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Abstract % 6
t|v ya

In this paper, an enhanced data driven model-fr ntrol tracking
control scheme is proposed for the yaw channel o anne vehicle helicopter
that is non-affine in the control input. By dynami arizatiorhang observer techniques,
the proposed control algorithm is only baseden the PPD pakameter estimation derived
online from the 1/0O data of the controlled '& andsL nov-based stability analysis
is used to prove all signals of close—loop\t ol system%ya ounded. Compared with the
traditional model free adaptive co he d enhanced model free control

algorithm can make the closes- o%n trol Ith stronger robustness and better
anti-jamming ability. Finall ulation ts of the dynamic model of a real
helicopter-on-arm are offere demons@;}'e the effectiveness of the proposed new

control techniques. @

Keywords: Unrﬁq@enal-v helicopter, yaw control, model free adaptive
control, internal
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1. Introdu

Potential use of u
and civilian applicati

ed-aerlal-vehicle (UAV) helicopter can be found in military
, although military applications dominate the non-military ones.

Military and ci applications include power lines inspection, surveillance, national
defense, iCultural, disaster rescue applications and so on [1]. Dynamics of UAV
helicopter rong nonlinearity, serious multivariate coupling, inherently unstable and a

phase system with time-varying parameters.

trol the UAV helicopter is not an easy task. Researching on reliability and
ess of the nonlinear control methods to improve the performance of UAV
helicopter has been an important focus in the control area [1-2].

As a highly nonlinear and uncertain system, helicopter flight control system design has
been dominated by linear control techniques. In the past few decades, Linear control
algorithms have been extensively researched [1,3-5]. Many linear control technologies
were used to design the UAV helicopter control system [1,6-10]. However, for the
tracking control, the controller based on fixed linear models may result in an unacceptable
response and even in instability of the closed-loop system. Because linearized models
cannot guarantee the global model approximation. Nonlinear control methods have been
used in the control system design. Such as [2,11-12]. Furthermore, in a lot of control
systems, the nonlinear model of plant dynamics is generally non-affine in input and is
commonly simplified around a trim point, that is, an operating point dependent on the
current system states [13]. And, because of coupled with the uncertainties associated with
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varying environment and changing flight conditions, developing a controller to
adequately compensate for the time varying uncertainties have been more difficult tasks
[14].

As one of the data drive control methods, MFAC has been proposed and applied in
several areas. Hou [15-17] has designed MFAC algorithm based on compact form
dynamic linearization (CFDL), partial form dynamic linearization (PFDL), and full form
dynamic linearization (FFDL) for single input single-output (SISO), multi-input single-
output (MISO), and multi-input multi-output (MIMO) systems. However, the MFAC is
still developing. How to prove the stability and convergence of the tracking problems is
one of the open problems in MFAC [20]. We all know, Lyapunov functional is widely
used to analysis the stability of close-loop system [15].

In this paper, we focus on how to design data-driven controller based on apunav
method. Inspired by the work of dynamic linearization technique of Hou [15], ent
an enhanced adaptive observer based control strategies for nonlinear processe %?Ems in
which the pseudo-partial derivative (PPD) theory is used to dynamlca y rize the
nonlinear system. First, a novel adaptive strategy for comput g'the Is designed
by using the Lyapunov method. Then, the internal mode roac to design the
data-driven controller via CFDL. The stability ana O tracklﬁsf of the proposed
algorithm is provided. Last, an application of thé posed design for a small
scale UAV helicopter mounted on an experiment platformNs aso given to show the
control algorithm’s effectiveness. C‘H

The rest of this paper is organized as T@s Sectlonx e yaw dynamic of helicopter
and the simplified model are given. In esults of internal model approach
based data-driven control via CF mulation results are presented to
show the effectiveness of the prop technl& Section 4. Finally, some conclusions
are made at end of this pape

2.Problem Formul

It is clearly kno \hat yaw nel control is one of the most challenging jobs in
controlling sm UAV pters [4,10]. Due to the small size of small-scale UAV
helicopter, tue comt@; |th the yaw dynamic is highly sensitive. To improve the
performance 0fthe y ol, a more precise model characterizing of the channel is
necessary. A framew the simulation model for the helicopter (see Figurel) is set up
using rigid body e s of motion of the helicopter fuselage.

In this way tha@ence of the aerodynamic forces and moments working on the
helicopter aare¢ expressed. The total aerodynamic forces and moments acting on a
%é computed by summing up the contributions of all parts on the helicopter

(inclu in rotor, fuselage, tail rotor, vertical fin and horizontal stabilizer). So, the
y el dynamic equations are given by:
p=r
I,/ =N, +N,+Ng +N,+N,
1)
Where ¢ and r are the yaw angle and angular rate of the helicopter; 1, is the inertia

around z-axis; N N,, N, N

mr ! tr?

and N, present the torque of main rotor, tail rotor,

fus

horizontal, fuselage and vertical fin worked on the helicopter respectively.
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Figure 1. The Frame of Helicopter

In hovering and low-velocity flight, the dominant torque is caused by main rotor and
tail rotor [18]. By simplifying the fuselage and vertical fin damping, the yaw. channgl
dynamics can be rewritten as: &)

o=
A= Q. I, r+b,p
SR
Where Q,, is the torque of main rotor, T, is m@of tailfv « is the distance
g con& :

\

between the tail rotor and z-axis, b, and b, are d

1
Qu = 5 CarPe (R* =R}, O’Q

+[8ch9\/an2(2¢9 +C2—C,\[CP 8,0, ) (R

+4aQ\/p7rR2(2C19mr+C22— wﬁca ) ++6Cd2C (R —R?) A3)
+6aC, (R? — R?) + 6C,, prU°R 1 3C,,C,\[CZ +4C,0,, (R —R?)

+3aC \/m )+6Cy, ~R%)+3C,,C2(R*—R?)

+4C,0\p Wﬂm+ 2 _@CZ+4C0, )(R3 R%)+3aC(R? - R )}48 —
The brlef’ ation g orces and torques computing can be obtained by using
the blade el t met 8]. The torque which is generated by main rotor can be
described by:
‘b‘ szI‘ZCC¢ PQr’c,c
,& Qu =], , o r
(- @

With /(Qr), C,=aa, C,~C,,+C,a+C,,a’, where p,a, r, a,c,
u% Q) are density of air, slope of the lift curve, speed radial distance, the angle of
attadl/of the blade element, chord of the blade, induced speed, inflow angle and rotor
speed of the main rotor respectively. After complete employment with the help of Maple,
we obtain (4) with C = %pachZ(Ra -R}): C, = %pabCQW(RZ -R?).

Where 6., R and b are pitch angle of main rotor, radial and number of the rotor.

Likewise, the force which is created by the tail rotor can be expressed by the following
form

1
Ttr =§pa"b C, QZI (gtrr;r _g: r]dr (5)
o = |t (6)
trl szr
Combing (5) with (6), we have

Copyright © 2016 SERSC 209



International Journal of Multimedia and Ubiquitous Engineering

Vol.11, No.2 (2016)
Tt =1patb G, Qz Ht tz tr
r 2 r retr 2 Ar

j" )
=C.0, WL%C4 (C4 +M)

. 1 1
With €, =2 pa,b,c, Q4 (R ~Ri%)» C =§pavbucufzm/2/ prR: (R =Ry,) - Where @,

C, b, . 6,,1,, v, and A, are slope of the lift curve, chord of the blade, number

of the rotor, speed of the tail rotor, pitch angle, radial distance, induced speed of the tail
rotor and area of the tail rotor disc, respectively.
Similarly, the force of the main rotor is

T =C0, +%c (c +«/c2+4c9

The yaw angle ¢ is controlled through the 6, . The 6, is chosen as I input
U. The ¢ is chosen as the control objective y . Froryg e- mod AV yaw-
channel, we can see that it is difficult to find a -v

fee controller to

stabilization system (2). Moreover, the input outputwelation of %géess can be written
in the following second-order Nonlinear Auto Regresgive wi ogenous input (NARX)
U(k ) +d(t) (9)

model:
y(k+1) = f(y(k), -, y(k—ny)
Where d(t) denotes the external di nce ar%i mes its slowly time-varying.
various control methods are

Currently, in order to control the han

proposed by [6-9], for examplefn ar ada ontrol, back-stepping control, neural
network control and so on. he nonlinear system (9), there must exist a parameter

(k) , called pseudo-partial derivative ( , system (9) can be transformed into the
following compact for ic I|n 'on (CFDL) description when | Au(k) | 0:
=AU +Ad(K) =D (k)O(k) (10)
r&%9(10 [9(k), Ad(K)]", @ (k) =[Au(k),1]".

Where A@ )— d@@
3. Main Results b

a. Model par estimation algorithm
The proposed@r’neter identification observer has the following structure
\L, J(k+1) = y(k)+ D' (k)é(k) + Ke, (k) (11)

k) y(k) —y(k) is the output estimation error, 49(k) [9(k) Ad(k)]

|n K is chosen such that F =1—K in the unit circle.
, in view of (10) and (11), the output estimation error dynamics is given by

e (k+1) = @' (K)A(K) + Fe, (k) (12)

Where &(k) :H(k)—é(k) represents the parameter estimation error. The adaptive
update law for the estimated parameters &(k) can be chosen as

O(k +1) = (k) + D(K)T(k)(e, (k +1) — Fe, (k)) (13)
The gain T'(k) is chosen as follows
(k) = 2(Il DR + ) (14)

Where p is a positive constant, hence, T'(k) is positive definite for all k . Notice
that, by virtue of assumption || ®(k)II<Q, T'(k) can be lower bounded as
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2
Il T(K)I| > =y>0
(k) o 4

By taking into account (12) and (13), the estimation error dynamics can be written as
e:,(k +1) =®T~(k)0(k)+ Fe, (k) (15)
O(k+1)=HH(k)
Where H_ is given by H =1, —®(k)[(K)®" (k) and 1, denotes the (2x2) identity
matrix.
Theorem 1: The equilibrium [e,,8"]" =[0,0;,]" of the system (15) is globally
uniformly stable. Furthermore, the estimation error e, (k) converges asymptotically to 0.
Proof: Consider the Lyapunov function &).

V, (k) = Pe?(k) + 40" (k)O(k)

Where A, P are positive constants and P is the SOIL@ by P@Q}Q with Q

is positive constant.
By taking into (15), we have

AV, (k) =V, (k +1) -V, (k) X)

=PO" (K)A(K)E" (K)D(K) +2PF T (k)&( k)+Pe \p 2e2(k)

+6" (K)(AHTH = 1) 0 (k) =—Qe? (k) @ ﬂ,ul“ %@) P |©(k) + 2PFe, (k)O(k)
<-Qle, (k) —[/lyFT(k)F(k)— \(k)llz e (k)||| ®(k)||

<—c,|e, (k)P —c,ll ®(k)| &

Where (k) = ®" (k)4 k) (& c, =uly’*—P—gP?F? . Hence,

AV,(k)<0 prowd\l@g 3} satlsfy the following inequalities

Ay —P—¢P*F?>0

Notice tha@l(k) I tive deflnlte in the variables e, (k), ®(k). Since V (k) in
a decreasing and n ative function, it converges to a constant value V,” >0, as

k — oo, hence, ) — 0. This implies that both e (k) and @(k) remain bounded

for all k,ﬁeimeo(k)zo.

b. ller design
n the observer (11), the data-driven inverse control law can be described as
HO(Y (=9 -30) ke, -2d0) 0 \gs (16)
FK)+a
u(k) =u(k —1) +osign(Au(k)), for|Au(k)|>o
Where y'(k) is reference trajectory. & and & as given finite positive numbers.

Notice that, in many practical systems, because their actuators cannot change too fast,
the number 6 can be jammy obtained.

Define observer tracking error e(k) = y" (k) — y(k), thus
e(k+1) =y (k+D)—J(k+1) =y (k+1) - y(k) D" (K)O(k) — Ke, (k)

(17)
The robustness of the stability and the performance for data-driven control law (16)
are given in Theorem 2.

u(k) =u(k 1) +
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Theorem 2: For given |y (k)—y (k—1)|<Ay", using the data-driven control law
(16), the solution of close-loop observer error system (17) is uniformly ultimately

bounded (UUB) [19] for all k with ultimate bound II(im|e0 (k) |< 1a2 :
—>00 — a]
Where Ay is a given positive constant, 0< s, (k) <1,

5,(K)
a=1- S(k)+—(k)+a
(1 s (k)+%}‘ Ay~ Ke, (K)-Ad (k)|

Proof: Define a variable s,(k) where 0 <s,(k) <1 for all k. The control Iaw is
equivalently expressed as

(k k+1 k) —Ke, (k) — Ad 6
i - LY (D309 - Ke, (0 - ad () g(k)@ ; (18)

F2(K)+a ‘\\5
) WV
s,(k)=1  for | )|s§/\’>)

0<s,(k) <1, f u(k)|>
Using (18), (17) becomes

le(k +1) |= (1 s(k)+%? @y(k) Ke, (k) — Ad(k))‘

Where

19
[1 s, (K)+ 2(k) - (k)+e(k) Ke, (k) - Ad(k))‘ (19)
(k)a sKa ), N
[ QW 1-s,(K)+ (k)ﬂx]Ay Ke, (k) —Ad (k)
|+a
Choosmg@ apuno ctlon as V(k)=le, (k)| , from (19), one has
AV (k+1) e, (k+1) | \estk)|=L-a)V(k)+a, . Since 0<a <1 and a, is

bounded, accordin 16@ Iemma in [19], using the control law (16), the results of close-

: : : a
loop observer s (17) are UUB for all k with ultimate bound ||<'m le, (k)| 1 2

Coroll@\r&Jnder the controller (16), together with the observer (11), adaptive laws
guarantee that the system (9) tracking error e (k) =y (k) — y(k) is UUB

a,

witfyaltimate bound i!im|e(k) I<
—>0

Proof: Since
e, (k) =e(k)—e, (k) (20)
Taking the absolute value and limiting on both sides of (20), we obtain

lim| e(k) |< I!im|eo(k)|+1im|ec(k)|sla2

(21)

: . : : . a
So the tracking error e(k) is UUB for all k with ultimate bound l!Im le(k)|< 1 -

c. Enhanced controller design
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In this paper, the internal model structure is adopted to improve the robustness of
close-loop system. Where observer (11) is seem as internal model. Although adaptive
internal model can ensure the close-loop is stable. The modeling errors is still existing,
and it will reduce the robustness and stability. The traditional method is to introduce a
feedback low-pass filter. In order to further improve the robustness, the low-pass filter
can be designed in the proposed controller. The block diagram of the enhanced model
free adaptive control method is shown in Figure 2, where the low-pass filter is described
as

F@)=1 (22)

Under the control architecture as shown in Figure 2, the equivalent control Ia@be

expressed as follows:
J0)( " (k+2) - 9(k) — Ke, (k) - Ad (k) - F (2)e, (k)

<o
FK)+a O@%l
(23)
u(k) =u(k —1) + osign(Au(k \Axﬂ(k

Corollary 2: For given |y (K)—y (k-1)|< J usn@nced model free

control law (23), the solution of tracklng e. (k) i

positive constant.
Proof: The proof is similar as Theor, ND,W|th Co@}

A O& [ i }_Q
. '4(*}-:.1':“1:—51:3::,%.«5%] _,I\ Vaw-Channel Dynamic ¥
- m . 2k L S

\\Qﬁ

PE+1) = 206 - }
Figure 2: E@k Dia of Enhanced Model Free Adaptive Control Method

+ @7 (F) (k) + Ee, (k)
4, Slmulatlon@ﬂts

In this , the control algorithm is validated by the simulation model which is
obtalneg @ the helicopter-on-arm platform [10]. A small-scale electrical helicopter is

u(k) =u(k 1) +

where Ay~ is a given

K&

1
e

m t the end of a 3-DOF arm, while the weight of the helicopter is balanced at
tﬁ%er side of the arm. First, the parameters of the nonlinear yaw dynamic model are
identified as follows

p=r
r=kr+kp+k0, +k,0; +kQ0, +d(t)
With k, =—1.38, k, =—3.33, k, =63.09, k, =11.65, k, =-0.14 and Q=1200 .

It is obviously that k.6, +k,0° +K.Q8, is a nonlinear function with respect to the

(24)

control input 6, .

For the proposed control law, we choose the sampling time T, =1. The parameters of
proposed control law in Section Ill are k, =0.9, #=0.1, =0.01, §=0.2, 6=107"
and ¢3(1) =10. The parameter of filter (22) is ¢ =0.75.
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In the following simulations, the initial conditions are ¢(0)=5, r(0)=0. The
tracking command of ¢, is

10, t<20
@, =415, 20<t<40
25, t>40
. ?q 0.8 . :
Pass ¢, through a filter, such as F, =—~=——— . So desired trajectory

o, s+0.38
0.8

BRAEYY:) .
disturbance, in the simulation, the disturbance is designed to change according iowe—

varying changing, i.e.
0-] O ﬁ\«[%’s %C} @

3 @, . To verify the robustness of our method for the model parameter and

5sin(zt) + 4cos(2xt) +3cos(37t) sin(2 g7 S

We compare two control methods, they are propos
responses are shown by the control method of [1 ure
signals and input signals. From Figure 3-5, beca f the e-varying disturbance
(25), the close-loop control system cannot ve asym toti®tracking under the [17].
However, it can be seen from Figure 6-8, ckmg r&glgmflcantly decreases using
the proposed control method in this papﬁ propo del free controller can achieve

a better performance in the presence e fa%\ rying disturbance (25).

f‘\
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5. Results and Discussions

We have carried out a systematic study on the yaw channel of a UAV helicopter in this
paper. The yaw channel of an unmanned-aerial-vehicle helicopter is non-affine in the
control input. In order to improve operational performance, we have developed a new
model free adaptive control algorithm via CFDL. The proposed model free tracking
control scheme can guarantee the asymptotic output tracking of the closed-loop control
systems in spite of unknown uncertainties/disturbances. Finally, simulation results are
provided on yaw dynamics of a small-scale UAV helicopter to show the effective and
advantages of the new control strategy.
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