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Integral Reinforcement Learning Control of an
Uncertain 2-DOF Helicopter System With Input
Quantization and State Constraints
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Abstract—This study presents an integral reinforcement
learning (RL) control strategy for an uncertain two-degree-
of-freedom (2-DOF) helicopter system by considering the
input quantization and state constraints. Initially, a hys-
teresis quantizer is utilized to reduce oscillations when
transmitting input signals. Within the control framework, the
model uncertainty is estimated by an action neural network
(NN), while the long-term cost function is approximated
by a critic NN. Moreover, integral barrier Lyapunov func-
tions (IBLFs) are employed to directly restrict the states,
thereby guaranteeing the convergence of the helicopter
system. Lyapunov stability theory demonstrates that all
signals within the closed-loop system are semiglobal uni-
form ultimate bounded. Ultimately, the efficacy of the pro-
posed control strategy is validated via both simulations and
experiments.

Index Terms—Input quantization, integral barrier Lya-
punov function (IBLF), integral reinforcement learning
(RL) control, neural network (NN), two-degree-of-freedom
(2-DOF) helicopter system.
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[.  INTRODUCTION

NMANNED aerial vehicle (UAV) technology has experi-

enced remarkable advancements and breakthroughs in re-
cent years [1], [2]. Unmanned helicopters, a prominent category
of UAVs, have extensive applications in various scenarios, such
as reconnaissance, climate monitoring, and medical transporta-
tion, owing to their vertical lifting and hovering capabilities
[3], [4], [5], [6]. Nevertheless, helicopter systems are inherently
complex multiinput and multioutput (MIMO) systems, charac-
terized by model uncertainty and strong coupling, which pose
challenges regarding their control. Hence, designing effective
controllers for helicopter systems is crucial [7].

In recent years, significant research efforts have been directed
toward addressing the control challenges associated with two-
degree-of-freedom (2-DOF) helicopter systems [8], [9], [10].
However, these studies either linearized inherently nonlinear
helicopter systems or solely addressed model uncertainty in
the context of nonlinear systems without considering potential
constraints on inputs and outputs.

In practical engineering applications, the inevitable con-
straints are of paramount importance. Overlooking these
constraints may lead to detrimental effects on the control
performance and system stability and even result in system
instability. Quantization, which is a technique for converting
continuous signals into segmented constant signals using a
specific transformation algorithm, reduces the communication
rate and consequently alleviates the communication burden.
Therefore, the exploration of quantization methods within con-
trol systems has seen considerable advancements in recent
years [11], [12], [13], [14]. In [15], Liu et al. presented a
groundbreaking nonlinear decomposition technique for quan-
tized inputs, successfully overcoming the inherent drawback of
conventional quantization methods that require the generation
of quantized inputs in discrete segments. Furthermore, Zhang
et al. enhance the handling of virtual control signals by incor-
porating dynamic filtering techniques. They utilize parametric
projection for estimator design and introduce an innovative state
observer form. This approach effectively achieves integrated
control of nonlinear systems with mismatched uncertainties,
addressing both input and output quantization conditions [16].
In addition, the barrier Lyapunov function (BLF) has gained
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recognition as an effective approach for efficiently addressing
constrained problems. Studies have widely employed it when
designing control schemes for nonlinear systems considering
input or output constraints. Furthermore, the utilization of the
BLF has been demonstrated to significantly enhance control
performance [17], mitigate output hysteresis [18], expedite the
convergence of tracking errors [19], [20], and bolster system
robustness [21]. However, traditional logarithmic and tangent
BLFs indirectly impose constraints on the state or output by
limiting the error, which has certain limitations. To overcome
this problem, the integral BLF (IBLF) method has been applied
in various studies [22], [23], [24]. In [25], Zhang et al. utilized
IBLF to address the impact of output constraints. In a strict-
feedback system, the application of IBLF can ensure that all
system states are within preset constraints, thus effectively im-
proving the control performance and robustness [26]. Despite
successes in studies involving quantization techniques or IBLF,
there remains a scarcity of studies that combine both input
quantization and state constraints using IBLF, which motivates
our research.

In recent times, radial basis function (RBF) neural networks
(NNs) have risen to prominence as a significant approach for
managing the uncertainties and unknown dynamic parameters
in nonlinear systems, attributed to their superior nonlinear ap-
proximation capabilities and inherent self-learning attributes
[27], [28], [29], [30]. In [31], Zhang et al. proposed an adaptive
NN-based variable stiffness control strategy that specifically
target nonlinear dynamics and external disturbances in uncer-
tain robotic systems. By combining a high-dimensional integral
Lyapunov function with a disturbance observer, the method
effectively cope with the complexity of variable stiffness actua-
tors and ensure system stability. Moreover, Zhao et al. proposed
an adaptive neural quantization control method for MIMO
nonlinear systems and utilized an error-dependent asymmetric
time-varying barrier function to constrain the system output
[32]. Nevertheless, in complex situations, the performance of
adaptive NNs, which relies solely on system errors for weight
adjustments, may not fully meet the desired objectives. Rein-
forcement learning (RL) is a machine learning method in which
an intelligent agent interacts with its environment to obtain
rewards and penalties that shape its behavioral strategy. It has
undergone notable progress and extensive adoption in recent
years. Additionally, RL has shown significant potential in the
domain of automatic control [33], [34], [35], [36]. In [37], an
RL control strategy for a helicopter system was successfully
developed by Zhao et al., using the state error and control input
to derive an optimal strategy and updating the weights based
on current gradients. However, significant time costs or con-
vergence difficulties may be faced by this method. To address
the limitations of previous approaches, Moares et al. proposed
an integral RL (IRL) algorithm utilizing empirical replay for
continuous-time systems with input constraints and partially
unknown models, demonstrating through experiments that this
method could significantly accelerate convergence speed [38].
Building on this, Zhang et al. developed an adaptive fuzzy
fault-tolerant tracking control method using IRL for partially
unknown systems with actuator faults [39]. Similarly, Guo

et al. introduced an adaptive NN control method based on IRL
for continuous-time nonlinear MIMO systems with unknown
control directions [40]. All these studies have shown through
simulation that IRL-based control methods could effectively
enhance control performance and improve system robustness.
With the continuous advancement of IRL, researchers have
successfully applied this method to tackle the control of increas-
ingly complex nonlinear systems, yielding promising results
[41], [42], [43]. However, its application to 2-DOF helicopter
systems with input quantization and state constraints is yet to
be fully explored. This motivates the present study.

Inspired by the aforementioned studies, we are going to an
IRL control (IRLC) strategy for an uncertain 2-DOF nonlinear
helicopter system. This strategy aims to achieve high-precision
trajectory tracking control of the helicopter system despite the
challenges posed by input quantization and unknown time-
varying disturbances. The main contributions of this study are
as follows.

1) Logarithmic quantizers [44] and sector bounded quantiz-
ers [14] are favored by researchers for their simple de-
sign and high quantization efficiency. However, frequent
quantization switching can result in significant fluctua-
tions in control inputs and a reduction in control accuracy,
which may not be suitable for 2-DOF helicopter systems
that require high-precision tracking control. Therefore,
this article employs a hysteresis quantizer to quantize the
system input signals, which not only smooths the impact
of quantization errors on control performance but also
maintains good quantization efficiency.

2) Different from [32], we propose an IRLC approach based
on two NNs to approximate system uncertainties. In this
method, a critic NN is used to evaluate the control strategy,
while an action NN approximates the system uncertain-
ties. Additionally, known system information is appropri-
ately incorporated into the network training to enhance
approximation accuracy. Moreover, unlike [33] and [37],
the proposed IRLC strategy introduces an instantaneous
cost function with an adjustable error threshold, aiming
to reduce training costs, improve network convergence
speed, and enhance real-time evaluation capabilities.

3) To ensure control performance and system stability, we
utilize an IBLF to directly constrain the system state,
and build an adaptive auxiliary system to compensate
for the composite term consisting of quantization error
and unknown disturbance. Finally, the simulation results
of the proposed IRLC strategy under different unknown
dynamics of the simulated helicopter system are given,
and the effectiveness of the proposed control strategy is
further verified by experiments.

[I. PROBLEM FORMULATION AND PRELIMINARIES
A. Control Objective and System Model

In this article, we propose an IRLC scheme for an uncertain
nonlinear 2-DOF helicopter system to address challenges such
as input quantization and time-varying disturbances. The main
control objective is to ensure that the pitch and yaw angles of
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Fig. 1. 2-DOF helicopter model [45].

the helicopter can accurately track a given trajectory despite the
high uncertainty, unknown time-varying disturbances, and input
quantization of the system. In addition, the introduction of the
IBLF ensures that the system state is kept within the defined
constraints and the tracking error is kept within the desired
range. After rigorous validation, the proposed control scheme
ensures uniform boundedness of all signals within the closed-
loop system.

Fig. | shows the model of a 2-DOF helicopter system.
According to the Euler—Lagrange method, we formulated the
dynamic of the system as

(Jp +mL2,) 0= Kp,Vy + KpyVy — mgLem cos
— Dy —mlI?, ¢*sinfcosf (1)
(Jy + mLimCOSZQ) é= KypVp + KyyVyy — quﬁ
+2mL2, ¢fsin 6 cosf )

where 6 and ¢ refer to the pitch and yaw angles, respectively. .J,,
and J, denote the moments of inertia around the pitch and yaw
axes, respectively. Similarly, D,, and D, represent the viscous
friction coefficients along the pitch and yaw axes, respectively.
The input voltages for the motors are indicated by V,, and V,
for the pitch and yaw directions, respectively. The parameters
g and m stand for the gravity acceleration and the mass of the
helicopter, respectively. L., represents the distance from the
mass center to the fixed frame, while K,,, K,,,, Ky, and K,
are the coefficients representing the thrust torque constants.
To simplify the dynamic equation, we define

fl = JP + ngm

f»=—mgLy,, cost — Dpé —mL?2, sinf cos 0¢°

g1 =Jy + mL%mCOSZG

g2 = —Dyé +2mL2,, ¢f sin 6 cos 6. (3)
Moreover, z; = [0, ¢|7, 22 = [0, ¢|T, u = [V}, V|7, and x =

[x1,22]T. Subsequently, (1) and (2) can be translated into the
following MIMO nonlinear equations:

i’lzxz
#y=L(x)+AL(z)+ B(x)u+d
Y= “)

where AL(x) denotes the uncertainty of the system, d is the
unknown time-varying disturbance, and L and B are expressed

as follows:
& K Kpy
L(%)Z[Q 7B(x)=lK;p K;y]- 5)
a1 @

B. Hysteresis Quantizer

To ensure optimal system performance within a specified
bandwidth and to minimize information transmission jitter, a
quantizer is implemented to optimize the communication rate
effectively. The original input u is represented as the quantized
output H (u;), where u; is the quantized input signal. There-
fore, the hysteresis quantizer is defined as follows:

ufsign(uy), 11% <Juy| < “;l‘auj <0
. i
or ub < |uj| < 1%
L.Lj >0

ul (14 0)sign(uy), uj < |uy] < 125,17, <0

u’ (146)

H(u;) = or =5 < |uj| < =5
’l.l,j>0
0, 0 < u;| < i u; <0
or i < uj| < Umin
ﬂj>0
H(u;(t7)), u;=0,7=1,2
(6)

where =" Vi, i=1,2,---, 6=(1—p/14p), 6 €
(0,1), p € (0, 1) is the quantization density, ¢ is the quantization
level, and umin denotes the quantization dead zone for H (u,)
whereas H(u;) is in the set U, = {0, £u}, 2ul(1+6)}.
Based on [15], we decompose the hysteresis quantizer into the
following equation:

H(u)=Mu+ N 7)

where M = diag[m;, m;] with 1 —§ <m; <146 and N =
[n1,12]T with n; < Uin. Considering (4) and (7), we obtain

iy =L(z) + AL(z) + GMu + ¢ (8)

where ( =GN + d.

Remark 1: One of the objectives of the action NN is to
approximate for the model uncertainty AL, helping to reduce
z; and z, to nearly zero. The second objective is to minimize

Q(t) to Qq (t) =0.

C. Preliminaries

Assumption 1: For any positive constants K .; and Y;, the
desired tracking trajectory x4 and its time derivatives &4 satisfy
xq < K. and |-idi| <Y..

Lemma 1: For any Z € R and b > 0, the following inequality
holds [46]:

Z
0<|Z| — Ztanh (b> < 0.2785b. 9)
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Lemma 2: For any variable ¢ € R and a constant 0 > 0, the
subsequent relationship is established [47]:

q2

<D
/q2 + 02
Lemma 3: If a Lyapunov function candidate V() satisfies

D (||z]]) < V(z) < Dy(||x]|), and with a bounded initial value

V'(0), then V' (z) is positive definite and the following inequality
can be obtained [48]:

0<lql - (10)

V(z) < —pV(z)+C (11)

where p > 0 and C' > 0.

D. Neural Network Approximation

Considering the unknown continuous function F,,,,, we em-
ployed RBFNNSs to approximate it

Fpn(X)=W*"v (X) + o(X) (12)

where W* = [wy,w, ..., w,|T represents the optimal weight
of the RBFNN, with n > 1 indicating the quantity of nodes
in the hidden layer; the input vector X belongs to a subset €2
of R™; o(X) specifies the approximation error; and v(X) €
[11(X),1n(X),...,v,(X)], where v;(X) is a basis function as

— —c))T — &
(X CZ)Z(X Cz)],i:Lz,...,n (13)

vi(X) = exp [

w

where w denotes the width of the basis function and c¢; €
[¢i1,Ciay - - - Cim] 1s the center of the receptive field. For all
X € Q C R™, the optimal weight vector W* is

A .
W* £ arg min
W eRn

{sup | Frn (X)) — WTI/(X)|}. (14)
ZeQ

E. Critic Neural Network Design

The long-term cost function is given as

Q(t) = /toof?”p(zl(s))de

where ¢ € (0, 1) is a constant used to discount future costs, and
p(z1) denotes the instantaneous cost function of the following
form

5)

0 |z1:(e)| <e

e ={7 OIS

Here, e > 0 is a customized error threshold and 7" > 0 indi-
cates an integration interval. The evaluation rule based on the
instantaneous cost function is as follows: p = 0 indicates good
tracking performance, whereas p = 1 indicates poor tracking
performance. The long-term cost function at time (¢t — 7' is
as follows:

ee€ft—T,t). (16)

—e+t—T

Q(t—T)=/tOO< T

-T

p(z1())de

—e+t—T

=¢'Q(t) + /f_Tg T
= (Qt) + pe)

p(zc())de

A7)

where p. € [pe1, peg]T is the instantaneous cost as follows:

t
pei:/ S T+ p(Zu(&))d&
t—T

_{h%@—l)

This implies ||p|| < b,,, where b,,_ is a positive constant.
As shown in (17), Q(¢) is not directly available. Hence, a
critic NN is employed to approximate it

Q) =W ve (Xo(t) + 0c

where W signifies the optimal weight with ||V}, < bw,.
n. refers to the hidden layer nodes of the critic NN. v, rep-
resents the basis function. The input vector is denoted by X, =
[z, 2T Finally, o. denotes the approximation error.

As W} is unknown, we define TW.. as an estimate of W[ and

W,=W, - W, Then, the estimation of () (¢) is represented as
Q () =Wl ve (X (1) (20)

|z1:(e)| < e

|Zli(€)| > e. (18)

19)

According to (22), Q(t — T') can be expressed as follows:

Qt—T)=W!ve (X, (t—T)). 1)

The prediction error is then described as follows:

6c:Q(t) _gé(t_T)“!‘pe
=WTAve(t) + pe (22)
where Av (t) = v. (X (1)) —sv. (X (t = T)).
We define the error of the critic NN as
1

E.= Ee?;ec, 23)

Through the application of the gradient descent technique,
the adaptive law is derived as follows:

2 0E.
We=—-Ae——

. 24
oW, (24)

Then, we obtain
X R T R
We= -\ {Ayc(t) (WCT Av.(t) + pe> + OCWC] (25)

where A, > 0 denotes the learning rate of the critic NN and o,
is a small positive constant.

F.  State Constraints

To enforce the state constraints, an IBLF candidate is intro-
duced in the following form:

2 Z1 2

‘ o, K2,
Vi= £ d 26
1 Z_:/o K% — (o +aai) 0

where K; denotes the designed boundary.
Lemma 4: If the condition |z4;| < K; is satisfied, then the
following equation holds [26]:

27
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According to Lemma 4, we get the time derivative of V| as
2
- i
i=1 li
We define o; = 5z1;.
Wi _ i
Org " (Kz —af

where € is expressed as follows:

K /1 1 d Bzii + i
21 Jo 11— (752};““)2 K

Ky 1 (Kei + 215 + 24i) (Ko — 245)
2z (Kei — 210 — vai)(Kei + Tai)
Based on L’Hospital’s rule, (32) satisfies
K2
o — (210 +xa)?

(28)

(ZZZ + ay; — xdz + Z
Using integration by parts, we obtain

f(zliaxdi)> (29)

G(Zu,xdz‘) =

(30)

lim 6(2’1,‘, {L‘di) =
Z]i—>0

Kf 31)

5 (221 + 1 — i)
— BG 1

2 K2
2 (Kz_z -

E(Zliaxdi)> 21T d;
ci 17

2
§ zlzyxdz xdz

Let the virtual controller o; = —Kuz“— + %4;, where Ky;
is the control gain. Thereafter, the time derivative of V) is
restated as

_ i K le 22 + all (32)

2
i=1 Kci xlz

2

. K2
E ci 2

‘/1 = ﬁ(_Klizli + ZliZZi)-
i=1 ci L1

(33)

G. Action Neural Network Design
We design the following Lyapunov candidate function V,
as follows:

1
V2:V1—|—§,22Tzz.

Based on (16) and (35), we express the time derivative of
V5 as

(34)

Vz:VHrzgéz
2 K2
_ZKZ _

i=1 ct l

+ 23 (L + AL+ BMu +¢).

5 (= K23 + 21i22:)

(35)

For the model uncertainty of the helicopter system AL, we
employ an action NN to address it

AL =y =W, v, (X,) + 04 (36)

where W represents the optimal weight with ||W}|| - < bw,,
n, refers to the count of hidden layer nodes, the input vector for
the action NN, denoted by X, is composed of [z], 21 &T]"
the basis function is symbolized as v, with ||, || < b,,, and g,
symbolizes the approximation error with || g4 < b,, .

Since 1 —d <m; <1+, we know that M is bounded.
Then, we have ¢=inf;>0 Amin(M) and k= (1/¢). More-
over, we define I;Va = W — W%* and £=L+ WTcpa + tanh

£ (Kclzll/K ;)
(z2/ba))e + (ngzIZ/ng a1,)
IRLC strategy is designed as follows:

bl

} + K> z,. Subsequently, the

R2ETE
\/ 22 2ETE + B2

diag(ky1, k22] is the control gain and 9 is a small

u=-B"'"| =z (37

where K, =
constant. B

We definek =k — kand ( = (¢ — f . Then, the updating laws
of % and é are given by

(38)
(39)

where \j, A2, 01, 02, and b; are designed positive constants.

Remark 2: One of the objectives of the action NN is to
approximate for the model uncertainty AL, helping to reduce
z1 and z; to nearly zero. The second objective is to minimize
Q) toQq(t)=0

We design the prediction error for action NN as
€q =22+ Q (t) - Qd (t) =2+ WcT(pc (Xc (t))

Let E, = (1/2)ele,. The adaptive law of the action NN is
then designed as

(40)

X ~ T ~
Wa=Na[va(za + WIv.) — 0, W] 41)

where )\, > 0 is the learning rate of the action NN and o, is a
small positive constant with o, > b,,_b,, .

[lI. STABILITY ANALYSIS

Theorem 1: Given the helicopter system described in (1)—
(5), along with the control strategy in (39), the network weight
update rates in (27) and (43), and the adaptive auxiliary system
in (40) and (4 1), the proposed IRLC scheme ensures that all sig-
nals in the control system remain semi-global uniform ultimate
bounded (SGUUB) for any tracking trajectory x4 satisfying
24(0) € Qp, provided that appropriate control gain parameters
are selected.

Proof: Consider the following Lyapunov candidate
equation

Vi=V,+Vo+ Ve (42)

where V= Vo + (£/20)R% + (1/20)C2, Vo= (1/2)

tr{WgA;IWa}, and V, = (1/2)tr {WCTA;IWC}
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Considering (39) and Lemma 2, we obtain 05 04

——ANNC —IRLC Xy — Ky —ANNC —IRLC ~-Xgp —Kgy

_Z;ZQGMG_H%ZST& 02

2T ETE + o2

}%2252265715 0.2

S —
\/ IAQZZZTZngf + 02 5 5 10 15 20 s % 5 10 15 20 25
Time[s] ime[s]

<O — k1€ (43) (a)

. . . —ANNC,, -——ANNC,, —IRLC, IRLCH‘ ‘—ANNCH - ANNC,, —IRLC, - IRLC,,
According to (40), (41), (45), and Lemma 1, the time deriva- 100

tive of V,, is given by N\ /J»\ Va

2 GMu =

Angel 0[rad]
°
o

a
3

°

o
I
AN
/
AN

u and H‘[V]
\
u, and Hz[\/]
Y
J/
N
N
7

T T
Vo < Z Kz _ xl Klzzlz) 2 Kozg — 25 Wy, 50
K3

+0(0 — iz £) + 2 tanh ( )g +0.557b1¢ + 23 & et ot

—lR2F €4 loR(k — F) — 27 tanh ( 2)6

b
+02¢(¢ = ¢)
2
Kz N
- Z Kzi( Kyizt;) — 2 Koz — 23 Wava
i—1 Trei M

+ 00 + 0557b1< + lokk — 60'1’/%2 + O'zzc — 0'252. Time{s] Timefs]
(44) (©

Considering (22)—(27), we obtain Fig.2. Control performance under ANNC and IRLC in case 1. (a) Track-

ing performance. (b) Original signal « and quantized signal H. (c) Track-

Vo< —tr {WEAVC [(’WVCT + WC*T)AVC + pe} T} ing errors zj; and zp.
Substituting (46)—(48) into (44) and using Young’s inequal-
— O.tr {Wg WC} — O.tr {WCTWC*} ity, we obtain
o — 1 ™
E— {WCT (Av.Av! +0.) WC} Vi < Z K2 - (—K12%) — 2T Kz — Eggmz
1 Well { 1AW T Ave + el + 0 [ W - | bubo\  feore L
c c c c e c cllF —§U2C2_ (UC_VQZVC> tr{WcTWc}‘FEfO'Uiz
- —octr{WcTWc}JrclHWCHF 45) o
1 2 Oq ve Y, —_ gy ongd
— (28 aTVe = )¢ .
where ¢ = [|Ave ()] [1Ave(O)llbw, + by, + oobiw.. 3026 < > ) f(Wo Wa)

Considering (27) and (43), we derive —~
A “3) + 1 ||Wellw + ¢ + €0 + 0.557b1¢

Va = =oate {WIW, } + e { W v W)} <-pVitC @)
+tr{WaT VT } where p = min(2min (K1), 2min (K2). (70 — b, by, 20/
o. —b, b o b, b . )\max()\;l))a (200 buabuL/)\max( )) )\1017 )\202) and C' =
<-— (2”) (W Wa) + =5 |Well7 (1/2)lo1s + (1/2)02C2 + ||[Wel [ + ¢ + €0+ 0.55TbC.
2 Moreover, the conditions to guarantee p >0, include
Ta%, s o I o Amin (K1)>0, A (K)>0( —b,, b, —2Z,/A (*))>

+ + b,/ by b W +tr {W } min 1 min 2 voYv. a max
2 bocbw Wl lr a Ve 0, (200 — by, by, Amax(As1) >0, Ajoy >0, and Aoy > 0

—b, b, _ e
< — 9a ~ OOy, =, tl‘(WaTWa) + must hold. N .

2 Remark 3: From (44), it is obvious that the Lyapunov can-
bu,bu., (=1 —r 7 didate Vj is positive definite. And from the Lemma 3 and the
+ 2 t {WC WC} T {Wa VaZ) } (46) stability theory gmd analysis in [49], [50], and [51], it can be
where o=(o ab%/v'a)/ 24 (12 B2 1R, )45, and introduced that V3 is negative semidefinite when we choose the

S s v B appropriate control gain. Therefore, we can conclude that the
= (b7, bucb /4] + by, by b, |[[Wallp < Eatr {Wa Wa} control system is semi-globally stable and the system signals
with 0 < Z, < (04 — by, by, )/2. are bounded.
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Fig.3. Control performance under RLC and IRLC in case 1. (a) Tracking
performance. (b) Original signal « and quantized signal H. (c) Tracking
errors z;; and zjs.

Subsequently, multiplying (44) by e”? yields, it can be obtain

C C

Vi< {Vg(o) - p] e+ = <15(0) + %. (48)

p
Therefore, it is concluded that all signals of the control system
are SGUUB.

[V. SIMULATIONS

In this section, we outline the development of two control
strategies for a 2-DOF helicopter system to validate the
efficacy of the proposed IRLC scheme. The model parameters
for the 2-DOF helicopter equipment are K, = 0.0011N - m/V,
K,, = 0.0022N-m/V, K,, = —0.0027N-m/V, K,, =
0.0022N - m/V, J, =0.0232kg - m?, .J, = 0.0238kg - m?,
Lem =0.0071m, D, =0.007IN/V, D, =0.022N/V, and
g=0.98m/s>. The initial states are set to z(0)=[0,0]”
and x,(0) =[0,0]7. The control gains selected are K; =
diag[10,10] and K, = diag[8,8]. The desired trajectory is
choosen as x4 = [za1,za] = [(7/9)sin(t), (7/12)sin(t)]T
and the unknown disturbance is set as:

0 t<10
d= . T
{[2 sin(t),2cos(t)]” t>10

Under the proposed IRLC strategy, the action NN generates
the control input, and the critic NN evaluates the control perfor-
mance. The control strategy is adjusted based on the critic error,
resulting in input signals with improved control performance

(49)
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Fig. 4. Control performance under ANNC and IRLC in case 2. (a)
Tracking performance. (b) Original signal « and quantized signal H. (c)
Tracking errors z;; and zj».

through continuous iterative training. The boundaries of the
state are set to K., = 0.368 and K, = 0.281. The quantization
parameters are selected as 6 = 0.025 and i, = 0.6. For the
critic NN, the customized error, integration interval, learning
rate, NN width, number of nodes, and robustness parameters
are selected as e = 0.004, T =0.002, A\, =4, w. =1, n, =64,
and o.=0.1, respectively. For the action NN, A, =20,
we =1, ng =256, and o, = 0.1 are used. The parameters for
the adaptive auxiliary terms in (47) and (48) are designed as
Al =X =10,b; =0.25,and 0y =0, =0.1.

Moreover, an adaptive NN control (ANNC) strategy [32] and
a RL control (RLC) strategy [33] are designed for comparison
with the IRLC strategy. The simulation results of the three
methods are plotted in Figs. 2-5.

A. Case 1

In this case, we set the model uncertainty as AL = —0.1L to
simulate the more desirable work environment. The simulation
comparison results are presented in Figs. 2 and 3. Fig. 2(a)-
2(c) illustrate the comparison of control performance between
ANNC and IRLC under case 1. Specifically, Fig. 2(a) shows
the tracking of 6 and ¢, Fig. 2(b) displays the control input tra-
jectories and quantized input trajectories, and Fig. 2(c) records
the tracking error magnitude. Similarly, Fig. 3(a)-3(c) compare
the control performance of RLC and IRLC under the same
conditions. From these simulation figures, it is evident that all
three control schemes achieve good control performance under
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Simulink

Fig. 6. Quanser Aero 2 experiment platform.

ideal conditions. However, when subjected to strong distur-
bances, while ANNC and RLC still demonstrate good control
capabilities, IRLC outperforms them.

B. Case?2

The uncertainty is set as AL = —0.6L to model the complex
effects of high uncertainty with strong perturbations in this case.
The comparison of the control performance of ANNC, RLC,
and IRLC in case 2 is given in Figs. 4 and 5, respectively.
Similarly, the trajectory tracking of the helicopter system in
ANNC, RLC, and IRLC is given in Figs. 4(a) and 5(a), respec-
tively. Figs. 4(b) and 5(b) show the input and quantized signals,
while Figs. 4(c) and 5(c) show the comparison of tracking error
magnitude.

Combining cases 1 and 2, we can see that all control schemes
have good control effects under more ideal operating conditions

Fig. 7. Control performance under ANNC, RLC, and IRLC in the exper-
iments. (a) Tracking performance. (b) Control input w. (c) Tracking errors
211 and Z12.

or single nonlinearities, and IRLC is slightly better than ANNC
and RLC; however, facing the complex cases with high un-
certainties and strong perturbations, ANNC and RLC cannot
make the tracking error converge to near 0, and RLC shows
multiple input oscillations, which shows poorer performance,
while IRLC still has good control performance and stability,
and is significantly better than the other two. In summary, the
proposed control scheme can be applied to 2-DOF helicopter
systems under different operating conditions.

V. EXPERIMENTS

To further validate the effectiveness of the proposed con-
trol strategy, a series of experiments are conducted using the
Quanser Aero 2 based on the findings of previous simulations.
The Quanser Aero 2 platform is illustrated in Fig. 6. Notably,
the input limits are set between —24 and +24 V. The strong
disturbance in the experiment consists of the disturbance that
we simulate with a fan and the air disturbance.

Fig. 7(a) shows that 6 and ¢ effectively track the desired
trajectories x4, and x4, with the IBLF ensuring that the system
state remains within the specified range. Analyzing Fig. 7(b), it
is evident that under ANNC scheme, the input voltage exhibits
multiple fluctuations, leading to a heavy communication bur-
den, which may result in system instability. In contrast, RLC
and IRLC strategy effectively mitigates quantization oscilla-
tions, producing a smoother voltage trajectory. Additionally,
Fig. 7(c) reveals that while ANNC achieves a smaller tracking
error, its performance is unstable; RLC can effectively address
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quantization oscillations but requires a lengthy training period
to learn the system and adjust the strategy. In contrast, IRLC
efficiently handles input quantization and unknown perturba-
tions, causing the tracking error to rapidly converge to near zero,
demonstrating superior control performance and robustness.
Based on the above simulation and experimental results, we
conclude that the proposed IRLC strategy is suitable for real
helicopter systems, offering good communication efficiency
and excellent control performance.

VI. CONCLUSION

This study presented an IRLC strategy for trajectory tracking
in a 2-DOF helicopter system. The strategy involved using an
action NN to approximate the system uncertainty and adjust the
control strategy, whereas a critic NN estimated the cost func-
tion and evaluated the current strategy. State constraints were
enforced using the IBLF to improve control performance and
robustness. Simulation and experimental results validated the
effectiveness of the IRLC strategy. Future research directions
include applying this strategy to quadcopter and hexacopter
UAVs, which require further investigation.

REFERENCES

[1] R. S. Geronel, R. M. Botez, and D. D. Bueno, “Dynamic responses
due to the dryden gust of an autonomous quadrotor UAV carrying a
payload,” Aeronaut. J., vol. 127, no. 1307, pp. 116-138, Apr. 2022.

Y. Zou, H. Zhang, and W. He, “Adaptive coordinated formation control

of heterogeneous vertical takeoff and landing UAVs subject to paramet-

ric uncertainties,” IEEE Trans. Cybern., vol. 52, no. 5, pp. 3184-3195,

May 2022.

[3] Y. Li, M. Chen, P. Shi, and T. Li, “Stochastic anti-disturbance flight

control for helicopter systems with switching disturbances under Marko-

vian parameters,” IEEE Trans. Aerosp. Electron. Syst., vol. 59, no. 3,

pp. 2933-2946, Jun. 2023.

Y. Ren, Z. Liu, Z. Zhao, and H.-K. Lam, “Adaptive active anti-vibration

control for a 3-d helicopter flexible slung-load system with input

saturations and backlash,” IEEE Trans. Aerosp. Electron. Syst., vol. 60,

no. 1, pp. 320-333, Feb. 2024.

[5] Y.-C. Lai and T.-Q. Le, “Adaptive learning-based observer with dynamic

inversion for the autonomous flight of an unmanned helicopter,” /EEE

Trans. Aerosp. Electron. Syst., vol. 57, no. 3, pp. 1803-1814, Jun. 2021.

H. Xiong and Y. Zhang, “Reinforcement learning-based formation-

surrounding control for multiple quadrotor uavs pursuit-evasion games,”

ISA Trans., vol. 145, pp. 205-224, Feb. 2024.

L. Liu, M. Chen, and T. Li, “Disturbance observer-based LQR tracking

control for unmanned autonomous helicopter slung-load system,” Int. J.

Control, Automat. Syst., vol. 20, no. 4, pp. 1166-1178, Apr. 2022.

R. Ganapathy Subramanian and V. K. Elumalai, “Robust MRAC aug-

mented baseline LQR for tracking control of 2 DOF helicopter,” Robot.

Auton. Syst., vol. 86, pp. 70-77, Dec. 2016.

A. Fandel, A. Birge, and S. Miah, “Development of reinforcement

learning algorithm for 2-DOF helicopter model,” in Proc. IEEE 27th

Int. Symp. Ind. Electron. (ISIE), 2018, pp. 553-558.

[10] S.-K. Kim, K. S. Kim, and C. K. Ahn, “Order reduction approach
to velocity sensorless performance recovery PD-type attitude stabilizer
for 2-DOF helicopter applications,” IEEE Trans. Ind. Inform., vol. 18,
no. 10, pp. 6848-6856, Oct. 2022.

[11] J. Fu and J. Wang, “Adaptive coordinated tracking of multi-agent sys-
tems with quantized information,” Syst. Control Lett., vol. 74, pp. 115-
125, Dec. 2014.

[12] J. Zhou, C. Wen, and G. Yang, “Adaptive backstepping stabilization of
nonlinear uncertain systems with quantized input signal,” /IEEE Trans.
Autom. Control, vol. 59, no. 2, pp. 460-464, Feb. 2014.

[13] S. M. Schlanbusch, J. Zhou, and R. Schlanbusch, “Adaptive attitude
control of a rigid body with input and output quantization,” IEEE Trans.
Ind. Electron., vol. 69, no. 8, pp. 8296-8305, Aug. 2022.

[2

—

[4

=

[6

—_

[7

—

[8

—_

[9

—

[14] W. Wang, J. Zhou, C. Wen, and J. Long, “Adaptive backstepping control
of uncertain nonlinear systems with input and state quantization,” /EEE
Trans. Autom. Control, vol. 67, no. 12, pp. 6754-6761, Dec. 2022.

[15] Z. Liu, F. Wang, Y. Zhang, and C. L. Philip Chen, “Fuzzy adaptive
quantized control for a class of stochastic nonlinear uncertain systems,”
IEEE Trans. Cybern., vol. 46, no. 2, pp. 524-534, Feb. 2016.

[16] Z. Zhang, C. Wen, L. Xing, and Y. Song, “Adaptive output feedback
control of nonlinear systems with mismatched uncertainties under
input/output quantization,” IEEE Trans. Autom. Control, vol. 67, no. 9,
pp. 4801-4808, Sep. 2022.

[17] Y. Mei and Y. Liu, “ILC-RBNNF-based vibration control of a rotatable
manipulator with time-varying output constraints,” /IEEE Trans. Syst.,
Man, Cybern.: Syst., vol. 53, no. 10, pp. 6416-6425, Oct. 2023.

[18] Y.-J. Liu, W. Zhao, L. Liu, D. Li, S. Tong, and C. L. P. Chen, “Adaptive
neural network control for a class of nonlinear systems with function
constraints on states,” IEEE Trans. Neural Netw. Learn. Syst., vol. 34,
no. 6, pp. 2732-2741, Jun. 2023.

[19] X. Yuan, B. Chen, and C. Lin, “Prescribed finite-time adaptive neural
tracking control for nonlinear state-constrained systems: Barrier function
approach,” IEEE Trans. Neural Netw. Learn. Syst., vol. 33, no. 12,
pp. 75137522, Dec. 2022.

[20] Y. Li, J. Zhang, W. Liu, and S. Tong, “Observer-based adaptive
optimized control for stochastic nonlinear systems with input and state
constraints,” IEEE Trans. Neural Netw. Learn. Syst., vol. 33, no. 12,
pp. 7791-7805, Dec. 2022.

[21] T. Zhang, M. Xia, and Y. Yi, “Adaptive neural dynamic surface control
of strict-feedback nonlinear systems with full state constraints and
unmodeled dynamics,” Automatica, vol. 81, pp. 232-239, Jul. 2017.

[22] Y. Wei, Y. Wang, C. K. Ahn, and D. Duan, “IBLF-based finite-time
adaptive fuzzy output-feedback control for uncertain MIMO nonlinear
state-constrained systems,” IEEE Trans. Fuzzy Syst., vol. 29, no. 11,
pp- 3389-3400, Nov. 2021.

[23] L. Liu, T. Gao, Y.-J. Liu, S. Tong, C. P. Chen, and L. Ma, “Time-
varying iblfs-based adaptive control of uncertain nonlinear systems with
full state constraints,” Automatica, vol. 129, 2021, Art. no. 109595.

[24] W. He and S. S. Ge, “Vibration control of a flexible beam with output
constraint,” IEEE Trans. Ind. Electron., vol. 62, no. 8, pp. 5023-5030,
Aug. 2015.

[25] S. Zhang, Z. Tang, S. S. Ge, and W. He, “Adaptive neural dynamic
surface control of output constrained non-linear systems with unknown
control direction,” IET Control Theory Appl., vol. 11, no. 17, pp. 2994—
3003, Sep. 2017.

[26] J. Zhang, W. Jiang, and S. S. Ge, “Adaptive fuzzy control for uncer-
tain strict-feedback nonlinear systems with full-state constraints using
disturbance observer,” IEEE Trans. Syst., Man, Cybern.: Syst., vol. 53,
no. 10, pp. 6145-6156, Oct. 2023.

[27] Z. Liu, Z. Lu, Z. Zhao, M. O. Efe, and K.-S. Hong, “Single pa-
rameter adaptive neural network control for multi-agent deployment
with prescribed tracking performance,” Automatica, vol. 156, 2023, Art.
no. 111207.

[28] Z. Zhao, Y. Ren, C. Mu, T. Zou, and K.-S. Hong, “Adaptive neural-
network-based fault-tolerant control for a flexible string with composite
disturbance observer and input constraints,” [EEE Trans. Cybern.,
vol. 52, no. 12, pp. 12843-12853, Dec. 2022.

[29] G. Peng, C. Yang, W. He, and C. L. P. Chen, “Force sensorless admit-
tance control with neural learning for robots with actuator saturation,”
IEEE Trans. Ind. Electron., vol. 67, no. 4, pp. 3138-3148, Apr. 2020.

[30] B. Hu, Z.-H. Guan, F. L. Lewis, and C. L. P. Chen, “Adaptive tracking
control of cooperative robot manipulators with Markovian switched
couplings,” IEEE Trans. Ind. Electron., vol. 68, no. 3, pp. 2427-2436,
Mar. 2021.

[31] L. Zhang, Z. Li, and C. Yang, “Adaptive neural network based vari-
able stiffness control of uncertain robotic systems using disturbance
observer,” IEEE Trans. Ind. Electron., vol. 64, no. 3, pp. 2236-2245,
Mar. 2017.

[32] K. Zhao and J. Chen, “Adaptive neural quantized control of MIMO
nonlinear systems under actuation faults and time-varying output con-
straints,” [EEE Trans. Neural Netw. Learn. Syst., vol. 31, no. 9,
pp. 3471-3481, Sep. 2020.

[33] H. Shen, X. Yu, H. Yan, J. H. Park, and J. Wang, “Robust fixed-time
sliding mode attitude control for a 2-DOF helicopter subject to input
saturation and prescribed performance,” IEEE Trans. Transp. Electrific.,
early access, May 17, 2024.

[34] D. Lin, J. Han, K. Li, J. Zhang, and C. Zhang, “Payload transporting
with two quadrotors by centralized reinforcement learning method,”
IEEE Trans. Aerosp. Electron. Syst., vol. 60, no. 1, pp. 239-251,
Feb. 2024.

Authorized licensed use limited to: Qingdao University. Downloaded on September 19,2025 at 02:13:24 UTC from IEEE Xplore. Restrictions apply.



ZHAO et al.: INTEGRAL RL CONTROL OF AN UNCERTAIN 2-DOF HELICOPTER SYSTEM

9259

[35] S. Cao, L. Sun, J. Jiang, and Z. Zuo, “Reinforcement learning-based
fixed-time trajectory tracking control for uncertain robotic manipulators
with input saturation,” IEEE Trans. Neural Netw. Learn. Syst., vol. 34,
no. 8, pp. 4584-4595, Aug. 2023.

W. Zhao, H. Liu, and F. L. Lewis, “Robust formation control for
cooperative underactuated quadrotors via reinforcement learning,” IEEE
Trans. Neural Networks Learn. Syst., vol. 32, no. 10, pp. 4577-4587,
Oct. 2021.

Z. Zhao, W. He, C. Mu, T. Zou, K.-S. Hong, and H.-X. Li, “Reinforce-
ment learning control for a 2-DOF helicopter with state constraints:
Theory and experiments,” IEEE Trans. Automat. Sci. Eng., vol. 21, no. 1,
pp. 157-167, Jan. 2024.

H. Modares, F. L. Lewis, and M.-B. Naghibi-Sistani, “Integral rein-
forcement learning and experience replay for adaptive optimal control
of partially-unknown constrained-input continuous-time systems,” Au-
tomatica, vol. 50, no. 1, pp. 193-202, 2014.

H. Zhang, K. Zhang, Y. Cai, and J. Han, “Adaptive fuzzy fault-tolerant
tracking control for partially unknown systems with actuator faults
via integral reinforcement learning method,” IEEE Trans. Fuzzy Syst.,
vol. 27, no. 10, pp. 1986-1998, Oct. 2019.

X. Guo, W. Yan, and R. Cui, “Integral reinforcement learning-based
adaptive NN control for continuous-time nonlinear MIMO systems with
unknown control directions,” IEEE Trans. Syst., Man, Cybern.: Syst.,
vol. 50, no. 11, pp. 4068-4077, Nov. 2020.

Y. Lv, H. Chang, and J. Zhao, “Online adaptive integral reinforcement
learning for nonlinear multi-input system,” IEEE Trans. Circuits Syst.
11, Exp. Briefs, vol. 70, no. 11, pp. 4176-4180, Nov. 2023.

J. Wang, J. Wu, J. Cao, M. Chadli, and H. Shen, “Nonfragile output
feedback tracking control for Markov jump fuzzy systems based on
integral reinforcement learning scheme,” IEEE Trans. Cybern., vol. 53,
no. 7, pp. 4521-4530, Jul. 2023.

X. Wang, Q. Wang, and C. Sun, “Prescribed performance fault-tolerant
control for uncertain nonlinear MIMO system using actor-critic learning
structure,” IEEE Trans. Neural Netwo. Learn. Syst., vol. 33, no. 9,
pp. 4479-4490, Sep. 2022.

C. Wang, C. Wen, Q. Hu, W. Wang, and X. Zhang, “Distributed adaptive
containment control for a class of nonlinear multiagent systems with
input quantization,” IEEE Trans. Neural Netw. Learn. Syst., vol. 29,
no. 6, pp. 2419-2428, Jun. 2018.

I. Quanser, “Quanser aero 2 laboratory guide,” Quanser, Tech.
Rep., Dec. 2022. Available: https://quanserinc.box.com/shared/static/
93bfbhxihax1v8bm9at44v56gv01vhee.zip

H. Wang, B. Chen, and C. Lin, “Adaptive neural control for strict-
feedback stochastic nonlinear systems with time-delay,” Neurocomput-
ing, vol. 77, no. 1, pp. 267-274, 2012.

S. Song, J. H. Park, B. Zhang, and X. Song, “Event-based adaptive
fuzzy fixed-time secure control for nonlinear CPSS against unknown
false data injection and backlash-like hysteresis,” IEEE Trans. Fuzzy
Syst., vol. 30, no. 6, pp. 1939-1951, Jun. 2022.

L. Liu, T. Gao, Y.-J. Liu, S. Tong, C. P. Chen, and L. Ma, “Time-
varying iblfs-based adaptive control of uncertain nonlinear systems with
full state constraints,” Automatica, vol. 129, 2021, Art. no. 109595.

C. Wen, J. Zhou, Z. Liu, and H. Su, “Robust adaptive control of
uncertain nonlinear systems in the presence of input saturation and
external disturbance,” IEEE Trans. Autom. Control, vol. 56, no. 7,
pp. 1672-1678, Jul. 2011.

P. M. Patre, S. Bhasin, Z. D. Wilcox, and W. E. Dixon, “Composite
adaptation for neural network-based controllers,” IEEE Trans. Autom.
Control, vol. 55, no. 4, pp. 944-950, Apr. 2010.

S. Gao, B. Ning, H. Dong, and Y. Chen, “Backstepping-based neural
adaptive control for saturated nonlinear systems,” in Proc. 33rd Chin.
Control Conf., 2014, pp. 3345-3349.

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

Zhijia Zhao (Member, |EEE) received the
B.Eng. degree from the North China University
of Water Resources and Electric Power,
Zhengzhou, China, in 2010, and the M.Eng.
and Ph.D. degrees from the South China
University of Technology, Guangzhou, China,
in 2013 and 2017, respectively, all in automatic
control.

Currently, he is a Professor with the School
of Mechanical and Electrical Engineering,
Guangzhou  University, Guangzhou. His

research interests include adaptive and learning control, flexible
mechanical systems, and robotics.

Yan Weng received the B.Eng. degree in
robotics engineering in 2022 from Guangzhou
University, Guangzhou, China, where he is cur-
rently working toward the M.Eng. degree in con-
trol engineering.

His research interests include adaptive and
learning control, intelligent control, and robotics.

Zhijie Liu (Member, IEEE) received the B.Sc.
degree in electrical engineering and automation
from China University of Mining and Technology
Beijing, Beijing, China, in 2014, and the Ph.D.
degree in control theory and control engineering
from Beihang University, Beijing, in 2019.

Currently, he is a Full Professor with the
School of Intelligence Science and Technology,
University of Science and Technology Beijing,
Beijing. In 2017, he was a Research Assistant
with the Department of Electrical Engineering,
University of Notre Dame, Notre Dame, IN, USA. His research interests
include adaptive control, modeling and vibration control for flexible struc-
tures, and distributed parameter system.

Yu Liu (Senior Member, IEEE) received the
Ph.D. degree in automatic control from the South
China University of Technology, Guangzhou,
China, in 2009.

Currently, he is a Professor with the School
of Automation Science and Engineering, South
China University of Technology, also with the
R&D Center of Precision Electronic Manufac-
‘\ turing Technology, Guangzhou Institute of Mod-

N ern Industrial Technology, Guangzhou, and also

with the High Performance Motor and Intelli-

gent Control Engineering Technology Research Center of Guangdong

Province, Shenzhen, China. His research interests include distributed

parameter systems, robot control, intelligent control, intelligent percep-
tion and decision making, machine vision.

Prof. Liu is currently an Associate Editor of IEEE TRANSACTIONS ON
NEURAL NETWORKS AND LEARNING SYSTEMS, IEEE TRANSACTIONS ON
Fuzzy SYSTEMS, and IEEE TRANSACTIONS ON COMPUTATIONAL SOCIAL
SYSTEMS.

Keum-Shik Hong (Life Fellow, IEEE) received
the B.S. degree in mechanical design from
Seoul National University, Seoul, South Korea,
in 1979, the M.S. degree in mechanical engi-
neering from Columbia University, New York,
NY, USA, in 1987, and the M.E. degree in
applied mathematics and the Ph.D. degree in
mechanical engineering from the University of
lllinois at Urbana-Champaign, Champaign, IL,
USA, in 1991 and 1997, respectively.

He joined the School of Mechanical Engi-
neering, Pusan National University, Busan, South Korea, in 1993. His
research interests include brain—computer interface, nonlinear systems
theory, adaptive control, and distributed parameter systems.

Dr. Hong received many awards, including the Best Paper Award from
the KFSTS of Korea in 1999 and the Presidential Award of Korea in
2007. He is served as an Associate Editor for Automatica from 2000
to 2006, the Editor-in-Chief for JOURNAL OF MECHANICAL SCIENCE AND
TECHNOLOGY from 2008 to 2011, and the Editor-in-Chief for International
Journal of Control, Automation, and Systems from 2018 to 2022. He
was the past President of the Institute of Control, Robotics and Systems
(ICROS), South Korea, and the Asian Control Association. He is a fellow
of the Korean Academy of Science and Technology, an ICROS Fellow,
and a member of the National Academy of Engineering of Korea.

Authorized licensed use limited to: Qingdao University. Downloaded on September 19,2025 at 02:13:24 UTC from IEEE Xplore. Restrictions apply.


https://quanserinc.box.com/shared/static/93bfbhxihax1v8bm9at44v56gv01vhee.zip
https://quanserinc.box.com/shared/static/93bfbhxihax1v8bm9at44v56gv01vhee.zip


<<
	/CompressObjects /Off
	/ParseDSCCommentsForDocInfo false
	/CreateJobTicket false
	/PDFX1aCheck false
	/ColorImageMinResolution 200
	/GrayImageResolution 300
	/DoThumbnails false
	/ColorConversionStrategy /sRGB
	/GrayImageFilter /DCTEncode
	/EmbedAllFonts true
	/CalRGBProfile (Adobe RGB \0501998\051)
	/MonoImageMinResolutionPolicy /OK
	/AllowPSXObjects false
	/LockDistillerParams true
	/ImageMemory 1048576
	/DownsampleMonoImages true
	/ColorSettingsFile (None)
	/PassThroughJPEGImages true
	/AutoRotatePages /None
	/Optimize false
	/ParseDSCComments false
	/MonoImageDepth -1
	/AntiAliasGrayImages false
	/GrayImageMinResolutionPolicy /OK
	/JPEG2000ColorImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/ConvertImagesToIndexed true
	/MaxSubsetPct 100
	/Binding /Left
	/PreserveDICMYKValues false
	/GrayImageMinDownsampleDepth 2
	/MonoImageMinResolution 400
	/sRGBProfile (sRGB IEC61966-2.1)
	/AntiAliasColorImages false
	/GrayImageDepth -1
	/PreserveFlatness false
	/OtherNamespaces [
		<<
			/IncludeSlug false
			/CropImagesToFrames true
			/IncludeNonPrinting false
			/OmitPlacedBitmaps false
			/AsReaderSpreads false
			/Namespace [
				(Adobe)
				(InDesign)
				(4.0)
			]
			/FlattenerIgnoreSpreadOverrides false
			/OmitPlacedEPS false
			/OmitPlacedPDF false
			/SimulateOverprint /Legacy
			/IncludeGuidesGrids false
			/ErrorControl /WarnAndContinue
		>>
		<<
			/IgnoreHTMLPageBreaks false
			/IncludeHeaderFooter false
			/AllowTableBreaks true
			/UseHTMLTitleAsMetadata true
			/MetadataTitle /
			/ShrinkContent true
			/UseEmbeddedProfiles false
			/TreatColorsAs /MainMonitorColors
			/MetricUnit /inch
			/RemoveBackground false
			/HonorBaseURL true
			/ExpandPage false
			/AllowImageBreaks true
			/MetadataSubject /
			/MarginOffset [
				0.0
				0.0
				0.0
				0.0
			]
			/Namespace [
				(Adobe)
				(GoLive)
				(8.0)
			]
			/OpenZoomToHTMLFontSize false
			/PageOrientation /Portrait
			/MetadataAuthor /
			/MobileCompatible 0.0
			/MetadataKeywords /
			/MetricPageSize [
				0.0
				0.0
			]
			/HonorRolloverEffect false
		>>
		<<
			/IncludeProfiles true
			/ConvertColors /NoConversion
			/FormElements true
			/MarksOffset 6.0
			/FlattenerPreset <<
				/PresetSelector /MediumResolution
			>>
			/DestinationProfileSelector /UseName
			/MultimediaHandling /UseObjectSettings
			/PreserveEditing true
			/PDFXOutputIntentProfileSelector /UseName
			/BleedOffset [
				0.0
				0.0
				0.0
				0.0
			]
			/UntaggedRGBHandling /LeaveUntagged
			/GenerateStructure false
			/AddRegMarks false
			/IncludeHyperlinks false
			/IncludeBookmarks false
			/MarksWeight 0.25
			/PageMarksFile /RomanDefault
			/UntaggedCMYKHandling /LeaveUntagged
			/AddPageInfo false
			/AddBleedMarks false
			/IncludeLayers false
			/IncludeInteractive false
			/AddColorBars false
			/UseDocumentBleed false
			/AddCropMarks false
			/DestinationProfileName (U.S. Web Coated \050SWOP\051 v2)
			/Namespace [
				(Adobe)
				(CreativeSuite)
				(2.0)
			]
			/Downsample16BitImages true
		>>
	]
	/CompressPages true
	/GrayImageMinResolution 200
	/CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
	/PDFXBleedBoxToTrimBoxOffset [
		0.0
		0.0
		0.0
		0.0
	]
	/AutoFilterGrayImages false
	/EncodeColorImages true
	/AlwaysEmbed [
	]
	/EndPage -1
	/DownsampleColorImages true
	/ASCII85EncodePages false
	/PreserveEPSInfo false
	/PDFXTrimBoxToMediaBoxOffset [
		0.0
		0.0
		0.0
		0.0
	]
	/CompatibilityLevel 1.7
	/MonoImageResolution 600
	/NeverEmbed [
	]
	/CannotEmbedFontPolicy /Error
	/PreserveOPIComments false
	/AutoPositionEPSFiles false
	/JPEG2000GrayACSImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
	/EmbedJobOptions true
	/JPEG2000ColorACSImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/MonoImageDownsampleType /Bicubic
	/DetectBlends true
	/EmitDSCWarnings false
	/ColorImageDownsampleType /Bicubic
	/EncodeGrayImages true
	/Namespace [
		(Adobe)
		(Common)
		(1.0)
	]
	/AutoFilterColorImages false
	/DownsampleGrayImages true
	/GrayImageDict <<
		/QFactor 0.76
		/HSamples [
			2.0
			1.0
			1.0
			2.0
		]
		/VSamples [
			2.0
			1.0
			1.0
			2.0
		]
	>>
	/AntiAliasMonoImages false
	/GrayImageAutoFilterStrategy /JPEG
	/GrayACSImageDict <<
		/QFactor 0.76
		/HSamples [
			2.0
			1.0
			1.0
			2.0
		]
		/VSamples [
			2.0
			1.0
			1.0
			2.0
		]
	>>
	/ColorImageAutoFilterStrategy /JPEG
	/ColorImageMinResolutionPolicy /OK
	/ColorImageResolution 300
	/PDFXRegistryName (http://www.color.org)
	/MonoImageFilter /CCITTFaxEncode
	/CalGrayProfile (Dot Gain 15%)
	/ColorImageMinDownsampleDepth 1
	/PDFXTrapped /False
	/DetectCurves 0.0
	/ColorImageDepth -1
	/JPEG2000GrayImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/TransferFunctionInfo /Remove
	/ColorImageFilter /DCTEncode
	/PDFX3Check false
	/ParseICCProfilesInComments true
	/DSCReportingLevel 0
	/ColorACSImageDict <<
		/QFactor 0.76
		/HSamples [
			2.0
			1.0
			1.0
			2.0
		]
		/VSamples [
			2.0
			1.0
			1.0
			2.0
		]
	>>
	/PDFXOutputConditionIdentifier (CGATS TR 001)
	/PDFXCompliantPDFOnly false
	/AllowTransparency false
	/UsePrologue false
	/PreserveCopyPage true
	/StartPage 1
	/MonoImageDownsampleThreshold 1.5
	/GrayImageDownsampleThreshold 1.5
	/CheckCompliance [
		/None
	]
	/CreateJDFFile false
	/PDFXSetBleedBoxToMediaBox true
	/EmbedOpenType false
	/OPM 1
	/PreserveOverprintSettings true
	/UCRandBGInfo /Preserve
	/ColorImageDownsampleThreshold 1.5
	/MonoImageDict <<
		/K -1
	>>
	/GrayImageDownsampleType /Bicubic
	/Description <<
		/ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 6.0 and later.)
		
		/FRA <>
		/KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
		/HUN <>
		/NOR <>
		/DEU <>
		/CZE <>
		/ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
		/DAN <>
		/JPN <>
		
		/SUO <>
		/CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
		/CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
		
		
		
		/PTB <>
		/NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
		/TUR <>
		/POL <>
		
		/SVE <>
		
		/ESP <>
	>>
	/CropMonoImages false
	/DefaultRenderingIntent /Default
	/PreserveHalftoneInfo true
	/ColorImageDict <<
		/QFactor 0.76
		/HSamples [
			2.0
			1.0
			1.0
			2.0
		]
		/VSamples [
			2.0
			1.0
			1.0
			2.0
		]
	>>
	/CropGrayImages false
	/PDFXOutputCondition ()
	/SubsetFonts false
	/EncodeMonoImages true
	/CropColorImages false
	/PDFXNoTrimBoxError true
>>
setdistillerparams
<<
	/PageSize [
		612.0
		792.0
	]
	/HWResolution [
		600
		600
	]
>>
setpagedevice


