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ABSTRACT In this paper, an adaptive iterative learning control scheme is proposed to solve the trajectory-
tracking problem for tank gun servo systems with input deadzone and arbitrary initial states. A time-varying
boundary layer is constructed to deal with the nonzero initial error during the iterative learning controller
design. Neural network control and robust control are jointly used to compensate uncertainties and deadzone
nonlinearity. The ideal weight of neural network and the upper bound of noncontinuous uncertainties are
estimated by using difference learning method. As the iteration number increases, the filtering error can
converge to the time-varying boundary layer. All signal are guaranteed to be bounded. A simulation example
is presented to verify the effectiveness of the proposed scheme.

INDEX TERMS Tank gun servo systems, iterative learning control, deadzone.

I. INTRODUCTION

Tank is a useful weapon in battle fields, whose effects include
helping troops enhance the efficiency of artillery firepower
and improving the surviving ability of soldiers. During fight-
ing situations, the tank gun control servo systems are required
to accomplish missions with accuracy, stability and speed of
response, despite the existence of friction, uncertainties and
external disturbances. Researchers have explored the motion
control of tank gun servo systems for at least three decades.
Dana et al. proposed a variable structure control scheme to
solve the position trajectory tracking problem for uncertain
tank gun systems [1]. In [2] and [3], optimal control tech-
nique was adopted to control design for tanks. In [4], a PID
control algorithm was proposed to realize the firing precise
control for tanks in motion. For compensating uncertainties
and external disturbances in tank gun servo systems, adap-
tive control and its related control technology were adopted
to the motion control, such as direct adaptive control [5],
adaptive fuzzy control [6] and adaptive robust control [7].
The corresponding strategies of disturbance observer were
reported in [8] and [9], respectively. In [10], the adaptive
neural network was used to approximate the uncertainties
and disturbances in tank gun servo control systems. In [11],
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an event-triggered adaptive control scheme was proposed for
the gun control system subjected to external disturbances,
uncertain modeling errors and unknown parameters. In [12],
an adaptive learning control scheme was proposed to solve
high-precision velocity tracking problem for tank gun control
servo systems under alignment condition. These above results
have promoted the development of control technique for tank
gun servo control systems. However, due to the inaccurate
system modeling and complex working environments, how
to obtain good control performance for the tank gun servo
systems has been not easily accomplished.

The past decades have witnessed the great efforts to inves-
tigate advanced industry control schemes for obtaining better
control performance [43]. As a well-known high-precision
control technique, iterative learning control (ILC) is effective
in dealing with repeated control processes over a finite inter-
val [13]-[17]. One of its merits is that ILC can work well
in the cases where the system model is hard to be got. In
an ILC system, through updating the control input accord-
ing to system error and the system operation information
in the previous iteration, the tracking performances may be
gradually improved, until perfect tracking performance may
be obtained after many iterations. Up to now, there have
been many ILC results on the position/velocity control of
motors [18], [19]. In [20], an ILC scheme was proposed
to reduce periodic torque pulsations in permanent magnet
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synchronous motors. The motion control of permanent mag-
net synchronous motors was considered in [21], where ILC
technique was used to eliminate the influence of force ripple
on the system performance of a position servo system. In
[22], Precup et al. proposed a 2-DOF proportional-integral-
fuzzy control scheme for a class of servo systems, in which,
an iterative feedback tuning strategy is adopted to achieve the
extended symmetrical optimum control design. On the whole,
the ILC results on the trajectory-tracking problem for gun
control servo systems of tank is few.

We consider two important aspects of ILC algorithm
designs for tank gun servo systems in this work. The first
aspect is about the initial state condition of ILC. In most
existing ILC schemes, the initial system error is required
to be zero at each iteration [23]-[25]. Otherwise, a slight
initial error may lead to divergence of the tracking error. Since
perfect system resetting for each iteration is not easily achiev-
able in actual applications, relaxing or removing the zero-
error resetting condition is of practical significance for ILC
design. Adaptive ILC without zero-error resetting condition
has been explored in this decade, and a few solutions have
been proposed such as time-varying boundary layer technique
[26], error-tracking method [27]-[29], initial rectifying action
[30]-[32] and so on. Up to now, the ILC results on accurate
tracking for tank gun control servo systems have been very
few yet.

The second aspect we will address in this work is about
the compensation of deadzone nonlinearities. In the actua-
tor of motion control, there often exist nonlinearities such
as saturation, deadzone and hysteresis. Since these nonlin-
earities degrade the control performance, the corresponding
compensating should be adopted for improving control per-
formance in the process of controller design. Among satu-
ration, deadzone and hysteresis, deadzone is a class of the
most common nonlinearities [33]. Up to now, there have
been three strategies to deal with deadzone nonlinearities.
The first one is direct adaptive compensating approach [34],
[35]. In this approach, the parameters of deadzone are esti-
mated by constructing an adaptive deadzone inverse model.
Robust adaptive compensating approach is an alternative
approach [36], [37]. In this approach, a deadzone nonlinearity
is seen as the synthesis of a linear parametric uncertain term
and a disturbance, which may be respectively compensated
according to adaptive control technique and robust control
technique. The third one is to approximate deadzone by
using neural networks [38] or fuzzy systems [39]. So far,
the research resluts on the tank gun servo systems with input
deadzone have been very few [40]. To the best of authors’
knowledge, the adaptive ILC for tank gun servo systems
with arbitrary initial states and input deadzone has not been
investigated yet, which motivates the current study of this
paper.

This paper focus the adaptive ILC algorithm design for
tank gun servo systems with arbitrary initial states and
input deadzone. The time-varying boundary layer method is
adopted to deal with the nonzero initial errors in tank gun
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FIGURE 1. Structure diagram of vertical servo system of all-electrical
tank gun.

servo systems. Neural network control technique, together
with robust control technique, is used to deal with uncertain-
ties and deadzone nonlinearity. It is shown that the velocity
trajectory of tank gun servo systems can accurately track the
desired signal by the proposed ILC control scheme. Compar-
ing with existing results, the main contributions of this work
lie in the following:

(1) Time-varying boundary layer approach is adopted to
deal with the nonzero initial error problem in the ILC design
for tank gun servo systems.

(2) Through constructing a proper Lyapunov function, an
adaptive ILC scheme is proposed for tank gun servo control
systems with the input deadzone.

(3) Adaptive learning neural network and robust control
are adopted to compensate the uncertainties , disturbance end
deadzone nonlinearities in tank gun servo systems.

The rest of this paper is organized as follows. The problem
formulation is introduced in Section 2. The detailed design
process of ILC system is addresed in Section 3. Section 4
presents the convergence analysis of the closed loop tank
gun servo system. To demonstrate the effectiveness of the
proposed adaptive ILC scheme, an illustrated example is
shown in Section 5, followed by Section 6 which concludes
this work.

Il. PROBLEM FORMULATION

In all-electric tank gun control systems, the horizontal-
direction adjustments and vertical-direction adjustments of
turret and gun are accomplished by motor drives. Due to the
advantages such as simple structure, excellent performance
and high efficiency, nowadays full-electric tank gun control
systems have been widely adopted as a replacement for
traditional electro-hydraulic/all-hydraulic gun control sys-
tems. The structure diagram of vertical servo system of all-
electrical tank gun is shown in Fig. 1. It can be seen that the
controlled device mainly includes AC motor, speed reducer
and barrel.

The block diagram of tank gun control systems, a care-
ful reduction of a complex nonlinear simulation model, is
shown in Fig. 2. The definition of corresponding variables
and parameters in this figure is presented in Table 1.

On the basis of Fig. 2, we can get the model of gun control
servo systems of tank as

R K,i K,

—=i + —u

lg =~ @t Tl M
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FIGURE 2. Block diagram of tank gun control systems.

TABLE 1. The definitions of symbols.

Symbol Definition

Wref desired angular velocity of cannon

w real angular velocity of cannon

Gcr(s) velocity regulator

Gcr(s) current regulator

R resistance of the motor armature circuit

L inductance of the motor armature circuit
Ka amplifier gain

Fa armature back electromotive force of motor
K; current feedback coefficient of ¢ axis

FEq armature back electromotive force of motor
Ke electric torque coefficient

Te motor torque

Ty, load torque disturbance

T friction torque disturbance

Te motor torque

T, load torque disturbance

T friction torque disturbance

Ko angular velocity feedback coefficient of cannon
J total moment of inertia to the rotor

B viscous friction coefficient

7 moderating ratio

s Laplace operator

w = —ig — =T, @

where Ty = Ty, + Tf. uy and v are the input and the output
of an unknown deadzone nonlinearity, and they meet the
relationship as

my(v—>b;) v=b,
ug =430 by <v<b, 3)
mi(v—>b;) v<by,

where m;, = m; = m > 0, b, > 0, b; < 0; the deadzone
parameters including m, b, and b; are unknown; u, is not
available for measurement.

By letting
b, v>b,
by=u; by <v<b, “4)
by v <b,
(3) can be rewritten as u; = v — b,. According to this,

combining (1) with (2) yields

Kb — (Bt + Ly
L g O Ty T T gt T )
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Define x; = w, x = @. Then, from (5), the dynamics of tank
gun control systems at the kth iteration can be written as

X1k = X2,ks
o = — Ry Billey |y Rafim, )
2,k L 2,k L] 1,k LJi k

_mbu + Af(xka t)a

where, k € N denotes the iteration number, x; = [x] ¢, xz,k]T,
Af xg, 1) = —(L%TLS + %TLS). Without loss of generality,
we assume Af (xg, 1) = fi(xx) + fa(xk, t), where fi(xy) rep-
resents a Liphitz continuous function with respect to xy, and
Jo(xk, t) represents noncontinuous but bounded perturbations.
[2(xk, )] < €r(t). €r(¢) is an unknown time-varying but
iteration-invariant parameter.

The control target is to find a sequence of appropriate
control inputs vy, such that as the learning number increases,
Xx;(t) can accurately track x4(¢) under the condition that

x(0) # x4(0).

Ill. CONTROL SYSTEM DESIGN
Based on (5), setting ex(t) =
xi(t) — x4(t) leads to

[el,k(t)v eZ,k([)]T =

eLk = ek,

. R Kth KaK,m

e = ——X — X V, (6)
2,k L2k = Nk Tk

—mby + Af (Xi, t) — Xg.
Let us define sy = Aej x + e2k, and

_ sk (1)
S k(1) = sp(t) — P (t)sat_q a0 ) @)

where,
dr(1) = |sx(0)]e™, (3

A > 0, u > 0. The saturation function sat. .(-) is defined as
follows: for a scalar a,

a a>a
satgz(@)=4a a<a<a
a a<g

for a vector @ = [aj,az,---,am]l € R™, sat,z(@) =

[Satg,a(&l), satg (a2), - - -, satg,,-l(&m)]T.

Remark 1: ¢y (t) is a time-varying boundary layer, whose
absolute value decreases along time axis. Note that
5¢.,k(0) = 0, Vk holds, which helps to solve the initial problem
of ILC.

Then, we choose a candidate control Lyapunov function at
the kth iteration as

1 2
Vk = ﬁs(p,kv (9)
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where 8 = K"LJ# The time derivative of Vj is
v [ (s — i = S+ i)

= 2 -7 - X

k = S¢.k 5 €2k = TX2k = 7 XLk Th%

. 1
—xd) + E(fz(xk, ) — mbu) + vk ] (10)
. 1 1

= sp.k[0" ¥r + Efl(xk) + E(fz(xk, 1) — mby) + v,

(I

KK,
Y/here’ 0 = [%5 _%7 _Lf]_ﬁp9 _%]T’ '/fk = [62,k3x2,k’xl,k,
%4]17. Then, a radial basis function (RBF) neural network is

used to approximate %fl (xx), i.e.,

1

Fe0 = 1T o(xi) + e(xp), (12)
where n*(¢) is the ideal weight of neural network, €(xy) is
the approximation error of neural network, |e(x;)| < €y, and
exi) = (@15, 02k, mi]! with

42
el

262
Qjk =¢€ (I

j=1,2-,m. (13)

In (13), ¢; = [cj1, cj2]” and b; are the center vector and the
width of the hidden layer, respectively.
Substituting (12) into (11), we have

. 1
Vi = spul07¥i + 1T o) + eep) + E(fz(xk, t) — mb,)

+vi]
< sp k07 + 0T @(xr) + vil + Isg ke (14)
where, pc = ey + %Gf(t) + %|mbu| > lexk)

+ (k. 1) — mby)|.
On the basis of (14), we propose the control law as

$u(0)
(15)

si(t)
Vi = —ViSp.k — 0L Yk — Mi P(Xk) — pesat_i | ( )

and learning laws as

N, = saty ;1) + V254 k1), n_y =0, (16)
O = saty 5(0k—1) + y35p k¥, 01 =0, a7
Pe.k = sato,5(0e k—1) + ValSp k|, pe,—1 = 0, (18)

where y1 > 0,92 > 0, y3 > 0, y4 > 0, 0, 9 and pc ;. are
used to approximate 8, n* and p..

Remark 2: The RBF neural network constructed in
(12)-(13) belongs to adaptive learning RBF neural network,
which is similar to adaptive RBF neural network [10], [48].
The difference between them lies in: as shown in (17), the for-
mer’s ideal weight is estimated by using difference learning
method, while the latter’s ideal weight is estimated by using
differential learning method.
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Remark 3: In (7), the saturation function sat. .(-) is used to
construct time-varying boundary layer. In (16)-(18), the satu-
ration functions are adopted for guaranteeing the boundedess
of learning variables including 0, nx and pc . More detailed
for the explanation on saturation functions, see [26], [45]—
[47].

For brevity, in the rest of this paper, ¢(xy) is abbreviated as
@k, and arguments are sometimes omitted while no confusion
occurs.

IV. CONVERGENCE ANALYSIS

We summarize the design in the following statement.
Theorem 1: For the closed loop tank gun servo system

(5), control law (15) and learning laws (16)-(18), all system

variables are guaranteed to be bounded at each iteration.

Moreover, as the iteration number & increases, the closed loop

system converges in the sense that

lim sy x(r) =0, Vte[0,T] (19)
k—o00
and
ef//.t _ ef)»t
ek() =e ey r(0) + ———Ise(0).  (20)
A—
Proof:

1). Difference of Ly (¢)
Substituting (15) into (14) leads to

. T ;
Vi < =155 1 + Sp.k0r Wik + 5 k71 @k + 156,k 1P

—S¢,kpe,k53t—l,l<;i_((tt))>» 2D

where 8y = 6 — 6y, N, = n* — n. Note that

S¢ ksat_q 1 (;’;—((’[))) = |sg,|. If follows from (21) that

. ~T ~ ~
Vi < =155 4 + 5.k Wi + o471 @k + |5p. k1 Becr (22)

where pex = pe — Pe.k- Since Vi(0) = 0, we deduce from
(22) that

t t
T .
Vi < —)/1/ s54dT +/ ok @ Vi + g @i)dT
0 0

t
+ / 5ol Fexdr.  (23)
0

Define a Lyapunov functional as follows:
1! | Y R
Lk:Vk+—[ il dr+—/ 6,6dt
2, Jo 23 Jo "

1 t
+—f o2 dt.  (24)
2ya Jo "ok

While k£ > 0, on the basis of (23), we can derive
t t
Li—Li-1=— / spdT — Vi1 + L/ GHAR
0 ® 2y» Jo
- - 1 L 7o T =~
“ilvig e+ [ @18i-61 B
2y3 Jo
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L / t(~2 62 1 _1)d (25)
— - T
2 Jo Pek — Pek—1

By using the relationship (a — by —(a—p)? <a-b?—

(a — satp, ,—,(p))2, from (16), we obtain

2—)1/2('71{771( — M 17ik—1) + Sp kTl P
< 2%/2[(17* — 0" O — ) — (i — saty ;1)) (*
— saty, (g1 + Sp AT} Pk
< 2%/2(217* — Mk — saty (M) (saty, 750 _1) — 1)

+ .k} P
1
< %(n* - nk)T(Satﬁ,ﬁ(nk—l) —0k) + V25¢.kPk)
= 0. (26)

Similarly, from (17) and (18), we can obtain

| B ~T  ~ T
2—(9k9k _0](_101(—1) +S¢,kek '/Ik
V3

1
< %(9 - 9k)T(SatQ,g‘(9k71) —0i) + v25p ki)

=0 27
and
LB )+ Issslfen
2ys € T T
1
< Z(pé — Pe,i)(8aty 5(Pe k—1) — Pe,k + V3184 k)
=0, (28)

respectively. Substituting (26)-(28) into (25), we have

Ly = Lg—1 < =V (29)
which further implies
k—1
Li(t) = Lo(®) = 75 P Z%J (30)

2). Finiteness of Ly(t)
By direct calculatlon the time derlvatlves of Lo = Vo +

= o o fodT + zy foe Bodt + 2y foh pe 2 ,dt may be
oi;talned as

~ ~T -
Lo = —yis;0+ 5, ongfpo + 54,000 Y0 + 156,01 P¢,0

1
9 90+—p€0

|
to, "0"0+2 2

2y,
'7
= —y1550+ —O" — o) + —0(0 —6o)
V2 V3
1 1 * T . %
+—0e,00(Pe — Pe,0) + =—@ —np)" (" —nyp)
2} 2y,
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1 1
+—<o — )" @ —8¢) + 2P = Pe0)
Y4
1850+ —(ﬂ*T * —ngno)

1
+2—<0T0 —6560) + 2—(p3 — o)

1 1 1
< —visg0+ 2—17*T17* + 2y39T9 + 2—93- GD
Since = Lo Ty* 2)/3079 + 2y ,o6 is bounded, it follows

from (31) that Lo(¢) is bounded for r € [0, T]. As a direct
conclusion, we have

0 < Ly(t) < +oo, Vtel0,T]. (32)

3). Convergence of tracking error
Combining (30) with (32), we can draw a conclusion that

lim sg(1)=0, Viel0,T], (33)
k——+00

which means

lim [sg()] < |sx(0)]e™", Vt€[0,T]. (34
k— 400
Using the relationship é1 x + Ae1 x = sk, from (34), we can
obtain
—ut —\t

A —
Therefore, |eq x(¢)| decreases exponentially with respect to
time since A and p are positive. By setting the appropriate
value of A, the closed loop tank gun servo control system may
achieve better control performance. [ ]
In this work, the partial saturation strategy is used to design
learning laws for guaranteeing the the boundedness of the
estimation of parameters. It effectively improves the security
and reliability of controlled systems, comparing with the
learning law design of unsaturation strategy.

le1k(0)] = e [e1 1 (0)] + sk (@I (35)

V. NUMERICAL SIMULATION
Let us consider a tank gun servo system as follows [42]:

X1k = X2k,

. R KK, K.K;

Xop = ——Xok — X 36

2k = Tk T Lk Tk (36)
+Af (x, 1),

where R = 0.4, J = 5239%g - m?,i = 1039, L =
2.907x1073H, K; = 0.195N -m/A, K, = 0.197V /( rad-s~ 1),
B =143 x107*N-m, K, = 2, Af(xg, 1) = 13.2 +
0.1x1,x + 0.2x2x + 0.2sign(x2,x) + 0.2rand1(k)sin(0.5¢),
xg = 0.5c0s(0.57¢),T = 6. The system initial state is
set as x¢(0) = [0.3 + 0.1rand2(k), 0.05rand3(k)]”. Here,
rand1(-), rand2(-) and rand3(-) represent random numbers
between 0 and 1. The deadzone parameters are b, = 0.3, b; =
—0.4,m = 1.2. The control objective is to make x;  accu-
rately track its reference x,.

The adaptive ILC law (15) and adaptive learning laws
(16)-(18) are adopted in the simulation, with y; = 10,
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t(s)

FIGURE 3. x; and its reference signal x; 4 (TVBL).
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FIGURE 4. x, and its reference signal x, 4 (TVBL).
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FIGURE 5. The error e; (TVBL).

v»=2,v3=2,y =0.026 =—100,0 = 100, n = —30,
n = 30, p = 10. The RBF neural network is constructed
as (13), with b; = 3. ¢j; and cjp are averagely spaced on
[-2,2],forj = 1,2,---,5. The trajectory-tracking profiles
of angular velocity and angular acceleration for the tank gun
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FIGURE 6. The error e, (TVBL).
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FIGURE 8. Control input (TVBL).

servo system at the 20th cycle are shown in Figs. 3-4, respec-
tively, with the tracking error profiles illustrated in Fig. 5-6.
The convergence history of |sg x(#)| is given in Fig. 7, where
Ji is defined as max;c[o,7] |5,k (¢)|. Fig. 8 illustrate the value
of control input signal at the 20th iteration. As shown in
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FIGURE 10. x; and its reference signal x; 4 (TIBL).

Figs. 3-7, the closed-loop tank gun servo system owns good
tracking performance.

For comparison, the traditional adaptive ILC algorithm
(37)-(40) is adopted for simulation. Note that s, j is different
from sy x for z is a time-invariant constant, and ¢(z) is time-
varying. That is to say, time-invariant boundary layer (TIBL)
applied in (37), which is different from the time-varying
boundary layer (TVBL) adopted in (15).

Sk
Ve = —ViSwk —OF Wi — Np @(Xk) — per ksat_i | (;)

(37)

N = saty ;1) + V25w k@Xk), N =0, (38)
) = saty 5Ox—1) + V35w, ¥i, 01 = 0, (39)
Pak = saty 50w k—1) + vals k|, P, —1 =0, (40)

where sk = Sk — wsat_q (%) B is a positive constant
and its value is set as 0.02 in this simulation, and other
control parameters in (37)-(40) are the same as the ones in
the previous simulation. The trajectory-tracking profiles of
angular velocity and angular acceleration for the tank gun
servo system at the 20th cycle are shown in Figs. 9-10, respec-
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er(rad-s71)

3
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FIGURE 11. The error e; (TIBL).

0.6

051 ]

ea(rad - s72)

FIGURE 12. The error e, (TIBL).

tively. The profiles of system error are given in Figs. 11-12,
respectively. We can see that system states can not accurately
track the corresponding reference trajectories. The maxi-
mum value of |s4 x| for 50 cycles is illustrated in Fig. 13,
where J, £ max;e[o,7] |5z k(¢)|. Comparing Figs. 3-7 with
Figs. 9-13, we conclude that it is necessary to handle the
nonzero initial errors during the adaptive ILC design for tank
gun servo systems, the approach of time-varying boundary
layer is useful to solve the nonzero initial error problem for
the adaptive ILC development of tank gun servo systems.

The above simulation results verify the effectiveness of the
proposed adaptive ILC scheme for tank gun servo systems.

Remark 4: Note that the proposed ILC algorithm is dif-
ferent from finite-time ILC control algorithm [44]. But the
control effect, as shown in Figs. 1-4, is similar to that of finite-
time ILC control algorithm.

Remark 5: The robust learning control algorithm pro-
posed in [12] is suitable for the tank gun servo systmes
whose reference trajectories are smoothly closed. In this
work, the above-mentioned assumption is relaxed, which
promote the application of ILC technology in tank gun servo
systmes. In addition, our proposed algorithm may be used
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25

0 . . . .

0 10 20 30 40 50
k

FIGURE 13. Maximum value of |s;; ;| at each iteration (TIBL).

in tank gun servo systmes with input deadzone nonlinearity,
whereas the algorithm proposed in [12] is suitable to solve
trajectory-tracking problem for tank gun servo systmes with-
out input deadzone nonlinearities.

VI. CONCLUSION

The trajectory-tracking problem for tank gun servo systems
is addressed in this paper. The iterative learning controller is
developed by using Lyapunov approach, with a time-varying
boundary layer constructed to deal with the nonzero initial
errors. Adaptive learning neural network control and robust
control are jointly used to compensate uncertainties and
deadzone nonlinearity. According to the simulation result,
the closed loop tank gun servo system owns better control
performance.
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