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Abstract: This study addresses the gap in experimental validation of tilt-rotor vertical take-off and
landing (VTOL) UAVs by developing a novel prototype that integrates fixed-wing and multi-rotor
advantages. A dynamic model based on the "X" quadrotor configuration was established, and Euler
parameters were employed to derive the attitude transformation matrix. Structural optimization
using hybrid meshing and inertia release methods revealed a maximum deformation of 57.1 mm
(2.82% of half-wingspan) and stress concentrations below material limits (379.21 MPa on fasteners).
The landing gear was optimized via a unified objective method, achieving a 33% reduction in
equivalent stress. Vibration analysis identified hazardous frequencies (11-12 Hz) to avoid resonance.
A PID control system with DSP28377D demonstrated stable motor speed tracking (+5 RPM) and roll
attitude control (<10% error). Experimental validation in low-altitude flights confirmed the
prototype’s feasibility, though ground effects impacted pitch/yaw performance. This work provides
critical experimental data for future tilt-rotor UAV development.

Keywords: tilt-rotor VTOL UAYV; structural optimization; vibration analysis; PID control; flight
dynamics; experimental validation

1. Introduction

The maximum speed of conventional helicopters is limited by aerodynamic constraints, installed
engine power, and airframe drag [1], and problems related to installed engine power and airframe
drag can be minimized by careful design, but the main factor limiting the maximum speed of
helicopters is the backward paddle stall, and conventional fixed-wing UAVs require a long flight
distance for takeoff [2], coupled with increasingly complex integrated mission scenario demand
conditions, the shortcomings of conventional fixed-wing UAVs and multi-rotor UAVs are gradually
magnified.

In order to make up for the respective shortcomings of fixed-wing and multi-rotor UAVs, UAV
scholars have begun the research of combining the advantages of the two types of UAVs, and the
concept of vertical take-off and landing (Vertical Take-off and Landing (VTOL) UAVs has been put
forward [3,4], which combines the vertical lift of helicopters and the speed and range of fixed-wing
aircrafts, and has a wide range of applications in both military and civilian fields [5]. It has a wide
range of applications in both military and civil fields [5], especially the tilt-rotor UAV has made more
progress after a long period of development. Bell completed the development of “Hawkeye”
prototype in 1998, “Hawkeye” adopts the tilt technology of V-22, also loaded with two rotor systems
at both ends of the wing, for the tilt-rotor dual rotor UAV, the rotor power is provided by the Allison
250-C20 turbine engine loaded in the fuselage. The rotors are powered by Allison 250-C20 turbine
engines mounted on the fuselage, which can complete a 90° forward tilt in flight. The Korean TR-60
is similar in appearance to the Hawkeye, with a rotary engine in each rotor nacelle to control the
propeller tilt, and the power is provided by a drive shaft connected to the engine, with a maximum
speed of 250km/h [6]. In terms of theoretical studies, S.M. Barkai [7] et al. investigated the
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aerodynamic stability model of a tilting rotor using numerical methods and carried out an eigenvalue
analysis of the nonlinear periodic correction solution for the model. Christos Papachristos [8] et al.
designed a tilting dual-rotor prototype and carried out the nonlinear/linear dynamics of the rotor
mode as well as the corresponding attitude tracking controller design, and the control effect of this
prototype controller in hovering was verified through experiments. Chowdhury [9] et al. designed a
proportional differential (PD) controller based on backstepping for position and attitude control, and
the simulation results proved the stability in hovering experiments and the convergence of the system
in tracking experiments. Daniel N. Cardoso [10] et al. proposed a new controller for a tilting rotating
bi-rotor UAV proposed a novel robust adaptive hybrid control method to handle linear parameter
variations. In literature [11,12], researchers designed a quadcopter that allows its rotors to be tilted
around the main axis, and the maneuverability and trajectory tracking capability of the UAV was
improved. In literature [13,14] the rotor and wing of the vehicle can be tilted together, which reduces
the impact caused by wing shading. For the control drive mode of the UAV, most of the current tilt-
rotor vertical take-off and landing UAVs use underdriven control schemes, however, the current
research on tilt-rotor UAVs is mainly in the area of theoretical analysis and validation, and lack of
prototype experimental validation.

In this paper, after analyzing the advantages and disadvantages of various UAVs, based on the
lack of experimental prototypes in the field of tilt-rotor vertical take-off and landing UAVs, we
combine dynamic modeling and analysis with optimization of the structural control parameters of
the experimental machine, and use vibration characteristic analysis to reduce and eliminate the
dangers of tilt-rotor vertical take-off and landing UAVs when they are in operation. However, the
tilt-rotor vertical take-off and landing UAV has more complex characteristics than conventional
flight, and its flight control has a high degree of sub-linearity and coupling, and there are a large
number of uncertain interferences in the flight process, PID control methods have been widely used
in engineering practice [15], but the traditional PID control methods have limited anti-interference
ability, so the use of a better control method to obtain a better experimental aircraft control
performance is also a part of this study, the common control parameters of the experimental aircraft,
the vibration parameters of the experimental aircraft are optimized. is part of this research, common
control methods in the field of UAV are sliding film control [16], adaptive control [17], model
predictive control [18], linear-quadratic regulator control [19,20], and serial PID control [21], etc. In
this paper, we use serial PID control to control the experimental machine operation, and control data
of the attitude of roll, pitch and yaw are collected through the vertical takeoff and landing
experiments of the experimental machine. The control data of roll, pitch and yaw attitude are
collected and calibrated through the vertical take-off and landing experiments of the experimental
aircraft, and finally optimized to get the best control effect and control parameters. The ultimate goal
of this paper is to make up for the shortcomings of the tilt-rotor vertical takeoff and landing UAV in
the experimental field, and to obtain experimental data that can provide guidance for the research of
the tilt-rotor vertical takeoff and landing UAV. The main contributions of this paper include:

1. firstly, a tilt-rotor aircraft with a quad-rotor airframe layout is introduced and dynamically
modeled with respect to the requirements of the flight characteristics of a tilt-rotor vertical
take-off and landing UAV.

2. Inaddition, the dynamic characteristics of the landing gear are analyzed for the landing
characteristics of vertical take-off and landing UAVs and lightweight requirements, and it is
proposed to optimize the landing gear structure by adopting the unified objective method, and
to optimize the main motor seat and wing ribs of the UAV by means of the topology
optimization module in workbench.

3. The vibration characteristics of the test aircraft body are analyzed, and it is propose d to
introduce the harmonic response analysis method to determine the hazardous excitation

frequency point of the final tilt-rotor vertical take-off and landing UAYV flight.
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4.  Finally, for the phenomenon that the tilt-rotor vertical take-off and landing UAV is subjected to
a lot of interference during its operation, the series PID control method is proposed to collect
simulation data and experimental data on the flight attitudes of the experimental aircraft, such
as roll, pitch and yaw, to select and optimize the control scheme, and then carry out
experiments on the basis of the optimized control scheme to obtain experimental data and
draw conclusions for the research of the tilt-rotor vertical take-off and landing UAV. Provide

experimental data with reference and guidance.

2. Complete UAV Design
2.1. Dynamic Modeling

The tilt-rotor UAV of this design is different from the known tilt-rotor UAVs, which is designed
with four rotors, and the middle wing is loaded with the main rotor, which provides the main lift for
the UAV in the multi-rotor flight mode, and it can be tilted (0~90) degrees during the flight process,
and the tail rotor is a fixed rotor, which can't be tilted, and it is mainly used to provide the UAV with
part of the lift in the multi-rotor flight mode and cooperate with the main rotor to realize the UAV
vertical takeoff and landing and flight attitude change. The dynamics model of the tilt-rotor UAV is
similar to the “X” quadrotor UAV in flight state, as shown in Figure 1, the four rotors are matched
with different rotational speeds so as to realize the UAV's four flight states of altitude control, pitch,
roll and yaw.

Figure 1. X-mode quad copter drone.

The two coordinate systems, ground coordinate system and airframe coordinate system, are
established to describe the motion state in the air for the UAV spatial coordinate system. Again based
on this, Euler angles and X, y, z are defined to jointly describe the attitude and position of the UAV,
where the Euler angles are the pitch§, roll ¢ and yaw ¢ angles, respectively. Thus, the overall
transformation matrix is obtained:

cosfcosy singsinfcosy —cos@sinyy  cosg@sin @ cosy +sin @gsiny
R(§,0,y)=| cos@siny singsinfsiny +cos@gcosly cos@sinfsiny —singcosy M
—sin@ sin ¢ cos 8 cos¢@cosd

Assume that the UAV is a rigid body and does not undergo deformation, that the origin of the
camera coordinates of the UAV coincides with the center of mass, that the rotation and revolution of
the earth are neglected, and that the takeoff plane is horizontal. The UAV dynamics equations are
obtained:

|
|
|
|

F,=F+F +F,+ @)
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where each parameter: FI N Fz . F; N Fz‘is the lift generated by the rotor; X . ). Z corresponds

to the acceleration on the three coordinate axes; m is the mass of the UAV; [ | [ N I is the

inertia of the air-frame; /. [,. [,. [, isthe force arm from the center of the rotor to the origin of
the air-frame coordinate system; d,. d,. d,. d, is the performance parameter of the propeller.

It can be found through the dynamics model that the pitch, roll and yaw attitude control of the
tilt-rotor concept UAV in multi-rotor mode is related to its mass, rotational inertia, force arm from
the rotor to the center of gravity and the lift generated by the power system.

Combined with the rotor momentum theory to analyze the generation and change of airflow, as
shown in Figure 2, assuming that the air is an ideal fluid, the rotor is infinitely thin and uniformly in
contact with the air, and the airflow is constant at each point of the action disk. To establish a uniform
load rotor disk model as shown in Figure 3, B-B cross-section is the rotor disk, A-A cross-section and

C-C cross-section are the upstream and downstream boundaries, V), is the velocity of the airflow in
the 0-0 cross-section, the velocity of the airflow at the B-B cross-section is V1 , and the velocity of the
airflow reaches the C-C cross-section, and the velocity increases to V,, v, and v, are the induced

velocity of the airflow at the two cross-section. The following relation is obtained based on the
theorem of momentum, the theorem of conservation of mass, and the theorem of conservation of
energy:

T=T =mV,-V,)=m, 6)

Where: T is the external force acting on the fluid by the rotor, 7' is the rotor tension; m is the

fluid mass; ¥, . V, the airflow velocity; and v, is the local airflow induced velocity far

downstream.
m= pV,S, = pV\S, = pV,S, = constant (6)

(6) where: p is the air density; S, S, . S, are the upstream distant, action disk, and

downstream distant areas, respectively.
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Figure 2. Rotor action disk model of momentum theory in vertical rise state.

The power consumed by the rotor is determined by the rate of change of kinetic energy of the
fluid within the model:

P=m(V2 V) 2=mVy+v,/2v, ()

Since the rotor power is equal to the product of the rotor pull force and the airflow velocity V]

at the rotor action disk, expressed as:

P=TV,=TV,+Tv, ®)

At the rotor action disk, ¥, = V, + v,, S =R’ which ultimately gives the relationship

between rotor pull and power:

T=2pzR*(V,-w ), ©)

P=2pzR*(V,~v)’y (10)

In multi-rotor mode, the rotor power and lift are only related to the local induced speed and
propeller disk area. The effect of the skin of the air-frame on the air-frame can can be directly
addressed by the power and speed of the rotor.

2.2. Fuselage Design

The UAV studied in this paper needs to adapt to two working conditions. Working condition
one is the ground test of the whole aircraft, mainly testing the remote communication function of the
control system and the performance of the power system. Working condition two is to complete the
vertical takeoff and landing of the test aircraft and hovering process of pitch, roll, yaw and other
attitude control. Taking into account the cost and process characteristics, and at the same time need
to meet the mechanical and dynamic performance indicators, the design of the design indicators as
shown in Table 1.
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Table 1. Design indicators.
parameters numerical value parameters numerical value
fuselage length 3000mm tail rotor wheelbase 2190mm
fuselage width 548mm Main tail rotor X-direction 1763.7mm
wheelbase
Fuselage height 645mm Maximum weight of the drone 350 kg
wingspan 4045mm Maximum main rotor power 160kw
tail spread 2260mm Tail rotor power 18kw
main rotor wheelbase 3695.4mm thrust ratio 1.3

According to the requirements, the material selection of the prototype should ensure that the
structural strength and stiffness of the basis to achieve the minimum mass, but also need to reduce
the cost of the experiment. After comprehensive consideration of material density, tensile modulus,
tensile strength, specific modulus, specific strength and other performance indicators, it was decided
to use aluminum alloy and titanium alloy UAV body structure materials. The airframe design
requires reasonable layout structure, lightweight, easy disassembly and maintenance, safety and
economy. Therefore, the overall structure of this design is shown in Figure 3, the test aircraft wing
and tail wing are connected to the upper fuselage through cross fasteners, which are distributed and
installed at 1015mm and 2809mm from the front end of the fuselage, and the four rotors are installed
at the ends of the wing and the tail wing respectively, and the wing parameters refer to the cruise lift

coefficient of the same class of fixed-wing aircraft C, (0.8) to obtain the wing area of about 3m?,

wing
and refer to the twin-engine airplane, which has the following characteristics. The wing chord ratio
AR is 12, the C,, is about 0.5m, and the wing length is 6m, the weight of the experimental test

aircraft is large, and the wing bears the main propeller tension during the flight, the three-beam
structure can satisfy the requirements, the main beam has a sufficiently high strength, and the aileron
strength is weaker, according to the structural requirements and the characteristics of the wing, the
main beam is located at 26% of the wing chord, and the two aileron beams are located at 8% and 57%
of the wing chord respectively. According to the structural requirements and wing characteristics,
the main girder is located at 26% of the wing chord length, and the two secondary girders are located
at 8% and 57% of the wing chord length.

M,
Swing = —g (11)
pVCLwing
(11) Where: Swing is the wing area; M is the whole aircraft design mass; V' is the design flight
speed.
S,
Coe =4|— = (12)
AR
B=ARxC,,, (13)

(12) Where: B is the spread length.

Tail parameter reference weight leveling, using the formula (11), (12) and (14) calculated flat tail
area of about 1.0976m?2. tail structure design to meet the strength and stiffness requirements can be,
at the same time to leave enough space for the electronic speed controller. Therefore, the tail structure
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form uses double beam type, the two beams/, have the same structural parameters, are used in the

long 2260mm, inner diameter of 44mm, outer diameter of 48mm 6061 aluminum alloy tube, tail two
beams spacing is 140mm.

— thh
ht C S

ave™~ wing

(14)

(14) Where: [, is the length from the quarter chord position of the flat tail to the center of gravity;
S, is the area of the flat tail; V), is the capacity of the flat tail.

The fuselage design takes into account that this experimental aircraft is only used for vertical
takeoff and landing and hovering flight, and it is required to be easily disassembled and transported
on the basis of cost reduction, so it is selected to be of ko-truss-beam structure, and the landing gear
is selected to be the common sled-type landing gear, and the bow-beam and the left and right sled of
the landing gear are welded together with the titanium alloy round tubes with the inner diameter of
26mm and the outer diameter of 30mm, and the height of the sled-type landing gear is designed to
be 385mm. The height of the skid landing gear is designed to be 385mm, the spacing between skids
is designed to be 1166mm, and the spacing between the front and rear bow beam:s is initially designed

to be 800mm.
1 2 3 4 5 6 7 8 9

N
-

Figure 3. 3D general structure of the tilt-rotor UAV. 1, Fuselage 2, Nacelle 3, Main propeller 4, Wing 5, Main
motor 6, Landing gear 7, Tail motor 8, Tail wing 9, Tail propeller.

3. Prototype Structure Optimization
3.1. Static Analysis

The strength and stability of the body structure of the prototype is crucial to the performance of
the prototype. The designed model of the prototype body is imported into the analysis software, the
prototype fuselage, wings, tail and other related structures are the main load-bearing components of
the prototype, which need to be retained, and the bearings, bolts and other parts of the overall impact
of the prototype is relatively small, and appropriately simplified. The designed three-dimensional
model of the prototype body is imported into Workbench, and tetrahedral meshing is used for the
parts with complex structure and small size, hexahedral meshing is used for the structural rules, and
the mesh density of the main load-bearing parts is increased appropriately.

According to Table 1, the maximum design weight of the prototype is 350 kg, the design weight
of the fuselage is 34.9 kg, the design weight of the wing is 33.5 kg, the design weight of the tail is 6.9
kg, the design weight of the wing powertrain is 117.3 kg, the design weight of the tail powertrain is
20.4 kg, and the design weight of the onboard equipments and the landing gear is 137 kg. The
fuselage, wing and tailplane are made of 6061 aluminum, the connecting fasteners are made of ductile
cast iron, and the main motor mount connectors are made of structural steel. The main rotor can
provide a maximum lift of 1800 N unilaterally, and the tail rotor can provide a maximum lift of 500
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N unilaterally. The powertrain, airborne equipment, and landing gear are simplified to be given to
the fuselage in the form of force. Taking the safety factor of 1.25, the lift force is 2250 N distributed
on both sides of the wing and 625 N distributed on both sides of the tail rotor.

The flight process of the test aircraft has six degrees of freedom, and the constraints are applied
by the method of inertial release, assuming it is stationary, to complete the hydrostatic analysis. After
the boundary conditions are applied, the static solution of the test aircraft is started, and the results
are shown in Figure 4 and Figure 5. From Figure 4, it can be seen that the maximum deformation of
the test aircraft occurs at the edge of the wing beam and the main motor seat after the force is applied,
and the maximum deformation value is 57.1mm, and the ratio of its half wingspan is about 2.82%,
which meets the design requirement of less than 3%, so the stiffness of the test aircraft meets the
design requirement; from Figure 5, it can be seen that the maximum equivalent force of the test
aircraft body structure is concentrated in the tailplane, and the maximum equivalent force of the test
aircraft body structure is concentrated in the tailplane. As can be seen from Figure 5, the maximum
equivalent force of the structure is concentrated in the scaffolding fasteners, and the maximum
equivalent force value is 379.21 MPa, which is smaller than its minimum strength limit of 450 MPa;
the maximum stress concentrated in the aluminum alloy tubes of 6061 and 7075 is 142.2 MPa, which
is smaller than its minimum ultimate strength of 240 MPa and 455 MPa, so the structural strength of
the prototype meets the design requirements. The 2.82% deformation ratio ensure structural integrity
during takeoff/landing.

Figure 5. Stresses on the body.

3.2. Optimization of Landing Gear, Wing Ribs and Main Motor Seat

3.2.1. Optimization of Landing Gear Structural Parameters

The landing gear designed in this paper not only wants to have a certain elastic deformation
capacity to absorb the impact kinetic energy of the test aircraft landing, but also wants to have enough
strength to avoid fracture due to excessive deformation. In the process of designing the landing gear,
it is necessary to rationalize the design by combining the UAV design, strength and stiffness
requirements. The landing gear is mainly subject to the extreme impact of the test aircraft landing,
according to the landing situation, the landing gear will be loaded into two working conditions: when
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the landing gear left and right sides to withstand the main force, the safety factor of 1.5, the left and
right two joints of the average force of 2625 N; when the landing gear front and rear end to withstand
the main force, the front and rear end of the average force of the joints is 2625 N. The analysis results
in Figure 6. working condition 1 In Case 1, the front and rear bow beams are mainly subjected to a
single force, so the deformation is mainly concentrated in the middle of a single bow beam, and the
stress is concentrated on both sides of a single bow beam force point and the connection between the
bow beam and the skid; in Case 2, the bow beams are mainly subjected to side force, and the
deformation and the stress are mainly concentrated on the side of the bow beams, and the static
analysis of the landing gear under both cases meets the requirements of the yield strength.

S <> = S
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Figure 6. Static force analysis of two working conditions of Landing Gear.

When analyzing the landing gear landing impact, the fuselage mechanism is not considered and
the mass point representation is used. The mass point is set at the center of gravity of the fuselage,
the four connection points of the landing gear bow girder and the fuselage are used as the mass point
connection locations, the constraints are set as rigid body connections, and the attributes of the mass
point are set as rigid, and the mass and rotational inertia of the fuselage are assigned to the mass
point, and the impacted ground is simulated by a rigid wall. The landing gear finite element model
is shown in Figure 7.

Fuselage mass point

Forward arch beam
Rear arch beam

Initial
velocity

Ground Ski

Figure 7. Finite element model of landing impact of skid landing gear.
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The time used in the simulation is set to 0.08s, the constraint mode of the skid and the ground
model is set to friction, the friction coefficient is set to 0.15, and the landing speed is selected to be
0.15m/s which occurs the most times in the actual airplane, combined with the speed of the maximum
of 1.37m/s to do comparisons and analyses, and the appropriate landing speed is selected. When the
test aircraft landed at a speed of 0.15m/s, Figure 8 shows the results of the landing gear landing impact
simulation and analysis of cloud diagrams, respectively, along the X, y, z-axis direction of the
deformation of the cloud diagram and the equivalent force cloud diagram. Figure 9 shows the
deformation and equivalent force change curve along the X, y, z direction when landing gear working

condition one impact landing.

Oriented deformation

Type: Oriented
ieformation (X-axis

Unit: mm

Global coordinate system

Time: 8.-002

Cycle count; 2017844

Maximum: 01182

Minimum: 0.067049

2024/1/2010:11
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0097619
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0056452
0035863
0015285
-0.0052986
-0.025882
-0.046466
-0.067049

Oriented deformation 3
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deformation (z-axis)

Unit: mm
Coordinate system
Time: 8.e-002
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2024/1/2010:12
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34118
29502
24886
2027
1.5655
1.1039
0.64232
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-0.28082

(©)
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deformation (Y-axis)

Unit: mm
Global coordinate system
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Cycle count: 2017824
Maximum: 4.9441
Minimun: -4.9374
2024/1/209:40

439441
38461
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055231
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-1.6436
-2.7415
-38395
-49374

(b)

Equivalent stress.
Type: Equivalent stress

Unit: MPa

Time: 8.-002

Cycle count: 2017844
Maximum: 60.126
Minimum: 00074144

2024/1/20 938
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53.446
46766
40086
33407
26727 4

20047 =
13.367

66373
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(d)

Figure 8. Simulation cloud diagram of landing gear impact for Case 1.
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Figure 9. Simulation curve of landing gear impact for condition 1.

The simulation cloud diagram when the prototype landed at maximum speed is shown in Figure 10.
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Figure 10. Simulation cloud diagram of landing gear impact in Case 2.
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The deformation and equivalent force change curves along the x, y, and z directions during
landing gear condition II impact landing are shown in Figure 11.
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Figure 11. Simulation curve of landing gear impact for working condition 2.

When the landing gear in 0.15m/s speed impact landing, the maximum stress 90.38 MPa is far
less than the yield strength of the landing gear 825 MPa. When the landing gear in 1.37m/s speed
impact landing, the maximum stress 824.88 MPa is close to the yield strength of the landing gear, in
the actual flight should be avoided to 1.37m/s speed landing situation. In order to control the landing
gear safety coefficient can reach more than 1.3, so the speed of the test aircraft is controlled between
0.15m/s and 1m/s, which is able to realize a safe landing.

Unified objective method is introduced to iteratively optimize the beam length L and clamp
angle in the landing gear, and the multi-objective function of the model can be expressed as follows:

min F(X) = min[ f,(X), £,(X),-, f,(X)]'
¢ g,(X)<0,(u=12,---,m)
T (X)<0,(u=1,2,-+-,n)

X=[xl,x2,~--,xl.]

(15)

Where: F(X) is the objective function; g, and A, is the constraint function; X is the target

variable.
The combined objective function is obtained by combining the linear weighting method:

F(X)=W, fi(X)+ Wy f,(X) 4+ W, £ (X) (16)

Where: W is the weighting factor. It is used to indicate the importance of each objective function

with the following relationship:

When optimizing the design variables L and, the maximum equivalent force and the landing
gear mass are given priority, and a mathematical model with accurate parameters is obtained. Then
the landing gear optimization design is realized through the response surface optimization module
in workbench, Solid works and workbench are interacted, the parameterization of the design
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variables is carried out in solidworks, and after that the analysis is carried out in finite element
software, and the landing gear landing speed is taken as 1m/s. Finally, the response surface module
will collect the sample points through the intermediate material method. , the optimization is
completed by fitting the samples.

After the optimization of the response surface size, the optimization results are shown in Table
2, the value of the landing gear bow-beam rod length is reduced to 579.15mm, the value of the bow-
beam angle is increased to 123.9°, and the overall mass of the landing gear is reduced by 0.037 kg,
which is not significant in terms of mass reduction, but the static strength is greatly increased, and
the maximum equivalent stress is reduced by 204.08 MPa under the same conditions.

Table 2. Comparison before and after optimization.

Bow-beam maximum
Bow-beam pole Mass m
Optimization Variables angle o equivalent  force
length L (mm) (kg)
®) (physics) o(MPa)
pre-optimization 600 120 5.795 616.54
post-optimization 579.15 123.9 5.758 412.46

3.2.2. Wing Ribs and Main Motor Mount Optimization

The wing ribs and the main motor seat are optimized using the topology optimization method.
Combining the variable density method of the topology optimization module in workbench and the
static structure module together to complete the optimization, after importing the 3D models of the
main motor seat and the wing ribs into Workbench, the optimization setup is carried out, and the

I Establish a structural optimization model |

[ Static calculation |
AhlSet optimization objectives, constraints, and design variables|

l Topology optimization calculation |

optimization process is shown in Figure 12.

Adjust
optimization
variables

The optimization results meet the task requirements

| Model optimization |

Static calculation

Figure 12. Topology optimization flow.
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According to the actual selection of materials, the structural material properties are set up, model
meshing, in order to ensure the accuracy of the calculation results, the average mesh quality needs to
be greater than 0.7, so the mesh size is selected as 5mm, locally encrypted to 1Imm. topology
optimization region will be divided into the force transfer structure and bolts and other mounting
holes will be divided into non-optimized areas, according to experience to retain the structural
reinforcement, the rest of the structure can be divided into optimized areas to get a better
optimization effect. According to the experience, the structural reinforcement is retained, and the rest
of the structure can be divided into optimized regions to get better optimization effect. Setting the
mass percentage as the reference value of constraints, in order to obtain better optimization results,
the reference value of motor seat topology optimization is 0.6, and the reference value of wing rib
topology optimization is 0.55. The prototype designed in this paper has a total of 8 wing ribs, of which
two are reinforcing ribs, and the rest are ordinary ribs. The reinforcing ribs are the main load-bearing
components, and the common ribs mainly play the role of stabilizing the main beam of the wing, so
the topology optimization of the wing ribs in this section mainly optimizes the reinforcing ribs, and
the rest of the wing ribs refer to the optimization results of the reinforcing ribs.

Figure 13(a) and (c) give the design results of the topology optimization of the motor seat and
reinforcing ribs of the prototype, and the optimal material distribution of the motor seat mass and
the reinforcing ribs at the smallest time under the given constraints. The optimization yields a clearer
shape of the motor seat and reinforcing wing rib parts. In the actual manufacturing process, the
feasibility of parts processing should be taken into account, in addition, in the assembly process, since
the mounting holes need to withstand the transferred loads, so it is necessary to retain a certain
amount of material to ensure its strength. Taking these factors into consideration, the optimized
structure of the mitigation groove of the motor seat and wing rib is improved again, firstly, the
irregular shape of the edge of the mitigation groove needs to be smoothed and processed, so as to
make it easy to process and to prevent stress concentration, and then the mitigation groove with less
material removal needs to be deleted appropriately according to the demand, and the modified parts
are shown in Figure 13 (b) and (d).

o p— —
i B
4 e -
o
o: :
i
e o
E
o i &
i
LYl R

(a) Motor mount after topology optimization

(c) Topologically optimized wing ribs (d) Optimized and improved wing ribs

Figure 13. Optimization of structural components.

The optimized model is subjected to strength verification, and the mechanical finite element
analysis is used to obtain that the maximum deformation of the motor seat after topology
optimization and design modification is 0.08mm, and the maximum stress is 26.86 MPa, which occurs
in the position of the bolt holes of the motor connection. The maximum deformation of the optimized
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wing ribs is 0.02mm, and the maximum stress is 12.94 MPa, which mainly occurs at the position of
the contact surface of the main and secondary beams, and combined with the space of the safety
coefficient of the structure, the optimization results meet the experimental requirements.

4. Vibration Characterization of the Prototype

The vibration response characteristics of the prototype are analyzed in both free and restrained
modes, and the modal analysis is solved by the lumped Lansos method in workbench. The free and
restrained modes are selected to analyze the modes with the first 80% of the effective participating
mass, and the first twelve orders of the vibration mode cloud are selected to analyze the vibration
mode characteristics of the prototype. The shaft frequency in the free mode is close to the 10th and
11th order intrinsic frequencies of the machine, but the vibration characteristics of the structure tend
to be greater in the lower order modes, so it can be assumed that resonance does not occur in the free
mode. The test in the constrained mode is mainly a ground performance test, in the workbench to
impose boundary conditions on the test model, the material is given and the mesh delineation steps
are the same as the free mode analysis of the airframe, the excitation frequency generated by the
propeller and the airframe of the first twelve constrained modes have more than one intrinsic
frequency close to the resonance of the possibility of resonance, but also need to be harmonic
corresponding to determine the corresponding analysis However, a harmonic correspondence
analysis is needed to determine whether the airframe resonates in the constrained state.

Harmonic response analysis calculates the corresponding deformation, stress and strain
response curves of the structure in different frequency ranges, which can get the vibration danger
point of the mechanical structure, and the frequency range needs to be determined according to the
intrinsic frequency and the excitation frequency of the mechanical structure, and the modal analysis
prior to the harmonic response analysis provides important information about the vibration
characteristics for the harmonic response analysis. This section analyzes the dynamic response of the
body structure under the action of sinusoidal harmonic excitation load, and analyzes and solves the
“amplitude-frequency” response curve of the body, as shown in Figures 14 and 15.
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Figure 14. Harmonic response analysis in free mode.
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Figure 15. Harmonic response analysis under constrained modes.

Analyzing the harmonic response characteristics of the free mode, when the excitation frequency
is 24Hz, the vibration of X, y, z direction has the greatest influence, and the amplitude of the vibration
in the z direction reaches the maximum of 0.28mm. Through the amplitude-frequency curves of the
three directions, it can be seen that there is a dangerous point of vibration before 50Hz, but the
amplitude is relatively small, and it will not have an impact on the prototype; after 50Hz, the
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amplitude of the curves gradually converges to zero. After 50Hz, the curve amplitude gradually
tends to zero. Therefore, it can be assumed that there is no danger of resonance in the free mode.

Analyzing the harmonic response characteristics in the constrained mode, from the amplitude-
frequency curves in three directions, it can be seen that at 11Hz and 12Hz, a larger amplitude will be
generated in the x-direction and y-direction, respectively, and the amplitude of other frequency
points is smaller, and the three curves are gradually converging to zero after 50Hz. Therefore, it is
necessary to avoid the emergence of 11Hz and 12Hz excitation frequency by adjusting the rotational
speed instruction, or reduce the residence time of the excitation frequency to avoid the danger caused
by resonance.

5. Prototype System Integration and Control Scheme Optimization

The test system of the prototype is mainly composed of simulation verification module and
physical flight verification system, the simulation verification module carries out attitude control
simulation, and the physical flight test obtains flight data to provide guidance for control design. The
simulation verification module consists of command module, controller, pneumatic module and six-
degree-of-freedom model. The command module sends out commands, the PID controller processes
and calculates the control commands, the pneumatic grinding block calculates the force and torque,
and ultimately the six-degree-of-freedom model calculates the Eulerian angle of the prototype
attitude information. The physical flight test system consists of ground station, remote control,
ground equipment box and the prototype, the ground station monitors the state of the prototype, the
remote control can send control commands to the prototype, the ground equipment box is equipped
with a digital receiving and transmitting radios, to realize the ground station and the remote control
and the flight control system on the prototype to transmit the information, the ground station to get
the position and speed information processed by the gyroscope and speed sensor feedback after the
controller. The ground station gets the position and speed information from the gyroscope and speed
sensor after being processed by the controller.

The prototype itself consists of power system, control system and body structure, this section
mainly completes the design of power system and control system of the prototype.

5.1. Power System Design

The power system should satisfy the relevant tests such as pull force and torque. The whole
weight of the vertical take-off and landing UAV is 300 kg, and each main propeller power system
needs to provide at least 150 kg of pulling force, and at the same time, it is required that the test
aircraft hovering time is at least 7min, so it is necessary to select a reasonable propulsion system and
function way. The key components of the power system include four parts: propeller, motor,
electronic governor, and battery.

There are two kinds of propellers: variable pitch and fixed pitch. To analyze the dynamic model
of the variable pitch propeller, the experimental conditions of the test site where this prototype is
located have small wind speeds, which can be approximated that the propeller's operating state is in
a static thrust state, based on the theory of leaf vein modeling of the variable pitch propeller. As
Figure 16 shows the propeller at the radius of the corresponding leaf vein force state and velocity
state. It indicates the pitch angle corresponding to the variable pitch propeller of this study, the angle
of approach corresponding to the variable pitch propeller and the drag force and lift force on a single
vane.
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dUu

Figure 16. Forces and velocities exerted on propeller blade elements.

obtained from the basic foliation theory:

Wy =V +(rw)’ (17)

Where: v is the incoming flow velocity; w is the pitch paddle rotational speed; W, is the
combined velocity of the paddles by the airflow

dD = % L PWe(r)dr (18)

dL = %CL PWie(r)dr (19)

Where: p is the air density; C, =C,_(a—a,) is the lift coefficient; C,, = C,, +kC, > (¢ —,)’
is the drag coefficient; ¢, is the zero lift head angle; c(#) is the blade chord length at the paddle,
which can usually be expressed as ¢(r) = k;r.

From the decomposition of the forces, the circular dF' and d7T tensile forces on the leaf vein
are

dF =dLsin @, +dDcos ¢, (20)
dT =dLcos @, +dDsin g, (21)

Combining Equations. (19) to (21), the torque dM , applied to the variable pitch at 7 can be

obtained
1 .
dM , = EpWozklrz[CL sing, +C, cos @, |dr (22)
For the torque M , applied to the whole propeller is obtained by integrating Equation. (23):
R 1
M,=N,-| dM, =N, ~— Pk
{C (@—ay)sing, +[Cpy +kC/,(a~a,) ]cos g} - (23)
R 2, 2702
I [(rw)” + Vv |xr dr

Where: N, is the number of paddle blades; " is the radius of the propeller disk;
For the torque T applied to the whole propeller, it is obtained by integrating Equation. (22):
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R 1
T=N,-| dT =N, ph-
{CM(Ot—o:O)cosgo1 +[C,, —kCLaz(a—aO)z]singol}- (24)
R 2, 2
L [(Prw)” +V"]-rdr
Assuming that the basic parameters of the propel k. k . Cra and the external environmental

parameters P are constants that do not vary with time, the accuracy of the model is verified by the

ground test bed, and the incoming flow velocity ¥V = 0, which is known for the current modeling is
a,=0,f=a,a,=0

Equations. (24) and (25) can be deformed as:

M, = %prleDostz +%prkICLa2R3ﬂ2w2 =qw +q,pw (25)
1
T= n PNk C, R pw =q,pw (26)

The torque and thrust of the propeller can be obtained from the formula is only related to the
pitch and rotational speed. According to this theoretical derivation of the formula combined with this
selection of the propeller on the tension and torque plotted as shown in Figure 17, from Figure 17 it
can be seen that the tension and torque is directly proportional to the square of the rotational speed,

with the increase in rotational speed increases with the increase in the pitch angle increases with the
increase in the pitch angle.

Tensile force and rotational
speed relationship

— =11
B=12°
8=13° o
B=11°
8=15°

Tensile force(N)

rotational speed(rpm)

torque and rotational speed
relationship

B=11°
B=12°
B=13°
p=11°
—— f=15°

Torque(Nem)

rotational speed(rpm)

Figure 17. Effect of rotational speed and pitch angle on pulling torque.

So the variable pitch propeller can flexibly adjust the pulling force and torque, which can meet
the more variable UAV load situation and complex environment. This design adopts a three-blade
propeller with a diameter of 1.9m, which is a variable-pitch propeller, and the maximum pulling force
that this propeller can provide meets the design index.

Brushless DC motor high efficiency, low loss, at the same time in the reliability, stability,
adaptability, life of these aspects of the table are better than other motors, and the diameter of the
propeller belongs to the large size propeller, so the selection of brushless motors is a large torque,
low KV value of the motor, fixed selection of the EMRAX-268 motor, the motor external dimensions
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268mm, the peak torque of 500 N The motor size is 268mm, and the peak torque is 500 Nem to meet
the required torque parameters for this propeller selection.

The main function of the electronic speed controller is to convert the DC input into three-phase
input of the motor, and at the same time to regulate the speed of the motor. According to the selected
EMRAX-268 motor parameters, the maximum current of the motor is 320 A. Therefore, we choose
the ESC DTI-HV500 with a maximum continuous current of 400 A. The ESC DTI-HV500 is the best
choice for the propeller.

Battery selection should take into account factors such as lightweight, high efficiency and
environmental protection, and the use of lithium batteries as the energy source of the UAV is a
suitable choice. The battery is selected as Red Dot Battery 12525C, with a standard voltage of 44.4V
and a capacity of 12Ah.

5.2. Control System Design

Control system using DSP28377D control board, the control board contains a communication
module, motor drive module, relay module, digital tube display module and signal processing
module and other common modules, can realize the control system who design requirements. This
design is only as a vertical takeoff and landing of an experiment, involving the main control and
regulation part of the propeller speed control and regulation and current loop control and regulation,
both of which use PID control methods. The control signal input form adopts two signal input forms,
one is to use the ground station to input the speed command, with the receiver to receive the signal,
to realize the motor speed control; the other is to use the remote control to input the speed signal, the
same is the speed control command received by the receiver to realize the control of motor speed.

Firstly, the current loop parameters are controlled by PID control, and the parameters of the PID
controller are optimized so that the current loop conforms to the current release situation to ensure
that the system achieves the required stable power. The current loop control is controlled by PI
control, firstly, the controller parameters are not modified first, the default parameters are simulated
first, and then the controller parameters are optimized according to the effect of the experiment, and
the simulated response curve of the system with different parameters is shown in Figure 18, which is
optimized to the final controller parameters of proportionality coefficient of 3, and the integral link
coefficient is 1.
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Figure 18. Comparison of speed profiles with different controller parameters.

After adjusting the current loop parameters, the system can have a stable output power. Then
optimize the design of the control parameters of the speed loop, establish the dynamics model of the
electric propulsion system before designing the controller, and derive the transfer function of the
electric propulsion system carrying the motor, which is directly connected to the propeller and has
the same rotational speed. Combining the propeller dynamics model and the dynamics model of the
motor, a nonlinear model of the electric propulsion dynamics is obtained, and the small influence of
the brushless DC motor inductance on the control is neglected to obtain a simplified model of the
electric propulsion of this design:

Aw+Bw+Cw + DWW B =0 27)
Where: the parameters to be recognized are respectively 4 , 5 , G , D, .

Before the lithium battery is up to voltage, the battery voltage has a relatively small change in

voltage throughout the operation of the electric propulsion system, so 4,, B,, C,, D,can be

used as a constant to be recognized. The thrust and torque output equations of the variable pitch

propeller are used as the power output of the system, and ¢,. ¢,. ¢, are the relevant parameters

about the propeller blades, which can be obtained by experimental data identification. The nonlinear
dynamics modeling equation set for the electrically driven variable pitch is:

Aw+Bw+C,w + DWW =0
M =qw +q,pw (28)
I= %ﬂwz

In the above modeling results, there are parameters to be identified, for this complex model
structure, special points are selected to simplify it, when the pitch angle is zero, the rotational speed
equation can be simplified to a section of inertial link with duty cycle as input and rotational speed as
output, by means of time-domain identification, the electric propulsion system is inputted with the step
signal, the output rotational speed of the system is collected, and the one-to-one corresponding data
sets are imported into the Matlab system Recognition toolbox to obtain the system gain and time
constant, it can be seen that the electric propulsion variable pitch system can be predicted to be a first-
order inertial link after experimental identification, as shown in equation (30).

G 257.8 29)
0.311s+1

After the transfer function of the electric propulsion system is determined, the speed loop is
regulated based on the requirement of fast and stable speed control. This regulation adopts PID
regulation, there are three regulation links: proportional, integral, differential. Set the initial controller
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parameters for the proportional parameter 0.4 integral 0 differential 0.002 for a set of experiments,
based on this simulation analysis to obtain the response data and further optimization of the
parameters, to obtain several adjustments of the response curve in Figure 19.
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Figure 19. Velocity feedback curve of velocity loop with different controller parameters.

From the experimental response curve, it is concluded that: a in the response ability is good, but
did not reach the target value, and the steady state error is large, when the command of 2100RPM is
given, the response speed only reaches 2050RPM, which is not in line with the expectation; b in the
response ability of the system to the improvement of the system, and at the same time, the steady
state error decreases, but the fluctuation range of the speed curve is a little bit large; c in the response
curve after amplification is still relatively stable, the fluctuation range is within 5SRPM, and the steady
state error is almost negligible, the speed ring regulation has met the experimental demand. In ¢, the
response curve is still relatively stable after amplification, the fluctuation range is within 5RPM, the
steady state error is almost negligible, and the speed ring adjustment has met the experimental
demand.
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Controller optimization is completed, test the actual control performance of the prototype. The
ground station is designed using the QT platform, which is divided into the remote control end and
the telemetry end. The remote control end inputs control commands to the UAV, mainly inputting
the commanded RPM commands, and the telemetry end is used to receive the feedback data, which
mainly includes the real-time values of the motor's RPM, voltage, current and temperature, etc. The
remote control end is Futaba, which is used to control the UAV. The remote control is chosen to be
Futaba T185Z model, which has a frequency of 2.4GHz and up to 18 channels, together with a
matching receiver. The results are shown in Figure 20, from the curve (a) and (b), it can be seen that
the motor response performance meets the requirements when the speed command is issued through
the ground station, the speed curve is tracked well, and the speed fluctuation range is within 5 rpm,
which can realize the prototype speed stabilized at 1800 rpm and up to 2200 rpm. from Figure. (c)
and (d), it can be seen that the propeller speed curve is in high agreement with the From Figure. (c)
and Figure. (d), it can be seen that the propeller speed curve is highly consistent with the desired
speed curve of the propeller, and the speed of the motor can be accurately controlled through the
remote control instruction to realize the stable flight of the prototype.
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Figure 20. Dynamic response co-conditioning test results for real experiments.

After the experiment on the propeller speed tracking was completed, the attitude control of the
test aircraft was carried out at low altitude by combining the serial PID control method, and after the
completion of the experiment, the flight control data was downloaded, and the tracking curves
shown in Figure 21, Figure 22 and Figure 23 were obtained, which showed the tracking curves of the
test aircraft for the hovering experiment of tumbling, pitching and yawing.
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Figure 21. Roll Tracking Curve.
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Figure 22. Pitch tracking curve.
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Figure 23. Yaw tracking curve.

The tester roll control is good, the roll angle curve and the roll angle target curve trend is
consistent, the maximum error is within 10%, within the acceptable range, the pitch angle and yaw
angle curve and the target curve trend is consistent, the response speed is good, but there is a large
error. Analyze the reason for the large error, the test aircraft has been in low altitude horizontal flight,
the propeller and the ground will form a complex flow field, the formation of the ground effect, the
test aircraft pitch is controlled by the rotational speed change of the tail rotor, the main rotor is subject
to the ground effect is more pronounced, so the tail rotor to increase the lift is not enough to meet the
requirements of the change in the pitch attitude; the test aircraft yaw is accomplished through the tail
rotor's differential, the actual change in yaw curve value is much smaller than the target curve value.
The yaw is accomplished by the differential movement of the tail rotor, and the actual change of yaw
in the curve diagram is much smaller than the target curve value, which may be due to the fact that
the rotational speed of the tail rotor is not enough to increase the lift, and on the other hand, the angle
between the axis of the tail rotor and the z-axis of the fuselage coordinate system does not satisfy the
requirements, and the y-axis direction of the y-axis direction of the y-axis direction of the y-axis is
not enough.

In this section, the power system and control system of the prototype were designed. The
propeller motor speed control, the flight attitude control of the prototype were carried out and the
relevant control data were obtained through the ground station and the remote control, respectively,
which provided the experimental data to guide the research of the tilt-rotor concept UAV.

6. Conclusions

Based on the reality that the research of tilt-rotor vertical take-off and landing UAV mostly stays
in the theoretical research and verification, this paper designs a new tilt-rotor vertical take-off and
landing UAV prototype and obtains the relevant design data of tilt-rotor vertical take-off and landing
UAV through experiments, which provides a reliable data support and data reference for the future
research of this type of UAV. This paper establishes a dynamic model of tilt-rotor vertical take-off
and landing UAV according to the flight principle of quadrotor UAV, and completes the overall
design of the prototype, material selection and dimension design according to the structural form
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and design index of the UAV; analyzes the load and deformation response of the prototype according
to the static analysis of finite element, and the maximum deformation of the prototype occurs at the
edge of the wing beam and the main motor seat after the force is applied, with the maximum
deformation value of 57.1mm, to achieve less than 3% of the design requirements, the maximum
equivalent force of the prototype body structure is concentrated in the scaffolding fasteners, the
maximum equivalent force value of 379.21MP, less than its minimum strength limit of 450 MPa, the
maximum stress concentrated in the 6061 and 7075 aluminum alloy tubes 142.2 MPa, less than its
minimum ultimate strength of 240 MPa and 455 MPa, this study The landing gear of the prototype is
optimized by the unified objective method, and the beam length and angle of the landing gear after
optimization are 579.15mm and 123.9°, respectively. Combining with the topology optimization
module in the workbench, the motor seat and wing ribs are optimized by using the poi density
method and the static structure module, and the maximum deformation of the motor seat after
topology optimization and modification of the design is 0.08mm, and the maximum stress is 26.86
MPa, and the maximum deformation of the motor seat is 0.02mm, and the maximum deformation of
the wing rib is 0.02 MPa. The maximum deformation of the wing ribs is 0.02mm, and the maximum
stress is 12.94 MPa, which meets the requirements of the study; analyze the vibration response
characteristics under the free mode and the vibration response characteristics under the constrained
mode, and combined with the harmonic response analysis, it is concluded that the rotational speed
command should avoid the occurrence of the excitation frequency of 11Hz and 12Hz, or reduce the
excitation frequency to stay time to ensure the vibration safety performance of the prototype;
according to the prototype flight According to the flight load of the test aircraft, the power system of
the test aircraft is constructed and the control system is optimized. Through the actual flight test, the
propeller speed tracking fluctuation of the test aircraft is within 5 rpm, and the error of the roll
attitude of the test aircraft is within 10%. However, the test site of the experiments in this paper is
limited, and for the sake of the experimental safety, the test aircraft only carries out the experiments
in a low altitude, and the experimental results are affected by the ground effect, and the pitch attitude
and yaw attitude control errors are larger, therefore, the future will be further developed. The
experimental results are affected by the ground effect, and the pitch attitude and yaw attitude control
errors are large, so the adaptive PID control will be further introduced in the future and higher
altitude flight experiments will be carried out to eliminate the influence of the ground effect.
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