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Abstract

This article investigates the improvement of dynamics stability of the ducted fan unmanned aeri-
al vehicles( UAVs) by optimizing its mechanical-structure parameters. The instability phenomenon
of the ducted fan unmanned aerial vehicles takes place frequently that easily leads to vibration and
even out of control, due to complicated airflow. The dynamics equations mirror its dynamics charac-
teristics, which is primarily influenced by the mechanical-structure parameters of the whole system.
Based on this, the optimization of mechanical-structure parameters will improve the dynamics stabili-
ty of the whole system. Therefore, this paper uses the concept of Lyapunov exponents to build the
quantification relationship between system’ s mechanical-structure parameters and its motion stability
to enhance its stability. The simulation experimental results indicate that compared with the direct
Lyapunov method, the most important advantage of the proposed method is its constructivity, so it is
an effective tool for analysis of the motion stability of other non-linear systems such as robots.

Key words: Lyapunov exponents (LEs), ducted fan unmanned aerial vehicles( UAVs) , me-
chanical-structure parameters, dynamics stability

0 Introduction

With their small size, compact layout and strong
maneuverability, the ducted fan unmanned aerial vehi-
cles (ducted fan UAVs) are regarded as great candi-
dates to perform bomb attack, goods delivery and other
flight tasks'"?'.
disturbances, gyroscopic effects and other unpredicta-

However, owing to the atmospheric

ble factors, the ducted fan UAVs are easily subject to
shaking and other dynamics stability phenomena'>’.
Therefore, it is specifically important to investigate its
variable-structure parameters to enhance the dynamics
stability of the whole system.

Currently, there are two major methods in the
control theory. The first is to directly solve dynamics
equations. The second is represented by Lyapunov who
published the famous Ph. D dissertation on general
movement stability problems, which marked a new ep-
och in motion stability studies. The extreme difficulty
is to apply the Lyapunov stability analysis that will find

a Lyapunov function. Furthermore, there is no general
rule to get a Lyapunov function for nonlinear system.
As a result, the stability of many complex nonlinear
dynamical systems cannot be researched. On the other
hand, an alternative method is used to analyze the sta-
bility of the nonlinear dynamical system, which is the
Y1) LEs can be

described as the average exponential rates of diver-

concept of Lyapunov exponents ( LEs

gence or convergence of orbits nearby in the state
space, which can imply system’s stability. When the
numerical value of LE, the system is stable or it is cha-
otic' "%

Calculation of LEs using a dynamics equation has
been well known'”. Besides, many complex nonlinear
systems have been used for stability using the LEs. For
0] Yang et al'™' | Wu et al™

conducted the stability analysis of biped standing using

instance, Sadri et al'

the concept of LEs. Omar et al'"' improved the robust-
ness using Lyapunov stability. The optimization of me-
chanical-structure parameters is used to investigate a
series of accomplishments to improve the stability of
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whole system"
as the quantitative stability of the ducted fan UAVs to
increase dynamics stability via the optimization of the

4B Therefore, it is justified to use LEs

mechanical-structure parameters.

1 Methodology

1.1 Modeling

Before constructing a dynamics equation of the
system, two reference frames will be defined, the iner-
tial reference frame and the body fixed reference
frame. A ground frame could be closed to the inertial
reference frame for local flight to derive the equations
of the ducted fan UAVs motion. The ground reference
frame has its origin fixed to the ground, generally at
the starting point, and the three axes constitute NED
( North-East-Down) coordinate'"®’. The body fixed ref-
erence frame has its origin fixed in the center of gravity
of the ducted fan UAVs. The body fixed reference
frame is shown in Fig. 1. The ¢, 6 and  are the atti-
tude angles, x, y and z are linear displacement, p, ¢
and r are angular velocities, u, v and w are linear ve-
locities about x, y and z axis, respectively. However,
some assumptions are regarded as follows: 1) The body

— - I - ZMY 1
1 0 0 0 0 0 '
S,T, €, S,C 0 0 0 - XM,
_ -1 -SM
Vig) =| Cofe = Gl ) ’ * P g - 20
0 0 0 c,C, C,S, -5, - z F, +gmS,
0 0 0 $45,C, = C,S, S,S8,5, +C,S, S,C, _ ZFV‘ngoSw
L 0 0 0 c,s,c, +S,S, C,S,S,-S,C, C,C, i
L - Z F, —gmC,S, ]
0 -Ir Igq 0 -mw mv ] (7, 0 0 0 0 07
Lr 0 -Ip mw 0 - mu 0 7, 0 0 0 O
Clq.p) = |~ lg Ip 0 -my  mu 0 M(q) = 0O o0 I, 0 0 O
0 0 0 0 —-mr  mq 0 0 0 m O O
0 0 0 mr 0 - mp 0 0 0 0 m O
-0 0 0 -mqg mp 0 - 0 0 0 0 0 m-

where m is system mass, g is gravity acceleration, I_,
I, and I, are the moment of inertia. >M,, XM , XM,
and X F , X F , Y F. are momentums and forces act-
ing on the body x, y and z axes, respectively. Moreo-
ver, C,=cos (), C,' =sec(0), T,=tan(h), C,=
cos(if), S, =sin(p), S, =sin(yy), C, =cos(),
S, =sin(0).

Meanwhile , (PD)
controller will be used to control the ducted fan ( UA-
Vs) at the hovering state. For the PD controller, the

the proportional-derivative

is considered as rigid body; 2) Ignoring air friction and
other tiny resistance.

Y-
Fig.1 Simplified vehicle model of the 6-DOF

The dynamics and kinematics equation can be

written as the Poincares equations[m :

q=V(gQp (1)

M(q)p +C(q,p)p +F(p, q,u) =0 (2)
where g = (¢, 0, ¢, v, v, 2) ,p=(p, q, 1, u, v,
w)', V(q),M(q),C(q,p)and F (p, q, u)
are the kinematic matrix, inertial matrix, gyroscopic
matrix and force function, respectively. The force
function contains the aerodynamic, gravitational force,

momentum and so on.

torque at each joint is;

T, = kpi<0di -0,) +k;(0;, -6,),i=12
(3)
where 6, is the desired position, %, and &, are the pro-
portional and derivative gains.

There are several forces and momentums, the
gravity, lift, control surface and fuselage acting on the
vehicle, respectively %)
Gravity
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F, =- gmsin(0) 1 2
! F, = —pCwS
F =-gmcos(0)cos(i) (4) D T PR
Fg = gmcos(@)sin(¢) MDx = MD)» = MDz =0 (11>
Mg =My =M, =0 (5) where €, C and C, are the coefficient of lift; S, , S,
Airfoil and S, are vehicle platform area.
The lift of airfoil can be generated as Eqs(4) — (11) can be expressed as
FBX:FB(V:O ZszFG;r+FB.v+FCx+Fl)x
Fp=-T (6)
M’; _ M, =0 N F, =Fg +F, +F, +F, (12)
X y ’
M, =-M, (7) ze:FCz+FBz+FCz+FUz
T = %Nb(vb - ;) w,r paybe, , EMX = M, + My, + Mc, + M),
2 3 N M, =M, + M, +M, +M, (13)
vy =Y + 7&),"( 7Km,'ixt) ’
3 4 zMz = M(}z + MBz + MCz + Ml)z
M = Nbf’ pr P C, dr Combining the kinematics Eq. (1), dynamics
e o 2 r D

where v, represents the induced velocity via the rotor,
a, stands for rotor lift curve coefficient, b denotes the
number of the rotor blades, ¢,, p, N,, r, »,, k,;, and
C), are the rotor blade chord, air density, number of
airfoil, radius of the rotor, angular velocity, twist of
the blades, and drag coefficients of the vehicle, re-
spectively.
Control surface

The forces and momentums are applied to the ve-
hicle via the control surface, which can be written as

Fo =2 5pi8,6,(8,)sin(5,)

1 .
Fe, = 2?99?5101(52)51n<82) (8)
Fo =2 2piS,Ci(5,)sin(8)
+2 L v
2P
+4 2 S,C(8)sin(8)

28,C,(8,)sin(8,)

Mo =2 3p8,6,(8) L,

1
MC; 231”)?&6/(52)['2 (9)

M, =4 %PU?SzCz(53)L3

where 8, , 8, and 8, are control vane bias, L,, L, and
L, are the arms of forces, respectively.
Fuselage

As in the hovering, u =0, v =0, w=0. Owing to
the fuselage aerodynamic drag, the forces and the mo-
mentums can be generated as

1
Fl)x =~ ?pcxuzsx

Fo = SpCs, (10)

Eq. (2) with Eq. (12) and Eq. (13), the state equa-
tions can be obtained :

q =
r p+qS¢T9 +rC¢T9 7]
qCy — 15,
qS(bC‘;] + rchC';1

uC,C, +v(8,5,C, - C,S,) +w(S,C,C, +5,5,)

u(C,S,) +v(S,S,S, +C,C,) +w(C,S,S, -S,C,)
L -uS, + US¢C9 + wC¢C9 §
(14)

(XYM, —qr(1, - 1))/1,]

(Y M, —rp(I, -1.))/1,

(XM, =pg(I, - 1,))/I.

- _ 1
p=| - - . (15)
(qw — ) + - ZFx

1
_ _ 2N F
(ru — pw) + - E |

1
| = (pv - qu) +m2Fz ]

1.2 Numerical calculation of Lyapunov exponents
(LEs)

When Eq. (14) is combined with Eq. (15), the
nonlinear equations of the ducted fan UAVs can be
written as

X = (0 (16)
where X=[gq, p1" = (¢, 0, ¢, x, . 2, p, ¢, 7> 0,
v, w)" is state variable.

The calculation of LEs based on dynamics equa-

tion can be written as

) 1 n-1 df(X)
= lim — ) In|~2~ 17
)\ YLLIE n ;) n dX X; ( )
To calculate LEs spectrum A, A,, -, A4, let

time T'=0.01 s and iterations £ =100. With regard to
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k" iteration (k=1,2,--+, k), the initial conditions of

variation Eq. (16) is set to { o7V o0
vék_” . The {070 o071 e vék_l)} is translated
. k- k- k- . .
into {wf R wé Do wé D1 after Ts integration.
Then, the {w!*™" w{*" o w1 is converted
. (k=1)  (h=1) (k=1)

into {u, , U oty U { through the Gram-

Schm-orthogonal , the ultimate vector value is {u!, u,

-+, ut|. Repeat this process and k is chosen large
[5,21]
enough .

LEs theory will be used to establish the quantita-

tive relationship between dynamics stability of the

whole system and mechanical-structure parameters

shown in Fig. 2.

A=1im L5 n|ar(x)/ |,
n—)Wn =0 |

v
( Jacobian|ar/ax|, |
v
Dynamics model
M(q)p +C(q, p)p + F(p,q, u)=0
....... S
M@ || c@p || Fp.qw ’

’
[( m)()(1)( ]j] (hﬁﬁalco;:diﬁonxoj

Fig.2 Between Lyapunov Exponents and structural

parameters
2 Simulation results

2.1 Parameter identification

To obtain numerical dynamics polynomial of the
ducted fan UAVs, m, g, I, [, I., a,, b N, and so
on need to be acquired. Here, mechanical-structure
parameters of the vehicle are listed in Table 1. In sim-
ulation analysis, mathematica in the PC environment is
used to obtain dynamics models for the ducted fan
(UAVs), when the system locates in take-off, landing
and hovering stage, respectively.

2.2 Take off stage

With the propeller speed increasing slowly, when
the total tensile force in the z axis is larger than its
gravity,, the ducted fan UAV displays take-off state in
NED ( North-East-Down ) coordinate. It can be seen
that the attitude of curve y(t), z(¢) display raise and
x(t) displays declining, which is shown in Fig. 3.

Table 1 The value of mechanical-structure parameters
of the system
Parameters Value
m 15.5 kg
g 9.8 m/s’
I, 1,1 2374kg-m’, 2.374kg - m*, 0.8437 kg - m’
a, 5.9
b 5
N, 1
r 0.4 m
w, 500 rpm
v; 20 m/s
¢, G, C 0.5,0.5,0.1
Ly, Ly, Ly 0.26, 0.26, 0.275m
Fuia 0.2618
C, 0.025 m
A 0.5024 m’
¢, 0.12
Cy 0.5
p 1.29 kg/m’

2.3 Landing stage

When the speed of rotor of the vehicle decreases,
landing state emerges, as shown in Fig. 4. The curve x
(t), y(t) and z(¢) will be decreasing.

It can be drawn that the convergence speed of
Lyapunov exponents spectrum A (¢p), A(0), A (),
A(x), A(y) and A (z) to zero or negative value at
take-off state in Fig.5. Meanwhile, Fig.6 also shows
the identical results. The simulation results reveal that
the convergence speed of LEs spectrum at take-off
stage approaching to O or negative values is faster than
that of landing stage according to Figs 5 and 6. There-
fore, the results also indicate that the dynamics stabili-
ty of system at take-off state is better than that at land-
ing. Practically, the ducted fan UAVs have much more
better take-off state and it is hard to make a smooth
landing. This phenomenon can be used to interpret that
aircraft is more possible to crash compared with landing
state.

For the parametric diversity, based on the struc-
tural stability analysis, significant insights into the
effects of the radius of rotor on the system have been
studied. Other mechanical-structure parameters are not
changed and the value of the rotor radius r is enhanced
to 0.6 m (the modified value r is equivalent to 0.6 m,
and the original value is equivalent to 0.4 m). Curve
of attitude and the spectrum of LEs are shown in Figs7
and 8 via the optimization of structural parameter r, re-
spectively. Seeing from the Fig. 7, it has been revealed
that the attitude of the curve x(¢), y(¢) and z(¢) will
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be greatly decreased compared with Fig.4. Compared
with Fig. 6 and Fig.8, it can be discovered that the
value of LEs spectrum at the modified landing state to
negative values are larger than that during the original
landing state. Besides, the arm of force L3 is changed
with, L3 = 0.55m, other parameters are kept un-
changed. The system spectrum of Lyapunov exponents
is shown in Fig. 9. As seen from Fig. 9, when the val-

ue of L3 enhances from 1.3 =0.275 m to 1.3 =0.55 m,
the convergence speed of Lyapunov exponents spectrum
to negative is faster compared with 13 =0.255 m, that
is, system stability can be improved by changing the
rotor radius L3. Therefore, changing mechanical-struc-
ture parameters can be used to improve its dynamics
stability.
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Fig.6 Lyapunov exponents spectrum during landing stage

2.4 Hovering stage

In this section, by setting 8,, =¢ =0. 7sin(2¢) ,
0, =60=0.7sin(20) and 6, = =0. 7sin (24 ) , and
the controller gains were chosen as &, =170 N/rad, k,
=40 NS/rad; k,, =90 N/rad, k, =10 NS/rad and k4
=110 N/rad, k;, = 10 NS/rad in the simulations.
Fig. 10 (i), (ii) and (iii) reveal that A (), A(0)
and A (i) take about 40 s converging to negative val-

ues, indicating the system has been successfully driven
to the steady state. Therefore, for the controller gain
chosen is reasonable, Fig.10 (i), (ii) and (iii)
show that the attitude of the curve ¢p(¢), 6(¢) and ¢
(¢) maintains standard trajectory (the angle is approx-
imately equal to 0) after around 3 s (the dash lines are
the desired trajectories and the solid lines are the actu-
al trajectories) .
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Fig.8 Modified Lyapunov exponents spectrum during landing stage

Meanwhile, let 6, =x =1. 7sin(2x), O, =y =
1. 7sin(2y) and 6, =z =1. 7sin(2z) ; also, the con-
troller gains are selected as k, =1 N/rad, k, =
300 NS/rad; ks =2 N/rad, k,; = 350 NS/rad and k
=2 N/rad, k, = 250 NS/rad, it has been shown that
all of LEs are negative values, suggesting the system is
stable, as shown in Fig.10(iv), (v) and (vi).

Fig. 10(iv), (v) and (vi) also show that the linear
displacement can successfully keep the horizontal traj-
ectory (the linear displacement is approximately equal
to 0). Based on the analysis, it is found that the LEs
spectrum is taken to converge to 0 or negative values,
suggesting that the system has been successfully driven
to the steady state.



310

HIGH TECHNOLOGY LETTERSIVol. 25 No.31Sep. 2019

NG (O X
o () . (0) v ()
L3=0.55 L3=0.55
8 =—1.3=0.55 6 8
e | .57 4 T L3=0275 | 1 | ==ee- L3=0.275
4 N
2 L .
0 L L 1 0 L y L t(s) 1 A L 1(s)
0 20 40 60 80 100 0 20 40 60 80 100 60 80 100
(i) A(d) (i) A(9) (i) A(¢)
i1(s)
L3=0.55
L3=0.55 -1.0
-oe6p VL 13=0.275 ] S 1 A N R S S L3=0.275
-0.8 el ¥ 2 [ 13=0.275 -1.5
-1.0 -1.0 2.0
(iv) A(x) ™) A0) (Vi) A2)
Fig.9 Lyapunov exponents spectrum during landing stage (L3 =0.55 and L3 =0.275)
¢ (D(rad) 6 ()(rad) i (Hrad)
1.0 Lof 1.of
05} 7 05| 05} ]
R 1 2 3 4 5 1) 2 3 5
-0.5 -0.5 -0.5
-1.0 -1.0L -1.0¢L
@ ¢ () 6 (i) ¢ ()
x(#)(cm) Y(#)(cm) z(f)(cm)
1.0 Lof 151
0.5 05 Lof .
] 05 Fj
s 1(s) - 1) j
2 3 5 1 2 3 5 i L1(8)
2 3 5
-0.5 -0.5 -0.5
-1.0 -1.01L -1.0 "
) y® ™y® v z()
Fig.10 The curve of attitude at hovering state

The initial angular displacement is changed into
10" rad with the same initial angular velocities p, ¢
and r are equivalent to 0. The results of the attractor
are not changed significantly, which demonstrates that
the system is not sensitive to the initial condition. This
result denotes the system is stable, as shown in Fig. 12

(i), (i) and (iii).

3 Experimental results

The ducted fan UAV’ s flight experience is used to
Pixhawk s flight control development environment, as
shown in Fig. 13. When the value of rotor radius r is e-
quivalent to 0.6 m, the dynamics stability of the vehi-
cle is much better than that of r which is equivalent to
0.4 m in the case of the landing state.
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Fig. 13  Online interface of the Pixhawk’ s flight control development environment
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Seeing from Figsl4, 15 and 16, which are de-
rived from the online interface of the Pixhawk’ s flight
control development environment, and Figsl4, 15 and

16 are linear displacement parameters in x, y and z ax-

es, respectively. It can be easily shown that the atti-
tude angle of the ducted fan UAVs has much better
convergence to 0 in the value of rotor radius r equiva-

HIGH TECHNOLOGY LETTERSIVol. 25 No. 3 [Sep. 2019

lent to 0. 6 m than that of r equivalent to 0.4 m accord-
ing to Figsl7, 18 and 19 in landing stage. This con-
clusion can be used to verify the results of comparison
of Fig. 6 with 8. In summary, the optimization of me-
chanical-structure parameters can be used to improve
the dynamics stability.

(i) r=0.4m

(ii) r=0.6 m
Fig.14 Experimental attitude of the curve location parameter of in the x axis during landing state

(i) r=0.4m

(i) r=0.6 m
Fig.15 Experimental attitude of the curve location parameter of in the y axis during landing state
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(i) r=0.6 m
Fig.16 Experimental attitude of the curve location parameter of in the z axis during landing state

(i) r=0.6 m
Fig.17 Experimental attitude of the curve angular in the x axis during landing state

(i) r=0.4m
Fig. 18 Experimental attitude of the curve angular in the y axis during landing state
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(ii) r=0.6 m
Fig.18 Experimental attitude of the curve angular in the y axis during landing state

(i) r=0.4m

(ii) r=0.6 m
Fig.19 Experimental attitude of the curve angular in z axis at landing state

4 Conclusions

The dynamic stability analysis is very important
for the progress of the ducted fan UAVs. This article
uses the concept of LEs to establish the quantification
relationship between the ducted fan UAV’ s mechani-
cal-structure parameters and its motion stability by op-
timizing mechanical-structure parameters to increase
dynamics stability.

Three different stages of stability, such as take
off, landing and hovering stage, respectively, have
been analyzed in this article using the concept of LEs
for the ducted fan UAVs. In the case of landing stage
stability analysis, the radius ranges of a rotor where the
vehicle stability is guaranteed have been changed. It is
shown the significant insights into the effects of me-
chanical-structure parameters on dynamics stability.
Moreover, the state space is another important property
of a dynamics system. To investigate the effect of the
initial condition on state space, the proportional-deriv-

ative (PD) controller has been presented for the hove-
ring state. The disturbance of system stability comes
from initial conditions. It can be derived that the vehi-
cle is stable and will return to its stable fixed point,
which verifies the stability under the suitable propor-
tional and derivative controller. The conclusion is that
the optimization of mechanical-structure parameters has
exerted significant effects on its stability.
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