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ABSTRACT

The unmanned aerial vehicle (UAV) system for composite vertical take-off and landing
(VTOL) is a complex, highly coupled, and nonlinear system which sensitive to external
disturbances and model uncertainties. The composite VTOL UAV system consists of a multi-
rotor section and a fixed-wing section. To improve observation accuracy, the compensation
function observer (CFO) uses a new structure that includes velocity information. The CFO is
utilized to estimate the uncertainty and the external disturbances of the system model, which
performances superior estimation accuracy compared to the extended state observer (ESO). In
the modeling process of the VTOL UAYV, the aerodynamic moment is calculated by means of
the cross product operation of force and force arm, which solves the problem of over-reliance
on aerodynamic parameters in the traditional modeling approach. The controlled object is
refined by CFO and model compensation control (MCC) is used to realize the velocity and
attitude control of the composite VTOL. The numerical simulation of MATLAB/Simulink
and hardware-in-loop simulation (HIL) of Rflysim were implemented, and which were used
to compare the MCC, active disturbance rejection control (ADRC), and PID. The simulation
results confirm the superiority of MCC in controlling composite VTOL UAVs in terms of
anti-disturbance and tracking speed.
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NOMENCLATURE

cla, cda lift and drag parameters in fixed-wing mode

Cae» Cle drag and lift coefficient of the elevator

dme i model uncertainty and unknown disturbances of the UAV in multi-
rotor mode

dy_i model uncertainty and unknown disturbances of the UAV in fixed-wing
mode

D drag applied to the UAV in fixed-wing mode

F tensile force exerted on the UAV in multi-rotor mode

g gravitational acceleration

I, Iy, I, three-axis rotational moment of inertia of the UAV

l half-wheelbase of the UAV

L., D, lift force and drag force on the elevator

m quality of the UAV

M;q1, Mign, M; aerodynamic moments generated by the left aileron, right aileron, and
elevator in fixed-wing mode

My, My, M, combined moment applied to each channel in the airflow coordinate

MpeDa quDa MreD
MpeLa quL; MreL

M

pns qu’ M p

Mr;
Mwi
pqgr
Q

Sal» Se
T

u, v, w

Xals Yals Zal

Xes Yes Ze

Greek Symbol

a

B
6(11, 6a27 66

¢, 0,y

Tp’ Tq7 Tr

system in fixed-wing mode

three-axis aerodynamic moment generated by the DRAG force acting
on the elevator in fixed-wing mode

three-axis aerodynamic moment generated by the lift force acting on
the elevator in fixed-wing mode

three-axis aerodynamic moment of each rudder surface in fixed-wing
mode

thrust moment applied to each channel in fixed-wing mode
aerodynamic moment applied to each channel in fixed-wing mode
angular velocity of the UAV in the body coordinate system

dynamic pressure

area of left aileron and elevator

thrust applied to the UAV in fixed-wing mode

velocity of the UAV in the body coordinate system

position of the force center of the left aileron relative to the center of
gravity of the UAV

position of the force center of the elevator relative to the center of
gravity of the UAV

attack angle of the UAV

sideslip angle of the UAV

deflection of left aileron, right aileronthe and elevator
roll angle, pitch angle, and yaw angle of the UAV
torque of the attitude angular channel
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1.0 Introduction

The use of unmanned aerial vehicle (UAV) has become increasingly widespread in both
military and civilian applications due to the continuous development of UAV technology.
Fixed-wing UAV has longer endurance, better load capacity, and wider operating space than
multi-rotor UAV due to their unique structure . However, their work scenarios are limited due
to the need for longer runways for takeoff. To overcome these difficulties, vertical take-off and
landing (VTOL) UAV has gained more attention. The VTOL UAV combines the advantages
of both fixed-wing and multi-rotor UAV. It does not require a runway for vertical take-off
and landing maneuvers. The ability to switch between the two modes allows it to hover at
specific locations for high-altitude operations, making it more convenient for tasks such as
photo-taking and recording. Common types of VTOL UAVs include tilt-wing, tail-sitter, and
composite models ®?). The composite VTOL UAV is chosen as the research object due to its
stability in flight mode switching, simpler design, and more flexible control algorithm building
compared to other options.

Composite VTOL UAVs use two main classes of control algorithms: model-independent
and model-dependent. Model-independent algorithms, such as PID control algorithm ¥, high
order differential feedback control algorithm (HODFC) ®) and total energy control (TECS) ©)
are simple to design but cannot adapt to new data and are difficult to scale. The second class of
control algorithms are model-based control algorithms. These algorithms use the known model
of the system for controller design. Examples of such algorithms include model predictive
control (MPC)(", sliding mode control algorithm®, linear quadratic regulator (LQR)®
control, model compensation control (MCC)!!%!1and active disturbance rejection control
(ADRC) (%13 The core of ADRC is the extended state observer (ESO) '+, ESO belongs
to the type I system, and its estimation error is finite. However, it cannot achieve zero error
estimation convergence for second-order and higher functions. Nevertheless, ESO still faces
problems such as estimation lag, difficult convergence proof, and low estimation accuracy. The
MCC algorithm'® involves the compensation function observer (CFO), which can address
these issues. The CFO belongs to the type III system and can estimate the constant, slope,
and acceleration functions without error. MCC effectively improves disturbance suppression
by observing external disturbances and the unknown part of the model through the highly
accurate CFO. Meanwhile, MCC utilizes the known part of the model to improve the tracking
effect of each channel!%!". The fields of UAV path planning and obstacle avoidance have
widely adopted intelligent technology theory, including neural network (!”), and reinforcement
learning'®. These methods are adaptable but also more complex in design.

In summary, the composite VTOL UAV is vulnerable to external disturbances due to the
unknown part of its model. Therefore, this paper utilizes MCC for the underlying flight
control, which can incorporate all model information, including external disturbances and the
unknown part of the model.

The paper is structured as follows: Chapter 2 presents the establishment of the composite
VTOL model. Chapter 3 demonstrates the design of the MCC and its stability analysis.
Chapters 4 and 5 carry out numerical simulation and hardware-in-loop simulation experiments,
comparing the tracking effects of the MCC, ADRC, and PID algorithms, and verifying the
superiority of the MCC. Chapter 6 summarizes the innovations and contributions made in this

paper.
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2.0 Composite Vertical Take-off and Landing UAV Modeling

The composite VTOL UAV combines both multi-rotor and fixed-wing structures. The
multi-rotor propellers, arranged in an “X” pattern, primarily provide lift for the UAV during
multi-rotor flight mode. The fixed-wing propellers, perpendicular to the ground, provide
forward thrust for the UAV during fixed-wing flight mode. Fig. 1 illustrates the composition
of the composite VTOL UAV airframe.

Figure 1. Configuration of the composite VTOL UAV.

2.1 Multi-rotor section model

The equations for the position and attitude dynamics of the multi-rotor section of the
composite VTOL UAV are as follows:

F

it =——(cosy sinfcos ¢+ siny sin @) + dpye_ys
m
F

v = ——(siny sin @ cos ¢ + cos ¥ sin @) + dypc v,
m

F
Ww=g-— ECOSGCOSQS"‘dmc_W’

Iy -1, 1 o))

p= I. qr + ET,, + dme_p»

-1, 1

q= ZTpr+ E q +dmc_q,
I, -1 1

F= * ]Z ypq + ET,- + dmc_r'

where u, v, w denote the velocity of the UAV in the body coordinate system, p, g, r the
angular velocity of the UAV in the body coordinate system, ¢, 6, ¢ the roll angle, pitch
angle, and yaw angle of the UAV, respectively, m the mass of the UAV, g the gravitational
acceleration, F the tensile force exerted on the UAV, 7;(i = p, ¢, r) the torque of the attitude
angular channel, /;(i = x, y, z) the three-axis rotational moment of inertia of the UAV ('), and
dme i (i =u, v, w, p, g, r) the total disturbances of the UAV in multi-rotor mode, including
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model uncertainty and unknown disturbances, such as electromagnetic disturbance, strong
winds and rain, and other severe weather effects®”. Additionally, it should be noted that
the model is not entirely accurate and relies on small angle assumptions to avoid singularity
issues. These assumptions can be considered modeling errors within the system.

2.2 Fixed wing section model

To facilitate the control of the airspeed of the composite VTOL UAV in fixed-wing mode,
the dynamics model of the UAV in the airflow coordinate system is introduced > i.e.

V = g(—cos a cos B8sin § + sin B sin ¢ cos @ + sin a cos B cos 0)

COS @ COS D 2
josacosg D
m m

where V denotes the airspeed of the UAV, «, S the attack angle and sideslip angle of the UAYV,
T the thrust applied to the UAV, D the drag applied to the UAV, and dy,, v the unknown
disturbed part of the UAV in the airspeed channel of the fixed-wing mode, which is mainly the
strong wind and the disturbances of the wake *%.

The attitude dynamics model of the UAV is introduced to facilitate the control of the attitude
channel of the composite VTOL UAYV in fixed-wing mode * i.e.

I, -1 1
p=— qu+—Mp+a'fW P
I, I, -
L1 1
q= ZI Xp”"'[_Mq"'dfw_q’ 3)
y y
I,-1 1
F== ypq+—Mr+dfw_r.

I I

where dy,, ;(i = p, g, r) denotes the unknown part of the UAV in the fixed-wing mode and
the external disturbances, M;(i = p, g, r) the combined moment applied to each channel in
the airflow coordinate system, which consists of the following two main parts, i.e.

M; =My + My, (i=p, q,r). (€]

where M,,; denotes the aerodynamic moment applied to each channel and M7r; the thrust
moment applied to each channel. The moment generated by the thrust system is small and can
be grouped together into the unknown part of the model when designing the controller due to
the small bias angle of the fixed-wing motor. The aerodynamic moment M,,; can be expressed
as

M,yi = Miq1 + Miq2 + Mie. (5)

where M;41, Mg, M;. denote the aerodynamic moments generated by the left aileron,
right aileron, and elevator. The three-axis aerodynamic moment of each rudder surface
Mp, My, M,,]T are mainly obtained by the lift and drag forces respectively with the
corresponding force arms for the cross product operation and then accumulate up. The tradi-
tional modeling approaches of the composite VTOL UAV obtains the aerodynamic moment
of the UAV by multiplying the aerodynamic moment parameters of the three-axis with the
dynamic pressure. Cross product operation is used to model the three-axis aerodynamic mo-
ments of the UAV in this paper, which solves the problem of over-reliance on aerodynamic
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moment parameters in traditional modeling approaches by eliminating the need to identify
aerodynamic moment parameters ®>, and makes the model construction more convenient and
accurate. Take elevator as an example, i.e.

Mpe MpeL MpeD Xn 0 Xn =D,
qu = quL + quD = yn | X 0 +| yn | X 0 . (6)
M. Myer M,ep Zn -L, in 0

where M;.; (i = p, g, r) denotes the three-axis aerodynamic moment generated by the lift
force acting on the elevator, M;.p (i = p, g, r) the three-axis aerodynamic moment generated
by the drag force acting on the elevator, x., Y., Z. the position of the elevator force center
with respect to the aircraft’s center of gravity, and L., D, the lift force and drag force on the
elevator, which are expressed respectively as follows:

Lezcle'Q'Se,
D, =Cde QSe (7)

where QO denotes the dynamic pressure, S, the area of the elevator, the elevator lift coefficient
Ci. and drag coefficient C . are expressed as follows:

Cie =cla-a -6,
Cye = |cda - a|.

®)

where cla, cda denote the lift and drag parameters and are constants, and ¢, the deflection
of the elevator, i.e. the control input. Other rudders and ailerons are the same and do not be
repeated here.

Combining Equations (3)-(8) yields model expressions specific to the roll angle and pitch
angle channels:

b= (Iy - I)gr _ 20841Ya1

6(1 d w ’
I I 1rdpwp
I, -1 S 28 +S la -
_ 1z xpr + OSex, S0 — 028 41xa1 eXe)cla - a ©)
Iy Iy Iy
zsu a Se e d :
+ 028412 1+] Ze) leda - | g
y

where 0,1, 042 denote the deflection of the left aileron and right aileron, x,1, Y41, 241 the
position of the force center of the left aileron relative to the center of gravity of the UAV. Since
the right aileron only y-axis relative position is opposite to the left aileron, the remaining
positions are all the same as the left aileron. S,; the area of the left wing. Equation (9)
expresses the relevant parameters in terms of the relative parameters of the left aileron for
design convenience. Since the UAV design used in this paper does not include a rudder, the
yaw channel is not controlled in fixed-wing mode.

3.0 Composite VTOL UAV Model Compensation Controller
Design and Stability Analysis

Either channel of a composite VTOL UAV can be written in the form of a second-order
system. Here, as an example, the roll channel in fixed-wing mode is used to rewrite the first
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line of Equation (9) in the following form, i.e.

¢ =p,

I, -1,)gr 208 1
b= (Iy - I)q _ 0 alya16a1 v dp . (10)
I I,

where p is the state variable, denoted by x , (I, — I;)qr/l is the known part of the model,
denoted by fx , dy_p is the external disturbances and the unknown part of the model, denoted
by fuk, a1 is the control input, denoted by u , —2QS,1v41/1 is the control input coefficient,
denoted by b . For the roll angular velocity channel, the general first-order form is as follows:

%= fi + fur + bu. (11)

The other angular velocity and velocity channels for the composite VTOL UAV can be
expressed as the first-order form of Equation (11).
For the roll angle channel ¢ = p , proportional control can be used:

przkfw7¢(¢r_¢)' (12)

where k r,,_g denotes the roll angle control gain in fixed wing mode.
The MCC consists of three main components: the HOD, the CFO and the model compen-
sation control module.

3.1 Model Compensation Controller

The block diagram of the model compensation controller is shown in Fig. 2.

VTOL UAV

Figure 2. Block diagram of model compensation controller.

For the first-order system Equation (11), the second-order model compensation control law
is designed as

1 o o
u:E[k(xr_x)"'xr_fk_fuk]- (13)

where x, denotes the tracked target, X denotes the estimation of %, obtained through HOD,
the unknown part of the model £ is obtained through CFO, denoted by f,x. The fixed-wing
roll channel as an example, the expression for the controller of the roll angular velocity can be
obtained as follows:

Iy
2QSalyal

The design of the controllers for the remaining channels of the composite VTOL UAV
follows the same approach as the roll channel and will not be reiterated here.

A 2 (I _I)qr 2
6al = [kfw_p(pr - p) +pr— yI—Z - fuk_p]- (14)
X
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3.2 High order differentiator

To estimate %, in Equation (13), we choose the HOD proposed by Qi et al. @ in this paper,
the dynamic equation of HOD is

Xn1 = xp2 + 11 (xr = Xp1),
Xpo = xp3 + L (X — xp1), (15)
xp3 = I3(x, — xn1).

The output equation of HOD is

A

Xr = Xnl
. (16)
Xp =Xp1 = Xp2 + 11 (X — Xp1).

where x, denotes the reference input, xj; (i = 1, 2, 3) the internal state variable of the HOD
system, I; (i = 1, 2, 3) the adjustable parameter, X, the estimation of the x, . Assuming
the HOD system is stabilized, the parameters /; is uniquely determined by a using the root
trajectory method, i.e.

n"a : :
li=————C7hd" (i=1, 2, 3). 17
(Ifl—l)n_l n-1 (17)
3.3 Compensation function observer
The second-order CFO > proposed by Qi et al. has the specific form
21 = fr+ley, + 20 + bu,
2y = Ale,, (18)

fuk =le, +22.
Define e. = [e, e f]T as the observation error of the CFO, and e,, e are denoted as

eo=X—21,€f = fuk — fuk- (19)
Its characteristic equation is designed by the method of zero-pole configuration as
S +ls+ A = (s +w)> (20)

Yield / = 2w, A = 1/2w. Fig. 3 shows the overall control block diagram of the composite
VTOL UAV.

3.4 Stability analysis of the Model Compensated Controller

Lemma 1. 25: When the Taylor expansion of f, is second-order infinitesimal, the estimation
error of the CFO ey = fyr — Fuk can achieve zero steady-state convergence.

Lemma 2. 10: When x, is a second-order infinitesimal function and its first-order derivative
is constant and bounded, the estimation error of HOD & = X, — %, can achieve zero steady-state
convergence.

Theorem 1. When Lemma 1 and Lemma 2 hold and k > 0O, the error of the closed-loop
system e = x, — x based on the model-compensated controller tends to zero.
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Figure 3. Block diagram of model compensation controller.

The proof of Theorem 1 refers to the literature 10. The idea in the paper is given here as a

simple proof procedure.
Proof: define a Lyapunov function

12 1~2 12
V:§€ +§€ +§€f.

Derivation of Equation (20) yields
V=eé+éetesér=e(i,—X)+ée+eséy.
Substituting Equation (13) into the above equation
V =e(X, — fr — fux — bu) +5e+efe'f
= e(ty =X + fuk — fuk — k(x, —x)) + e +epéy
=e(6—ep—ke)+ée+eréy

= —ke® +é(e +%) +ep(ép—e).

21

(22)

(23)

According to Lemma 1, the estimation error of HOD tends to zero and the estimation error

of CFO tends to zero. Therefore holds.
Proof complete.

4.0 Numerical Simulation and Analysis

This paper presents a numerical simulation experiment based on an *Eagle’ UAV. Table 1

shows the main parameters of the UAV.

This paper focuses on the following numerical simulation experiments:

* Experiments comparing the estimation performance of two observers, CFO and ESO,

with the same parameters, for the same external disturbance are shown in Fig. 4.

e The composite VTOL UAV took off in multi-rotor mode and maintained a sinusoidal
motion. After 15s, it was kept at a certain altitude, and external disturbance were intro-
duced between 20s-50s. The experiments plot and analyzed the x-axis velocity tracking
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Table 1
Main parameters of “Eagle” UAV
Symbol Physic meaning Value
m/kg quality 7.2
[/m half-wheelbase 4.12
I, /kg - m? x-axis moment of inertia 4.12
I,/kg - m? y-axis moment of inertia 9.58
I./kg - m? z-axis moment of inertia 9.85
g/m-s? gravitational acceleration 9.8

performance of PID, MCC, and ADRC in multi-rotor mode, as well as the estimation per-
formance of CFO and ESO for the perturbation in the x-axis velocity channel in multi-rotor
mode. Additionally, the overall flight trajectory of the UAV based on MCC in multi-rotor
mode was examined. The results are presented in Fig. 5 and 6.

* The composite VTOL UAV flew at a high altitude with an initial speed of 15m/s in
fixed-wing mode and made a spiral upward motion with a speed of 23m/s afterward. An
external disturbance was introduced between 20s-50s. The experiments plot and analyzed
the tracking effects of PID, MCC, and ADRC on the roll angle in fixed-wing mode; the
estimation effects of CFO and ESO on disturbances in the roll angle loop in the fixed-wing
mode; the overall flight trajectory of the UAV based on MCC in fixed-wing mode. The
results are presented in Fig. 7 and 8.

* The composite VTOL UAV took off in multi-rotor mode and switched to fixed-wing mode
after 15s, then it ascended in a spiral upward motion at 23m/s. The overall MCC-based
flight trajectory was finally plotted, as shown in Fig. 9.

This paper is based on the MATLAB/Simulink platform to realize the construction of the
control algorithms. Based on this various numerical simulation experiments of composite
VTOL UAV can be realized.

4.1 Observer performance analysis

Setting bu = 1, the parameters to be rectified of CFO and ESO w = 5, the nonlinear term is
f =0.2sin(1.27¢) + 0.2 sin(0.4¢ + 0.1) + 0.1 sin(0.5¢ + 0.1). 24)

Fig. 4 shows that the CFO estimation almost coincides with the disturbances, while the ESO
estimation curve is obviously lagging and the estimation at the peak is seriously underestimated.
The error curves reveal the estimation performance of the two observers. This paper analyzes
the control performance using the mean absolute error (MAE). The MAE is 0.0031 for CFO
and 0.1073 for ESO. The estimation effect of CFO is 97% more effective compared to ESO.
Meanwhile, the observation error of ESO is between +0.22 and CFO is between +0.03, CFO
improves by 86% compared to ESO.
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Figure 4. Comparison of CFO, ESO observer estimation effect.

4.2 MCC control tracking performance analysis in multi-rotor mode

Setting the initial velocity of the composite VTOL UAV as [vxo, vyo0, vz0] = [0, 0, 0](m/s)
and the initial attitude angular velocity as [vgo, veo, vyo] = [0, 0, 0] (rad/s) . The velocity
of channel x is used as an example to illustrate the tracking and anti-disturbance effects, the
desired velocity of each channel are as follows:

Vyr = 0.55in(0.047¢) (m/s),
vy, = sin(0.097¢) (m/s),

_ | =3(m/s), (0 < t < 15), (25)
Var =1 0(m/s), (t > 15),

vyr = 0(rad/s).
A disturbance is injected into each channel between 20s-50s for the
d =0.06 +0.1sin(0.5¢7) + 0.02 sin(0.5¢7 + 0.7) + 0.2 sin(0.8¢ + 0.5). (26)

The simulation time is 70s. Table 2 shows the control parameters of MCC, ADRC and PID,
where /1 denotes the HOD parameter, r, g denote the tracking differentiator (TD) parameters,
w denotes the observer parameter, b denotes the control input parameter, k; denotes the
controller gain, k;(j = p, i, d) denotes the PID control parameter, and k4 = k¢ = 5 denote
the attitude loop P gains.

Fig. 5(a) displays the tracking curves for channel v, . The MCC controller can accurately
track the given airspeed. The PID controller exhibits the worst tracking and anti-disturbance
capability because it does not utilize feedforward from a known model or feedback from an
unknown model. The overshoot of the ADRC is more pronounced due to the lag in the
estimation of the disturbances by ESO and the inaccuracy of the peak estimation. During the
30s of external disturbances, the MCC shows only minimal fluctuations due to its excellent
anti-disturbance performance. The MAEs are 0.0210 for PID, 0.0021 for MCC, and 0.0095
for ADRC, MCC improves 90% compared to PID, 78% compared to ADRC. It is evident that
the MCC has a fast-tracking speed and strong anti-disturbance capabilities.

Fig. 5(b) displays the estimation effect curves of the two observers. The CFO estimation
closely fits the disturbances, while the ESO exhibits a certain lag, since the ESO is a type I
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Table 2
Experimental parameters for numerical simulation of multi-rotor mode
Vi /vy Ve Ve Ve Vy
HOD h 20 10 10 10 10
D r 100 100 100 100 100
ho 0.1 0.1 0.1 0.1 0.1
CFO
ESO w 5 3 4 4 3
svstem parameter 1 -0.14 0.24 0.1 0.1
ystemp ky 10 10 5 5 10
kp 3 10 5 5 5
PID ki 0.5 3 1 1 0.1
ka 1 0.1 0.01 0.01 0.01

system, in contrast to the CFO is a type II system. Therefore, the CFO can more accurately
compensate for external disturbances and the unknown part of the model. The MAEs are
0.0030 for CFO and 0.0248 for ESO, CFO improves 88% compared to ESO, CFO improves
88% compared to ESO, indicating that the observer’s estimation accuracy significantly impacts
control performance.

= (m/s)

Unne

(a) Multi-rotor mode vy channel effect under distur- (b) Comparison of v, channel observer estimation ef-
bances of the composite VTOL UAV. fect of the composite VTOL UAV.

Figure 5. Composite VTOL UAV multi-rotor mode simulation effect.

The final UAV flight trajectory is shown in Fig. 6.

4.3 MCC control tracking performance analysis in fixed-wing mode

Setting the initial position of the composite VTOL UAV as [x, y, z] = [0, 0, 45](m) , the
initial velocity as [vxo, Vy0, Vz0] = [15, 0, 0](m/s) , and the initial attitude angular velocity
as [vg0, veo, vyol = [0, 0, 0](rad/s) . Using the roll channel as an example to illustrate the
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y(m) 0o z(m)

Figure 6. Overall flight trajectory of the composite VTOL UAV in multi-rotor mode.

tracking and anti-disturbance effect, the desired airspeed and attitude angle are as follows:

¢, =0.38(rad),
6, = 0.01(rad), 27
V =23(m/s).

An external disturbance is injected into each channel between 20s-50s for the
d =0.06 +0.1sin(0.5¢) + 0.02 sin(0.5¢ + 0.7) + 0.2 sin(0.8¢ + 0.5). (28)

The simulation time is 70s. Table 3 shows the control parameters of MCC, ADRC and PID,
where k4 = 30 denotes the roll channel P gain and k¢ = 50 denotes the pitch channel P gain.

Table 3
Experimental parameters for numerical simulation of fixed-wing mode
\% ¢ 0
HOD h 5 20 20
r 100 100 100
TD ho 0.1 0.1 0.1
CFO
ESO w 1.5 20 20
system parameter ki 10 30 50
kp 0.5 0.1 2
PID k; 0.02 0.02 0.1
kg 0 0.02 0.1

Fig.7(a) displays the tracking curve of the roll channel. The MCC controller is basically
free of overshoot and almost unaffected by disturbances. PID has the worst tracking effect and
anti-disturbance capability, which is due to the poor capability to disturbances of the control
algorithm that does not depend on the model. ADRC has a large overshoot and has an average
estimation of disturbances. For a clearer comparison of tracking performance, we have chosen
the data after all of the controllers are stabilized after S5s to make a comparison. The MAEs
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are 0.0049 for PID, 0.0014 for MCC and 0.0025 for ADRC, MCC improves 71% compared
to PID, 44% compared to ADRC. These results indicate that MCC has the best tracking effect
and is more robust.

Fig. 7(b) displays the estimation curves of the two observers. The estimation of CFO almost
coincides with the disturbances and the estimation of ESO has a large lag. This indicates
that the CFO estimation outperforms the ESO estimation with the same observer parameters.
To facilitate a clearer comparison of the observation performance, we have chosen the data
after both observers are stabilized after 5s to make a comparison. The MAEs are 0.0015 for
CFO, 0.0389 for ESO, CFO improves 96% compared to ESO, which shows that the lag of the
observer is an important factor affecting the observation accuracy of the observer.

0.5

04 o,

—f

=== fso

0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70

(a) Fixed-wing mode roll channel effect under distur- (b) Comparison of roll channel observer estimation
bances of the composite VTOL UAV. effect of the composite VTOL UAV.

Figure 7. Composite VTOL UAV fixed-wing mode simulation effect.

The final overall flight trajectory of the UAV under the MCC method is shown in Fig. 8.

75
70
65

60

z(m)
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50

45
300

0

-100
y(m) 0 200 z(m)

Figure 8. Overall flight trajectory of the composite VTOL UAV in fixed-wing mode.

4.4 Composite Vertical Takeoff and Landing UAV Overall Flight Trajectory

Setting the initial position of the composite VTOL UAV as [x, y, z] = [0, 0, 0](m) , the
initial speed as [vxo, Vyo, vz0] = [0, 0, 0](m/s) . At the beginning of the simulation, the
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UAV takes off in multi-rotor mode and climbs upwards with the speed of v, = 3(m/s), reaches
an altitude of 45m in 15s and switches to the fixed-wing mode, and then carries out the spiral
climbing movement with the airspeed of 23(m/s). The specific desired commands are shown
as follows:

vx = 0(m/s), V =23(m/s),
] vy =0(m/s), | 6, =0.055(rad),
t<15: vs = 3(ms). t>15: 6y = 0.38(rad). (29)
Vyr = 0(rad/s). vyr = 0(rad/s).

Fig. 9 shows the overall flight trajectory of the UAV under the MCC method.

300

100
y(m) 0 o z(m)

Figure 9. Overall flight trajectory of the composite VTOL UAV switching from multi-rotor mode to fixed-wing
mode.

5.0 Hardware-In-Loop Simulation Experiment and Analysis

This paper focuses on semi-physical hardware-in-loop simulation experiments. The exper-
iments simulate the scenario of a UAV taking off in multi-rotor mode, switching to fixed-wing
mode after 10 seconds, and performing a spiral upward flight.

To simulate disturbances in real flight, this hardware-in-loop experiment uses the
Simulink/Uniform Random Number module to randomly generate three types of disturbances.
These disturbances are then superimposed and input into the composite VTOL UAV. The
upper and lower limits of the three kinds of disturbances are selected as [-1, 1], [-1, 1], [-0.5,
0.5] respectively, and the sampling time is selected as 0.001s. The three kinds of disturbance
seeds are selected as 564565, 6846798, 46545 respectively, the sampling time is selected as
0.001s.

This paper presents simulation experiments are conducted based on the Rflysim platform.
The designed control algorithm is compiled to generate custom C/C++ code through the
Pixhawk Support Package (PSP) toolbox in MATLAB/Simulink and downloaded to the real
Pixhawk self-pilot system. The hardware-in-loop simulator is formed by the real-time motion
simulation software of CopterSim and the 3D visualization view software of RFlySim3D.
The UAV simulation model is configured on CopterSim, which is connected to the Pixhawk
autopilot system via USB serial port. The flight data is transmitted in real-time to RflySim3D
via UDP to display the UAV’s positional status. The Q Ground Control (QGC) is primarily
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used for initialization tasks, such as sensor calibration, remote control calibration, and pa-
rameter adjustment of the Pixhawk self-pilot before UAV takeoff. The remote-control system
comprises a remote controller and a receiver for sending control commands. Based on this
hardware-in-loop simulation verification of the algorithm can be achieved. The UAV takes off
in multi-rotor mode and climbs upwards with the speed of v, = 2(m/s), and after 10s switches
to the fixed-wing mode, and then carries out the spiral climbing movement with the airspeed
of 25(m/s). The specific desired commands are shown as follows:

vy = 0(m/s), V =25(m/s),
]ovy= 0(m/s), ) o= 0.23(rad),
t<10: b = 2(m/s). t>10: 6, = 0.38(rad), (30)
Vyr = 0(rad/s). vyr = 0(rad/s).

Fig. 10 shows the tracking effect of the roll channel in fixed-wing mode under three control
algorithms: PID, MCC, and ADRC. MCC can almost track the desired roll angle in the case
of the whole access to the disturbances. ADRC exhibits some overshoot when it first receives
the command due to the lag in estimating the unknown disturbances by ESO. Meanwhile,
ADRC can’t respond quickly when it just receives the command. The PID controller is
negatively impacted by larger disturbances, the curve is more fluctuating and has the worst
anti-disturbance capability. The MAEs are 0.0251 for PID, 0.0111 for MCC, 0.0163 for
ADRC, MCC improves 56% compared to PID, 32% compared to ADRC. It is evident that the
MCC controller exhibits the best tracking performance in the semi-physical simulation and is
the least affected by disturbances.

6.0 CONCLUSION

This paper presents the use of the MCC control algorithm to address the nonlinearity, strong
coupling, and sensitivity to external disturbances of the composite VTOL UAV system. The
stability of the MCC algorithm is also demonstrated. The composite VTOL UAV model is
constructed using the modeling approach of calculating the cross product of force and force
arm. This approach addresses the issue of relying too heavily on aerodynamic identification
parameters in traditional modeling approaches, resulting in increased model accuracy. Numer-
ical and hardware-in-loop simulation experiments are conducted using MATLAB/Simulink
and Rflysim simulation platforms. The results indicate that the CFO has a better observation
effect than the ESO, and the MCC tracking effect is superior to PID and ADRC. Future work
will focus on designing a more reasonable mode switching strategy to prevent unnecessary
energy loss when switching between multi-rotor and fixed-wing modes. Additionally, efforts
will be made to design a more accurate control algorithm. Outdoor flights will be conducted
to verify the effectiveness of the proposed algorithm.
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