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Abstract

Compared with the quad-rotor unmanned aerial vehicle (UAV) , the coaxial twelve-rotor UAV
has stronger load carrying capacity, higher driving ability and stronger damage resistance. This pa-
per focuses on its robust adaptive control. First, a mathematical model of a coaxial twelve-rotor is
established. Aiming at the problem of model uncertainty and external disturbance of the coaxial
twelve-rotor UAV , the attitude controller is innovatively adopted with the combination of a backstep-
ping sliding mode controller ( BSMC ) and an adaptive radial basis function neural network
(RBFNN). The BSMC combines the advantages of backstepping control and sliding mode control ,
which has a simple design process and strong robustness. The RBFNN as an uncertain observer, can
effectively estimate the total uncertainty. Then the stability of the twelve-rotor UAV control system is
proved by Lyapunov stability theorem. Finally, it is proved that the robust adaptive control strategy
presented in this paper can overcome model uncertainty and external disturbance effectively through

numerical simulation and prototype of twelve-rotor UAV tests.
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0 Introduction

In recent years, the quad-rotor unmanned aerial
vehicle (UAV) has attracted people’ s attention be-
cause of its simple mechanical structure, flexible flight
mode and excellent vertical take-off and landing capa-
bility'". Tt is widely used in aerial photography, patrol

[2]

and information collection However, uncertainty in

flight brings many problems with the control of the un-

manned aerial vehicle™” .

Therefore, the robust adap-
tive control method of quad-rotor UAV with model un-
certainty and external disturbance has gradually
aroused people’ s attention. The model reference adap-
tive control technology'*’ is used for the quad-rotor
control under the uncertainty of model parameters. The
effectiveness of the method is verified by the simulation
of the dynamic mode of the battery, motor and sensor.
Ryan et al”®’ proposed a robust controller of quad-rotor
dynamic external interference, a variety of uncertain-
ties nonlinear cancellation and saturated integrator. A
super twisting algorithm proposed in Ref. [6] was ap-

plied to a quad-rotor so as to ensure strong robustness

against external disturbances. The fuzzy inference

mechanism was designed to help estimating the upper
bound of lumped uncertainties of quad-rotor'’’.

The above robust control strategy is based on the
inherent structure of the four rotor and has significant
under actuated characteristics. Based on this situation
a new type of coaxial twelve- rotor UAV is developed in
this paper. The twelve rotors are divided into six
groups, the rotation of the rotors in each group is oppo-
site and is installed at the end of the six carbon fiber
arms. The six groups of the rotor in the non-planar are
able to provide independently adjusted forces and mo-
ments in the three axles. This unique design can elimi-
nate the under actuated characteristic. In the mean-
time, the yaw attitude control ability is greatly im-
proved due to the fact that the yaw movement provided
by reactive torque in quad-rotor is replaced by the lift
force in twelve-rotor. Therefore, the twelve-rotor UAV
offers remarkable advantages including greater driving
capability and better robustness against disturbances.

Considering the uncertainties and disturbances of
the model, the design of the twelve-rotor attitude con-

troller innovatively adopts the combination of BSMC
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and adaptive RBFNN. The BSMC has strong robust-
ness to disturbances because of its insensitivity to dis-
turbances, and the uncertainty observer of adaptive
RBFNN can estimate the uncertainty of the model and
accurately estimate the uncertainty range of external
disturbances'™®’. Finally, simulation results show that
the BSMC with adaptive RBFNN has good attitude con-
trol performance under uncertain and time-varying ex-
ternal disturbances. Meanwhile, practicability of the
proposed method applied to the coaxial twelve-rotor is

corroborated by prototype experiments.

1 Dynamic model of coaxial twelve-rotor
UAV

The structure of the coaxial twelve rotor UAV is
shown in Fig. 1. The angle between the six arms is
60°, the rotor 1/3/5/8/10/12 counterclockwise ro-
tates, the rotor 2/4/6/7/9/11 clockwise rotates, the
angle between the rotating shaft and the body plane isy
degrees (0 < y < 20°). Two references coordinates
are defined to represent the dynamic characteristics of
the twelve-rotor, that is, the earth-fixed inertial frame
E = {Ox,yz/| and the body-fixed frame B =
{Ox,y,z,}. Thrust f, and reactive torque 7, produced

i

by the ith rotor are expressed as
fi =k -QIZ
T = kﬂ' 012

where i = 1,2 -+,

(1)

12 represents the rotor number, £,
and k_; are the thrust coefficient and reactive torque co-

efficient respectively, (2. expresses the ith rotor speed.

Fig.1 The scheme of coaxial twelve-rotor UAV

The position vector P, € R*, i = 1,2,--+,12 of
the ith rotor in body-fixed frame B is defined as fol-
lows

Poep =[5 1)

P, =P, =[0 -1 O]T )

P, = 9=[—/??T - 0]
P4=P10=[ /Zj % ]

P; =P, =[0 1 OJT
Pe:Plo:[g L ] (2)

The direction vector D, € R, i = 1,2,---12 of
the ith rotor in body-fixed frame B is defined as follows

T
=D, = [L

D, =D, =D, 2siny /zgsm)/ cosy]

D, =D, =Dy =D, =[-siny 0 cosy]"

T

D, =D, =D, =D,, = [Lsiny - Esiny cosy]

2 2
(3)
Then, resultant F in body-fixed frame B is written
as

= ;(P,:'fi) (4)

and resultant moment M in the body-fixed frame B as
2

M=z<Pinil+Di'7'i) (5>

The twelve-rotor UAV is regarded as a symmetric
rigid body of six degrees of freedom. The dynamic
equation of the rotation of the center of mass can be ob-
tained by the Newton-Euler formula as

(J+A)) *w=-sk(w) * (J+A]) 0o +M

(6)
where J = dLag(]1 , I.) is the moment of inertia,
AJ = diag(Al,, Al Alz) is the uncertainty of the in-
ertia matrix caused by the change of the mass proper-
ties. w = [p, q, r]"
skew-symmetric matrix is denoted by

is the angle velocity. sk(w) as

0 -r g
k(o) =+ 0 - (M)
-¢ p 0
Considering the external disturbance, the kine-
matic equations that rotate around the center of mass
can be considered as
@1 M/, +AL) +7,
0 {M/(Iy +AL) + T] (8)
gb M/(I +AlL) + 1,

where 7, = [T, T4 T, ] denotes external disturb-
ances, Euler anglesn = [¢ 6 ] expresses the at-
titude angles and M = [M, M, M_]" represents the

resultant moment.
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The translational model using the Newton-Euler
formulas is derived as

dv 8V _ -1
mfdt—m(8t+wa)_F+AF+R G
(9)

where V = [u, v, w]" expresses the velocity with re-
spect to B, AF is seen as the neglectful aerodynamic
force. The rotation matrix map vector R from the body-

fixed frame B to the inertial frame E is expressed as

cosfpcos)  — sinfrcosd + cosysinfsingd

R = | singcos§  cosycosd + cosysinfsing

— sinf cosfsingd
singysing + cosysinfcosd
— cosysing + singrsinfcosd (10)
cosfcosd
Moreover, there is the relationship between iner-
tial translational position P = [x y z]" and velocity
V as follows

P=R-V (11)
Therefore, the translational dynamic model of the

twelve-rotor is given as;

-

F . coscosf + F (cossinfcosd — singcosd )
+ F_(cosisinfcose + singsing)
% F singcosh + F (cosisinfsing + cosifcosd )
+ F_(singsinfcosd — cosysing) — F sinf
+ F sinpcosyy + F.cosfcosp — mg
(12)

2 Robust attitude control of twelve-rotor
UAV

Taking into account the model uncertainties and
external disturbances in attitude control of coaxial
twelve-rotor UAV | the attitude controller is designed as
a combination of BSMC and adaptive RBFNN. Fig.2
describes the block diagram of the attitude controller of
a coaxial twelve-rotor UAV , including three modules
roll, pitch and yaw modules. The three modules are all
made up of BSMC and adaptive RBFNN.

Taking the roll module of UAV as an example;

X = Xy

) (13)
X, = ]“ + D,

X

where x, is the roll angle, x, is the roll angle velocity.

D, = 7, +f. represents the total uncertainty of the roll

mbdule,fx =—-AIM /[ (I, + Al ) - I ] indicates the

uncertainty of the module when 7, as the external dis-

dx

turbance is limited.

Firstly, the roll angle tracking error is defined as
2y = Xy TN (14)
with x,, as the desired roll angle. Define the stabilizing
function as
€ = oz (15)
with @, as a positive constant value and z, = x, — x,, —
¢, is the speed tracking error of the roll angle. Choose
the first Lyapunov function as V, = z;/2, then the de-
rivative of V, is

. . 5
Vi=z(%, = %) =-22 -z (16)
M)
N —
N Adaptive RBFNN D
D, 5xf observer ¢
¢ BSMC |« 7 1
'd algorithm
T { 4
- ﬁ [Adaptive RBFNN | || — ¥, g
Df 6’ ‘ observer
P BSMC Conversion | ~Qf Twelve-
d algorithm Matrix Rotor
L 978
v BSMC : r
< algorithm
~ 4 |AdaptiveRBFNN
Dz?5,— observer 4
O

Fig.2 The block diagram of the attitude controller of
the twelve-rotor UAV

Due to the fact that the derivative of z, can be ex-

pressed as
2 =0, — X, - o
=M/, +D, —x,+a(z +az)
(17)
therefore, the second Lyapunov function is chosen by
v, =V, +%s2 (18)
and where
s = kz + 3, (19)

with k£ is a positive constant. Thereby, it can be de-
rived that

Vz = i/l +55 =—22 —az +s(kz +2,)
=-zz —az +s[ (k-a)z, + M /I, +D, -]
(20)
Then, in an attempt to estimate lumped uncertainty
D_, an adaptive RBFNN observer is designed. The
structure of the RBFNN is described in Fig. 3. Choo-
sing the Gauss function as the receptive field function,
the input vector is expressed as Z = [z,z ]'. The
output based on the weighted sum method is taken as

R N
Dx = ZW]ng(Z) j:152"”’N (21>
Jj=1

(Z) =exp(-1 Z-M1*/a}) (22)
where W, represents the weight between the hidden lay-
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er and the output layer. N represents the number of
hidden nodes. Each hidden node includes the center
vector described by M; and the width described by o;.

by
input hidden output
layer layer layer

Fig.3 The structure of RBFNN

The training process is divided into two steps,
where the first step is unsupervised learning, and train-
ing determines center vector M; and width ¢;, the sec-
ond step is supervised learning, training determines
weight W,

First, the training methods of the center vector M,

is taken as
. imax - imin . imﬂx - imin
Mj = Lmin+ 2N +<]_1> ° N
(23)
where i, is the minimum value of all input information

for the ith feature,j = 1,2,---, V.

Then, training width vector affects the range of
neurons’ input information. The shape of the corre-
sponding hidden layer function is narrower when the
width is smaller, the less the information near the cen-
ter of the neuron will respond to the neuron. The train-
ing method is designed by

(24)

where d, is the width adjustment coefficient, and the
value is less than 1. The purpose is to make each hid-
den layer neuron easier to sense local information and
improve the local response ability of RBFNN.

Finally, the training weights are given, and the
detailed calculation method is given in combination
with the output. Defining the minimum reconstructed
error §, is taken as follows

5. =D, ~D.(W") (25)
where W* expresses an optimal weight vector. Then, it

can be derived that

V, =V, +L(W* -WN(W* - W)
2771

x

L5 —bn)? (26)
27]2

where 7, and 7, are both positive constants, §, is the es-
timated value of §,. Then, the derivative of V; can be
derived as

2

v, - Low —wyiv - Ls -5 5,
U up

-zz —az +s[ (k-a)z, +M /I +D, -x,,]
~Lowr —owyrwv- L -e06, (1)
m M2

Therefore, BSMC with RBFNN controller law U, is de-
signed by
U :M.t :[x[_(k_a>él+';éltl

x

—ws — hsgn(s)

- Uy = Uyl (28)
where w and h are both positive constants, U, as the ro-
bust controller and U, as the compensated controller are

designed as follows respectively
Uy = D.(W) (29)
Uy =5, (30)

Design adaptation laws for W and ét as follows;

W= smib(X) (31)

5, = sm, (32)
Then, it can be derived by

f/3:—zlz2—azf—wsz—h|s| (33)

Therefore, the BSMC with adaptive RBFNN controller
system is asymptotically stable in the case of w( o — k)

- % > 0. In the roll control module, BSMC and adap-
tive RBFNN method can guarantee the stability of the
algorithm under the uncertainty of the model and the
unknown external interference bounds. In addition, the
pitch controlled module and the yaw control module use
the same attitude control strategy, which is no longer
described for the sake of simplicity.

3 Numerical simulation results

The simulation of the BSMC and adaptive RBFNN
algorithm for the coaxial twelve-rotor UAV is carried
out in the case of uncertainty and external disturb-
ances. Table 1 is the dynamic model parameter of the
twelve-rotor UAV.

Table 1 The parameters of the eight-rotor prototype
Parameters Values
Mass m 4.45 kg
Distance between rotor and the centre [ 0.5m

2.6x107* N - m/s’
2.6x107* N - m/s’
4.2x107* N« m/s
54.2x107° N - §°
1.1x10™°N « m/s

Moment of inertia to x-axis I,
Moment of inertia to y-axis I,
Moment of inertia to z-axis /,
Thrust factor k,

Drag factor £,
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The initial attitude angles are assumed as n, =
[0 0 0]"degree, the desired attitude angles are set
asm, = [12cos(t) 12cos(t) 20cos(t)]" degree.

An uncertainty of -30% is given as the model
uncertainties in the inertia matrix. Assume the time-va-
rying external disturbance acting on the three attitudes
as 7, = 0.2sin(0.5¢). In addition, the relevant pa-
rameters of the BSMC algorithm are set as follows:

a, =11,k =0.4,y, =18, h, =1,a, =14,

k, =0.5,y, =21, h, =3,a, =12, k, =0.5,

h, =1

12 T T T T

9l —— BSMC with RBFNN

6L J

Roll angle error (° )

-3 1 1 I I
0 10 20 30 40
Time(s)

(a) Roll angle error with model uncertainties

12 T T T T

BSMC with RBFNN

Roll angle error (° )

_3 1 1 Il 1 1 1
0 10 20 30 40 50 60 70

Time(s)
(c) Roll angle error with external disturbance

What’ s more, the number of hidden layer nodes
of RBFNN is set to 6, which corresponds to six degrees
of freedom model and twelve rotors divided into six
groups. The center is set to 3 according to the flight at-
titude training sample, and the central value is fixed.
The width of each hidden layer is 7, which is calculat-
ed according to Eq. (24). In addition, learning factors
are set asm, = 10,7, = 4.

Fig.4, Fig.5 and Fig.6 describe three attitude
compared simulations separately under model uncertain-
ties and time-varying external disturbance. It is clear

1 T T T

’g - === Model uncertainty
é 0.8 | —— RBFNN estimated value
8 06} N
g
S 041 N
& 0.2
ot E -
A 0
0b--
02 . L . ! ! .
10 20 30 40 50 60 70
Time(s)
(b) RBFNN result with model uncertainties
0.5 : . T T T T

Disturbance (N - m)

-1.5 i
< |
25 ——-- External disturbance
3 1 | 1 || — RBFNN estimated value
0 10 20 30 40 50 60 70

Time(s)
(d) RBFNN result with external disturbance

Fig.4 The roll control result with uncertainties

12 T T T T
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Pitch angle error (° )
w

-3 I 1 1 1 I 1
0 10 20 30 40 50 60 70

Time(s)
(a) Pitch angle error with model uncertainties

12 : T T T

0 = = = = g = = = -

Pitch angle error (° )
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3 ) ) ) .
0 10 20 30 40 50 60 70
Time(s)

(c) Pitch angle error with external disturbance
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(b) RBFNN result with model uncertainties
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-3
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Fig.5 The pitch control result with uncertainties
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Fig.6 The yaw control result with uncertainties

to see that the method proposed in this article has a
better control performance than the BSMC, especially
in the case of external disturbances. The overshoot of
three attitude angle errors based on BSMC with RBFNN
method under model uncertainties is all much smaller
than those using BSMC method. Faced with external
disturbance, the roll angle error with BSMC is limited
in the range of £0.056 °, whereas the roll angle error
of BSMC with RBFNN is in the range of +0.004 °.
The pitch angle error using BSMC method is controlled
in £0.005 ° and it is limited at +0.063 °.
angle error is controlled in the interval of +0.284 °
with BSMC, while it has the scope of +0.012 ° using
BSMC with RBFNN. In addition, the RBFNN observer

has the satisfied uncertainties estimation performance.

The yaw

Through the comparison of the attitude simulation re-
sults, it can be seen that the coaxial twelve-rotor UAV
has attractive control performance for the robust control
problem under uncertainties and external disturbances.

4 Twelve-rotor prototype experiment re-
sults

4.1 Experiment setup

Fig. 7 is a prototype of the coaxial twelve-rotor
UAV with a military level carbon fiber material, and
twelve brushless direct current motors (BLDC) are in-
stalled at the end of each arm. Fig. 8 is a schematic dia-
gram of the UAV flight control platform. TMS320F28335
DSP as the main controller can run at 150 MHz with

Fig.7 The twelve-rotor prototype

A BLDC motor _
driving system

B
i
|

=
P
[ I |
: | || e o T |
— | | 12 3-4 3-4 |
— — | | Motor Motor Motor |

" | | 5-6 7-8 3-4

g —

|

|
25&*
2 &
S 3
R

|

RS23

Remote Device

Remote
signal

F28335
DSP

Desired

Receiver

Command

Host computer

Fig.8 The schematic view of aerial control platform

512 K flash memory, and support floating point calcu-
lations. The gyroscopes, magnetometers, accelerome-
ters as well as the distance laser sensor form the inertial
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measurement unit (IMU) to measure flight states. The
sensor data are transmitted through an RS232 serial
port to the flight control computer. Then, the data is
sent back to the upper computer through the wireless
transmission module and the corresponding schematic
diagram is generated.

4.2 Experiment results

The twelve-rotor prototype experiment proves va-
lidity and robustness of BSMC and adaptive RBFNN al-
gorithm. The parameters of the controller are set as the
same as those in simulations. The desired attitude an-
gles are taken by manual with remote device. The ex-
perimental environment has the wind disturbance whose
speed is measured about 3.5 m/s with the anemome-
ter. The three attitude control results are depicted in
Fig.9, Fig. 10 and Fig. 11, in which it can be seen
that BSMC with RBFNN method has favorable attitude

control performance and strong robustness.

10 j a2 - - -desired roll angle
8 ——actual roll angle
6
o 4
o 2
80
S 2
-4
-6 . . . .
0 10 20 30 40 50

Time(s)

Fig.9 The roll angle tracking result

Pitch angle (° )

Time(s)
Fig.10 The pitch angle tracking result

— - — desired yaw e
15 ¢ —— actual yaw angle

Yaw angle (° )

Time(s)

Fig.11 The yaw angle tracking result

5 Conclusions

This paper designs a coaxial twelve-rotor UAV
with stronger driving ability and motion attitude decou-
pling. On account of robust attitude control problem,
the BSMC and RBFNN control strategy is targeted to
deal with the uncertainty of the attitude control of the
coaxial twelve-rotor UAV. The BSMC algorithm com-
posed of backstepping and sliding mode control has
prominent feature of simplified design procedure and
increasing robustness. The adaptive RBFNN observer
is able to estimate lumped uncertainties effectively.
Eventually, simulation experiments verify BSMC with
adaptive RBFNN control strategy applied to twelve-ro-
tor UAV can provide favorable attitude control perform-
ance and strong robustness under model uncertainties
and external disturbances. Meanwhile, the validity of
the proposed method is verified again via coaxial
twelve-rotor prototype tests.
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