.

(1) The manned multi-rotor eVTOL flight dynamics model
established in this paper is relatively accurate, and the
flight simulation platform developed based on it can
effectively predict the steady and maneuver forward
flight of the prototype.
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Fig. 20 Comparison of prototype hovering flight test data with empty payload.
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Table 4 Endurance comparison.
Load (kg) No rotor cross-tilt Rotor cross-tilt of 5° Improvement
Endurance (min) Reason for landing Endurance (min) Reason for landing
0 18.5 Saturation of yaw control, SOC 15% 20 Battery SOC 10% 183 %
30 17 Saturation of yaw control, SOC 15% 18 Battery SOC 10% 159 %
70 6.5 Saturation of yaw control, SOC 50% 12 Battery SOC 10% 1 84.6%
100 3.6 Saturation of yaw control, SOC 60% 6.5 Battery SOC 10% 1 80.5%

Fig. 22 Prototype trajectory tracking test.

(2) The aircraft experiences a larger adverse yaw moment

with an increase in the rotor installation error, requiring
a larger rotor cross-tilt mounting angle to counteract the
effect. Moreover, the optimal rotor cross-tilt mounting
angle gradually increases with an increase in forward
flight speed and payload. This is due to varying control
variables and their derivatives under different
conditions.

(3) Within a certain range of rotor installation angle error,

payload, and flight speed, the optimal rotor cross-tilt
mounting angle does not vary significantly, with devia-

)

(©)

tion of the control derivative from its optimal value
below 2.5%. This indicates the feasibility of a practical
application for a fixed rotor cross-tilt mounting angle.
In addition, ground and flight tests show that a fixed
angle can achieve ideal yaw control and good overall
flight performance.

Yaw control derivative is significantly improved by
200% after optimization, and the efficiency of other con-
trol channels are maintained according to theoretical
simulation and flight tests. The improved yaw control
efficiency results in better yaw hold and tracking ability
under different payloads in the hover state and trajec-
tory command tracking tests under different forward
speeds. Endurance time is also increased, particularly
at heavy payloads.

This study has certain limitations that should be noted.
Firstly, it only explores a single type of manned multi-
rotor eVTOL aircraft, and further research is necessary
to validate whether the findings are transferable to other
aircraft types. Secondly, the effect of the optimal rotor
cross-tilt mounting angle on the aircraft’s wind resis-
tance and maneuverability has not yet been investigated
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