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Abstract:

Autonomous flying devices (AFDs) in the Navy are modern flying devices widely used in
the military sector as the flying device changes speed and altitude, its kinematic
characteristics vary significantly, requiring a controller capable of adapting to these
changes. Therefore, this paper presents a method for synthesizing an adaptive fuzzy
neural network control algorithm for autonomous naval flying devices to stabilize the
desired characteristic angles. A Matlab/Simulink environment survey is conducted with
assumed parameters and the results are compared with those of a PID controller to
highlight the advantages of the proposed algorithm.
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1 Introduction

Autonomous flying devices (AFDs) such as missiles and UAVs are widely used in the
military and the Navy. The study [l], based on adaptive control theory with
a nonlinear flying device dynamic model, designs an autopilot system for a class of
missiles during the launch phase to adapt to changes in aerodynamic parameters and
wind effects. However, the flying device dynamic model in [1] has been linearized
into a transfer function form. Study [2] applies model predictive control to design
a missile control system, but the author of [2] also uses a linear stationary missile
model to build the control algorithm. Study [3] uses classical control theory (PID
control) to synthesize the control law, but the published results do not specifically
address the influence of environmental factors or changes in the kinematic properties
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of UAVs. Neural networks and fuzzy systems are currently widely applied in control
and have achieved significant results. Numerous adaptive control methods for
nonlinear systems are based on either fuzzy systems [4-5] or neural networks [6-7]. In
[8], a multilayer neural network-based output feedback controller is implemented,
utilizing state observer gain to estimate the time derivative of the system output. In
[9-10], a close combination of fuzzy systems and neural networks is used to
approximate functions with output feedback control laws. Building on these
foundations, an adaptive fuzzy neural network output feedback controller can be
developed for uncertain nonlinear systems using only measurable system output. This
approach ensures that all signals are bounded and that the system’s closed-loop output
converges to the desired trajectory.

Building on the theory of adaptive fuzzy neural network output feedback
controllers, the authors have developed an adaptive fuzzy neural network control law
specifically for a class of naval flying devices to stabilize their desired characteristic
angles. Section one presents the mathematical model of the flying device; section two
presents the method for synthesizing the adaptive fuzzy neural network control law.
Section three presents simulation results with assumed parameters [11].

2 Object Model

Consider a model of a flying device in space as shown in Fig. 1 [11].

Fig. 1 Description of the rotational motion of the fly device

In which OXpYyZ, corresponding to the axes of the coordinate system attached to
the object (linked coordinate system); OX,Y.Z, speed coordinate system; a, 3, y, i the
angles corresponding to the angle of attack, sideslip angle, roll angle, and heading
angle of the flying device.

The orbital coordinate system OXnYmZn is a coordinate system attached to the
autonomous flight device (AFD), with the origin located at the center of mass of the
AFD (0). The OX,, axis aligns with the velocity vector Vm of the AFD relative to the
ground coordinate system, also known as the ground velocity vector. The (OXnYm)
plane is perpendicular to the horizontal plane corresponding to the position of
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O relative to the Earth, while the OZ, axis is perpendicular to the OXwnYn plane,
forming a right-handed orthogonal coordinate system. As such, the orbital coordinate
system maintains a relatively stable position concerning the ground in the area where
the AFD is flying, depending solely on the motion of the AFD’s center of mass.

According to Newton’s second law, the translational motion equations of the
center of mass of the flying device and the rotational motion around the flying device
are determined [11]:

dv .

m = F 1
m— (1
dK -
= M 2
5 (2)

where Y F [N] 1s the total vector of all external forces acting on the flying device of
mass m [kg]; dV, /dt is the total acceleration vector of the ground speed vector Vrn
[m/s] in the ground coordinate system; Z‘M [kg-m?/s?] is the total vector of external
moments acting on the flying device; K [kg-m?%s] is the angular momentum.

The total acceleration of the flying device in the ground coordinate system is
determined [11]:

v, _dV, . -
+a).V 3
dr dt “n¥im 3)

where dV,_/dr is the total derivative of the vector V_ concerning time; dv, /dr is the
relative derivative of the vector Vm in the rotating reference frame; @), (degree/s) is
the angular velocity vector of the orbital coordinate system.

Since in the orbital coordinate system Vin=Vm, Vim=0, V.n=0, Eq. (1) is
developed into Eqs:

mn=Sp, )
dr

mv, — Z (3)
cos 6=>F, (6)

Developing Egs (4), (5), and (6) we have:
mdstm=Pcosa’cosﬁ—RXa -Gsind @)

déa . . . .

mV, — = P(sinacosy, +cos asin Bsin J,) +Ry, cos ), =R, sin )y —~Gcos 6 (8)

dr
d¥
-mV,, —— & cos@ = P(sinasin y, —cos asin Bcos ) +Ry, sin )y +R_ cos ) (9)

In which &is the trajectory angle of the flying device, 4 is the inclination angle
of the velocity coordinate system relative to the linked coordinate system, P is the
thrust along the engine’s axis; Rya, Rya, Rz are the aerodynamic drag forces.

Developing Eq. (2) in the linked coordinate system:
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%w;l[Zbe (7. -1, w0, ] (10)
M-, 1) ] (an
dg«t)z =7 [ZMzb -(v, —Jx)wxag,] (12)

where My, My, My [kg'm?/s?] is the vector of external moments acting on the flying
device along the axes of the linked coordinate system; wy, w,, w;, [degree/s] are the
angular velocities around the center of mass of the flying device in the linked
coordinate system; Js, Jy, J; [kg'm?] are the moments of inertia along the axes.

The dynamic equations describing the rotational motion of the flying device in
the linked coordinate system have the form:

dy _ _ .

g_cosﬂ(wy cos y— @ sin ;) (13)
CTZ? =W, sin y+ @wcos y (14)
%/:a)x —tgﬂ(a)y cos y— @sin }) (15)

where the angles v, 9, y are the heading, pitch, and roll angles of the flying device.

2.1 Model of Rotational Motion of the Flying Device in the Vertical Channel
When the roll angle is stabilized at the value y = 0, 2 = »; Eq. (8) has the form:

mV(;—HZPsina’+RW -Gcos@ (16)
t

2
mvi—fzpa +(c§?’a +cfcdc)%s ~Gcosd (17)

where R, =C,gS =(C;’a' +Cf°50)qS withg =1/2 pV? [kg/m?] as the air density;
Vis the flight speed relative to undisturbed air; S [m] is the characteristic area of the
missile; Cy, is the lift coefficient; &. [degree] is the angle of the lift control surface.

For a class of missiles being considered, the component Cgcd'cis very small
compared to C;’a' , so it can be neglected, and Eq. (17) will have the form:

2
qg P+Ct VS
VE:+2a—gcos9 (18)
m

where g is the gravitational acceleration (g = 9.8 m/s?).

The left side of Eq. (18) is the normal acceleration of the moving object; the first
term on the right side is the normal acceleration of the flying device created to control
the vertical channel. This is the parameter required to accurately track the target. The
optimal angle of attack must be determined to control the flying device accurately in
the terminal guidance phase.
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The relationship between the angles characteristic of the motion of the rocket is
presented in the following expression [8]:

sin @ = sin Fcosa cos B —cos? cosy sind cos B —cos siny sin B (19)

In the self-guided approach mode, AFDs typically fly with a small pitch angle
a and a small side slip angle S. The heading angle y, yaw angle 3, trajectory tilt angle
6, and trajectory heading angle ¥ also have small values. When these conditions are
satisfied, the following approximations can be made: sin @ = a, sin f= f3, sin § = 6,
sin =y, sin ¥=60,cosa~1,cosf~=1,cospy~=1,cosd=1,cos ¥=1.

When y = 0, Eq. (19) takes the following form [12]:

6=9-a (20)
Differentiating both sides of Eq. (20) we get:
a=9-6 21)
From Eq. (18), rewriting:
o PV2S
9=P+Cnyw 2 a—gc‘(/’se (22)

Under the condition that the roll angle (Cren) is stabilized around the value y = 0,
and considering the pitch angle generated by rotation around the OZ axis:

. dd
d=— =w, 23
dt ° (23)
Eq. (12) becomes:
W =J'"M, (24)

Developing Eq. (24) we have:
. 1 _ 1 .4 w 1 4 &
wZ :E‘Iz 1ngWn35L¢a+E‘IZ lmg}[; erESCILza% +E‘,z 1mzl§ Wn%Scchl é (25)
Substituting Eqgs (20) and (22) into Eq. (21):
,0V2S
2 g4 +§cos (z9 —a) (26)

a
P+Cy
mV
Differentiating both sides of Eq. (26):

a=w, -

a= (% I 'mS pV*SL.a +%J; 'm&EpV?3S, Low, %J; 'm% szSC,LL.,JCj -

2 2
prca VS p+ca PS5 7
- 2 _g-Ssngl — 2 4-8cosh

mV 1% mV \%

Substituting & = w, into Eq. (27) we get:
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z

L (1 - 1 - A
a= [EJ 'm& pV*SL.a =iz 'méEpV?3S,, I s lmi‘;pszC,LC,é'Cj -

2 2
p+C;7ﬂ P+c;’LS (28)
- 2 _g-8singl 2 g-8cosh
mV \%4 mV \%4
We set:
V2s
p+ce P

. = Yy 2 on = I’l’lg)szSLC

12 mV 2 27,

) L2

b, = M PVSaL’ k=M PY Syl

32 27, 42 27,

Substituting € =J —-a into Eq. (28) we get:

G =kt —%klza sin(@ 0 )~k g +hd +

2 (29)
+ (%J sin (&9 -a)cos(9 ) +k,0 .
By combining Eqs (25) and (29), we obtain the system of Eqs:
b = kot —%klza sin(@ 0 )~k g +hd +
+[§j2 sin (& -a)cos(9 - ) +k,0 (30)
= k@ +hsd +kyD.

Define the state variable:

X =a
Xy =X =4
=9 ’

We see that u = J, is the control input; the output is x, =a, Eq. (30) is rewritten

in the form:

{ &= Apx+B, [ F(x) +G(x)u +d ] 31)

y=Cyx
where A, =diag[A.A, |: B, =diag[B,.B,]: C, =diag[C,.C,]

oo Joa el
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fi(x) = kpa ——klzasm(z? a) -kg +kyd (—j sinf & )cos§ & )
£ (%) = k@ +k3pd
81 (%) =82 (x) =y

d is the external disturbance affecting the system.

3 LQ Controller

The LQ controller is an optimal solution for linear systems. By combining Eqs (25)
and (26), we obtain the following system of Eqs:

2
a PV'S
P+cy 2 gcos@
a=w, - v a+ v
" (32)

) PV2SL, w, PVS, I 2 pV s, L,
w' m% a+m bz cl™—c a), +ple L Tl é

Z Z! 2JZ Z 2 . Z

To solve the problem using the LQ method, the system (32) is linearized around
the equilibrium state.

We set: x =[x xz]T =[a a)z]T‘u =90

> e c

The linear state equation is in the form:
x=Ax+Bu (33)
y=Dx

where Ajq and Bjq are determined by the following expressions:

1 af l: k, 1 :| 1 af
T ox x=0,u=0 L k2 Kz T ox

Let the error between the output response y and the desired signal y. be a new
state variable, we have:

0 } :D=[1 0]

x=0,u=0 [k42

éy =y —y=y —Dx (34)

The extended state-space model with the addition of the state variable e, is:

Lﬂ 2[% Oﬂ[ﬂ *m *[02{1}% (35)

T A 0
where X=[x e}} ; Age =ng E)Xl}
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By :[B(l)q}By :|:021x1j|;De =[D 0]

We have

{ X = Ay X +Bu+B,y, 36)
y=D,X

The problem is to find the optimal control law MIE for the system (36) to

minimize the quadratic quality index function:
15 .
J :—j[XTQX +uRu}dt ~ min (37)
2%

where Q and R are the weighting matrices for the state variable and the control
variable ( =0, R=0).

Eq. (37) represents the desire to minimize the error e, (the output of the system
following the reference signal) and to minimize the control variable.

The problem is solved by using the Lagrange multiplier A(f) and establishing the
Hamiltonian function:

H =%XTQX +%uRu +AT (AL X +Bu) (38)

According to the established conditions, the optimal control variable u" satisfies:

g (t) = =R "B, A(t) (39)

where A(r)=P(r)x (40)

where P(?) is the solution of the Riccati differential equation:

P(t)=-P(t) Ay —Ag P(t) +P(t) B R™'B, P(t) -0 “n
P(0)= R,
Let KOTp = —R_lBlgeP(t) , the optimal control law (38):
g (1) = Kop X (1), Ko OR™ (42)
4 Direct Adaptive Controller (NFC)
Consider the state equation of the form [9]:
X = +B.| F +G +d
{ X AOTx 0[ (x) (X)u ] @3)
y=Cyx
Eq. (43) has the control law [9, 15]:
[ 1 _ (m) T
u —m[ F(x)+yr +K, e} 44)

where yﬁm) is the reference signal and e is the deviation.
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In reality, the mathematical models of controlled objects cannot be exact, so the
ideal control law (44) cannot be implemented.
Moreover, the automated aerial vehicle only measures the output y. Therefore,
a state observer must be constructed to estimate the state of the system.
¢=A@-BKle +K, (E -F,) )
E =CJé

From this, the problem is solved by directly identifying the ideal control law
uD(t) using the fuzzy neural network with input parameters as the estimation errors ¢ .

This controller can operate according to the following equation:
+u, (46)

M:I/lf

T
u, :[ufl,um,...,ufp] OR”

T
= p
u,, —[ul,uz,...,upJ UrR

where uy is the ideal control law identified based on the output of the fuzzy neural
network; the component u,, serves as noise reduction and error compensation for the
object model.

The fuzzy neural network is used to approximate the nonlinear functions. In
developing the controller for the object, the author employs a fuzzy neural network
with the structure depicted in Fig. 2.

in which

Fig. 2 Structure of the fuzzy neural network approximator

The basic configuration of a neuro-fuzzy approximator consists of several If-
Then rules and a fuzzy inference mechanism. The If-Then Law i (with i=1+h) is
written:

R:If éis M and éis M;,and ...then u, isB,; where M, ,M,.,..,B, are
fuzzy sets.

The Singleton neural fuzzy function approximator has four layers:

. . . . R PO AT
Layer 1 includes inputs, representing the input language vector e, =[el,e2,...,en] ;

layer 2 represents the member function value of the total number of language
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variables, each node of layer 2 implements the member function value

,uML. = ﬂl,u ’ (ékj); layer 3 are the nodes of the fuzzy base vector, the fuzzy base
i= j

vector @, (&) = (@) PrasePi ]’ OR", where @, is the value of the output of each

node of layer 3 @, (ék) = (with i =1+h); Layer 4 output represents

the output value of the network ug, , layer 3 and layer 4 connection weights

Q, = [le,ka,...,Qkh]T OR", these parameters can be adaptively adjusted. Using the

max-prod inference rule, fuzzification, and defuzzification according to the centroid
average, the output of the fuzzy-neural approximator can be expressed as follows:

up = {,f_ )} =g, (¢) (47)

From that, we can construct the block diagram for the adaptive neuron-fuzzy
controller as shown in Fig. 3 below.

> Status observer

v pul

u, u The automated aerial y
Fuzzy- Newral Nefwork vehicle
(Plant)

[

> Adaptive law Wy,

\)

i

Fig. 3 Block diagram of the adaptive neuron-fuzzy controller

The weights of the network € are updated according to the adaptive updating
rule [13]:

_ VkEklﬁ(ék) if "Qk"<m§2k or ( 12| =g, and E, O @(&) 20)
Pr[ykﬁmﬁ(ék)] if |Q|=mg, and EqQ; @(8) <0

with J, >0is a design adaptation parameter.

(48)
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When ||Qk||SmQ and ||Qk||s2m
k

Q

Pf[VkEklf‘i (ék):| = KEq @(é)- ¥

then we have:
k

E,Qlq (&)

2.

in which ¢ (&)=L (s)[ & (¢.)]with L, (s)is chosen so that L;'(s)the transfer

function is stable and even.
To eliminate chattering in the system, the control component u,, is given by

[13-16]:

o4 if B, 20 and |Ey|>&
U, =40, if £,y <0 and |Ey| >&

P Ekl/"rk if |E/<1| <$y

here &, is a positive constant.

5 Simulation Results

The parameters are indicated in Tab. 1:

Tab. 1 Set of hypothetical flight instrument parameters.

TT Parameter names and symbols Value Unit
1 Volume of AFD, m 520 kg
2 | Stable flight speed, Vo 280 m/s
3 | Programmed flight altitude, H 10 m
4 | Cruise engine thrust corresponding to 5600 N

stable flight speed, P
5 | Characteristic area, S 0.65 m?
6 Characteristic length, L 3.85 m
7 | Moment of inertia, j, 380 kg-m?
8 | AFD body diameter, D 0.42 m
9 | Mean aerodynamic arc of wing lift, L. 0.42 m
10 | Distance from AFD center of gravity to 1.02 m
rudder pressure center, L

5.1 Simulation of the System with a PID Controller

(49)

From the geometric dynamic model (30) and the assumed parameters in the table
above, construct the Simulink diagram for the angular pitch stabilization control
system for the AFD with a PID controller as shown in Fig. 4. Use the optimization tool
in Simulink to determine Kp, K; and Kbp.
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»| Alpha_V_PID.mat
AIpha-Ref To File
PID controller Plant
Alpha_do Alpha [«
angle sensor
Fig. 4 Simulink diagram for angular pitch stabilization
of the AFD using the PID method

5.2 Simulation of the Control System with an LQ Controller

1 00
Choose Q=0 1 0}, R=1, with the assumed parameters in Tab. 1. By applying

0 01

the Igr (A, B, Q, R) function in Matlab, we obtain the parameters of the optimal LQ
controller:

K}, =[-18.34 431 -24.49]

Fig. 5 constructs the Simulink diagram according to model (36) and control
law (42).

P yec PAlpha_LQR.mat
To File
Alpha-ref p{ Alpha u_La
Omega_z —>
Alpha
LQ Controller

Fig. 5 Angular pitch stabilization system of the AFD using an LQ controller

5.3 Simulation of the Direct Adaptive Controller (NFC)

Based on the dynamic model (30) and the intelligent control algorithm (46), combined
with the assumed parameters in Tab. 1, the Simulink diagram simulating the angle of
attack stability control algorithm for AFD is constructed as shown in Fig. 6
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. Alpha_V.mat
Y
P yr1 i
e_hat To File
—»y1
P yr2 »
Alpha-ref Eilnga | |
Status Observer Control law Plant »
Scope

Fig. 6 Simulink diagram simulating the control algorithm

Figs 7-9 show the simulation results of the system errors for the PID controller,
LQ controller, and Direct Adaptive Controller (NFC) with a sinusoidal reference
signal. Figs 10 and 11 depict the system response and the control response of the
system with an initial pitch angle Alpha of 5 degrees. Fig. 12 illustrates the system
response when the speed of the AFD increases to 580 m/s at time ¢ = 20 s. The
sinusoidal signal is chosen to test the system’s ability to track the input signal under
oscillating signals, while the Alpha of 5 degrees is selected to assess the stability of
the system under initial conditions with a specific angle deviation.

Time (sec
, (sec)

1.5

1

0.5

N/ /NN NN S
I\ \N/ \/ N/ \/ \/ \/

-0.5 LY L W W L A W by

--"'"--:
'_..ﬂ"

Alpha- PID - Error
[=]

1} 5 10 15 20 25 30 a5 40 45 50

Fig. 7 Response error of the system for the PID controller

Time (sec)

N NN

1 NN
\

AV
[\
[ 1]
[\
J

[
_-‘--.._-_-.

[y

Ny

Alpha-Error-LQ

3
\ f
\ {0 [
VA [
VARV ERY
V. Vv

o 5 10 15 20 25 30 35 A0 45 SO

Fig. 8 Response error of the system signal for the LQ controller
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0.01 5
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L
? obh A
% o ! !
=
O 0005 [
=
-0.01 5
-0.015
-0.02 ! ! :
o 5 10 15 20 25 30 as 40 45 50

Fig. 9 Response error of the system for the Direct Adaptive Controller (NFC)

Alpha,(Degree)

Fig. 10 System response when the reference signal Alpha is 5 degrees

Attack-Angle

——Alpha - Ref
—Alpha - NFC
—Alpha - PID

Alpha - LQ

o 5 10 15 20 25

Time(sec)

40

45

Figs 10 and 11 show the system response, error signal, and control response of
the system at the time # = 20 s when external disturbance impacts the system (wind

impact).

The results presented in Figs 7-9 illustrate the effectiveness of the Direct
Adaptive Controller (NFC) when tracking a sinusoidal reference signal. The NFC
demonstrated a remarkable ability to minimize the error between the reference signal
a\alphaa and the actual o\alphao of the AFD, achieving a high level of accuracy. In
contrast, the output responses of both the PID and LQ controllers exhibited significant
errors and failed to follow the reference signal a\alphaa adequately.

These findings highlight that high-precision tracking of the angular pitch (Alpha
angle) of the AFD can be achieved using the direct adaptive control algorithm.
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Integrating a Neuro-Fuzzy network allows for the estimation of the ideal controller,
leveraging online learning capabilities. As observed in Fig. 10, the NFC controller
outperforms the PID controller in terms of overshoot, with values of 3 % and 15 %,
respectively. Furthermore, the settling time for the NFC controller was shorter than
that of both the PID and LQ controllers, indicating superior performance in achieving
stability.

Attack-Angle
T

60—
a0 |-

20k

20

—Alpha Control - PID

Alpha - Control,
|

“or —Alpha Control - LQ

sor ——Alpha Control - NFC

Time(sec)
Fig. 11 Control response of the system when the reference signal Alpha is 5 degrees

Attack-Angle

8
7
6
5 a— —
M LV
o
§‘ 4
g 3 Alpha - Ref
=9
= — Alpha - NFC
= 2 = Alpha - PID N
———Alpha - LQ
1
0
-1 i 1 L l H ! i 1 L
o 5 10 15 20 25 30 as 40 45 50
Time(sec)

Fig. 12 System response when the speed of the AFD increases to 580 m/s
at timet=20s

In the final motion phases, an experiment was conducted to assess the AFD’s
response while varying its speed from 280 m/s to 580 m/s. Fig. 12 illustrates that the
output responses from the PID and LQ controllers did not adequately track the desired
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input. Conversely, the NFC controller maintained accurate tracking of the desired
input, showcasing its effective online adaptation capabilities during variations in flight
speed.

These results demonstrate the advantages of employing a direct adaptive control
strategy, particularly in dynamic environments where the system parameters may
change rapidly. Future work will focus on further refining the control algorithms and
exploring their applicability in real-time systems.

6 Conclusion

In scenarios where the input signal is sinusoidal or when the Alpha angle is fixed at
5 degrees, the Direct Adaptive Controller (NFC) demonstrates enhanced control
performance compared to both the PID and LQ controllers. The simulation results
further substantiate that the NFC controller maintains accurate tracking of the input
signal during variations in flight speed. This study successfully implements the direct
adaptive control algorithm to precisely regulate the pitch angle of the AFD by the
desired specifications. The outcomes of the simulations conducted in the
Matlab/Simulink environment validate the applicability of the NFC controller for
effective tracking of the required pitch angle within a nonlinear model characterized
by changing flight speeds.

Despite the favorable simulation results achieved with the direct adaptive control
algorithm, further evaluations must be conducted in real-time operational settings.
Successful real-time implementation could pave the way for a myriad of applications
in AFDs experiencing variable speeds. Additionally, this opens new avenues for
research in intelligent control theory aimed at enhancing the precision of control
methodologies for a class of aerial vehicles subject to speed fluctuations.
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