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Adaptive Control for Pneumatic Artificial Muscle
Systems With Parametric Uncertainties and
Unidirectional Input Constraints

Ning Sun
and Yongchun Fang

Abstract—Pneumatic artificial muscle (PAM) systems are
a kind of tube-like actuators, which can act roughly like hu-
man muscles by performing contractile or extensional mo-
tions actuated by pressurized air. At present, it is still an
open and challenging issue to tackle positioning and track-
ing control problems of PAM systems, due to inherent char-
acteristics, e.g., unidirectional inputs, high nonlinearities,
hysteresis, time-varying characteristics, etc. In this paper,
a new adaptive control method is proposed for PAM sys-
tems, which achieves satisfactory tracking performance. To
this end, an update law is designed to estimate unknown
system parameters online. Also, some control input trans-
forming operations are applied to address unidirectional
constraints (i.e., control inputs of PAM systems should al-
ways be positive). As far as we know, compared with most
of the existing control methods, this paper gives the first
continuous control solution for PAM systems that can si-
multaneously compensate parametric uncertainties, reject
external disturbances, and meet unidirectional constraints.
Without linearizing the nonlinear dynamics, the closed-loop
system is theoretically proven to be asymptotically stable
at the equilibrium point with the stability analysis. In ad-
dition, a series of hardware experiments are implemented
on a self-built hardware platform, indicating that the pro-
posed method achieves satisfactory tracking control and
exhibits robustness against parametric uncertainties and
disturbances.

Index Terms—Lyapunov techniques, mechatronics,
pneumatic artificial muscle (PAM) systems, unidirectional
input constraint.
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[. INTRODUCTION

N THE field of modern industry, various mechatronic sys-
I tems with nonlinear characteristics [1]-[6] are widely used.
Pneumatic artificial muscle (PAM) systems are a special kind
of nonlinear systems, which can contract or extend like real hu-
man muscles by inflating and deflating pressurized air through
servo valves [7]. The special working principle of PAM systems
brings many advantages for applications, e.g., flexible tubular
structures, lightweight materials, high power-to-weight/volume
ratios, clean power, etc. [7]-[12]. Based on these merits, PAM
systems are mainly applied to micromanipulation robots and
biomimetic rehabilitation robots. However, the force generated
by pressurized air inside PAM systems also brings complicated
inherent characteristics, such as high nonlinearities, complex
hysteresis, and time-varying characteristics, which make the
control issues challenging and nontrivial.

At present, there mainly exist two types of models to depict
PAM systems’ dynamic characteristics: the theoretical model
[13]-[16] and the phenomenological model [17]-[21]. The the-
oretical model is strongly related to geometric structures and
material properties of PAM systems, which can be obtained by
using some methods of mathematical physics (e.g., the virtual
work principle, the force-balance principle, etc.). Hence, the
theoretical model is complicated and contains a number of sys-
tem parameters [13]-[16]. In contrast, the phenomenological
model of PAM systems mainly analyzes the relationship be-
tween system inputs and outputs; commonly, the phenomeno-
logical model consists of two kinds of models: the Colbrunn
model [17] and the Reynolds model [18]. In particular, the
Reynolds model is the most commonly used phenomenological
model, which is established by the Voigt viscoelastic model, and
considers that a PAM system consists of three parallel elements,
i.e., a spring element, a damping element, and a contractile
element [18]—[21].

Based on both theoretical and phenomenological models of
PAM systems, in order to achieve the control objective of posi-
tioning tracking, some feedback control strategies are proposed
in the literature [21]-[23]. Specifically, Merola et al. combine a
proportional-integral-derivative (PID) control scheme for PAM
systems with a feedforward term to track reference trajecto-
ries [21]. Furthermore, Minh et al. propose a feedforward path
of a cascade position control scheme for PAM systems with
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hysteresis compensation [23]. Additionally, in practical appli-
cations, PAM systems usually suffer from external disturbances
and uncertainties (e.g., unknown parameters, unmodeled un-
certainties, etc.), which may degrade the control performance
during real-time tracking control. In order to deal with the un-
certainties and improve the robustness of PAM systems, some
control methods are developed, such as fuzzy logic controllers,
adaptive methods, and sliding-mode strategies [24]-[29]. More
specifically, Chen and Shih design a visual fuzzy control method
for automatic manipulation systems with PAM systems under
the microscope vision [24]. Zhang et al. develop an active
model-based control scheme to identify the system parame-
ters and achieve position tracking control by using a nonlinear
PID scheme [25]. In addition, an integrated intelligent nonlinear
control scheme is proposed for PAM systems, combined with
sliding-mode and backstepping techniques [26].

Nevertheless, the study of PAM systems is still at an early
stage, and there still exist many nontrivial and open control
issues to be addressed.

1) Practically, in the presence of nonlinear time-varying
characteristics, it is usually difficult to obtain accurate
real-time model parameters of PAM systems, especially
when the air pressure changes during the entire control
process.

2) Also, PAM systems usually suffer from uncertainties
and external disturbances, which degrade the control
performance.

3) Furthermore, when the pressurized air enters inner rub-
ber tubes of PAM systems, the “muscle” contracts along
the longitudinal direction; in other words, the pressurized
air only provides contractile forces through the inflation
process, and the “muscle” tends to extend to its original
states naturally during the deflation process. It means that
the control input (corresponding to the pressurized air) of
PAM systems is constrained to be nonnegative. However,
there is no reported control-related works of PAM sys-
tems, which consider unidirectional input constraints in
this paper.

To handle the abovementioned important issues, in this pa-
per, an adaptive control method is proposed for PAM systems,
which achieves satisfactory tracking performance and can effec-
tively deal with the influence induced by parametric uncertain-
ties and external disturbances. First, unidirectional constraints
are considered and “removed.” Then, an adaptive update law is
designed to compensate unknown parameters by online estima-
tion. Furthermore, a continuous robust controller is proposed on
the basis of the estimated system parameters to track various
reference trajectories. Compared with traditional sliding-mode
controllers, the chattering problem is avoided by elaborately
designing a continuous control input. In addition, the stability
analysis is provided in detail. The main contributions of this
paper can be summarized as follows.

1) The proposed adaptive controller can achieve fast and
accurate positioning with satisfactory tracking perfor-
mance for PAM systems, which can simultaneously take
into consideration several practical problems, such as
parametric uncertainties, external disturbances, physical
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Fig. 1. Model of PAM systems.
constraints, etc. It indicates that the proposed method
guarantees satisfactory robustness and can adapt to some
different unfavorable working conditions.
2) By elaborated design, the dual requirements of continuity
(in control inputs) and robustness are respected, and the
proposed controller has a continuous expression, which is
smoother than traditional sliding-mode control, and con-
sequently, the generated control commands are easier to
execute. Moreover, for both controller design and stabil-
ity analysis, no linearization operations to the nonlinear
dynamics are needed, which is theoretically important.
3) The Lyapunov-based stability analysis is implemented to
theoretically support the proposed controller, and more-
over, a series of hardware experiments are carried out to
practically validate its satisfactory performance.

The rest of this paper is organized as follows. First, in Sec-
tion II, based on the three-element model of PAM systems,
some transforming operations are given. Second, the entire con-
trol method design process is provided in detail in Section III.
Furthermore, in Section IV, the Lyapunov-based stability anal-
ysis is provided. Furthermore, hardware experiments are imple-
mented on a self-built hardware platform in Section V. Finally
Section VI concludes this paper.

[I. PROBLEM FORMULATION

The model of PAM systems is shown in Fig. 1, and precisely,
Fig. 2 shows the contractile/extensional motions of the “muscle”
when inflating/deflating pressurized air. The control objective is
to actuate PAM systems to track various reference trajectories,
so as to further complete actuating tasks, in the presence of
complicated inherent PAM systems’ dynamic characteristics,
external disturbances, and parametric uncertainties. First, the
three-element model of PAM systems is given as follows [25]:

mi + (dipp + do) & + (S11pm + 510) T + (821D + $20) 2°

= fe1bm + feo — mg (D

where m, g, p, (t), and z(¢) denote the load mass, the gravi-
tational acceleration, the air pressure, and the length variation
(corresponds to the load displacement), respectively, d; and dy
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Fig. 2. Contractile and extensional motions of PAM systems.

are damping coefficients, s11, S0, 21, and sy are second-order
spring model-related coefficients, and f.; and f., are muscle
contractile force coefficients. Precisely, the air pressure inside
PAM systems can be expressed as

Pm =Po+Pp )

where py is the nominal atmospheric pressure and p(t) is the
pressure of the injected air. Actually, the values of m and f
in (1) cannot be obtained precisely, which can be expressed as
follows:

fcl :fce+Afcl (3)

where my and Am are the nominal mass and the uncertain part
of m, respectively, and f.. and A f,; represent the nominal value
and the mismatch of f.;, respectively. By inserting (2) and (3)
into (1), the model listed in (1) can be transformed into a new
form as follows:

m = mgy + Am,

(mo+ Am) & = —(did + sz + $212°) p+ feipo + feo
— (dipo + do) & — (s11p0 + s10) @
— (s21p0 + $20) ¥ — (Mo + Am) g

+ (fce +Afcl)p (4)
Then, dividing both sides of (4) by mg + Am, one has

5 Japot feo g dip® + supz + sypa’

mo + Am mo + Am
~ (dipo + do) & + (s11p0 + S10) T + (82100 + $20) z?
mo + Am
+ fce + Afcl
mo + Am

(dipo + do) & + (s11po + s10) T + (2100 + $20) 2*
mo + Am

po(Lep- Ja_,
myo mo + Am

_ _d1p$+811p$+821p9§2

g mo + Am '

+ fclpo +f(:0 + &
mo+Am  mg

S)

Since PAM systems are powered by the pressure of the air, the
air pressure p(t) is regarded as the input, which can only work
during the inflation process; in other words, the unidirectional
constraint of p(¢) must be respected. As we know, due to phys-
ical constraints, if the control input p(t) exceeds the applicable
ranges, PAM systems will fall into saturation, and the control
performance will be degraded. To this end, p(t) can be expressed
as follows:

0, u<0
péF(u): u, 0 < u < Upax (6)
Umax, U 2 Unax

where u(t) is the control input to be designed, uy, ,x 18 the max-
imum value of u(t), and p = F'(u) is the (ultimate) real control
input working on the system. As shown in (6), we can find that,
regardless of the specific expressions of u(t), the air pressure
p(t) will always be nonnegative. To facilitate the subsequent
controller design process, F'(u) is reexpressed as follows:

F(u) = u+ Au @

where Au £ F(u) — u is introduced to analyze the effects of
unidirectional input constraints. Then, by inserting (7) into (5),
the following equation can be derived:

i=—g+wu+ (ad+ az+ a3$2) +¢ @
where
g = _Gpotdo o supot s
1 ’I’)’L()—’-ATT-L7 m0+Am
4y = AP0t 52
3 mo + Am
€= [fer —w (mo + Am) — (did + snx + sy a?) | F(u)
B mo + Am
w (mo + Am) Au + foipo + feo
_|_
my + Am
w= e ©)

mo
To simplify the subsequent controller design, £(¢) can be con-
sidered as a lumped term of uncertain disturbances, which will
be subsequently addressed by designing an elaborate control
law for wu(t). It is not difficult to find that the mismatch term
Au(t) is included in &£(t), which will also be analyzed by the
proposed control method during the stability analysis. In (9),
ai,ay, and as are uncertain model parameters to be estimated
subsequently.

[Il. CONTROLLER DESIGN

The dynamic model (8) can be transformed into the following
form:

T=—-g+wu+ql+¢

=—g+wu+qq0+¢& (10)
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where

glszqde‘i’qea q:[;ic,x,xz}

QY

In (11), z4(t) is the desired reference trajectory of x(t); qq is
the desired regression matrix, which contains some known func-
tions, e.g., x4 (t) and &4 (t), which can be derived through offline
calculations in advance to reduce online computations; &; () de-
notes the lumped disturbance term consisting of unknown dis-
turbances, including uncertainties, external disturbances, etc.;
as a result, modeling for external disturbances is not required.
As for x4(t), & (t) and their derivatives, it is practically assumed
that

qi = [Za,7a,73), 0 =lar,a2,a3]".

TaydayEa, Far 2, €1,61, €0 € Lo (12)

From (12), it is indicated that the reference trajectory x4(t), the
lumped disturbance x4(t), and their derivatives are bounded,
which are reasonable practical assumptions [30]-[32]. It is also
noted that, since the Lyapunov-based control design and anal-
ysis are conservative by nature, the proposed control method
may also work well in practice even if these assumptions are
not rigorously satisfied. On the basis of the transformed model
(10) with unknown system parameters in the presence of exter-
nal disturbances, and motivated by [33] and [34], an adaptive
robust controller will be developed for PAM systems to track
trajectories and deal with uncertainties and disturbances. First,
to deal with unknown parameters in (10), the control law wu(t)
is divided into two parts, u;(t) and u,(t), such that

u=(u; +uy)/w. (13)
Specifically, u; (t) is given as
ur = —qq6 (14)

where 0(t) = [ay, a2, a3]" denotes the estimation of O(t) in
(11). By inserting (13) and (14) into (10), and making some
mathematical arrangements, it can be derived that

i=—g+us+qub+& (15)

where 8 = 6 — 6. By increasing the order of (15), the third-
order time derivative of x(¢) can be obtained as follows:

i =iy + qu0 + qab + & (16)
Based on the augmented dynamic model in (16), the derivative
of uy(t), i.e., uy(t), is regarded as a virtual input to be further
designed. The control objective is to make x(t) track the desired
trajectory x4(t), in the presence of unidirectional control inputs,
parametric uncertainties, and disturbances.

First, the tracking error is defined as follows:
A
e=x—xy.

a7

By inserting (16) into (17) and making some arrangements, it
can be obtained that

E=F—Fy=ia+ 4040+ &~ (18)

To prevent the unmeasurable acceleration terms from being in-
jected into 1, (t), and to facilitate the subsequent controller de-
sign and the theoretical analysis, we also define some auxiliary
error signals as follows:

el =€+ Aje, 6 = —Arex + €3
é3=—es—(ko+ Dra+e1— e (19)

where A1, A, and k are positive constants, and r,(¢) is an aux-
iliary signal to be further defined. Then, based on (19), the
following auxiliary signals are provided:

ri=-e;+ey T2=71+Ar =¢é +Aie +e.  (20)

Based on (20), the update law in (14) can be designed as follows:
6= /5'('15 L)

where 3 € R¥3 is a positive-definite constant diagonal ma-
trix. Furthermore, by taking the derivative of ,(t) in (20), and
inserting (18) and (19), the signal 7, (¢) can be derived as

21

Tp = € + A€+ ey + &3
= (a2+q(1§+qd;0+§.l - 'J'U'd) + A€+ Aaéy —e3
—(ko+ 1)ro+eg —ex+ (1 —ep +12 —17)
= (51 —Tg+rE+ A —e3t+e —e *q(1é>

Fler+m)—(ho+D)rm—e —m+q,0+iu (22

where the term e; — e; + r, — 75 introduced in (22) will further
be separated into two parts (i.e., e; + 7, and —e; — 13), which
can cancel the cross terms in the subsequent Lyapunov-based
stability analysis. To facilitate the stability analysis, we define

H(l’,i‘,fﬂl,ez,e%?"z’ t) £ él - 33(1 +)\16+)\v261 —e3+ e

— e —qu0+ e+ 1. (23)

After applying the update law (21) and making some arrange-
ments, H(t) can be divided into two auxiliary functions H(t)
and H,(t), such that

Hd :H(xdaj:d»jdvoaoao»t)
H =H-H;= (51 *f]d) + A€+ A2e — e3

+2e1 —ex+12—qaBa;m (24)

where 14 = & (x4, 2q,2q4,0,0,0,t). Then, (22) can be trans-
formed into a simpler form as follows:
Fr=Hy+ Hy— (ko+ D)rs—er =2+ 4,0+ (29

where 4, (t) is considered as a virtual control input and can be
designed as

Uy = (ko + 1) es — 2bsgn(r) (26)
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where ky and b are positive control gains. By integrating (26),
one has

t

Uy = / [(ko 4+ 1) es — 2bsgn(ry)] dr (27)
0

which can be proven to be continuous (some brief analysis will

be provided in Remark 1). Furthermore, from (14) and (27), the

control law (13) can be rearranged as follows:

t
U= i {—qdé —|—/ [(ko + 1) es — 2bsgn(ry)] dT} . (28)
0

Considering (14) and (27), since u, (¢) and u,(t) are both con-
tinuous, the entire controller u(t) is also continuous. By using
the update law (21), the estimation 6(t) can be solved by

t
ozﬁﬁhﬁ—ﬁ/(ﬁh—qwﬂom+0@ 29)
0

where 6(0) is the initial estimate value of 6(t). As shown in
(29), the solution of A(t) does not depend on the signal (%),
which is difficult to measure. Then, by inserting (26), it can be
obtained from (25) that

7y = Hy + Hg + (ko + 1) es — 2bsgn(ry) — (ko + 1)r2

— e —T2+qdé- (30)

In the next section, a theorem will be provided to prove the
closed-loop stability.

Remark 1: The designed controller in (28) is continu-
ous, which can be proven by providing some discussions
on the term fof sgn(ry(7))dr. To this end, by defining
ge = fof sgn(ri(7)) dr, one can obtain that |g.(t2) — g.(t1)| =
[ 2sgnlr (7)) dr| < [t — 11| Vt1, 1 > 0, where [sgn(ry)| < 1
Vry € R is utilized. Furthermore, for any ¢, we let § = ¢. Then,
aslongas |t —t;| < 8, we always have that |g. (t2) —g.(t1)| <&,
and hence, the term fof sgn(r(7))dr can be proven to be con-
tinuous by applying the e — § definition for continuity.

IV. STABILITY ANALYSIS

First, we present the following lemma. )
Lemma 1: The functions H,(t), Hy(t), and Hy(t) are
bounded in the sense that

IHillw < ¢lloll, 1Hallx < e |Hallx <2 3D

where ¢, €1, and €, are positive constants, and the error vector
o € R>!is given as

ot [r2, €, €1, €2, 63]T =lop,..., US]T. (32)

Proof: First, from (19) and (20), the equations can be calcu-
lated as follows:

E=1T)— ()\,1 +)\,2)€1 —63—1-)»%6
(33)

é] :Tg—)ugel — €3, é:€1 —)»16.

By using the mean value theorem, based on (32) and (33), the
following equation can be derived:

él (x75t;i‘7€27e37r2at) - éld (xd,j)da:i‘d70707 Oa t)

= fi(o1) + fa(o2) + fa(03) + fa(os) + fs(os)

of of of
T T A I T { R
80’] o1=2 80'2 or=2> 60’3 o3=23
of of
87f4 4+ aﬁfs - 05
04 T4=24 05 JO5=2Z25
—v-o (34)
where f;(0;)'s,i = 1,...,5 are functions of /s, and v € R!*3
is defined as follows:
o ofs
£ |2 e, — 35
v [801 0]:21a ) 80'5 . ( )

in which z/s are constants chosen within the ranges of ofs,
i =1,...,5.Hence, from (34) and (35), by applying the Cauchy
inequality, the upper bound of (34) can be derived as follows:

€ = éu| < 1wl (36)

By inserting (33), (34), and (36) into (24) and making some
mathematical arrangements, we have

[Hillo = [Hi| < [lvllllell +[lolllell < el (BT
where
A+ 22+ 1= qaBqy |
[41]
p=|12=1 0+ )= (38)
1
|21+ 22+ 1

and ¢ is a constant satisfying > |[v/|| + ||p||. Obviously, based
on (12) and (24), the functions H,(¢) and H,(t) are bounded
such that

|Hallo < €1, [[Hallo < e (39)

where €; and ¢, are positive constants. Thus, Lemma 1 is
proven. |
Then, the main stability analysis is proceeded with the fol-
lowing theorem.
Theorem 1: If the following conditions are satisfied:

1 2
Ay > = k‘oZ(i
Yy

> (40)

b € + €
! )\,1 o : 2’

then the tracking error e(t) asymptotically converges to zero by
the proposed controller (28), in the sense that

lle(@®)|| = 0ast — oo. 41)
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Proof: A scalar function V' (¢) is chosen as follows (which
will be proven to be a Lyapunov function candidate next):

1 1 1 1 1
V é 57"% =+ 562 + 56% + Ee% + 56%
-1 __ |~
+ (2b|ry| — Hary) + 50 B'e

1
£ 5IAP + 9 (42)

T
A
where A £ [eT el el el 71,0 1Y, Q=2blr| — Hyry.

Because b > ¢ + )%262, along with (39), one has

(20 = [|[Halloc) 1] = 1| = 0. (43)
Also, it can be derived that
Hyry < ||Halloo|m1| = —Har1 > —||Halloo|71]- (44)
By adding 2b|r| to both sides of (44), one can obtain
2blry| — Hgry > 2b|r1| — || Hallso|71]- (45)

Then, based on (43) and (45), an inequality is obtained as
follows:

2b|’l“1l — HdTl Z b|7“1| Z 0. (46)

Obviously, because —Hyry < ||Hy||s|r1], it is implied that

2b|ry| = Hary < (204 [[Hglloo) |r1].

(47)
From (42) and (47), we may derive that

0 < hy[[A[P +0lri| <V < ho|| Al + (26 + [ Hallso) |r1]
(48)

where hl = min{%7 %)\min {ﬁil}}a h2 = max{%, %)‘-max {671}}’
and Apin and Ay .y are the minimum and the maximum eigen-
values of 37!, respectively. Hence, it is implied from (48) that
V(t) is nonnegative. In addition, from (42), the equilibrium
point is given as follows:
A, = [eT7ef,62T,eg,rf,r2T7éT]T =0. (49)
Based on (42) and (49), V'(t) = Oif and only if A, = 0. Hence,
from the above analysis, V' (¢) is positive definite and thus is
a Lyapunov function candidate. Furthermore, to facilitate the
subsequent analysis, the following vector IN € R? is defined:
N2 AT, VQT (50)
and the differential equation of N (t) is defined as N £
R(N,t), which is continuous except in the set {IN: r = 0}.
Then, let N (t) denote a Filippov continuous solution to
N = R(N,t), such that N € K[R](N), where K[-] is an
upper semicontinuous set-valued map in [35]. Based on the
Filippov theory, if we define the time derivative of V(IN) as
V(N), then V(IN) exists almost everywhere (a.e.), such that

: f/(N) and f/(N) is given as follows:

f/g N o (K [AT,Q/zx/ﬁ}T>

C [AT,2V9) (K [A?Q/Nﬁf) (51)

where OV (IN) represents the generalized gradient of V' (INV),
and § € OV (IN) is introduced by the Filippov theory [35]. After
taking the derivative of V' (¢) in (42), it can be obtained on the
basis of (51) that

‘7 C TzK[T"ﬂ + eé + ejé; + exén + ezés

4 26K [sgu(m)]i — Hyr — Hyin +0' 8710, (52)

By inserting (19) and (30) into (52), after making some mathe-
matical arrangements, (52) can be rewritten into the following
form:

Ve roHy — 2bry K [sgn(ry)] — eyra + roHy + maes (ko + 1)
— (ko +1)73 =13 + 24,0 — 8" 87" (Bayrs)| + ee:
— M2+ e1é) + eres — Aze% — e% — ez (ko + 1)
+ eje3 — exes + 20K [sgn(ry)]r — Hyry — Hyry. (53)

Then, on the basis of the two expressions of r,(t) in (20),
respectively, the first three terms of (53) become

roHg — 2bry K[sgn(ry)] = (71 + A1) Hy
— Zb (7’1 + )\.27"1) K[sgn(rl)]
(54)

€17y = €] (61 + )\.261 + 63) .

By inserting (54), the following conclusion is obtained from
(53):

VC —27’% — Alez — )»26% — )»26% — e% +ee; — k:m“%
— 200, K [sgn(ry)]r + Ao Hgry — Hyri +mH,.  (55)

It is worth mentioning that K [sgn(ry)]r; = SGN(r1)ry = |r1],
where the definition of SGN(-) can be found in [36]. Considering
(39), it can be obtained that

1 1
ee; < 562 + Ee%,kzth < Aol[Hallo|r1]

Hgry

IN

[ Hallsc| 1], r2Hy < |ra] | Hy . (56)

From (55) and (56), one has

:ae. 1 1
Vage [21"% — (Al — 2) e? — (Az — 2) e% f)xzeg — eg]

— 2habr1| + 2ol Halloo|m1| + [[Hallso|r1| + |r2| | H | — Kor3.
(57)
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Also, from (40), the following inequalities can be derived:
—ablri| < —=(haer + &) [, | Halloo|r1| < €2l
M| Hallso|ri]| < daer[ri], |ra|[Hi| < @llo|[r2]. (58)

Hence, by inserting (58), the following inequality can be further
obtained from (57):

*oae. 1 1
V< [27"% - <A1 - 2) e’ — <A2 - 2) el — haes — e%]

+ ¢llo||ra| — ko3 — Aablr|

a.e. 1 1
< —min {)Ll - E,Az ~ 5 1} ||o'||2 — Aob|r|

+ el llra] = kor3

o]

a.e. 2
< —yllolP+ S

(59)

where y = min{A; — 3,42 — 3, 1}. According to (59), it can

be obtained that
. 2
Lo a.e. (p
T (1= L) ol
0

Additionally, in (40), if ky meets the condition of ky > %2, then

one has that ¢ < /koy, ¢* < koy, which leads to y — i—; > 0.
Therefore, from (60), we have

(60)

Loae.

vV <O. (61)
Based on (48) and (61), one has
‘/,6,61,62,7"1,7“2,@ EEOO (62)

Considering (62), since 8(t) contains unknown constants and
6(t) € Lo, it can be deduced that 8(t) € L. From (17), (19),
(20), and (62), it can be concluded that q(t), g4 (t) € L. Then,
(10) and (12) show that u(t) € L.

Based on (42) and (61), by using the LaSalle—Yoshizawa
theorem [36], the conclusion can be derived that

(63)

lo|| = 0ast — oo = |le(t)|| = 0ast — oo

which indicates that Theorem 1 is proven. |

Remark 2: It is worth mentioning that, from (7) and
Theorem 1, if Au =0, then there exists no input saturation
problem, and we have F'(u) = u; even though the calculated
value of u(t) exceeds the input constraints, i.e., Au # 0, the
provided stability analysis ensures that the closed-loop system’s
equilibrium point is asymptotically stable.

V. EXPERIMENTAL RESULTS
A. Self-Built Hardware Platform of PAM Systems

In order to verify the effectiveness of the proposed control
method, a few groups of hardware experiments are implemented
on a self-built hardware platform as shown in Fig. 3. The plat-
form mainly consists of a Festo DMSP-20-60N-RM-CM-DN

Fig. 3.  Self-built experiment platform of PAM systems.

fluidic muscle (working air pressure: 0—6 bar, internal diam-
eter: 20 mm, nominal length: 60 mm, and maximum tensile
strength: 1500 N), a NOVOtechnik displacement sensor (pre-
cision: 0.01 mm), a PCD-dual valve pressure controller (Alicat
company), and a real-time measurement and control system,
i.e., National Instruments cRIO-9082. The control commands
are generated by using LabVIEW, and the control period is 5 ms.

B. Experimental Results and Analysis

For the experiments, the control gains of the proposed con-
troller (28) are first given as follows:

mo = 0.633kg, ¢=9.8m/s’>, w =222.95

ko =08, b=220, A =20, i =20. (64)

Then, in Experiments 1 and 3, the proposed control method is
compared with the nonlinear adaptive control method in [27].
The specific expression and the update law of the comparative
method are shown as follows:

u=—qb + kapé + kqqe

0 =~q" (¢ + re) (65)
where v € R**3 is a positive-definite constant diagonal matrix,
and k,,, k,q, and A represent positive control gains, which are
carefully tuned as kqp = 0.4, k,g = 0.1, and A = 3. To vali-
date the effectiveness and robustness of the proposed control
method, hardware experiments are implemented in the follow-
ing situations.

Experiment 1 (comparative experiments): In this group, the
nonlinear adaptive controller (65) is chosen as the comparative
method. The control gains of the proposed method are given in
(64). To demonstrate the tracking performance, by tracking dif-
ferent kinds of reference trajectories, the following three cases
are considered.

1) Case 1 (step trajectory): The amplitude of the step tra-
jectory has a preset value as 7 mm.

2) Case 2 (sine trajectory): The amplitude of the sine tra-
jectory is set as 4 mm, the frequency of the waveform
is 0.05 Hz, the initial phase is chosen as —7 /2, and the
offset of the trajectory is 6 mm.
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Fig. 4. Results of Experiment 1: Case 1 (reference trajectories—red
dashed line; proposed method—blue solid line; nonlinear adaptive com-
parative method—green dotted line).
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Fig. 5. Results of Experiment 1: Case 2 (reference trajectories—red
dashed line; proposed method—blue solid line; nonlinear adaptive com-
parative method—green dotted line).

3) Case 3 (triangular-wave trajectory): The amplitude,
the frequency, the initial phase, and the offset of the
triangular-wave trajectory are given as 4 mm, 0.05 Hz,
—m/2, and 6 mm, respectively.

The experimental results of Experiment 1 are shown in
Figs. 4-6. As shown in Fig. 4, the load displacement x(t)
converges to the desired value of 7 mm at about 2 s by ap-
plying the proposed method, which is faster than the nonlin-
ear adaptive comparative method (more than 4.7 s). Then, the
load displacement x(t) is stabilized at the desired value wirh-
out residual oscillations by the proposed method, while for the
comparative method, there still exist residual oscillations. Also,
as shown in Figs. 5 and 6, when tracking sine and triangular-
wave trajectories, the proposed controller also exhibits rapid
and precise tracking performance, with smaller tracking errors
than those of the comparative method. Hence, by applying the
proposed control method, PAM systems can track various ref-
erence trajectories well with satisfactory transient and steady
performance.
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Fig. 6. Results of Experiment 1: Case 3 (reference trajectories—red

dashed line; proposed method—Dblue solid line; nonlinear adaptive com-
parative method—green dotted line).
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Fig. 7. Results of Experiment 2: Case 1 (reference trajectories—red
dashed line; proposed method—blue solid line).

Experiment 2 (varying load mass): In this group, the load
mass is changed to 1.633 kg. The other control gains are the
same as those in Experiment 1.

As in Experiment 1, in this group, the three kinds of reference
trajectories (i.e., step, sine, and triangular-wave trajectories) are
chosen again to verify the tracking performance. The trajectory
parameters (e.g., amplitudes, frequencies, etc.) are all the same
as those set for Experiment 1.

The experimental results of Experiment 2 are shown in
Figs. 7-9. As shown in Figs. 7-9, even when the load mass
is changed, the proposed controller can also achieve accu-
rate positioning and satisfactory tracking performance, with-
out returning corresponding control gains, by compensating
the parametric uncertainties through online estimation. There-
fore, the proposed controller can deal with system parametric
uncertainties.

Experiment 3 (external disturbances): In this group, to further
verify the robustness of the proposed control strategy against
external disturbances, the load displacement z(t) is disturbed
three times during the entire process at about 10, 20, and 30 s,
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future, multi-PAM systems (e.g., multilink robots actuated by
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Fig. 9. Results of Experiment 2: Case 3 (reference trajectories—red

dashed line; proposed method—blue solid line).

respectively. The nonlinear adaptive controller (65) is utilized
again for comparison.

Fig. 10 shows the experimental results of Experiment 3. It can
be seen that the effects induced by these external disturbances
are eliminated more effectively and rapidly by the proposed con-
trol method than the comparative method. Thus, the proposed
control method exhibits satisfactory robustness in the presence
of external disturbances.

VI. CONCLUSION

Aiming at improving the tracking performance and robust-
ness, this paper proposed an adaptive control method for PAM
systems without linearizing the nonlinear dynamics. Consider-
ing unidirectional input constraints, some transforming oper-
ations were introduced. To prove the asymptotic convergence
of tracking errors, detailed stability analysis was provided with
the theoretical analysis. The effectiveness and robustness of
the proposed control method were verified by hardware exper-
iments implemented on a self-built experiment platform. In the

multi-PAM systems) will be further investigated.

ACKNOWLEDGMENT

The authors would like to express their sincere thanks to
the Associate Editor and all the reviewers for the construc-
tive suggestions that have greatly improved the quality of this

paper.

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

REFERENCES

J. P. Mishra, Q. Xu, X. Yu, and M. Jalili, “Precision position track-
ing for piezoelectric-driven motion system using continuous third-order
sliding mode control,” IEEE/ASME Trans. Mechatronics, vol. 23, no. 4,
pp- 1521-1531, Aug. 2018.

K. Chen, Y. Zhang, J. Yi, and T. Liu, “An integrated physical-learning
model of physical human-robot interactions with application to pose
estimation in bikebot riding,” Int. J. Robot. Res., vol. 35, no. 12,
pp. 1459-1476, 2016.

C. Yang, H. Wu, Z. Li, W. He, N. Wang, and C. Y. Su, “Mind control of
a robotic arm with visual fusion technology,” IEEE Trans. Ind. Inform.,
vol. 14, no. 9, pp. 3822-3830, Sep. 2018.

W. Sun, Y. Liu, and H. Gao, “Constrained sampled-data ARC for
a class of cascaded nonlinear systems with applications to motor-
servo systems,” IEEE Trans. Ind. Inform., vol. 15, no. 2, pp. 766-776,
Feb. 2019.

J. Yang, J. Su, S. Li, and X. Yu, “High-order mismatched disturbance com-
pensation for motion control systems via a continuous dynamic sliding-
mode approach,” IEEE Trans. Ind. Inform., vol. 10, no. 1, pp. 604-614,
Feb. 2014.

Q.Zhou, H. Li, C. Wu, L. Wang, and C. K. Ahn, “Adaptive fuzzy control of
nonlinear systems with unmodeled dynamics and input saturation using
small-gain approach,” IEEE Trans. Syst., Man, Cybern., Syst., vol. 47,
no. 8, pp. 1979-1989, Aug. 2017.

R. M. Robinson, C. S. Kothera, and N. M. Wereley, “Variable recruit-
ment testing of pneumatic artificial muscles for robotic manipulators,”
IEEE/ASME Trans. Mechatronics, vol. 20, no. 4, pp. 1642-1652, Aug.
2015.

H. Zheng, M. Wu, and X. Shen, “Pneumatic variable series elastic ac-
tuator,” J. Dyn. Syst., Meas., Control, vol. 138, no. 8, 2016, Art. no.
0810111.

T. Nuchkrua, T. Leephakpreeda, and S. L. Chen, “Experimental validation
for fuzzy control of servo pneumatic artificial muscle driven by metal
hydride,” Int. J. Fuzzy Syst., vol. 18, no. 6, pp. 956-970, 2016.

Authorized licensed use limited to: Kent State University Libraries. Downloaded on September 20,2023 at 17:54:05 UTC from IEEE Xplore. Restrictions apply.



978

IEEE TRANSACTIONS ON INDUSTRIAL INFORMATICS, VOL. 16, NO. 2, FEBRUARY 2020

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

H. Yang, Y. Chen, Y. Sun, and L. Hao, “A novel Kriging-median inverse
compensator for modeling and compensating asymmetric hysteresis of
pneumatic artificial muscle,” Smart Mater. Struct., vol. 27, no. 11, 2018,
Art. no. 115019.

S. Terryn, J. Brancart, D. Lefeber, G. V. Assche, and B. Vanderborght,
“A pneumatic artificial muscle manufactured out of self-healing polymers
that can repair macroscopic damages,” IEEE Robot. Autom. Lett., vol. 3,
no. 1, pp. 16-21, Jan. 2018.

L. Cveticanin, M. Zukovic, I. Biro, and J. Sarosi, “Mathematical inves-
tigation of the stability condition and steady state position of a pneu-
matic artificial muscle-mass system,” Mech. Mach. Theory, vol. 125,
pp. 196-206, 2018.

B. Tondu, “Modelling of the McKibben artificial muscle: A review,” J.
Intell. Mater. Syst. Struct., vol. 23, no. 3, pp. 225-253, 2012.

M. R. Sobczyk, V. I. Gervini, E. A. Perondi, and M. A. B. Cunha, “A
continuous version of the LuGre friction model applied to the adaptive
control of a pneumatic servo system,” J. Franklin Inst., vol. 353, no. 13,
pp- 3021-3039, 2016.

D. G. Caldwell, G. A. Medrano-Cerda, and M. Goodwin, “Control of
pneumatic muscle actuators,” IEEE Control Syst. Mag., vol. 15, no. 1,
pp. 40-48, Feb. 1995.

C. Ferraresi, W. Franco, and A. M. Bertetto, “Flexible pneumatic actuators:
A comparison between the McKibben and the straight fibres muscles,” J.
Robot. Mechatronics, vol. 13, no. 1, pp. 56-63, 2001.

R. W. Colbrunn, G. M. Nelson, and R. D. Quinn, “Modeling of braided
pneumatic actuators for robotic control,” in Proc. IEEE/RSJ Int. Conf.
Intell. Robots Syst., Maui, HI, USA, Oct. 2001, pp. 1964-1970.

D. B. Reynolds, D. W. Repperger, C. A. Phillips, and G. Bandry, “Model-
ing the dynamic characteristics of pneumatic muscle,” Ann. Biomed. Eng.,
vol. 31, no. 3, pp. 310-317, 2003.

G. Andrikopoulos, G. Nikolakopoulos, I. Arvanitakis, and S. Manesis,
“Piecewise affine modeling and constrained optimal control for a pneu-
matic artificial muscle,” IEEE Trans. Ind. Electron., vol. 61, no. 2,
pp. 904-916, Feb. 2014.

J. Wu, J. Huang, Y. Wang, and K. Xing, “Nonlinear disturbance observer-
based dynamic surface control for trajectory tracking of pneumatic muscle
system,” IEEE Trans. Control Syst. Technol., vol. 22, no. 2, pp. 440455,
Mar. 2014.

A. Merola, D. Colacino, C. Cosentino, and F. Amato, “Model-based track-
ing control design, implementation of embedded digital controller and
testing of a biomechatronic device for robotic rehabilitation,” Mechatron-
ics, vol. 52, pp. 70-77, 2018.

Y. Liu, X. Zang, Z. Lin, W. Li, and J. Zhao, “Position control of a bio-
inspired semi-active joint with direct inverse hysteresis modeling and
compensation,” Adv. Mech. Eng., vol. 8, no. 11, pp. 1-8, 2016.

T. V. Minh, T. Tjahjowidodo, H. Ramon, and H. V. Brussel, “Cascade
position control of a single pneumatic artificial muscle-mass system with
hysteresis compensation,” Mechatronics, vol. 20, no. 3, pp. 402—414, 2010.
H. I. Chen and M. C. Shih, “Visual control of an automatic manipulation
system by microscope and pneumatic actuator,” IEEE Trans. Autom. Sci.
Eng., vol. 10, no. 1, pp. 215-218, Jan. 2013.

D. Zhang, X. Zhao, and J. Han, “Active model-based control for pneu-
matic artificial muscle,” IEEE Trans. Ind. Electron., vol. 64, no. 2,
pp. 1686-1695, Feb. 2017.

D. X. Ba, T. Q. Dinh, and K. K. Ahn, “An integrated intelligent nonlinear
control method for a pneumatic artificial muscle,” IEEE/ASME Trans.
Mechatronics, vol. 21, no. 4, pp. 1835-1845, Aug. 2016.

J. H. Lilly, “Adaptive tracking for pneumatic muscle actuators in bi-
cep and tricep configurations,” IEEE Trans. Neural Syst. Rehabil. Eng.,
vol. 11, no. 3, pp. 333-339, Sep. 2003.

R. M. Robinson, C. S. Kothera, R. M. Sanner, and N. M. Wereley, “Nonlin-
ear control of robotic manipulators driven by pneumatic artificial muscles,”
IEEE/ASME Trans. Mechatronics, vol. 20, no. 1, pp. 55-68, Feb. 2016.
N. N. Son, C. V. Kien, and H. P. H. Anh, “A novel adaptive feed-forward-
PID controller of a SCARA parallel robot using pneumatic artificial mus-
cle actuator based on neural network and modified differential evolution
algorithm,” Robot. Auton. Syst., vol. 96, pp. 65-80, 2017.

A. P. Aguiar and J. P. Hespanha, “Trajectory-tracking and path-following
of underactuated autonomous vehicles with parametric modeling uncer-
tainty,” IEEE Trans. Autom. Control, vol. 52, no. 8, pp. 1362—1379, Aug.
2007.

H. Sira-Ramirez, J. Linares-Flores, C. Garcia-Rodriguez, and M. A.
Contreras-Ordaz, “On the control of the permanent magnet synchronous
motor: An active disturbance rejection control approach,” IEEE Trans.
Control Syst. Technol., vol. 22, no. 5, pp. 2056-2063, Sep. 2014.

[32]

[33]

[34]

[35]

[36]

J. Wang, S. He, and D. Lin, “Robust backstepping control for a class of
nonlinear systems using generalized disturbance observer,” Int. J. Control,
Autom. Syst., vol. 14, no. 6, pp. 1475-1483, 2016.

B. Xian, D. M. Dawson, M. S. de Queiroz, and J. Chen, “A continuous
asymptotic tracking control strategy for uncertain nonlinear systems,”
IEEE Trans. Autom. Control, vol. 49, no. 7, pp. 1206-1211, Jul. 2004.

N. Fischer, D. Hughes, P. Walters, E. M. Schwartz, and W. E. Dixon,
“Nonlinear RISE-based control of an autonomous underwater vehicle,”
IEEE Trans. Robot., vol. 30, no. 4, pp. 845-852, Aug. 2014.

B. Paden and S. Sastry, “A calculus for computing Filippov’s differential
inclusion with application to the variable structure control of robot manip-
ulators,” IEEE Trans. Circuits Syst., vol. CAS-34, no. 1, pp. 73-82, Jan.
1987.

N. Fischer, R. Kamalapurkar, and W. E. Dixon, “LaSalle-Yoshizawa corol-
laries for nonsmooth systems,” IEEE Trans. Autom. Control, vol. 58,
no. 9, pp. 2333-2338, Sep. 2013.

Ning Sun (S’12-M’14) received the B.S. de-
gree in measurement and control technology
and instruments from Wuhan University, Wuhan,
China, in 2009, and the Ph.D. degree in control
theory and control engineering from Nankai Uni-
versity, Tianjin, China, in 2014.

He is currently an Associate Professor with
the Institute of Robotics and Automatic Informa-
tion Systems, College of Artificial Intelligence,
Nankai University, Tianjin, China. He is also
a Japan Society for the Promotion of Science

International Research Fellow with the Faculty of Computer Science
and Systems Engineering, Okayama Prefectural University, Okayama,
Japan, from Nov. 2018 to Oct. 2019. His research interests include un-
deractuated systems (e.g., cranes) and nonlinear control with applica-
tions to mechatronic systems.

Dr. Sun received the First Class Prize of the Wu Wen Jun Artificial
Intelligence Natural Science Award, the First Class Prize of the Tianjin
Natural Science Award, the Golden Patent Award of Tianjin, the Inter-
national Journal of Control, Automation, and Systems Academic Activity
Award, the Outstanding Ph.D. Dissertation Award from the Chinese As-
sociation of Automation, etc. He is the Executive Editor for Measurement
and Control and an Associate Editor (Editorial Board Member) for sev-
eral journals, including the IEEE ACCESS, the International Journal of
Control, Automation, and Systems, and the International Journal of Pre-
cision Engineering and Manufacturing, etc.

Dingkun Liang received the B.S. degree in in-
telligent science and technology in 2016 from
Nankai University, Tianjin, China, where she
is currently working toward the Ph.D. degree
in control science and engineering, under the
supervision of Dr. Ning Sun, with the Insti-
tute of Robotics and Automatic Information
Systems.

Her research interests include the modeling
and control of pneumatic artificial muscle sys-
tems and wheeled inverted pendulum robots.

Yiming Wu received the B.S. degree in in-
telligent science and technology in 2016 from
Nankai University, Tianjin, China, where she
is currently working toward the Ph.D. degree
in control science and engineering, under the
supervision of Dr. Ning Sun, with the Insti-
tute of Robotics and Automatic Information
Systems.

Her research interests include the control of
underactuated systems.

Authorized licensed use limited to: Kent State University Libraries. Downloaded on September 20,2023 at 17:54:05 UTC from IEEE Xplore. Restrictions apply.


Lenovo
Highlight

Lenovo
Highlight

Lenovo
Highlight

Lenovo
Highlight


SUN et al.: ADAPTIVE CONTROL FOR PNEUMATIC ARTIFICIAL MUSCLE SYSTEMS

979

Yiheng Chen received the B.S. degree in in-
telligent science and technology in 2018 from
Nankai University, Tianjin, China, where she
is currently working toward the M.S. degree in
control science and engineering, under the su-
pervision of Dr. Ning Sun, with the Institute of
Robotics and Automatic Information Systems.

Her research interests include the modeling
and nonlinear control of pneumatic artificial mus-
cle systems.

Yanding Qin received the B.Eng. and M.Sc. de-
grees in industrial design and the Ph.D. degree
in mechanical engineering from Tianjin Univer-
sity, Tianjin, China, in 2005, 2007, and 2012,
respectively.

From 2009 to 2010, he was a Visiting Scholar
with the School of Mechanical Engineering, Pur-
due University, West Lafayette, IN, USA. From
2012 to 2013, he was a Postdoctoral Research
Officer with the Robotics and Mechatronics Re-
search Laboratory, Department of Mechanical
and Aerospace Engineering, Monash University, Clayton, Australia. He
is currently an Associate Professor with the Institute of Robotics and
Automatic Information Systems, College of Atrtificial Intelligence, Nankai
University, Tianjin, China. His research interests include flexure-based
mechanism, micro/nanomanipulation, hysteresis modeling and com-
pensation, laser-based measurement, mechanical dynamics, three-
dimensional bioprinting, and super-resolution microscopy.

Yongchun Fang (S’00-M’02-SM’08) received
the B.S. and M.S. degrees in control the-
ory and applications from Zhejiang University,
Hangzhou, China, in 1996 and 1999, respec-
tively, and the Ph.D. degree in electrical engi-
neering from Clemson University, Clemson, SC,
USA, in 2002.

From 2002 to 2003, he was a Postdoctoral
Fellow with the Sibley School of Mechanical
and Aerospace Engineering, Cornell University,
Ithaca, NY, USA. He is currently a Professor with

the Institute of Robotics and Automatic Information Systems, College of
Artificial Intelligence Nankai University, Tianjin, China. His research inter-
ests include nonlinear control, visual servoing, control of underactuated
systems, and AFM-based nanosystems.

Authorized licensed use limited to: Kent State University Libraries. Downloaded on September 20,2023 at 17:54:05 UTC from IEEE Xplore. Restrictions apply.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /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 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /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 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


