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ABSTRACT

VTOL uavs combine the advantages of VI'OL capability of multi-rotor uavs and efficient fixed-wing cruise,
but they also face challenges in performance, including weak wind resistance when hovering, low flight
mode conversion efficiency and high-altitude fluctuation during conversion. In view of this, this paper
introduces a new type of composite wing UAV, namely lifting wing quadrotor. Compared with quadrotor
UAYV, it is unique in that it is equipped with a lifting wing installed at a special Angle, which effectively
improves the range and load, and solves the problem of weak wind resistance in the hovering stage of tail-
seat UAV, and can realize efficient transition flight. A longitudinal position controller based on TECS total
energy control algorithm is designed according to the flight characteristics of the transition stage. The
effectiveness of the dynamic model and controller design is verified by experiments. The results show that
the control algorithm can effectively improve the flight stability of the lift-wing quadrotor during the
transition stage.

Keywords: UAV, Lift-Wing Quadrotors, Dynamics model, Downwash flow, Transitional Control, TECS
algorithm, HIL; Flight stability

1. Introduction

Multi-rotor uavs have the characteristics of vertical take-off and landing, good maneuverability and
stability, and have a wide range of applications in various fields, such as aerial photography, agriculture,
environmental monitoring, military, rescue, etc. But it is deficient in terms of endurance and payload, and
when performing long-distance transport and reconnaissance missions, the overall performance is
relatively poor. This has prompted the need for multi-rotor uavs to increase range and payload, and the
general approach is to optimize the propulsion system and reduce airframe drag [ 17. It is shown that the
range and payload can be increased more effectively by increasing the lift than simply reducing the drag of
the fuselage, and the lift wing multirotor provides lift during the whole flight phase. The flight modes of
the lift wing quadcopter can be divided into: multi-rotor mode, transition mode and fixed-wing mode [27].
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Compared with tiltrotor aircraft and tail-sitting uavs, it has more flexible control in the vertical take-off
and landing phase, and only needs to tilt a specific angle in the transition phase, usually less than 45°, and
does not need to tilt 90° like tail-sitting uavs, which greatly reduces the possibility of stalling in the
transition phase, performance compromise, It is a complement to the current hybrid layout aircraft.

Most of the flight conditions of the lift wing quadrotor are in forward horizontal flight, and part of the
wing of the aircraft is always in the slipstream of the propeller power system, which makes the aerodynamic
characteristics of the wing part inside and outside the drift area very different, which will have a non-
negligible impact on the handling ability, stability and trim characteristics of the aircraft, and the
downwash airflow generated by the rotor will accelerate the gas flow velocity around the lifter wing, which
will affect the real airspeed of the aircraft. Transition mode is the most critical flight phase of a lift-wing
multi-rotor UAV. In the transition stage, the pitch angle needs to complete a large-angle maneuver in a
very short time, the airspeed signal is also in an unstable state, the nonlinearity and strong coupling
characteristics of the system, and the external disturbance faced during the flight require that the controller
must have the characteristics of fast response speed and strong anti-interference ability [37. A well-
designed controller is essential for reliable transition flight of lift wing quadcopters. The controller design
can be based on the tail-mount drone [47]. In the transition mode, the control strategy based on fixed height
is adopted. It can ensure that the transition process is highly constant, but the anti-interference ability is
limited [57. The backstepping control based on state observation is designed, which has the advantage of
ignoring external disturbances and uncertain parameters, and adopts a direct way to achieve the control
purpose, but it is easy to cause system oscillation [67]. A controller based on the dynamic inverse of neural
network is proposed, which has good tracking performance for nonlinear rigid bodies, but is sensitive to
modeling errors. In order to solve the above problems, this paper firstly establishes the dynamic model of
the lift-wing quadrotor according to the Newton-Euler equation and aerodynamic theory, and introduces
the influence of the rotor downwash airflow, and then designs a TECS longitudinal total energy control
law that can cover the whole mode range according to the characteristics of each flight stage, which reduces
the possibility of system instability and stall caused by controller switching, in order to verify the control
effect of the controller under the real flight environment and hardware configuration. Hardware-in-the-
loop simulation experiments are carried out, and the results show that the designed control law can
effectively improve the response speed and reduce the time delay of attitude control in the transition stage
of the lift wing quadrotor.

2. Dynamic modeling of a lift wing quadrotor

A fixed-wing design was chosen as the lift wing configuration for the quadcopter. For simplicity in model
development, it was assumed that the main structure of the wing is rigid and entirely symmetrical.

In order to facilitate the description of kinematics and dynamics, the lift wing multi-rotor is divided into
two parts: the lift wing component and the multi-rotor component are defined as the coordinate system:
the coordinate system of the multi-rotor fuselage (°F ): O,X,Y,Z, fixed to the multi-rotor component,
O, X, axis points in the direction of the nose in the plane of symmetry of the multi-rotor, O,Z, shaft is
located in the plane of symmetry of the multirotor. Lift-wing fuselage coordinates (): 'F O, X,Y,Z, fixed to
the lift wing part, O, X, axis points in the direction of the nose in the symmetrical plane of the lifting
wing, Olzl axis is in the plane of symmetry of the lift wing. The lifting wing is installed at an angle of K®,
at O X, shaft and O X,Y; planes, such as Figure 1 (b). Wind Coordinate System (): “FO,X,, axis is
aligned with the airspeed vector, O,Z  axisis in the plane of symmetry of the lift wing. The origin of the
above coordinate system is at the center of gravity (cog) of the lift wing multirotor. QY axes are
determined according to the right-hand rule, OZ axes all point downwards and correspond to each other
OX axis is perpendicular [47].
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Fig.1. Coordinate frames and nomenclatures

The majority of the operational conditions for the lift-wing quadrotor involve forward horizontal flight.
Therefore, the analysis focuses solely on the impact of the wind field under these conditions. Due to the
fuselage's lift-wing design, the resistance exerted by the wind field on the fuselage is significantly
minimized. However, when encountering crosswinds, the lift-wing design generates an additional yaw
moment, necessitating an increase in yaw control moment to maintain stability [77]. As a result, the rotors
are fixed and inclined around the arms respectively d (7= 10° ), such as: Figure 1 A shown in (a), the forces
and moments generated by the rotor are expressed by the thrust on each propeller:
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Thereinto K, =K /K, +d,sinn K, is the lift coefficient, km is the drag coefficient, dx and dy
is the center of the lift wing quadcopter to Q. The component of the propeller distance on a plane, such
as: Figure 1 (c)show.

When flying forward, the downwash airflow generated by the rotor will accelerate the gas velocity
around the lift wing, which will affect the true airspeed of the aircraft, and introduce the eftect of the rotor
downwash airflow when analyzing the aerodynamic force [37. The traditional perturbation nonlinear
aerodynamic model is linearized and expanded, and the following aerodynamic model of the lift wing is
obtained:

WFA =qS [CD CY CL ]T (Q>

Among them, (= 1/ ZDpD]_ASZ aerodynamic pressure of the aircraftis TAS real airspeed of the aircraft;
S is the effective aerodynamic area of the lifting wing; The aerodynamic coefficients of the aircraft are
drag, lift and lateral force coefficients, which are linearized and expanded, and the influence of rotor
downwash airflow is introduced
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Where 0, is the 0, amount of pitch and yaw change; @, which f are aerodynamic angles of attack
and sideslip angles, respectively; ¢ is the aerodynamic chord length of the wing;
q=1/2-p-(TAS +||v.nduce||)2 is the aerodynamic pressure of the aircraft:

"Vigue =[Us O 0]

induce
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Where @ is the angle of attack of the fuselage, Tﬁx thrust generated by the rotor, A area of the rotor

paddle disc, the V, speed of the air flow V, = ||TAS +VW|| ,the V, wind speed, and s length of the wing
from the rotor.

According to the perturbation nonlinear model, the aerodynamic moment of the aircraft in the wind
coordinate system is as follows:

“r,=[l m n] =gS[Cb C,c Ch[ (5)

There into CI ,Cm ,Cn moment coefficients for roll, pitch and yaw are respectively.

After the linear expansion of the aerodynamic moment coefficient of the aircraft and the introduction of
the rotor downwash airflow, it can be obtained:

C,=C,,B+C,;35,+C; 9,
+b(C,, p+C,1)/2|TAS +v
C,=C.,+C, o +Cm§p J, (6)
C,=C,,B8+C,;6,+C,; 3,
+b(C,,p+C,,1)/2[TAS ++v
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Among them, b is the wingspan of the wing. The external forces and moments are summarized as

0 —(C, +Cps9.)
*f=| f, |+QSR; | (C, +C,;6,) |+mR:f, (7)
£ ~(C_+C,,5,)
m, b(C, +C,;,5,)
‘m=R;|m,_|+QS|c(C, +C,;3.) (8)
X b(C, +C,;3,)

Where Q=1/2pV}? C.;, Cuns, Cos, Cvws Cus,and Cs are the control derivatives.
3. Lift wing quadcopter transition stage controller design

The nonlinearities and strong coupling characteristics of the transition phase significantly complicate the
design of a controller for the lift-wing quadrotor. To address these challenges, an improved control scheme
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is developed to ensure a smooth and safe transition between rotor and fixed-wing modes, which is critical
tor achieving successful flight across all stages [ 37.

During the transition process, a mathematical model of the aircraft is decoupled by simultaneously
considering rotor thrust and aerodynamic forces. The transition between the two flight modes is achieved
by adjusting the flight speed and pitch angle while maintaining stability in yaw and roll angles. The control
system takes the aircraft's target airspeed and altitude as inputs and produces the desired throttle and pitch
angle as outputs. These outputs are then sent to the attitude controller. An increase in pitch angle leads to
an altitude increase and a reduction in airspeed, whereas an increase in throttle boosts airspeed and
simultaneously raises flight altitude due to increased lift.

Figure 2 shows the schematic diagram of the longitudinal dynamics of the body, to enhance longitudinal
dynamics control, the study introduces the concepts of total energy and energy balance, providing an
efficient framework for managing the aircraft's performance during the transition phase. The total energy
of the body's system Eis the sum of the body's potential energy E, and the body E,'s kinetic energy.
Among them, Ep =mgh is the potential energy of the flight system, h flight altitude of the aircraft, the
mass of M aircraft, and § local gravitational acceleration. E, =m-TAS?/2 is the kinetic energy of the
flight system, and TAS real airspeed converted by the equivalent airspeed EAS .

E=E,+E (9)

The airspeed directly obtained by the airspeed tube sensor is the indicated airspeed of the aircraft IAS,
but since the aircraft designed in this paper is a low-altitude aircraft, it can be considered that the indicated
airspeed is |AS equivalent to the equivalent airspeed EAS. EAS is the dynamic pressure measured
by the aircraft under the standard condition of mean sea level.

EAS = p,v* /2 (10)

Among them, #° is the standard atmospheric pressure at sea level, and the vV ground speed of the
aircraft. The airspeed used for the energy calculation of the aircraft is the real airspeed TAS | Wwhich is the
TAS real speed of the aircraft relative to the fluid. The lift of an aircraft tflying at a constant pressure
altitude is calculated as:

Lz :pzSCLsz/z (11>
For the same aircraft, the lift at mean sea level is calculated as:
L, = pOSCng/Z (12)

Among them, £ is the air density at the current flight altitude, o, air density at mean sea level, S
effective aerodynamic area of the wing, and C_ lift coefficient. V, isequivalent to true airspeed and TAS
Vo here is equivalent to equivalent airspeed EAS .

Simultaneous equation (11) and equation (12) can obtain the relationship between the true Airspeed TAS
and the equivalent airspeed EAS

TAS = \/p,/p - EAS (13)

In /p,/p order to avoid stalling and limiting the flight speed of the aircraft, the true airspeed TAS
is limited to3~30 m/s.
The relationship between air density and flight altitude is calculated by the following formula
1
_ -1
p=p, {1_7_1&@7 (14)
7 Po
Among them, y=1.0x10° J/(kg -OC) is the specific heat capacity of the air, p,=1.29 kg/m? is the
density of the air at standard sea level, p,=1.0135x10° N/m? and h is the altitude of the aircraft
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measured by the barometer. From equations (13) and (14), the air density can be calculated and the airspeed
value can be converted by using the measurement data of the airspeed tube and barometer [97.

Based on the above derivations, the total energy density and total energy rate of the aircraft system can
be calculated as:

E, =hg +TAS?/2

. (15)
E, = hg +TAS -TAS?

Using the velocity of the aircraft to normalize the energy rate, the following results are:

E h TAS TAS
S —— =yt — (16)
TAS TAS ¢ g

Wherein, ! is the track angle of the aircraft in the longitudinal plane. Then according to the kinematic
equations of the aircraft in the longitudinal plane

X=V,C0Sy+V,

h=v,siny

(17)
v, = T=b_ gsiny
oom

Wherein, X itis the velocity vector along the x-axis direction of the aircraft body coordinate system,
the V, ground velocity vector of the aircraft, the Vv, wind speed vector of the aircraft, the R velocity
vector along the Z-axis direction of the aircraft body coordinate system, T the propulsion vector of the
aircraft, and D the wind resistance vector of the aircraft.

Fig. 2. Schematic diagram of the longitudinal dynamics of the body
The propulsion required for the flight of the aircraft can be obtained

Vg
T,=m 7/+E +D (18)

In order to control the deviation of track or speed during the flight of the aircraft, the corresponding
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PID control law is used to obtain the expected throttle signal based on the total energy error of the system
to reduce the total energy deviation of the aircraft system.

Tsp = KPTeE + KPT I(DTéE + KPT KIT J‘eEdt +TFF
€ = Es,sp - Es (19)
e.E = Es,sp - Es
Among them, is the e total energy error of the system, €¢ is the total energy rate error of the system,
Ker 1s the proportional gain of the throttle control loop, is Ky = 0.5, the differential gain of the throttle
control loop, and is K,; = 0.1, the integral gain of the throttle control loop. At the same time, in order to

calculate the more accurate total energy rate error of the system, a first-order IIR filter is required to
eliminate high-frequency noise from the accelerometer measurement data, as shown in Eq. (20).

¢ (n)=02(E,,, —E,—E,)+0.8¢ (n-1) (20)

The proportional gain of the airframe throttle controller is determined by the throttle time constant 7,
and the minimum total energy rate E

1
KPT B Tinr (Emax - E‘min) (21)

and the maximum total energy rate E__ min -

Among them, 7, =8.0.
Propulsion feedforward term T By maximum expectation throttle T, =1, minimum expected

throttle T, =0, nominal cruise throttle T.ue =0.6 and the maximum total energy rate E_, ,

minimum total energy rate E_,  positive.
£,
Tcruise + (Tmax _Tcruiss)E'_' Esp >0
Te = E,max (22)
Tcruise - (Tmin - Tcruise)%’ Esp <0

min

Is different from the total energy of the system E,, system energy balance B, used to calculate the
desired pitch angle of the body 6, flight altitude and pitch angle of the aircraft are controlled [ 107.
The current energy balance and expected energy balance of the system is

B, =E,w, —Ew,
=w, -gh—w, -TAS?/2
Bs,sp = Ep,spr - Ek,ska

2
=w, - gh, —w, -TASZ /2

(23)

Wherein, E, is the current potential energy of the aircraft, is B, the expected potential energy of
the aircraft, E, is the current kinetic energy of the aircraft, E,y, is the expected kinetic energy of the
aircraft, h 1is hsp the current flight altitude and the expected flight altitude of the aircraft, TAS and is
the TASSp current airspeed and the expected airspeed of the aircraft W, is the weight of the potential
energy of the aircraft, the W, weight of the kinetic energy of the aircraft, W, +W, = 2 | that is, the sum of
the weight of potential energy and the weight of kinetic energy must be equal to 2, and when the aircraft
is equipped with an airspeed meter and detects that the aircraft is stalled, the kinetic energy weight is set
to 2, and when the aircraft is not equipped with an airspeed meter, the kinetic energy weight is set to 0.

The current energy equilibrium rate and the expected energy equilibrium rate of the system are
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B, =E,w, —E,w,
=W, -gh—w, -TAS-TAS
. . . (24)
Bs,sp = Ep,spr - Ek,ska
=W, -gh, —w, -TAS_ -TAS |
According to Eq. (23) and Eq. (24), the total energy balance error and the total energy balance rate error
of the system can be obtained

(25)

Next, the total energy balance error and total energy balance rate error of the system are input into a
PID control to calculate and obtain an expected pitch angle 6, as shown in Figure 3. The PID controller
control law is:

Oy = Ky + KppKpp€s + KPHKIHIeBdt + O (26)
Among them, Kg, is the proportional gain, Kp, is the diftferential gain, and K,, is the integral gain.
Koy =TAS -7, -0 (27)

Among them, TAS is the current airspeed of the aircraft, the 7, =5 pitch angle controls the time
constant, and the § local gravitational acceleration. After calculating the expected pitch angle, in order
to ensure the flight safety and stability of the aircraft in fixed-wing mode, the maximum pitch angle setting
value of the aircraft is limited to [-30° 30°] the range.

= K,
E, . T
B
bV -
sp - > RE%AT :‘:
E—— - [ A
Energy and E
Energy Rate
hﬂ, Calculation
P
—_— E
KD
- T,
. FF
SP . LTy
criise|

Fig. 3. TECS throttle controller
The feedforward gain of the feedforward control loop is defined by the following formula, where the
teedforward coefficient is equal to the proportionality factor.

esp,FF = ereB,sp (28)
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Fig. 4. TECS pitch controller
The TECS is written as a PX4 flight control stack function module and added to the PX4 compilation
sequence and execution sequence (see Figure 4).

4. Experimental validation

Hardware-in-the-loop simulation (HIL) is an advanced test method that allows the PX4 firmware to run
in real-time on real flight control hardware, providing a high degree of simulation of real-world flight
environments. The designed aircraft control algorithm module was imported and compiled into the PX4
flight control stack, and the hardware-in-the-loop simulation experiments were carried out using the PX4
environment and SDF aircraft model.

The three-dimensional position of the lift wing quadcopter during flight is shown in Figure 5 and Figure
6, and in the hardware-in-the-loop simulation, the vertical take-oft and landing phase, the cruising phase,
and the transition phase are also involved. During the horizontal flight phase, there were two abrupt
changes in flight altitude, which were caused by the mode switching during the transition phase. During
the switch from multi-rotor mode to fixed-wing mode, if the airspeed has not reached a speed that can
balance the weight of the fuselage, the aircraft will briefly drop height. When switching from fixed-wing
mode to multi-rotor mode, the aircraft will briefly increase in height due to the increased control weight
of the multi-rotor motor. The two height changes are within 0.15m, which basically ensures the high
stability of the transition stage, and proves the effectiveness of the designed controller in the transition
stage.
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Fig. 6. Experimental results of pitch angel control with full flight cycle
See the following effect of the actual value of the pitch angle on the expected value. From Figure 7, it
can be seen that the overshoot of the response value of the controller designed in this paper to the input
value is small, the time delay phenomenon is small, and the overall tracking effect is better. It can be seen
that the control strategy proposed in this paper has a good control effect.
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Fig. 7. The overshoot of the resi)onse value of the controller designed

The results of the tracking performance analysis of the pitch rate can be found in: Figure 8 and Figure
9. The deviation between the actual value and the expected value is limited to 0.04 rad/s, and the time
delay deviation is limited to 0.02 seconds. It can be seen that the actual value of the pitch angle rate has a
good tracking performance on the set value, and the overshoot and delay effects are small. During the
transition phase, a sudden change in the pitch angular velocity of the aircraft can be observed, which
indicates that the aircraft performed an eftective pitch maneuver to achieve a smooth transition between
different flight modes.
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Fig. 8. Experimental results of Pitch Rates control over the whole flight cycle
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Fig. 9. Experimental results of Pitch Rates control in transition stage

5. Conclusion

Based on the PX4 platform, solidworks, Matlab/Simulink and other model design and analysis software,
this paper establishes a set of reference for the development process of lift wing multi-rotor, and expounds
the design steps of aircraft model and controller. The main conclusions are as follows:

1) In terms of model construction, the main factors affecting the control of the aircraft are considered, and
the correctness of the multirotor dynamics modeling of the lift wing is proved by experiments.

2) In the hardware-in-the-loop experiment, the actual value curves of the pitch angle and pitch angle rate
have a good tracking effect on the expected value curve, the designed controller proves to perform well,
improving the flight qualities of the lift wing quadrotor.
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