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Abstract: To solve the problem of altitude control of a tilt tri-rotor unmanned aerial vehicle (UAV) in the transition

mode, this study presents a grey wolf optimization (GWO) based neural network adaptive control scheme for a tilt tri-

rotor UAV in the transition mode. Firstly, the nonlinear model of the tilt tri-rotor UAV is established. Secondly, the

tilt tri-rotor UAV altitude controller and attitude controller are designed by a neural network adaptive control method,

and the GWO algorithm is adopted to optimize the parameters of the neural network and the controllers. Thirdly, two

altitude control strategies are designed in the transition mode. Finally, comparative simulations are carried out to

demonstrate the effectiveness and robustness of the proposed control scheme.
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0 Introduction

Tilt rotor unmanned aerieal vehicles (UAVs)
are superior to helicopters and fixed-wing aircraft in
comprehensive performance, and have broad re-

search and application prospects ™

. However, the
aerodynamic interferences caused by tilt rotors and
fixed wings are difficult to be accurately modeled.
Besides, tilting rotors affect on longitudinal and hor-
izontal forces and moments. These complex dynam-
ic and control couples could induce angular move-
ment interaction and have impact on flight stability.
Therefore, tilt rotor UAVs are difficult to control
and can hardly achieve stable flight in manual flight.
The configuration of tilt rotor UAVs changes
with rotor tilting angles. If rotor tilting angles are not
at 0" or 90°, the moment generated by rotor force is
unparallel to x, or z, axis in the body coordinate
frame, which causes coupled control inputs. Be-
sides, the force generated by rotors and moments

generated by aerodynamic control surfaces have un-

*Corresponding author, E-mail address:aviewyx(@126.com.

Article ID:1005-1120(2022)02-0186-15

certainties in the mode transition flight. Moreover,
the relationship between control inputs and system
states 1s strongly nonlinear. These issues affect the
performance of controllers and the stability of the con-
trol system. Therefore, it is crucial to improve the ef-
fectiveness and robustness of the control system.

At present, many approaches have been pro-
posed for tilt rotor UAVs’ models and controls.
Some researchers used computational fluid dynam-
ics and theoretical calculation methods to study the
interference flow field and aerodynamic interference
in hover and transition modes'”"". In order to achieve
a stable and safe mode transition process, a propor-
tional-integral-derivative (PID) control was adopt-
ed to design the forward speed, the pitch angle and
the altitude controllers™®’. A cascade PID control
law was adopted to design the attitude, the altitude,
and the forward flight speed controllers'”’. A deep re-
inforcement learning method was adopted to design
position controllers and attitude controllers to

achieve better trajectory tracking performance'”. A
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predictor-based model reference adaptive control
method was proposed for the lateral attitude control

W However, in the

problem in the transition mode
aforementioned control approaches, disturbances
are not well considered in simulations.

Also, a reference model based robust tracking
control method was designed to achieve the stability
of the closed-loop system and accurate tracking of
the desired command'*’. However, the controller
design is based on a linear system and requires an ac-
curate system model.

In order to enhance the performance of han-
dling uncertain dynamics, an active disturbance re-
jection control (ADRC) based method was adopted
to design attitude controllers with rotor tilting angles
of 0°, 30°, 60°, and 90" A dynamic inverse
based sliding mode control method was proposed for
atilt UAV attitude and position control, which is ro-

bust against disturbances'"”’

. These studies consider
the robustness of the control system. Nonetheless,
none of them considers the continuous change of the
rotor tilting angle. Therefore, the control of the
whole rotor tilting process is not studied.

Recently, neural network-based methods have
been employed to estimate nonlinear characteristics
for their good capabilities in approximation''®
Specifically, the radial basis function neural net-
work (RBFENN) is widely used for its precision and
calculation speed.

Motivated by the existing related literature re-
sults, a neural network adaptive control scheme is
proposed for a tilt tri-rotor UA'V altitude control and
attitude control. Based on the nonlinear dynamic
model, continuous rotor tilting process and distur-
bances are all considered. To be more specific, an
altitude controller and attitude controllers are de-
signed to make the UAV track altitude command.
Moreover, to address the parameter tuning problem
in the control scheme, the grey wolf optimization
(GWO) algorithm is used for the network parame-
ter optimization and the controller parameter optimi-
zation. In addition, the transition process can be saf-
er and more stable by maintaining a constant flight
altitude'™ , so the constant flight altitude transition

is adopted. Finally, two altitude control strategies

are designed to achieve a constant flight altitude in

the transition process.

1 Mathematical Model

The tilt trirrotor UAV 1s shown in Fig. 1, and
the rotor tilting process is shown in Fig.2. The kine-
matic definitions are shown in Fig.3. The mathemati-
cal model of the tilt trirotor UAV includes a rotor
model and a fixed-wing model. The rotor model is es-
tablished by the momentum theory and the blade ele-
ment integration method. The fixed-wing model con-
sists of the wing, the fuselage, and the tail models™".
The UAV is light in weight and small in size. To
simplify the model, the changes of the center of grav-
ity and the moment of inertia caused by rotor tilting
are ignored. The influence of rotor tilting on the force
and the moment of the model is mainly considered.

The mathematical model of the tilt trirotor
UAYV is derived by using the Newton-Euler ap-
proach. The assumptions are given as follows:

(1) The tilt tri-rotor UAV is a rigid body.

Fig.1 Tilt tri-rotor UAV

Fig.2 Rotor tilting process

Fig.3 Tilt trirotor UAV kinematic definitions
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(2) The tilt trirotor UAV is symmetrical
about its longitudinal plane in the body coordinate
frame.

(3) The aerodynamic interferences caused by
rotors are ignored'*"#’,

The coordinate frames and their definitions are
given in Refs.[20-21, 23]. The hover mode is de-
fined when the rotor tilting angle 8,(i=1,2)=0,
and the level flight mode is defined when &,= 90°.
The transition mode is defined when &,€(0°, 90°).
The control inputs are the motor speed &, (i=
1, 2, 3), the rotor tilting angle &,, the aerodynamic

control surfaces of the aileron &, and the v-tail &,, (i =

1,2). Altitude A and Euler angles <¢, a, y/) are the
system outputs. The relationship of <¢, 4, l}i)z
([), q, i*) is satisfied in the case of small Euler angles,

where <p, q, r) are the angular velocities. The val-

ues of inertia products are much smaller than those
of the moment of inertia, so the inertia products are
ignored. The attitude and altitude dynamic equations

of the tilt tri-rotor UAV are given as follows'*”

¢_L+ j.szvijzta'-
‘].l'.I’ ‘].l'.I’ w

M J.— . .
T

Ji; J ”J =
.o + xTxr yy 0’
et

—F
= cosgpcosd + g

m

where (L,M,N) are the control torques and
(J;IJ.,J},M\,,JZJ the moment of nertia. F is the control

thrust. According to Fig.3, the expressions of F and
(L, M, N ) in the body coordinate frame are given as
follows'

F=F,+cos86,+ F,*co86,+ F;+ Fiom

L:<F1°COS(?,1+F2°COS§,2>°Z+LMO

20-21]

M=<Fl-cosé‘,1 -+ FZ-C055,2>-[7 — Fyed+M,.,
N=(F,+siné, + F,+siné,)+{+ N..,
(2)
where F.(i=1, 2, 3) is the rotor force. /, 6 and d are

the geometric length; and Fleo, Licos Moo, and N o,

the aerodynamic force and aerodynamic moments,

respectively. Rotor torques are ignored in Eq.(2).

Remark 1 Polynomials with F(i=1,2,3)
are defined as the multirotor control, and those with
subscript aero are defined as the fixed-wing control.

In the level flight mode, F;is 0, F, and F, are
pulling forces and included in the fixed-wing control.
The multirotor control is adopted in the hover
mode, and the fixed-wing control is adopted in the
level flight mode. In transition mode, the fixed-
wing control is adopted depending on the rotor tilt-
ing angle and the forward flight speed.

In Eq.(2), the rotor tilting angle &.(i=1,2)
affects F and (L, M, N), which shows the unique

control characteristics of the tilt rotor UAV.

2 GWO-Based RBFNN Control

RBFNN i1s adopted for its nonlinear function ap-
proximate ability. The neural network adaptive law
is derived by the Lyapunov method, and the stability
of the control system is guaranteed by adjusting the
adaptive weight matrix'*'. The framework of GWO-
based RBENN control scheme is shown in Fig.4.

¥
GWO
Controller parameters a(lgg;;l;r)n
Reference ks Koy Koy K,y Eqs.(15—18)[*]
commands Network |5 " 5 b,
R Ps Qs T parameters 1 Cps Cop Cr
RBFNN
Eqgs.(6, 7)
Model
estimates
Hmands Sl ol oy
Controller & | Control —— variables
sy §5 05 Wi control allocator| inputs Tilt tri-rotor >
Eqs.(3,8,10—[ 3.5, "] ooV 6,0, v, h
r 14) oo B2 p.a.rh,
z XN

Fig.4 Tilt trirotor control block diagram

As presented in Fig.4, the proposed control
system includes the controller and the control alloca-
tor, RBFNN, GWO, and the tilt trirotor UAV
model. The controller and the control allocator are
used to obtain desired control outputs. RBFNN is
used to estimate uncertainties or disturbances of the
tilt trirotor UAV model. GWO 1s used to optimize
network parameters and controller parameters. The
tilt tri-rotor UAV model is described by Eqs.(1,2).
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2.1 RBFNN controller design

The tilt trirotor UAV controller design in-
cludes the attitude controller design and the altitude
controller design. The attitude controllers include
the angular controllers and the angular velocity con-
trollers. The angular controllers are designed by the
proportional control, and the control outputs are the
desired angular velocities.

Py =k (b, — @)

q, =k, (60,—8) (3)

ro =k (¥, — ¥)
where (p,, q,,r,) are the desired angular veloci-
ties, (%, by, k,,) the adjustable controller parame-
ters, (¢, 0,, v, ) the desired attitude angles, and
(¢, 0, w) the actual attitude angles.

The roll angular velocity controller is designed
as an example to show the process of RBFNN con-
troller design. The roll angular velocity dynamic

equation is given as follows

p=(L+(1, 1) é;iz)/fu =f,+6,,U, 4

where f,=((.1,, = J..)/1,. )64 b,= V... U,=L.
The desired roll angular velocity command is de-
fined as y,= p,,. The tracking error of the roll angu-

lar velocity command is defined as e,=y, — p, and

E,):<ep, é,))T. The roll angular velocity control law

is designed as follows
1

b—[—fp+Kp-Ep] (5)

where K,=(#%,,, k,, ) is the controller parameter.

U,=

RBFNN is used to estimate f, and other distur-

bances'®!. In this section, RBFNN is introduced as

e (6)

f: W' H(x)+ e (7)

where x is the network input vector, j the node

follows

hj=g<Hx— ¢

number of the hidden layer, W the weight matrix,
the approximated error, W, the estimated value of
the ideal weight matrix W,'. H=[hy, hs, =, h,] is
the output vector of Gaussian function. In Egs. (6,

. .
7), the input is x, = (ep, ép) , and the output is f, =

W, H,(z).
To reduce the number of adjustable parameters,
—j’ —]{» 1’ ...’O’ ...’j— 1’]
by=06 and ¢;=c X ] ) ] )
: —j =1, 0, i — 1,
are defined, where 4 and ¢ are adjustable network
parameters.
Usingfp instead of f,, we have
1 «
U=——f+K,F,
P /}/)|: f/ ! /i| (8)
fr= W, H,(x)

The adaptive law of the weight matrix is

W,=—y+E/-P-B-H,(x) 9)

The definitions of parameters in Eq.(9) and the sta-

bility proof of the control law (8) are given in
Ref.[24].

Using the same process as the roll angular ve-

locity controller design, the pitch angular velocity

controller, the yaw angular velocity controller, and

the altitude controller are obtained as follows

_ iz )
Vg [t KeE] (10)

fi=W/H ()

_1r . .
v br[ K (11)

f=W'-H(z)

U/Izbih[*ﬁ]+l'id+K,1-EJ

fi=W/!H(z)
where (b, b,,6,)=(1/],,, 1/J.., — cospcosd/m).
for I
((7o=2.)/1, )i f=((1 = 1.)/1.) 6. and
fi =g, respectively. K, = (ks k) K, =(kys ba),

(12)

and ﬂ are the estimates of f,=

and K,= (/e,),,, /zd,,) are the controller parameters.
T
E,= (e,,, éq) is the pitch angular velocity command

. . . . . T
tracking error and its derivative, E,,Z(er, e,) the

yaw angular velocity command tracking error and its

. . . I .
derivative, E,,Z(e,,,e,,) the altitude command

tracking error and its derivative, and /'id the second-
order derivative of the desired altitude command.

In the level flight mode, the pitch angle is used
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for the altitude control. The desired pitch angle com-
mand 1s generated by the PID controller, which is

given as follows
0.\p:/;/n9'eh+kzﬁ'Jehd[+ ke €, (13)

where EM, kg, and kg are the controller parameters.

The tracking differentiator (TD) is used to
generate transition signals of the command signal.
TD is given as follows

TD:wf/<.§2+ 250),,5+a),2,) (14)

where & and w, are the adjustable parameters. By
adjusting the values of £ and w,, the expected tran-
sition signal of the command signal and the first-or-
der and second-order derivative signals of the transi-
tion signal are obtained. The overshoot of the tran-
sition signal relative to the command signal be-
comes smaller as £ increases, and the transition sig-
nal tracks the command signal faster as w, increas-
es.

Remark 2
range of £1is [0.8, 1], and the range of w, is [0.5,

For the position control, the

5]. For angular velocity control, the range of £ is
[0.8, 1], and the range of w, is [ 20, 40]. The spe-
cific values of £ and w, are determined according to
physical actuator limitations and the desired control

performance.
2.2 GWO algorithm
GWO was proposed by Mirjalili et al." After

being tested with 29 mathematical optimization
problems and three structural design problems,
GWO was found very competitive compared with
particle swarm optimization (PSO), the gravitation-
al search algorithm (GSA), and the evolution strat-
egy (ES). GWO has been successfully applied to

[26-27]

parameter optimization In regard of this,

GWO is adopted to optimize adjustable parameters
in the proposed control scheme. In this section,

GWO is introduced as follows
D,=|C-X,— X|
D,=|C.-X,— X| (15)
D,=|C;-X, — X|
A=2ar,—a, C=2r, (16)

X, =X,—A,+«(D,)
X,=X,— A,+(D,) (17)
X;=X,— A,+(D,)

X(t+ 1)=(X1+X2+X3)/3 (18)
where «, /8, and ¢ are the current best individual,
the current suboptimal individual, and the current
third best individual in GWO algorithm, respective-
ly. A(i=1,2,3)and C(i=1, 2, 3) are the param-
eters. a linearly decreases from 2 to 0. r, and r, are
the random vectors in [0, 1]. X, X,, X,, and X,
are the position vectors of current search agents, «a,
£, and &, respectively. The implementation proce-

dure of GWO is shown in Fig.5.

GWO initialization

GWO search

Update the position of current
search agents by Eq.(18)

Calculate fitness values of all agents and
update a, S, and J by Egs.(15—17)

iter = iter+1

| Output optimization results |

End

Fig.5 Implementation procedure of GWO

In Fig.5, iter is the current iteration and iter,,,
the maximum iteration number. The pseudo code of
GWO is presented as follows:

Begin

Step 1

tail, initialize the population size N,, the maximum

Initialize the wolf population. In de-

iteration number iter,,, the spatial dimension D,
the boundaries and the initial positions of the grey
wolves. Initialize parameters of @, A, and C.

Step 2
grey wolf, and find a, £, and 9.

Calculate the fitness values of each



No. 2 MA Yan, et al. A Grey Wolf Optimization-Based Tilt Tri-rotor UAV Altitude Control in Transition Mode 191

Step 3 For each grey wolf, if the grey wolf
goes beyond the search space, return it back. Up-
date the position of each current grey wolf by
Eq.(18).

Step 4 Calculate the fitness values of all grey
wolves and update the positions of a, 2, and ¢ by
Eqs.(15—17).

Step 5 Output the best grey wolf when itera-
tion number reaches its max value. Otherwise, go
to step 3.

End.

The complexity of GWO is analyzed. In detail,
at Step 1, initializing N, gray wolf individuals in D-
dimensional search space requires N,XD computa-
tions. At Step 2, calculating the fitness values of
each grey wolf requires N, computations, and the
complexity of the fitness value calculation is O (D).
The number of computations is 3XN,—3 for calcu-
lating X,, X,, and X,, and the number of computa-
tions is 1 for recording X,. At Step 3, calculating
distances among other grey wolves and X,, X, and
X, requires 3XN,—3 computations, and updating
positions of X,, X;, and X, with prey requires 3D+
1 computations *'. At Step 4, the number of compu-
tations 1s a constant for updating the parameters of
a, A, and C. Among these computations, O(D) is
the biggest and much larger than the others. The
maximum iteration number is iter,,,. By approximat-
ing the calculation, the time complexity of the
GWO algorithm is about O(D>X<iter,,,) .

To reduce the number of adjustable parame-
ters, parameter 4, is introduced, which satisfied
ky= 2k, and k,= k! in Eq.(6). Together with net-
work parameters b and ¢, each controller has three
adjustable parameters. The parameters of the angu-
lar velocity controllers are obtained, and then the pa-
rameters of the altitude controller are obtained. The

cost functions are designed as follows

ﬁ!lc()s!:J<|p —Pm\ + ‘ q— qu + ‘ r—Tu

frow= U = hfde (20)

)dr (19)

where fiicow and fie are the cost functions of the an-
gular velocity controllers and the altitude controller,

respectively. (p, g, r) and h are the actual signals,

and ( pu, G, ) and h,, the reference commands.
Remark 3 The numerical relationships of 4,,
k., and %, are explained as follows. By substituting
the control law U, (Eq.(12)) into £ (Eq.(1)), we
have error equations &, + ky,+é, + k,,+e,=¢€,, and
€ :ﬁff/_ By adopting the adaptive law of the
weight matrix, ¢, decreases and approaches to 0. By
adopting the relationship of %,, and £, the Laplace
transformation of error equation is s* -+ 2k, es+
2=0.1If £/,>0, we have s<C0. For the angular
velocity controllers (Egs. (8, 10—11) ), the La-
place transformation of error equations are &, s+
k=0, kyes+k,=0, and k,es+£k,=0. If
k,>0, k,>0, and £, >0, we have k,,=> 0, k,, >
0, k4y=>0, k,,>0, k;,>0, and %k, > 0. And the

stability of the control system is guaranteed.

rq

Remark 4 The neural network in this paper
is used online, and the computational burden must
be considered. The computational speed of the
method 1s correlated with the processor speed and
storage capacity. The faster on-board processor with
more memory space could be demanded in actual
flight. Based on the computation speed on the com-
puter, we recommend that the processor’ s operat-
ing frequency is at least 1 GHz (such as DJI Mani-
fold 2-C), and this value needs to be tested in actual

scenarios.

2.3 Control allocation and altitude control

strategy

The control effectiveness of aerodynamic con-
trol surfaces is positively correlated to the forward
flight speed. Therefore, the control allocation au-
thority is set as a function of the forward flight
speed. When the forward flight speed is lower than
vy, the UAV is controlled by the multirotor con-
trol. When the forward flight speed reaches v,, the
fixed-wing control is completely adopted. When the
forward flight speed is between v, and v,, a linear

allocation method 1s adopted, which is given as fol-

lows
1 v <,
Fativos =1 (01 = 0)/(01 = 0) v, <w<w, (21)
0 v >0,

kﬁxed’wing = 1 - kmu]nmmr (22)
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where Znuioor AN Rgyeiwing are the weights of the mul-
tirotor control and the fixed-wing control, respec-
tively.

Two altitude control strategies are proposed
for the altitude control in the transition mode, here-
inafter referred to as strategy [ and strategy II , re-
spectively. Strategy [ is to give the UAV a for-
ward speed which is greater than v,. The aerody-
namic control surfaces have control effectiveness be-
fore mode transition, and the fixed-wing control is
adopted in the mode transition flight.

Strategy Il is based on the value of the rotor
tilting angle &,(i=1,2). The multirotor control is
adopted before 0,(i=1, 2) reaches a user set value
S, and the fixed-wing control is adopted when
0.(i=1,2)= . It is found that &, can be select
ed in the range of 40°— 60°, and within this range
different values of 8, will not show great impact on

the transition mode flight.

3 Numerical Simulations

In this section, comparative simulations are
carried out to test the performance of the proposed
control scheme. The effectiveness of the proposed
method is verified through comparison between the
proposed method, the ADRC and the PID meth-
ods. Environmental disturbances, measurement er-
rors, and motor model errors are considered to veri-
fy the robustness of the proposed method.

Considering the former research results'”"’, the
simulation accuracies in this paper are set as fol-
lows. The maximum altitude tracking error is less
than 1 m, and the steady-state altitude tracking er-
ror is less than 0.1 m. The maximum attitude angle
tracking error is less than 12°, and the steady-state
attitude tracking error is less than 2°.

Environmental disturbances, measurement er-
rors, and motor model errors are collectively
named as disturbances. The environmental distur-
bances are modeled as the external force and the ex-
ternal moments. The external force F,. i1s modeled
external moments

as a constant, and the

(L(I,S,Mdi},Nd;S) are modeled as a constant, a sinu-

soidal, and the square wave. The disturbances men-

tioned above are given as follows

Fy=—2
Ldis - 0'3
M= 0.3+ 0.1-sin( 4xt) (23)

Ng=0.4- sign(sin( 4rtt)>
The measurement errors are divided into the al-
titude measurement error and the attitude measure-

ment error. These errors are given as follows

my=m,+ 0.2+ 0.1+(rand — 0.5)

my=my+ 0.1+ m,|+rand

(24)
my=m,+ 0.1+ m,|*rand
my,=m,+ 0.1+ m,|srand

where m, 1s the altitude measurement value, m, the
¢ measurement value, m, the ¢ meausrement value,
and m, the ¢ measurement value.

The brushless direct current motor 1s modeled
as a first-order inertial system, which is given as fol-
lows

G(s)=1/(Ts+ 1) (25)
where T is the time constant and increased by 20%

as the motor model error.
3.1 Hover mode simulation results

Table 1 presents the parameters of the tilt tri-
rotor UAV in Fig.1.

Table 1 UAYV parameters

Variable Description Value
m/ kg Mass 4
!/ m Geometric length 0.32
b/m Geometric length 0.26
d/m Geometric length 0.44
J./ (kgem™) Moment of inertia 0.426 3
J,,/ (kg'm %) Moment of inertia 0.448 2
J../ (kgem ?) Moment of inertia 0.648 0

The desired

h,=10m, and the desired attitude angle com-

altitude command is set to

mands are set to ¢, = 0, = ¢, = 0. The initial posi-
tion, velocities, attitude angles, and angular veloci-
ties are all set to 0. (k,,¢, ko, }eN):(Z, 2,2). The pa-
rameters of TD are set to §,=1, w,=0.8, §=

&=¢,—1, and w,,—w,y= w,,—40. The transi-
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tion signals of altitude command are shown in Fig.6.

g 12
g
g 10 ——
(=}
51
= 61 _*_,,‘u
S vohy,
4 4 ~o=h,
=
&
1Z] 2 -
o e
S g
Z 0 B G
g
= = L L
0 5 10 15

t/s

Fig.6 Transition signals of altitude command

In Fig.6, the black line is the desired altitude
command %,. The red line is the transition signal of
h,, and is named as h,. The green line is /z,c,, and
the blue line is /.i,d. By using TD, a smooth transi-
tion command signal and its first-order and second-
order derivative signals are obtained.

The structure of ADRC is given in Ref.[29],
and the structure of PID is given in Ref.[9]. The
simulation parameters of ADRC are w,,= 3, w,, =
3, w,=6, w,=5, w, =80, w,=3, w,=4,
and w, = 4. The simulation parameters of PID are
k=23, k=3, ki =0.075, by, = 0.01, &, ,=
5,k ,=8,and k,,=6.5.

Fig.7 shows the stable altitude control results
by different control methods. The convergence
speed of PID control is relatively slower than those
of that of the other two methods. In Fig.8, the pro-
posed control method under disturbances has the al-
titude tracking error less than 0.2 m (2% error

band) within 1.36 s, which is less than those of

12
oL
8 L
= 6
= R Altitude command
< ADRC control
— — RBFNN control
20 & e PID control
—— RBFNN control under
0 disturbances
-2 1 L L L
0 4 8 12 16 20
t/s

Fig.7 Altitude transition command control results
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Fig.8 Altitude transition command tracking errors

ADRC (about 3.39 s) and PID control (about 9.04 s).
The maximum altitude tracking error is about 0.74
m, which is less than those of ADRC (about 1.29
m) and PID control (about 4.16 m).

Figs.9—11 show that the attitude control re-
sults of the proposed control method are better than
those of ADRC and PID control. The maximum an-
gle tracking error (about 11.47°, pitch angle) and
the steady-state tracking error (about 1.52°, yaw an-
gle) are within the simulation control accuracies.

Integral of absolute value of error criterion

1.5
ADRC control
— — RBFNN control
Lor f e PID control
—— RBFNN control under

disturbances

5 10 15
t/s

|
[
w

Fig.9 Roll angle control results

30
ADRC control
20 L — —RBFNN control
----- PID control
—— RBFNN control under
10 + disturbances

Pitch / (°)
e

-10

-30 . .
0 S 10 15

t/s

Fig.10 Pitch angle control results
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Fig.11 Yaw angle control results

(IAE) values of ADRC, RBFNN and PID control

are shown in Table 2.

Table 2 TAE values in hover mode

Method Altitude Roll Pitch Yaw
ADRC 2.1856 1.3427 37.7554 5.6387
RBFNN 0.3027 0.0837 13.3082 0.048 9
PID 21.7590 1.8182 18.5155 36.1456
RBENN 0.9401 54785 30.1795 31.5019

(disturbances)

Table 2 is the IAE values of different control
methods. It can be seen that RBFNN has the
smallest IAE value. The UAV is under disturbanc-
es, and RBFNN still has acceptable control perfor-
mance.

Fig. 12 is the fitness value results of GWO,
PSO, and the genetic algorithm (GA). It can be
seen that GWO has the highest convergence preci-
sion compared with PSO and GA. GWO fitness val-
ue converges to about 3.56 X 10~ * after about 30 iter-
ations. Fig.13 shows the fitness value in the altitude
control by GWO. Tables 3—4 present parameter

optimization results of the angular velocity control-

0.12

—e— GWO
——PSO
0.10f , ——GA
x10
15
0.08 |-
£ 006
E
0.04
0.02
0.00

0 5 10 15 20 25 30
Iteration

Fig.12 Fitness value in angular velocity control

Iteration

Fig.13 Fitness value in altitude control

Table 3 Optimization results of angular velocity control-

ler parameters

Parameter Value Range
k., 6.424 4 [1,10]
b, 4.8716 [0.5,5]
¢ 0.210 2 [0.1,1]
k., 1.4387 [1,10]
b, 1.274 2 [0.5,5]
¢, 0.194 0 [0.1,1]
k., 1 [1,10]
b, 0.56 [0.5,5]
C, 0.278 6 [0.1,1]

Table 4 Optimization results of altitude controller pa-

rameters
Parameter Value Range
&, 10 [1,10]
by 0.5 [0.5,5]
e 0.11 [0.1,1]

lers and the altitude controller by GWO.

Figs.7—11 show that the proposed method has
better altitude and attitude control results. The alti-
tude and attitude controller parameters in Tables 3—

4 are used in transition mode simulations.
3.2 Transition mode simulation results

3.2.1 Altitude control of Strategy |

In Strategy 1 , the initial forward flight speed
is set to 15 m/s. The initial altitude and altitude
commands are all set to 30 m. The initial position,
attitude angles, and angular velocities of the UAV
are all set to 0. The rotor tilting angles change uni-
formly from 5 s to 30 s. Defining the process of in-
creasing the rotor tilting angle from 0° to 90° is the
positive transition, and the process of decreasing the
rotor tilting angle from 90° to 0° is the reverse transi-

tion.
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Simulation results of the positive transition are
shown in Figs.14—17. Fig.14 shows the change of
the rotor tilting angle in the positive transition. In
Fig.15, the maximum altitude tracking error of the
proposed method is about 0.24 m, which is less
than PID control (about 0.52 m) , and that of PID
control also has a steady-state error of about 0.3 m.
The altitude tracking error in Fig.15 is smaller than
that in Ref.[30] (about 7 m) and that in Ref.[31]
(about 1 m). IAE values of PID, RBFNN, and

100
90}
80t
70+
60
5ot
40}
301
20}
10

0 1 1 1 1 X
0 5 100 15 20 25 30 35

t/s

Rotor tilting angle J,/ (°)

Fig.14 Rotor tilting angle in positive transition
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e
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Pitch / (°)
DO N B

0 5 10 15 20 25 30 35
t/s
(b) Pitch

T s 10 15 20 25 30 35

t/s
(c) Yaw

Fig.17 Attitude results by RBFNN under disturbances in

positive transition of Strategy |

RBFNN control under disturbances are 9.532,
2.483, and 3.803 6, respectively, which shows RB-
FNN has better control performance.

Fig.16 shows the forward flight speed of the
UAV. The forward flight speed increases as the ro-
tor tilting angle increases, and converges to about
18.2 m/s. In Fig.17, the pitch angle is used for the
altitude control, and its range is about [ —2°, 4°].
The values of roll angle and yaw angle are both
within [ —1°, 1°], which shows the stable attitude
control results.

Simulation results of the reverse transition are
shown in Figs.18—21. Fig. 18 shows the change of
the rotor tilting angle in reverse transition. The rotor
tilting angle is uniformly changed from 90° to 07,

and the angular changing rate is within the allowable

100
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40
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Rotor tilting angle 6,/ (°)
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E 30.0 p— w/
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290 1 L 1 L L 1
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Fig.15 Altitude results in positive transition of Strategy |
21
o 18F
&
2
§ 15
e}
:
2 12+
9 . . . . . .
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t/s

Fig.16  Forward speed result by RBENN under disturbanc-

es in positive transition of Strategy [

10
0

0 5 10 15 20 25 30 35
t/s

Fig.18 Rotor tilting angle in reverse transition
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5L that of the PID control (about 0.7 m). TAE values
of PID, RBFNN, and RBFNN control under dis-
203 turbances are 11.758 8, 2.910 1, and 3.179 7, re-
8 spectively, which shows RBFNN has better control
Q
E 300 performance.
< Fig.20 shows the forward flight speed of the
------ Altitude command . .
29.5F — —RBFNN control ) UAV. The forward flight speed has a negative inter-
''''' RBFNN control under disturbances ) ) . ) )
"""""""" PID control relation to pitch angle. In Fig.21, the pitch angle is
29.0 : : : ' : : used for altitude control and its range is about [0,

0 5 10 15 20 25 30 35

Fig.19 Altitude results in reverse transition of Strategy [
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Fig.20 Forward speed result by RBENN under disturbanc-

es in reverse transition of Strategy |
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Fig.21 Attitude results by RBFNN under disturbances in

reverse transition of Strategy |

range of the UAV. Fig.19 shows the comparative re-
sults of the proposed control method and PID con-
trol. The maximum altitude tracking error of the pro-

posed method is about 0.2 m, which is less than

6°]. The values of roll angle and yaw angle are rela-
tively small and both within [ —1°, 1° ], which
shows the stable attitude control results.
3.2.2 Altitude control of Strategy Il

In Strategy Il , rotor tilting angle &y, = 45 is
selected as the multirotor control and the fixed-wing
control switching angle. The multirotor control is
adopted when ¢,,< 45" and the fixed-wing control
is adopted when 6,,==45°". The initial forward flight
speed is set to O in the positive transition simula-
tion, and it is set to 19 m/s in the reverse transition
simulation. Other initial conditions are the same as
those in Strategy | .

The change of the rotor tilting angle in the posi-
tive transition is shown in Fig.14. Simulation results
of the positive transition are shown in Figs. 22—24.
Fig.22 shows the comparative altitude control results
of the proposed method and PID control. The maxi-
mum altitude tracking error of the proposed method
is about 0.2 m, and that of PID control is about 0.6
m. PID control has a steady-state error about 0.3 m.
IAE values of PID, RBFNN, and RBFNN control
under disturbances are 7.558 2, 1.767 8, and 2.490 8,
respectively, which shows RBFNN has better con-

trol performance.

31.0
305 +
& R R
< s
295 = Altitude command
— — RBFNN control
—— RBFNN control under disturbances
------ PID control
29.0 L . . . . ,

0 5 10 15 20 25 30 35
t/s

Fig.22 Altitude results in positive transition of Strategy 1l
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Fig.23 Forward speed result by RBFENN under disturbanc-

es in positive transition of Strategy Il
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Fig.24 Attitude results by RBFNN under disturbances in

positive transition of Strategy 1l

In Fig.23, the forward flight speed increases as
the rotor tilting angle increases, and has a negative
interrelation to the pitch angle when &,=45", and
converges to about 18.2 m/s in the fixed-wing
mode. Fig.24 shows the attitude results. When & 3=
45°, the pitch angle is used for the altitude control,
and converges to about 1° in the fixed-wing mode.
The range of the pitch angle is about [0°, 4°]. The
values of the roll angle and the yaw angle are relative-
ly small and both within [ —1°, 1°], which shows the
stable attitude control results.

The change of the rotor tilting angle in the re-
verse transition is shown in Fig.18. Simulation re-
sults of the reverse transition are shown in Figs.25—

27. Fig. 25 shows the comparative altitude control

31.0
3051
E A‘A‘_‘..‘ e "'.“
~ / N 9
(5] T Lo
) - //M‘“‘m
z 300
<
| —— Altitude command
29.5 — — RBFNN control )
—— RBFNN control under disturbances
------ PID control
29.0 L L L L ' L
0 5 10 15 20 25 30 35
tl's
Fig.25 Altitude results in reverse transition of Strategy 1l
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Attitude results by RBFNN under disturbances in

reverse transition of Strategy |l

of the proposed method and PID control.
Ou=45", the altitude is controlled by pitch
After control switch, the altitude is con-

by the multirotor control. The altitude out-
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puts are fluctuated due to control switch. Even un-
der disturbances, the maximum altitude tracking er-
ror of the proposed method is about 0.26 m, which
is less than that of PID control (about 0.7 m), and
PID control has a steady-state error of about 0.1 m.
IAE values of PID, RBFNN, and RBFNN control
under disturbances are 10.540 3, 4.155 2, and
3.146 4, respectively, which shows RBFNN has
better control performance.

Fig.26 shows the forward flight speed of the
UAV. The forward speed has a negative interrela-
tion to pitch angle (Fig.27) and decreases after con-
trol switch. Fig.27 shows the attitude results. When
Ou=45", the pitch angle is used for the altitude con-
trol, and converges to about 0.5° alter control
switch. The range of the pitch angle is about [0°,
4°]. The values of the roll angle and the yaw angle
are both within [ —1°, 1°], which shows the stable

attitude control results.
3.3 Comparison of altitude control strategies

Strategy I needs an initial forward flight
speed. The aerodynamic control surfaces have con-
trol effectiveness before transition mode starts, and
only the fixed-wing control is adopted. Strategy 1
can achieve smoother altitude and forward flight
speed results in the transition mode. The positive
transition altitude comparative results are shown in
Figs.15, 22, and the reverse transition altitude com-
parative results are shown in Figs.19, 25. It can be
seen that the altitude results in Strategy [ are
smoother than those in Strategy [l . The forward
speed results in Strategy [ are also smoother than
those in Strategy Il (Figs.16, 23 (positive transi-
tion), and Figs.20, 26 (reverse transition) ).

In Strategy Il , the positive transition is com-
pleted without an initial forward flight speed. The
deficiency of Strategy Il is an instantaneous switch
between the multirotor control and the fixed-wing
control, which causes altitude variation at the mo-
ment of switching. In addition, the values of the ro-
tor tilting angle and the forward flight speed are all
increased in the positive transition, which indicates
that if the changing rate of the rotor tilting angle is

large, and the forward flight speed is smaller than

that at the level flight, the aerodynamic control sur-
faces could be incapable to control the UAV. In this
case, the hover mode should be switched immedi-
ately and the multirotor control is used to achieve a

stable flight.

4 Conclusions

This paper studies the altitude control of a tilt
trirotor UAV in the transition mode. A GWO-
based RBFNN control scheme is proposed to
achieve the altitude control and the attitude control
for the tilt tri-rotor UA'V under different disturbanc-
es. The tracking signals of the reference command
are obtained by adopting TD, and the parameters of
RBFNN controllers are obtained by GWO. Numeri-
cal simulation results show that the proposed meth-
od control results are better than those by ADRC
and PID, which are reflected by the maximum track-
ing error and the steady-state error. Even under dis-
turbances, the stable altitude control performance in
the transition mode can be achieved, which demon-
strates the robustness of the proposed method and
the effectiveness of the proposed altitude control
strategies. The future work will focus on implement-

ing the proposed method to real flights.
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