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Abstract. We discuss a tracking controller strategy for hysteretic systems, including magnetic
and smart actuators, by using two output feedbacks. We show that a dual-loop proportional deriva-
tive controller derived from two feedback signals is sufficient to achieve tracking control. We further
discuss regularity, well-posedness, and stability and obtain sufficient conditions on controller gains
for ultimate bounded tracking control of hysteretic systems.
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1. Introduction. Hysteresis phenomena, caused by magnetism, static friction,
elasticity, or mechanical backlash, occur in many physical systems, including mag-
netic and smart actuators. In recent years, control of hysteretic systems has received
much attention due to the growing number of industrial applications of these actu-
ators [1, 2, 3, 4, 5]. However, these actuators are difficult to control to achieve a
given objective due to the presence of saturating hysteresis and other nonlinearities.
Motivated by such hysteretic systems, in this paper we discuss how to develop a dual-
loop proportional derivative (PD) tracking control using two output feedbacks for
saturating, nonmonotone hysteretic systems.

Trajectory tracking control methods for hysteretic systems presented in the liter-
ature include inverse compensation of hysteresis [6, 7, 8], adaptive control [9, 10, 11],
integral control [12, 13, 14, 15], passivity-based control [16, 17], monotonicity-based
control [18, 19], and hybrid control, most of which are model dependent [20, 21]. In
the case of magnetic and smart actuators, the system has two measured feedbacks
that can be used for control: the error output derived from the actuator tip displace-
ment and the induced voltage (magnetomotive force) of the actuator windings, which
can be obtained from the input current and voltage (shown in [22]). The use of two
feedbacks makes the control design discussed here entirely different from those used
in the literature for control of hysteretic systems.

Inverse hysteresis compensation is the most common control method discussed in
the literature [6, 8, 23, 24] and is applicable for hysteretic systems at low frequen-
cies [6]. Another widely investigated strategy is integral, proportional, and derivative
(PID) control [12, 14, 15], derived from the output error. PID controllers are em-
ployed for systems with only hysteresis nonlinearity [12, 15]. Adaptive control is
another common method for controlling hysteretic systems [9, 25, 11, 26]. Adap-
tive controllers are primarily utilized for nonsaturating hysteresis operators without
minor-loop closure behavior. Most of these schemes have merit for specific hysteretic
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3416 DINESH B. EKANAYAKE AND RAM V. IYER

systems and control operations. Magnetic and magnetostrictive actuators exhibit
complex hysteresis, combined with other frequency-dependent nonlinearities such as
eddy current and residual losses. These behaviors limit the usefulness of conventional
control schemes to low-frequency ranges (less than 200 Hz [6]) and low-amplitude
signals, which prevent the actuators from becoming saturated.

Existing feedback control schemes for hysteretic systems use only the output to
be regulated to derive the control signal. For example, schemes for magnetostrictive
actuators use only tip displacement as input for the control scheme [23]. However,
when a current is applied to a magnetostrictive actuator, induced voltage can also be
measured. To achieve precision control of these complex systems, it is important to
include all measurements that can be easily obtained and that reflect properties of the
hysteretic system. Here, we use PD feedbacks derived from the output to be regulated
and a proportional feedback derived from a second output. PID controllers derived
from the output to be regulated have been shown to be appropriate for hysteretic
systems in which hysteresis is the only nonlinearity [12, 15, 27]. For more complicated
systems, a PID controller combined with a feedforward loop or with a model-based
control signal has been utilized [21, 28, 29, 30, 31]. The objective of this paper
is to show that the feedforward loop and model-based controllers can be effectively
replaced by adding the second proportional controller loop, and such a controller is
appropriate for complex hysteretic systems. Although our primary use is for magnetic
and magnetostrictive actuators, the results are applicable to any magnetic system and
can be extended to most hysteretic systems.

In this paper, we discuss neither the explicit role of each feedback signal nor
stability and tracking in the presence of exogenous disturbances. We restrict our
attention to showing that, under the feedback control, the system achieves tracking.
In a forthcoming paper, we present the robust control of linear actuators, as well as
the explicit role of each feedback to control the system in rated conditions.

1.1. Electric network model for linear actuators. Here we obtain the sys-
tem of equations that governs a linear actuator, the motivating example for the hys-
teretic system we consider.

Consider the linear actuator connected to a voltage input, V , shown in
Figure 1.1(a), where the power transfers from the electrical domain to the magnetic
domain and then to the mechanical domain, which produces a linear motion of the
actuator rod. Variable i is the actuator input current and y is the displacement of
the tip.

The corresponding electrical network model is shown in Figure 1.1(b). The model
consists of an ideal voltage source, V , a linear resistor, RL, a nonlinear resistor, RN ,

Fig. 1.1. Electric network model for a magnetic linear actuator.
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PD CONTROL OF HYSTERETIC SYSTEMS 3417

and a lossless inductor, L. The linear resistor accounts for the Ohmic losses in the
winding of the device. All linear actuators exhibit core losses, including eddy current,
hysteresis, and residual losses, and the nonlinear resistor in the model corresponds
to these losses. Voltage x represents the induced voltage, which opposes the mag-
netomotive force generated by the changing flux linkage of the winding, assuming
a lossless magnetic circuit. From Faraday’s and Lenz’s laws, induced voltage x is
proportional to the rate of change of the flux linkage. Neglecting end effects and
assuming a uniform magnetic path, we conclude that x is proportional to the rate of
change of magnetic flux density, B. That is, Ḃ = C0x for some constant C0. Since
B = μ0(H +M), Ḣ + Ṁ = C1e, where C1 is a constant and H and M represent the
average axial magnetic field and magnetization, respectively.

Instantaneous core losses can be represented as a function of the derivative of
flux density and, hence, as a function of induced voltage [32, 33, 34]. Thus, current ic
through the nonlinear resistor can be expressed as a function of x, that is, ic = θ(x) for
some function θ. When the magnitude of the rate of change of flux density increases,
both eddy current losses and residual losses increase, as does induced voltage x. Hence,
θ(x) is a strictly monotone increasing function of x. Magnetization current im is
proportional to the average axial magnetic field H of the coil, im = βH , where β is a
constant [35]. Applying Kirchhoff’s circuit laws to the model in Figure 1.1(b),

i = ic + im = θ(x) + βH.(1.1)

Further, for such a system, M relates to H via a rate-independent hysteresis operator
such that M = Γ[H ; ψ−1](t).

Motivated by hysteretic systems of linear actuators and the ability to measure
induced voltage, we consider the following system.

2. System with hysteresis. Here we consider hysteretic systems modeled by
nonlinear functional differential equations of the form

ẏ(t) + αy(t) = aM2(t) + bM(t),(2.1)

Ḣ(t) + Ṁ(t) = γx(t),(2.2)

θ(x)(t) + βH(t) = u(t),(2.3)

M(t) = Γ[H ; ψ−1](t),(2.4)

y(0) = y0, H(0) = H0,(2.5)

where u(t) is the system input, x(t) is an output, and y(t) is the output to be regulated.
Functions H(t) and M(t) represent two internal states. For magnetic systems, x(t)
corresponds to the induced voltage. Operator Γ[· ; ψ−1] is the hysteresis operator
with initial memory state ψ−1. Equation (2.2) is equivalent to Faraday’s law. Further,
a, b, α, β, and γ are positive constants.

For magnetic systems, (2.1) represents the relationship between the output to be
regulated (tip displacement) and magnetization, which is quadratic [6, 36]. Magne-
tostriction, λ, can be empirically expressed in terms of magnetization: λ =

∑∞
i=0 aiM

2i

[37]. However, terms for i > 1 are related to elastic strain and do not play an active
role in the magnetomechanical effect [38]. In the case of moving iron controllable ac-
tuators, the relationship is linear [39]. To incorporate all such systems, the right-hand
side of (2.1) is chosen to be a quadratic function.

We assume hysteresis can be represented by an operator of Preisach type. The
Preisach operator has been shown to be a well-suited approximation for magnetic and
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3418 DINESH B. EKANAYAKE AND RAM V. IYER

smart actuators [40, 41, 42] but is more restrictive than an operator of Preisach type.
We use the operator of Preisach type defined in Definition 2.4.2 of Brokate and
Sprekels [43]. Suppose Ψ0 is the space of admissible memory curves:

Ψ0 := {ψ | ψ : R+ → R, |ψ(r) − ψ(r̄)| ≤ |r − r̄| ∀r, r̄ ≥ 0, Rsupp(ψ) <∞} ,
where Rsupp(ψ) := sup{r | r ≥ 0, ψ(r) �= 0}. Preisach operator Γ[H ;ψ−1](t), with
initial memory curve ψ−1, is defined with an output map Q : Ψ0 → R of the form

(2.6) Q(ψ) =

∫ ∞

0

q(r, ψ(r))dr + w00, where q(r, s) = 2

∫ s

0

ω(r, σ)dσ,

with w00 =
∫∞
0

∫ 0

−∞ ω(r, s)dsdr +
∫∞
0

∫∞
0 ω(r, s)dsdr. Here, ω ∈ L1

loc(R+ × R) is the
Preisach density function.

3. Statement of the problem. The control objective is to design a controller
such that the output y of system (2.1)–(2.5) approximately follows a specific trajec-
tory, yd. To be precise, for arbitrary ε > 0, we seek an output feedback strategy such
that for given yd ∈ W 2,∞[0,∞), the tracking error r(t) = y(t) − yd(t) is ultimately
bounded by ε (that is, lim supt→∞ |r(t)| < ε). To design a control to stabilize system
(2.1)–(2.5), the following assumptions are introduced:

H1: Hysteresis operator of Preisach-type Γ[· ;ψ−1] is counterclockwise dissipa-
tive (output-rate dissipative), piecewise monotone, and Lipschitz continu-
ous on C[0, T ] [43].

H2: There exist real numbers Γsat1, Γsat2 > 0 such that −Γsat1 = infψ∈Ψ0 Q(ψ)
and Γsat2 = supψ∈Ψ0

Q(ψ).
H3: θ(·) is continuous and strictly monotone increasing with θ(0) = 0.
H4: α > 0.
H5: The desired trajectory yd ∈ W 2,∞[0,∞) satisfies ‖ÿd‖2,∞ ≤ A and−b2/4a+

δ < ẏd(t) + αyd(t) < aΓ2
sat2 + bΓsat2 − δ for all t ∈ [0,∞], where δ > 0.

Hypothesis H1 is a typical condition which guarantees the thermodynamic consis-
tency of hysteresis operators. In particular, it reflects the fundamental energy dis-
sipation properties of hysteresis. Also, for given ψ1, ψ2 ∈ Ψ0 and for some constant
C > 0, if |Q(ψ1) − Q(ψ2)| ≤ C||ψ1 − ψ2||∞, then operator Γ is Lipschitz continuous
on C[0, T ] × Ψ0 (Proposition 2.4.9 in Brokate and Sprekels [43]). Hypotheses H2
represents the saturation property of hysteresis operators, the class of operators in
this study. The monotonicity of θ in hypothesis H3 represents the increase of power
losses as the magnitude of x increases. Hypothesis H4 describes the bounds for the
desired trajectory. Due to saturation, desired trajectories beyond some limit cannot
be achieved. Here δ represents a “buffer,” a very small positive constant that is nec-
essary for the tracking error to be ultimately bounded by an arbitrary ε > 0, seen in
section 7.

First we prove that a hysteresis operator satisfying hypotheses H1 and H2 has a
output reachability property.

Lemma 3.1. For all y ∈ (−Γsat1,Γsat2) and ψ−1 ∈ Ψ0, there exists H ∈ C[0, T ]
such that Γ[H ;ψ−1](T ) = y.

Proof. By compactness of Ψ0 and the continuity of Q for all ε > 0, ∃ κ > 0 such
that for all ψ1, ψ2 ∈ Ψ0, ‖ψ1 − ψ2‖∞ < κ =⇒ |Q(ψ1) −Q(ψ2)| < ε

3 . For a given ε,
fix a value of κ so that the above condition is satisfied. By the construction presented
in section 3 of [44], there exists ψ̃−1 ∈ Ψ0 such that

(3.1) ‖ψ̃−1 − ψ−1‖∞ < κ.
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Furthermore, there exists a finite alternating sequence s = (s0, s1, . . . , sN ) such that
Fr[v; 0](T ) = ψ̃−1(r), where Fr is the play operator with parameter r and v is the
linear interpolation of s on [0, T ]. The sequence s is a fading sequence with respect to
Preisach ordering (see p. 82 of [43]). Let s∗ = maxi∈{0,...,N} |si|. Then there exists an
alternating sequence s̄ = (s̄0, . . . , s̄M ) with s̄0 > s∗ such that

(3.2) φ(r) = Fr[w; ψ̃−1](T ) and ‖φ‖∞ < κ,

where w is the linear interpolation of s̄ on [0, T ].
Next, let η = min{Γsat2 − y, y + Γsat1}. By H2, there exist ψ∗ and ψ∗ ∈ Ψ0

such that −Γsat1 ≤ Q(ψ) < −Γsat1 + η
2 and Γsat2 − η

2 < Q(ψ∗) ≤ Γsat2. As y ∈
[−Γsat1 + η

2 ,Γsat2 − η
2 ], there exists at least one ψ ∈ Ψ0 such that Q(ψ) = y by

continuity of Q on Ψ0. Now, ∃ ψ̃ ∈ Ψ0 such that ‖ψ̃ − ψ‖∞ < κ, by the constructive
proof presented in section 3 of [44]. Furthermore, there exists a finite alternating
sequence m = (m0,m1, . . . ,mL) such that Fr[x; 0](T ) = ψ̃(r), where x is the linear
interpolation of m on [0, T ]. Consider the function H̃ ∈ Cpm[0, T ] defined by

H̃(t) =

⎧⎪⎨⎪⎩
v(3 t), 0 ≤ t < T

3 ,

w(3 t− T ), T
3 ≤ t < 2T

3 ,

x(3 t− 2T ), 2 T
3 ≤ t ≤ T.

Let H be the function on [0, T ] defined by H(t) = H̃
(
2
3 t+

T
3

)
. Due to rate

independence of Γ,

Γ[H̃
∣∣
[T3 ,T ]

; ψ̃−1](T ) = Γ[H̃; 0](T ) =⇒ Γ[H ; ψ̃−1](T ) = Γ[H̃; 0](T ).

By (3.1), ‖Γ[H ;ψ−1](T )− Γ[H ; ψ̃−1](T )‖∞ < ε
3 . Finally,

|y − Γ[H ;ψ−1](T )| ≤ |Q(ψ)− Γ[H |[T2 ,T ]; 0](T )|+ |Γ[H |[T2 ,T ]; 0](T )− Γ[H |[T2 ,T ];φ](T )|
+ |Γ[H |[T2 ,T ];φ](T )− Γ[H ;ψ−1](T )|

≤ |Q(ψ)−Q(ψ̃)|+ |Q(0)−Q(φ)|+ |Γ[H ; ψ̃−1](T )−Γ[H ;ψ−1](T )|
≤ ε

3
+
ε

3
+
ε

3
.

As v, w, x are piecewise continuous functions, H is a piecewise continuous function
as well. As Cpm[0, T ] is dense in C[0, T ] and Q is continuous on C[0, T ], the claim
follows.

4. Preliminaries. In this section we introduce definitions and theorems needed
to precisely formulate the problem. First, we explicitly state notation and terminology.
Define R+ := [0,∞). Let I ⊂ R+ be a compact interval. Spaces C(I), C1(I), BC(I),
and Cpm[I] denote continuous, continuously differentiable, bounded continuous, and
piecewise monotone continuous functions on I, respectively. Further, denote

W 1,1(I): Space of absolutely continuous functions on I.
W 1,∞(I): Space of Lipschitz continuous functions on I.
W 2,∞(I): Space of twice differentiable bounded functions with locally absolutely

continuous first derivatives and essentially bounded second derivatives.
Next we state necessary theorems and lemmas and recall some established prop-

erties of hysteresis operators of Preisach type.
Theorem 4.1 (inverse function theorem). If a function is continuous and strictly

monotone on an interval, then it has a single-valued inverse function, which is strictly
monotone and continuous on that interval.
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3420 DINESH B. EKANAYAKE AND RAM V. IYER

Lemma 4.1 (Theorem 2.11.20 in Brokate and Sprekels [43]). Let W [u ;ψ−1] be
a piecewise strictly monotone continuous Preisach operator with domain I = [a, b].
Suppose u(t) ∈ I for all t ∈ [0, T ]. Define X (·) on [0, b− a] as

XI(x) :=inf {|W [u;ψ−1](T )−W [u : ψ−1](0)| : ψ−1 ∈ Ψ0, u ∈ Cm[0, T ],

|u(T )− u(0)| = x} .
If XI(x) ≥ γ̂x for all x > 0 and for some constant γ̂ > 0, then W : CI [0, T ] → C[0, T ]
is invertible and W−1 : CJ [0, T ] → CI [0, T ] is Lipschitz continuous, where CJ [0, T ] is
the image of CI [0, T ] under Γ.

Lemma 4.2. Suppose Γ is a hysteresis operator of Preisach type satisfying hy-
potheses H1 and H2, and let ψ−1 ∈ Ψ0. Then, (I + Γ)[u;ψ−1] is invertible and
(I + Γ)−1 is Lipschitz continuous on C[0, T ].

Proof. The claim follows from the observation that for (I+Γ)[u;ψ−1], XI(x) ≥ x
on any closed interval I and from Lemma 4.1.

5. Feedback control. Control input u(t) is derived from both output error
feedback r = y − yd and output feedback x:

(5.1) u(t) = −k̂Px− kP r − kD ṙ.

Although the signal obtained from r(t) can be generated by a PI, PD, or PID controller
(see [45]), we restrict our attention to PD controllers. The proportional control signal
kPx effectively replaces the nonlinear model-based control signals, such as those used
in hybrid PI/PID controllers in the existing literature [28, 29, 30, 31]. Subsequent
analysis shows that such a dual-loop feedback controller has a stability region that
extends tracking to almost the full range. Stability region refers to the set of values
for controller parameters that yields stability in closed-loop systems [46].

Next we obtain the closed-loop system. Equation (2.2) can be expressed as

(5.2) (I + Γ)[H ;ψ−1] = γ

∫ t

0

xdτ +H0 + Γ0 := f(x).

By the invertibility of I +Γ, H = (I +Γ)−1f(x). Hence Γ[H ;ψ−1] can be rewritten
in terms of x asW [f(x) ;ψ−1] := Γ

[
(I + Γ)−1f(x) ;ψ−1

]
. Then, (5.2) combined with

(2.1)–(2.5) yields the closed-loop system

ẏ + αy = g (W [f(x) ;ψ−1]) ,(5.3)

ϕ(x(t)) + βγ

∫ t

0

x(τ)dτ = (kDα− kP )y(t) +G(yd, x)(t),(5.4)

where ϕ(x) = k̂Px+ θ(x), g(·) = a(·)2 + b(·), and
G(yd, x)(t) = βW [f(x);ψ−1](t)

− kDg (W [f(x);ψ−1](t)) + kP yd(t) + kDẏd(t)− β(H0 + Γ0).

Due to the semigroup property satisfied by Γ, we also have

ϕ(x) + βγ

∫ t

t1

x(τ)dτ = (kDα− kP )y +G(yd, x)(t),

G(yd, x)(t) = βW [f(x) ;ψ−1](t)− kDg (W [f(x) ;ψ−1]) + kP yd(t) + kDẏd(t)

− β(H(t1) + Γ[H ;ψ−1](t1)),

where 0 ≤ t1 ≤ t. This observation is useful in section 6.
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Next we show that if hypotheses H1−H5 are satisfied, then system (5.3)–(5.4)
possesses a solution such that (x, y) ∈ BC[0,∞)×W 1,∞[0,∞). Existence of a solution
for system (5.3)–(5.4) guarantees existence of a bounded continuous x(t) satisfying
(2.2) almost everywhere. We note that for a given H ∈ Cpm[0,∞), the derivative
of M(t) = Γ[H ;ψ−1](t) can be discontinuous at every peak. However, this analysis
shows that for yd satisfying hypothesis H5, x is continuous and thus both left and
right derivatives of H(t) become zero at each peak. Hence, Ṁ(t) can be extended to
a continuous function. This continuity can be observed in the simulations in section
8, which also demonstrate that failure to satisfy the conditions in H5 results in a
discontinuous x. Further, if yd ∈ W 1,∞[0,∞), then there exists a unique solution for
M ∈W 1,∞[0,∞) (Theorem 6.1) and hence there exists a unique essentially bounded
x(t) which needs not be continuous everywhere.

6. Existence and stability. First, we determine specific properties required of
ϕ(x). The proof of the following lemma is a direct consequence of Theorem 4.1.

Lemma 6.1. For each x ∈ R, the function ϕ := k̂Px + θ(x) is strictly mono-
tone. Further, ϕ−1 is well defined, strictly monotone, and Lipschitz continuous with
Lipschitz constant 1/k̂P .

To establish existence of a solution for the closed-loop system, we need to show
that there exists (x, y) ∈ BC[0,∞)×W 1,∞[0,∞) satisfying (5.3)–(5.4).

Lemma 6.2. W [f(x) ;ψ−1] and G(yd, x) are locally Lipschitz continuous with
respect to x. That is, whenever (xi, ψ−1,i) ∈ C[0, T ] × Ψ0, i = 1, 2, then, for some
positive constants C, D, and E,

‖W [f(x1);ψ−1,1]−W [f(x2);ψ−1,2]‖∞≤C(max {DT ‖x1 − x2‖∞, ‖ψ−1,1 − ψ−1,2‖∞}),
‖G(yd, x1)−G(yd, x2)‖∞≤C(max {ET ‖x1 − x2‖∞, ‖ψ−1,1 − ψ−1,2‖∞}).

Proof. From Lemma 4.2,

‖W [f(x1) ;ψ−1,1]−W [f(x2) ;ψ−1,2]‖∞
≤ C(max{‖[I + Γ]−1[f(x1);ψ−1,1]− [I + Γ]−1[f(x2);ψ−1,1]‖∞, ‖ψ−1,1−ψ−1,2‖∞}.

Define Vi = [I +Γ]−1[·, ψ−1,i], where i = 1, 2. Since [I +Γ]−1 is Lipschitz continuous,
there exists positive constant C1 such that

‖V1[f(x1)]− V2[f(x2)]‖∞ ≤ C1 max{‖f(x1)− f(x2)‖∞, ‖ψ−1,1 − ψ−1,2‖∞}

= C1 max

{
γ sup
t∈[0,T ]

∣∣∣∣∫ t

0

(x1 − x2)dτ

∣∣∣∣ , ‖ψ−1,1 − ψ−1,2‖∞
}

≤ C1 max

{
γ sup
t∈[0,T ]

‖x1 − x2‖∞t, ‖ψ−1,1 − ψ−1,2‖∞
}

≤ C1 max{γT ‖x1 − x2‖∞, ‖ψ−1,1 − ψ−1,2‖∞},

from which we conclude the Lipschitz continuity of W [f(x) ;ψ−1,1]. Lipschitz con-
tinuity of G(yd, x) then follows from the Lipschitz continuity of W [f(x) ;ψ−1,1], the
local Lipschitz continuity of g(·), and the boundedness of g(W [f(x) ;ψ−1,1]).

Lemma 6.3. Suppose hypotheses H1–H5 hold. For a given y ∈ W 1,∞[0, T ], and
ψ−1 ∈ Ψ0, there exists a solution x ∈ C[0, T ] for (5.3)–(5.4).

Proof. From the hypotheses, yd, ẏd, W [f(x)], and g(W [f(x)]) are bounded.
Therefore, there exists a bound B such that |G(yd, x)| < B for all t ∈ [0,∞).
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Further, from Lemma 6.2, since ψ−1 ∈ Ψ0 is given, whenever x1, x2 ∈ C[0, T ],
‖G(yd, x1) − G(yd, x2)‖∞ ≤ L‖x1 − x2‖∞ for some positive constant L. Define
z = ϕ(x). From Lemma 6.1, ϕ−1 is well defined and Lipschitz continuous. Note
that C[0, T ] is convex and a Banach space under the norm ‖x‖∞ = supt∈[0,T ] |x(t)|.
Define operator R by

Rz(t) := G
(
yd, ϕ

−1(z)
)− βγ

∫ t

0

ϕ−1(z)dτ + (kDα− kP )y.

Claim 1. R : C[0, T ] → C[0, T ].
To verify this, consider t1, t2 ∈ [0, T ] such that t2 ≥ t1:

|Rz(t1)−Rz(t2)| ≤
∣∣G (

yd, ϕ
−1(z)

)
(t1)−G

(
yd, ϕ

−1(z)
)
(t2)

∣∣
+ |βγ|

∣∣∣∣∫ t2

t1

ϕ−1(z)dτ

∣∣∣∣ + |kDα− kP ||y(t1)− y(t2)|.

By the Lipschitz continuity of G(yd, x) in the x variable, and the Lipschitz continuity
of ϕ−1,

|Rz(t1)−Rz(t2)| ≤ C sup
τ∈[t1,t2]

|z(τ)− z(t1)|+ |βγ|
∣∣∣∣∣ sup
τ∈[t1,t2]

ϕ−1(z)(τ)

∣∣∣∣∣
∣∣∣∣∫ t2

t1

dτ

∣∣∣∣
+ |kDα− kP ||y(t1)− y(t2)|

for some positive constant C. From the given hypothesis, y ∈ C[0, T ]. From the
continuity of z(t), |Rz(t1)−Rz(t2)| ≤ C1|t1 − t2| → 0 as t1 → t2, where C1 is a
positive constant, concluding the claim.

Claim 2. R : C[0, T ] → C[0, T ] is continuous.
Consider a sequence {zn} ⊂ C[0, T ] such that zn → z in C[0, T ]. Then, by a

similar argument to that in the proof of Claim 1,

‖Rzn −Rz‖∞ ≤ ∥∥G (
yd, ϕ

−1(zn)
)−G

(
yd, ϕ

−1(z)
)∥∥

∞

+ |βγ| sup
t∈[0,T ]

∣∣∣∣∫ t

0

ϕ−1(zn)dτ −
∫ t

0

ϕ−1(z)dτ

∣∣∣∣
≤ C‖zn − z‖∞ + |a| sup

t∈[0,T ]

∫ t

0

∣∣ϕ−1(zn)− ϕ−1(z)
∣∣ dτ.

Since ϕ−1 is continuous, ϕ−1(zn) → ϕ−1(z) as zn → z. Then, as zn → z, Rzn → Rz
for all t ∈ [0, T ], which concludes the proof that R is continuous.

Claim 3. R : C[0, T ] → C[0, T ] is completely continuous.
Let S be a bounded set in C[0, T ]; that is, there exists a constant C0 such that

supt∈[0,T ] |z(t)| ≤ C0 for all z ∈ S. We need R(S) to be relatively compact. Since

ϕ−1(0) = 0, from Lemma 6.1,

‖ϕ−1(z)‖∞ = sup
t∈[0,T ]

|ϕ−1(z)(t)− ϕ−1(0)(t)| < sup
t∈[0,T ]

1

k̂P
|z(t)− 0| = C0

k̂P
.

For all z ∈ S,

|Rz(t)| ≤ sup
z∈S

|G(yd, ϕ−1(z))|+ sup
z∈S

∣∣∣∣βγ ∫ t

0

ϕ−1(z)dτ

∣∣∣∣+ |kDα− kP ||y(t)|

≤ B +
|βγ|TC0

k̂P
+ |kDα− kP |‖y‖∞.
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Then R(S) is uniformly bounded. Also, for any given sequence {zn} ∈ C[0, T ],

‖Rzm1 −Rzm2‖∞ ≤ ∥∥G (
yd, ϕ

−1(zm1)
)−G

(
yd, ϕ

−1(zm2)
)∥∥

∞

+ sup
t∈[0,T ]

|βγ|
∣∣∣∣∫ t

0

ϕ−1(zm1)− ϕ−1(zm2)dτ

∣∣∣∣ .
By the Lipschitz continuity ofG

(
yd, ϕ

−1(z)
)
and ϕ−1(z), we have ‖Rzm1 −Rzm2‖∞ ≤

(C1+ |βγ|TC2) ‖zm1 − zm2‖∞ for some constants C1 and C2. Hence R(S) is equicon-
tinuous. Then from the Arzela–Ascoli theorem, R(S) is relatively compact.

Proof of the lemma. Since Rz(t) is completely continuous, it follows from the
Schauder fixed point theorem that equation z = Rz(t) has a fixed point in C[0, T ].
Since z = ϕ(x) and ϕ−1(z) is Lipschitz continuous and strictly monotone increasing,
there exists a solution x ∈ C[0, T ] satisfying (5.3)–(5.4).

Lemma 6.3 concludes the existence of a local solution for x(t) ∈ C[0, T ]. The next
lemma establishes global existence of a solution for a given y. We follow [47] and the
existence principle discussed by Lee and O’Regan [48].

Lemma 6.4. Suppose hypotheses H1–H5 hold. Let y ∈ W 1,∞[0,∞) and ψ−1 ∈ Ψ0

be given. Then there exists a solution x ∈ BC[0,∞) for (5.3)–(5.4).

Proof. Consider the sequence of functions {zn} given by

zn = G
(
yd, ϕ

−1(zn)
)− βγ

∫ t

0

ϕ−1(zn)dτ + (kDα− kp)y, t ∈ [0, tn],(6.1)

where 0 < t1 < t2 < · · · < tn < · · · with tn → ∞ as n → ∞. Suppose {ψn(t)}
is the set of memory evolutions of hysteresis operator W corresponding to the input
sequence for the hysteresis operator

{
(I + Γ)−1f(ϕ−1(zn))

}
at each t ∈ [0, tn], where

ψ−1 = ψn(0) is fixed for all n. From Lemma 6.3, (6.1) has a solution z ∈ C[0, tn] for
each n. However, the solutions may not be identical. Hence, even though ψn(0) = ψ−1

for all n, ψn(t) need not be same for each n.

Claim 1. For each j = 1, 2, 3, . . ., the sequence {zn}n≥j is uniformly bounded on
[0, tj].

As we have already seen in Lemma 6.3, |G(yd, ϕ−1(zn))| < B. Since y is bounded
from the lemma hypotheses, there exists M such that |(kDα − kP )y| < M . We
show that {zn} is uniformly bounded. Notice that zn(0) < B +M . We claim that
|zn| < 2B + 2M for all n. Assume, by contradiction, that this is not the case.
Then there exists t∗ ∈ [0,∞) such that |zn(t∗)| ≥ 2B + 2M . Consider the case
zn(t

∗) ≥ 2B + 2M . Suppose zn(t) > 0 for all t ∈ [0, t∗]. Since ϕ−1(0) = 0 and ϕ−1 is
strictly monotone increasing, ϕ−1(zn) > 0. Then,

2B + 2M < zn(t
∗) = G

(
yd, ϕ

−1(zn)
)− βγ

∫ t∗

0

ϕ−1(zn)dτ + (kDα− kP )y(t
∗)

≤ B +M − a1 < B +M

for some constant a1 > 0, which is a contradiction. Therefore, there exists t0 < t∗

such that zn(t0) ≤ 0. Because of the continuity of zn(t), there exists t ∈ [t0, t
∗] such

that zn(t) = 0. Without loss of generality, assume zn(t0) = 0 and zn(t) > 0 for
t ∈ (t0, t

∗]. Subsequently,
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2B + 2M ≤ zn(t
∗)− zn(t0)

= G
(
yd, ϕ

−1(zn)
)
(t∗)− βγ

∫ t∗

0

ϕ−1(zn)dτ + (kDα− kP )y(t
∗)

−G (
yd, ϕ

−1(zn)
)
(t0) + βγ

∫ t0

0

ϕ−1(zn)dτ − (kDα− kP )y(t0)

≤ 2B + 2M − βγ

∫ t∗

t0

ϕ−1(zn)dτ ≤ 2B + 2M − a2 < 2B + 2M

for some a2 > 0. This is a contradiction, which implies zn(t
∗) < 2B + 2M . By a

similar argument, we can show that zn(t) > −2B − 2M , concluding the proof of the
claim.

Claim 2. For each j = 1, 2, 3, . . ., the sequence {zn}n≥j is equicontinuous on
[0, tj].

Fix t, t′ ∈ [0, tj ] with t < t′. Then

|zn(t)− zn(t
′)| ≤ ∣∣G (

ϕ−1(zn(t))
)−G

(
ϕ−1(zn(t

′))
)∣∣

+ βγ

∫ t′

t

∣∣ϕ−1(zn)
∣∣ dτ+ | [kDα− kP ][y(t

′)− y(t)] | .

Since yd, ẏd, x ∈ C[0, tn] for each n, then G(yd, ϕ
−1(zn)) ∈ C[0, tn]. Also, from the

hypotheses of the lemma, y ∈ C[0, tn] for all n, and from Claim 1, |ϕ−1(zn)| <
(2B + 2M)/k̂P . Then we have |zn(t)− zn(t

′)| → 0 as t→ t′ in [0, tj ], and hence, for
each j = 1, 2, 3, . . ., the sequence {zj}n≥j is equicontinuous on [0, tj].

From the Arzela–Ascoli theorem, there exists a subsequence N1 ⊂ N+ and a
function ẑ1 ∈ C[0, t1] such that zn → ẑ1 in C[0, t1] as n → ∞ in N1. Define N∗

1 =
N1 \ {1}. A similar argument yields a subsequence N2 of N∗

1 and a function ẑ2 ∈
C[0, t2] such that zn → ẑ2 in C[0, t2] as n → ∞ in N2, where N2 ⊆ N1. Hence, by
induction, we can obtain sequences {Nk} and {ẑk} such that N1 ⊇ N2 ⊇ · · ·Nk ⊇ · · ·
and zn → ẑk uniformly on [0, tk] as n → ∞ in Nk, where ẑk ∈ C[0, tk]. Further,

ẑk = ẑj on [0, tj ] for j ≤ k. To show that Preisach memory curves {ψ̂k(t)} satisfy

ψ̂k(t) = ψ̂j(t) for all t ∈ [0, tj], consider two memory curves ψM1(t) and ψM2(t) such
that M1,M2 ∈ Nj :

‖ψM1 − ψM2‖∞ ≤ ‖(I + Γ)−1f(ϕ−1(zM1))− (I + Γ)−1f(ϕ−1(zM2))‖∞.
From the definition of f(x),

‖f(ϕ−1(zM1))− f(ϕ−1(zM2))‖∞ ≤ γ max
t∈[0,tj]

∫ t

0

|ϕ−1(zM1)− ϕ−1(zM2)|dτ.

Since zn is Cauchy for n ∈ Ni and ϕ
−1 is continuous, for any ε > 0, there is N̂ such

that for all M1,M2 > N̂ , we have ‖ψM1 − ψM2‖∞ < ε. Hence, the sequence ψn(t) is

Cauchy for n ∈ Nj and it converges to a function ψ̂j(t) for t ∈ [0, tj ]. This argument

is true for all j ≤ k and, since Nk ⊆ Nj, ψ̂k(t) = ψ̂j(t) for all t ∈ [0, tj]. Next we
show that ẑk satisfies (6.1). Since ϕ−1 is bounded, from the dominant convergence
theorem,

lim
n→∞ f(ϕ−1(zn)) = lim

n→∞

{
H0 + Γ0 + γ

∫ t

0

ϕ−1(zn)dτ

}
,

f(ϕ−1(ẑk)) = H0 + Γ0 + γ

∫ t

0

ϕ−1(ẑk)dτ
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for n ∈ Nk. Since the initial memory curves are the same, from Lemma 4.2,
W [f(ϕ−1(zn))] converges to W [f(ϕ−1(ẑk))]. Therefore, if n ∈ Nk, then

lim
n→∞G

(
yd, ϕ

−1(zn)
)
= G

(
ydϕ

−1(ẑk)
)
.

From (6.1),

ẑk = lim
n→∞ zn = lim

n→∞

{
G
(
yd, ϕ

−1(zn)
)− βγ

∫ t

0

ϕ−1(zn)dτ + (kDα− kP )y

}
= G

(
yd, ϕ

−1(ẑk)
)− βγ

∫ t

0

ϕ−1(ẑk)dτ + (kDα− kP )y(6.2)

for all t ∈ [0, tk]. Here, we have constructed a sequence such that each function ẑk
satisfies ẑk|t∈[0,tk−1] = ẑk−1|t∈[0,tk−1]. Define a function ẑ : [0,∞) → R by ẑ(t) = ẑk(t)
on [0, tk] for all k. Taking the limit of (6.2) as k → ∞,

ẑ = G
(
yd, ϕ

−1(ẑ)
)− βγ

∫ t

0

ϕ−1(ẑ)dτ + (kDα− kP )y, t ∈ [0,∞).(6.3)

As |ẑ| is bounded by 2B + 2M , ẑ ∈ BC[0,∞). Hence, x = ϕ−1(ẑ) ∈ BC[0,∞) is the
global solution of (5.4).

Next we establish the existence of a unique solution for the hysteretic system
given by (5.3)–(5.4).

Theorem 6.1 (uniqueness on bounded interval). Suppose hypotheses H1–H4
hold and yd ∈ W 1,∞[0, T ]. Then the system (5.3)–(5.4) has a unique solution
(H,M, y) ∈ W 1,∞[0, T ]×W 1,∞[0, T ]×W 1,∞[0, T ].

Proof. With y1 = H +M , y2 = y, ϕ(x) = k̂P x+ θ(x), V = (I +Γ)−1[·;ψ−1], and
g(x) = ax2 + bx, the combined system is

ẏ1 = γ ϕ−1 (−β V (y1)− (kP − kDα)y2 − g((Γ ◦ V )(y1)) + kP yD + kD ẏd) ,

ẏ2 = −αy2 + g((Γ ◦ V )(y1)).

As ϕ−1, V , g, and Γ are Lipschitz continuous from W 1,1[0, T ] to W 1,1[0, T ], the
theorem follows from the same argument as in Theorem 3.1.1 in [43].

Note that the above solution does not guarantee that x(t) = Ḃ(t)/γ is continuous.
However, we have already shown the existence of x(t) ∈ BC[0,∞). Hence, the system
has a unique solution (x, y) ∈ BC[0, T ]×W 1,∞[0, T ]. Next we establish the existence
of a unique bounded global solution.

Theorem 6.2. Suppose α > 0 and hypotheses H1–H4 hold. Then system (5.3)–
(5.4) possesses a unique global solution (x, y) ∈ BC[0,∞) ×W 1,∞[0,∞). Further-
more ‖y‖∞ + ‖ẏ‖∞ ≤ K for some K < ∞ independent of gain parameters kP , kD,

and k̂P .

Proof. We first prove that y is bounded. From (5.3), ẏ + αy = g(W [f(x)]), and
hence

y = e−αt
[∫ t

0

eατg(W [f(x)])(τ)dτ + y0

]
.
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SinceW is saturating, |y(t)| ≤ e−αt
∫ t
0
a3e

ατdτ+e−αt|y0| for some constant a3. Hence,
‖y‖∞ ≤ a3/α + |y0|. From ODE theory, we can extend the solution given in Theo-
rem 6.1 to t ∈ [0,∞). Since y ∈ W 1,∞[0,∞), x also has a global solution in BC[0,∞).
Furthermore, ‖ẏ‖∞ ≤ a3+α|y0|+amax[Γsat1,Γsat2]

2+bmax[Γsat1,Γsat2], which com-
pletes the proof.

Remark 6.1. Any continuous bounded input disturbance Δ(t) can be combined
with G(yd, x) and Lemma 6.2 will still hold. Further, if hypotheses H1–H4 hold,
then all the subsequent theorems still follow, and hence the system possesses a unique
global solution (x, y) ∈ BC[0,∞)×W 1,∞[0,∞).

7. Tracking. The next objective is to show that the control signal given by (5.1)
achieves output tracking. In this section, we derive the necessary conditions on gain
parameters kD, kP , and k̂P such that for a given desired output yd ∈ W 2,∞[0,∞), the
output error can be made sufficiently small. That is, for a given ε > 0, lim supt→∞ |y−
yd| ≤ ε. Since function g(M(t)) = aM2(t)+bM(t) represents a squaring function, two
values of M(t) can achieve the same value of g(M(t)) and hence the same output y.
However, to achieve tracking, the PD controller must operate in a monotone region.
Lemma 7.1 establishes that appropriate choices for the gain parameters force the
controller to maintain M(t) ∈ [−b/2a,Γsat2].

Lemma 7.1. Suppose hypotheses H1−H4 hold. Consider the closed-loop system
given by

θ(x)(t) + βH(t) = −k̂Px(t)− kP r(t) − kD ṙ(t),(7.1)

ṙ(t) + αr(t) = aM2(t) + bM(t)− (ẏd + αyd) (t),(7.2)

Ṁ(t) + Ḣ(t) = γx(t),(7.3)

M(t) = Γ[H ;ψ−1](t).(7.4)

Let π = [−b/2a,Γsat2]. Then there exist kP0 and k0 such that if M(t0) ∈ Interior(π),
kp ≥ kP0, and 0 ≤ (

kD − kP
α

) ≤ k0, then M(t) ∈ π for all t ∈ [t0,∞).
Proof. We may assume b/2a < Γsat1. (Otherwise [−Γsat1,Γsat2] ⊂ [−b/2a,Γsat2]

and M(t) ∈ π, as desired.) Then, from hypothesis H2, it follows that |u(t)| < d1 for
some constant d1 that is independent of gain parameters. From Theorem 6.2, system
(7.1)–(7.4) has a unique solution for x ∈ BC[t0,∞) and hence for Ṁ ∈ BC[t0,∞).
Consequently, we only need to show that if M(t) = −b/2a, then we can find gain
parameters such that Ṁ(t) > 0. Note that if Ṁ(t) does not exist whenM(t) = −b/2a,
then M(t) is increasing as desired. From Theorem 6.2 we also have |ṙ(t)| < d2 for
some constant d2 that is independent of gain parameters. When M(t) = −b/2a,
ṙ(t)+αr(t) = −b2/4a−(ẏd+αyd)(t). From hypothesis H4, (ẏd+αyd)(t) > −b2/4a+δ
and hence ṙ(t) + αr(t) < −δ. From (7.1),

x(t) +
θ(x)(t)

k̂P
= −βH(t)

k̂P
− kP

αk̂P
(ṙ + αr) (t)−

(
kD − kP

α

)
ṙ(t)

k̂P

> −βd1
k̂P

+
kP δ

αk̂P
− k0d2

k̂P
.

By setting kP0 = α(βd1+k0d2)
δ , the quantity x(t) + θ(x)(t)

̂kP
> 0. Function θ(x) is

a continuous monotone function of x and θ(0) = 0. Subsequently, at M(t) =
−b/2a, x(t) is positive. Now from hypothesis H1 combined with (7.3), Ṁ(t) is also
positive.
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For the remaining analysis, we use the counterclockwise dissipativity of the hys-
teresis operator. Since the circulation of the hysteresis loops is counterclockwise,∫ t
0
HṀ dt ≥ 0 for all t ≥ 0. Then from Lemma 7.1, we have

∫ t
t0
(2aM(τ) + b)

H(τ)dMdτ dτ ≥ 0. Using this counterclockwise dissipativity property, we will first prove
that tracking is possible for a constant tracking signal.

Theorem 7.1. Suppose yd is a constant and the conditions in Lemma 7.1 are
satisfied. Then, for any ε > 0, there exists k̄P0 ≥ kP0 such that if kP > k̄P0 and
αkD − kP > 0, then lim supt→∞ |r(t)| ≤ ε, where r(t) = y(t)− yd.

Proof. From (7.1),

θ(x)(t) + βH(t) + k̂Px(t) = −kP
α

(ṙ + αr) (t)−
(
kD − kP

α

)
ṙ(t), which implies

kP
α

(ṙ + αr) (r̈ + αṙ) (t) +

(
kD − kP

α

)
r̈(t)ṙ(t)

=
(
−θ(x)− βH − k̂Px

)
(r̈ + αṙ) (t)− (αkD − kP ) ṙ

2(t).(7.5)

Consider the function

V (t) =
kP
2α

(ṙ + αr)
2
(t) +

(
kD − kP

α

)
ṙ2(t)

2
+ β

∫ t

0

(2aM + b)H
dM

dτ
dτ.

Then V (t) ≥ 0. Further, from (7.5),

V̇ (t) =
(
−θ(x)− βH − k̂Px

)
(r̈ + αṙ) (t)

− (αkD − kP ) ṙ
2(t) + β (2aM(t) + b)H(t)Ṁ(t).(7.6)

From (7.2) with constant yd, (r̈ + αṙ) (t) = 2aM(t)Ṁ(t) + bṀ(t). Hence,

(r̈ + αṙ) (t)βH(t) = (2aM(t) + b)βH(t)Ṁ (t) and (r̈ + αṙ) (t)
(
θ(x)(t) + k̂Px(t)

)
=

(2aM(t) + b) Ṁ(t)
(
θ(x)(t) + k̂Px(t)

)
. Then from (7.6)

V̇ (t) = − (2aM(t) + b) Ṁ(t)
(
θ(x) + k̂Px

)
(t)− (αkD − kP ) ṙ

2(t).

From Lemma 7.1, 2aM(t) + b > 0 and, since Ṁ(t), x(t) and θ(x)(t) have the same
sign, V̇ (t) ≤ 0 almost everywhere. Thus V̇ (t) → 0 as t → ∞.

The invariant set for V is the set (x, ṙ) = (0, 0). The largest invariant subset of

this set for the system (7.1)–(7.4) is given by β H = −kP r. Hence, |r| ≤ β |H|
kP

, which

shows that for any ε > 0 we may choose kP > β (2B+2M)
ε and the largest invariant set

for V̇ will have the property |r| < ε.
In light of Theorem 7.1, kP must be sufficiently large. Also, to obtain an appro-

priate value for kD, one must first obtain an estimate for α, but discussion of this is
beyond the scope of this paper. Next we discuss tracking for any desired output. To
simplify the discussion, we only consider the case αkD = kP and show that tracking
is possible even with this restriction.

Theorem 7.2. Suppose hypotheses H1−H5 hold. Further suppose that b
2a <

Γsat1 and hysteresis operator Γ[H, ;ψ−1] satisfies XI(x) ≥ cx for all x > 0. Let
M(0) ∈ π. Then, for a given ε > 0, there exists k̄P0 ≥ kP0 such that if kP > k̄P0,

αkD = kP , and k̂P > 0, then lim supt→∞ |r(t)| ≤ ε.
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Proof. Note that the conditions for Lemma 7.1 are satisfied, and hence M(t) ∈ π.
We will utilize the fact that the functions given in (7.1)–(7.4) are continuous.

Suppose at a given t ∈ [0,∞), ṙ(t) + αr(t) > ε. Then from (7.1) with αkD = kP ,

ϕ(x)(t) + βH(t) < −kP ε
α , where ϕ(x)(t) = θ(x)(t) + k̂Px(t). Then ϕ(x)(t) < −kP ε

α −
βH∗, where H∗ = min{H | M(t) ∈ π}. H∗ exists because M ≥ − b

2a > −Γsat1 when
M ∈ π. As Γ is strictly increasing, H has a minimum as well when M ∈ π. Therefore,
limkP→∞ ϕ(x)(t) = −∞. Since θ(x) is a continuous monotone function of x with

θ(0) = 0 and k̂P > 0, limkP→∞ x(t) = −∞. Then for a given ε > 0 and δ1 > 0, there
exists k̄P0 > kP0 such that if kP > k̄P0, then x < −δ1. Without loss of generality,
assumeM(t) < Γsat2. (Otherwise Ṁ(t) = 0 and, from hypothesis H5, ṙ(t)+αr(t) > δ
and Ḣ(t) = γx(t)− Ṁ(t) < −γδ1. Then there exists t∗ > t such that M(t∗) < Γsat2.)
If C is the Lipschitz constant of Γ, define c = 1

C . From hypothesis H1, −δ1 > x =
1
γ [Ḣ + Ṁ ] ≥ 1

γ [cṀ + Ṁ ] for every t where Ṁ(t) exists (Ṁ(t) exists for almost every

t). Thus, for such t where Ṁ exists, Ṁ(t) < − γδ1
1+c = δ2. Further, from (7.2),

aM2(t) + bM(t)− (ẏd + αyd)(t) > ε. From hypothesis H5, ẏd(t) + αyd(t) > −b2/4a.
But then aM2(t) + bM(t) + b2/4a > ε, that is,

(
M(t) + b

2a

)2
> ε

a . Since M(t) ∈ π,

M(t) > −b/2a+√
ε/a, which implies 2aM(t) + b >

√
4aε. Differentiating (7.2), we

get r̈(t)+αṙ(t) = (2aM(t)+b)Ṁ(t)− (ÿd+αẏd)(t). Using the bounds for 2aM(t)+b,
Ṁ(t), and ÿd(t) + αẏd(t) (from H5), we get r̈(t) + αṙ(t) < −δ2

√
4aε+A. By picking

k̄P0 sufficiently large, we can make δ2 sufficiently large and hence r̈(t) + αṙ(t) < 0.
A similar argument can be used to show that there exists kP sufficiently large such
that if ṙ(t) + αr(t) < −ε, then r̈(t) + αṙ(t) > 0. Now if (ṙ(t) + αr(t))2 > ε2, then
(ṙ(t)+αr(t))(r̈(t)+αṙ(t)) < 0. Therefore, lim supt→∞ |ṙ(t)+αr(t)| ≤ ε. To complete
the proof, since α > 0, if lim supt→∞ |ṙ(t) + αr(t)| ≤ ε, then lim supt→∞ |r(t)| ≤
ε/α.

Throughout the proofs, we only require k̂p > 0. In a forthcoming paper we will

discuss the explicit role of k̂p in the presence of exogenous disturbances.

8. Examples. We present simulation results for a hysteretric system derived
from a magnetostrictive actuator. The corresponding hysteretic system is given
by [22]

θ(x) + βH = i,(8.1)

Ḣ + Ṁ = γx,(8.2)

M(·) = Γ[H(·);ψ0],(8.3)

ẏ + αy = aM2 + bM − c,(8.4)

H(0) = H0, M(0) =M0,(8.5)

where i is the input current and x is the induced voltage. H and M represent the
averagemagnetic field and magnetization in the magnetostrictive actuator rod, respec-
tively. H0 and M0 are corresponding initial conditions. A classical Preisach operator
is employed to represent rate-independent hysteresis, where Γ[· ;ψ0] is the hysteresis
operator and ψ0 is the initial memory curve. An approximation of the function θ(x),

θm(x), is given by [47]: θm(x) = R
Rclassical

x+R sign(x(t))
∑N

i=1
|x(t)|νi
Ci

.
For simulation purposes, we use data from an AA-050H series Terfenol-D actuator

manufactured by Etrema. The maximum displacement of the actuator is ±25µm. We
consider a system with α = 10000, a = 7.5× 10−13, b = 0, and c = 2.2× 10−5, so that
the system is capable of producing the given maximum displacement. The following
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parameters are available from the manufacturer: number of turns of the winding,
N = 1300; cross-section area of the actuator rod, A = 2.83× 10−5m2; magnetic field
due to the permanent magnet, H0 = 1.23× 104A/m; and β = 1.54× 104. From these
data we can find γ using γ = μ0NA. We also have θm(x) = 0.0076e+ 0.0005x5/6 +
0.0011x2/3 + 0.0068x0.5 [22]. We use the Preisach representation given in Figure 8.1
for hysteresis. Data is obtained from [49].

Example 1. Tracking signal yd is generated using the sum of three sinusoidal wave-
forms: 8×10−6 sin(1200πt+π/3), 5×10−6 sin(375πt+π/8), and 6×10−6 sin(100πt).
Thus, tracking is performed for a signal with frequency components 50Hz, 187.5Hz,
and 600 Hz. Also, yd ∈W 2,∞[0,∞) and satisfies all the conditions given in H5.

The corresponding gain parameters are chosen according to the conditions given
in Theorem 7.1. We chose kP sufficiently large and k̂P positive: kP = 6 × 105,
kD = 610, and k̂P = 0.2. Note that kD − kP /α = 10 satisfies the conditions in the
theorem. The simulation results are given in Figure 8.2, where the maximum relative
error does not exceed 7.5%.

Fig. 8.1. (a) Magnetic field versus magnetization curves for the magnetostrictive actuator.
(b) Magnetic field versus displacement curves for the magnetostrictive actuator.

Fig. 8.2. Displacement and tracking error for Example 1.
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Fig. 8.3. Control signal and the induced voltage for Example 1.

Figure 8.3 shows the control signal and the induced voltage for t ∈ [0, 0.025]. The
figure demonstrates the continuity of both signals.

Example 2. For the next simulations, the tracking signal (Figure 8.4) is gen-
erated using the sum of two sinusoidal waveforms, 5 × 10−6 sin(1200πt + π/3) and

5 × 10−6 sin(375πt + π/8), and a triangle waveform 2×10−5

π sin−1(sin 800πt). Notice
that yd ∈ W 1,∞[0,∞) and does not satisfy hypothesis H5. In this case, Theorem 6.1
still holds; however, Lemma 6.4 does not hold.

Figure 8.5 shows the decomposed control signal for the two feedback loops. One
can easily observe that both the control signal and the induced voltage are discontin-
uous at each peak of the triangle wave.

Fig. 8.4. Tracking signal for Example 2.

Fig. 8.5. Decomposed control signal for the two feedback loops for Example 2.
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Fig. 8.6. Tracking error for Example 2.

It can also be observed that tracking still holds (Figure 8.6). However, the reasons
for such observations are beyond the scope of this paper.

9. Conclusion. In this paper, we discussed a controller strategy for hysteretic
systems associated with magnetic and smart actuators. The controller is a PD con-
troller derived using two feedback signals. We proved regularity, well-posedness, and
stability of the controller and then found conditions on the gain parameters for ul-
timate bounded tracking for a varying tracking signal. The careful mathematical
analysis in this paper establishes tracking for disturbance-free hysteretic systems,
which simulations demonstrate. We do not attempt to identify whether tracking fails
outside the given gain constraints; rather we demonstrate that within the given gain
constraints, the system achieves tracking.

Next it is necessary to extend the results to achieve tracking in the presence
of exogenous disturbances, to control the system within the rated conditions, and
to relax the conditions given in hypothesis H5 and Theorem 7.2 (since, for some
x > 0, Priesach operators with bounded density functions cannot achieve the condition
XI(x) ≥ cx [43]). These topics will be discussed in a forthcoming paper.

REFERENCES

[1] E. K. Dimitriadis, C. R. Fuller, and C. A. Rogers, Piezoelectric Actuators for Distributed
Vibration Excitation of Thin Plates, J. Vib. Acoust., 113 (1991), pp. 100–107.

[2] D. Howe, Magnetic actuators, Sensors Actuators A Phys., 81 (2000), pp. 268–274.
[3] G. Engdahl, Handbook of Giant Magnetostrictive Materials, Academic Press, New York,

2000.
[4] F. Braghin, S. Cinquemani, and F. Resta, A model of magnetostrictive actuators for active

vibration control, Sensors Actuators A Phys., 165 (2011), pp. 342–350.
[5] P. A. Sente, F. M. Labrique, and P. J. Alexandre, Efficient Control of a Piezoelectric

Linear Actuator Embedded into a Servo-Valve for Aeronautic Applications, IEEE Trans.
Industrial Electron., 59 (2012), pp. 1971–1979.

[6] X. Tan and J. S. Baras, Adaptive identification and control of hysteresis in smart materials,
IEEE Trans. Automat. Control, 50 (2005), pp. 827–839.

[7] G. Song, J. Zhao, X. Zhou, and J. A. De Abreu-Garcia, Tracking control of a piezoceramic
actuator with hysteresis compensation using inverse Preisach model, IEEE/ASME Trans.
Mechatron., 10 (2005), pp. 198–209.

[8] P. Krejci and K. Kuhnen, Inverse control of systems with hysteresis and creep, IEEE Proc.
Control Theory Appl., 148 (2001), pp. 185–192.

[9] G. Tao and P. V. Kokotovik, Adaptive Control of Systems with Unknown Output Backlash,
IEEE Trans. Automat. Control, 40 (1995), pp. 326–330.

[10] H. J. Shieh, F. J. Lin, P. K. Huang, and L. T. Teng, Adaptive displacement control
with hysteresis modeling for piezoactuated positioning mechanism, IEEE Trans. Industrial
Electron., 53 (2006), pp. 905–914.

[11] C. Y. Su, Y. Stepanenko, J. Svoboda, and T. P. Leung, Robust Adaptive Control of a Class
of Nonlinear Systems with Unknown Backlash-Like Hysteresis, IEEE Trans. Automat.
Control, 45 (2000), pp. 2427–2432.

D
ow

nl
oa

de
d 

07
/0

9/
15

 to
 1

29
.1

18
.3

0.
21

8.
 R

ed
is

tr
ib

ut
io

n 
su

bj
ec

t t
o 

SI
A

M
 li

ce
ns

e 
or

 c
op

yr
ig

ht
; s

ee
 h

ttp
://

w
w

w
.s

ia
m

.o
rg

/jo
ur

na
ls

/o
js

a.
ph

p



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Copyright © by SIAM. Unauthorized reproduction of this article is prohibited. 

3432 DINESH B. EKANAYAKE AND RAM V. IYER

[12] B. Jayawardhana, H. Logemann, and E. P. Ryan, PID control of second-order systems
with hysteresis, Internat. J. Control, 81 (2008), pp. 1331–1342.

[13] S. Valadkhan, K. Morris, and A. Khajepour, Stability and robust position control of
hysteretic systems, Internat. J. Robust Nonlinear Control, 20 (2010), pp. 460–471.

[14] H. Logemann, E. P. Ryan, and I. Shvartsman, Integral control of infinite-dimensional
systems in the presence of hysteresis: An input-output approach, ESAIM Control Optim.
Calc. Var., 13 (2007), pp. 458–483.

[15] S. Valadkhan, K. Morris, and A. Khajepour, Robust PI control of hysteretic systems,
Proceedings of the 47th IEEE Conference on Decision and Control, 2008, pp. 3787–3792.

[16] S. Valadkhan, K. A. Morris, and A. Khajepour, Passivity of magnetostrictive materials,
SIAM J. Appl. Math., 67 (2007), pp. 667–686.

[17] R. B. Gorbet, K. A. Morris, and D. W. L. Wang, Passivity-based stability and control
of hysteresis in smart actuators, IEEE Trans. Control Systems Technology, 9 (2001),
pp. 5–16.

[18] A. Ilchmann, E. P. Ryan, and P. Townsend, Tracking with prescribed transient behavior
for nonlinear systems of known relative degree, SIAM J. Control Optim., 46 (2007),
pp. 210–230.

[19] D. Angeli and E. Sontag, Monotone control systems, IEEE Trans. Automat. Control, 48
(2003), pp. 1684–99.

[20] J. M. Nealis and R. C. Smith, Model-based robust control design for magnetostrictive trans-
ducers operating in hysteretic and nonlinear regimes, IEEE Trans. Control Systems Tech-
nology, 15 (2007), pp. 22–39.

[21] P. Ge and M. Jouanech, Tracking control of a piezoceramic actuator, IEEE Trans. Control
Systems Technology, 4 (1996), pp. 209–216.

[22] D. B. Ekanayake, R. V. Iyer, and W. P. Dayawansa, Wide band modeling and parameter
identification in magnetostrictive actuators, Proceedings of the IEEE American Control
Conference, 2007, pp. 4321–4326.

[23] X. Tan and R. V. Iyer, Modeling and control of hysteresis, IEEE Control Systems Magazine,
29 (2009), pp. 26–28.

[24] J. M. Cruz-Hernandez and V. Hayward, Phase control approach to hysteresis reduction,
IEEE Trans. Control Systems Technology, 9 (2001), pp. 17–26.

[25] K. Kuhnen and H. Janocha, Adaptive inverse control of piezoelectric actuators with hys-
teresis operators, Proceedings of the European Control Conference, Karsruhe, Germany,
1999, p. F-0291.

[26] C. Y Su, Q. Wang, X. Chen, and S. Rakheja, Adaptive Variable Structure Control of
a Class of Nonlinear Systems with Unknown Prandtl-Ishlinskii Hysteresis, IEEE Trans.
Automat. Control, 50 (2005), pp. 2069–2074.

[27] D. Naso, B. Turchiano, H. Janocha, and D. K. Palagachev, On PID control of dy-
namic systems with hysteresis using a Prandtl-Ishlinskii model, Proceedings of the IEEE
American Control Conference, 2012, pp. 1670–1675

[28] W. S. Oates and R. C. Smith, Nonlinear perturbation control for magnetic transducers,
Proceedings of the 45th IEEE Conference on Decision and Control, 2006, pp. 2441–2446.

[29] A. Sadeghzadeh, E. Asua, J. Feuchtwanger, V. Etxebarria, and A. Garca-Arribas,
Ferromagnetic shape memory alloy actuator enabled for nanometric position control using
hysteresis compensation, Sensors Actuators A Phys., 182 (2012), pp. 122–129.

[30] H. Sayyaadi and M. R. Zakerzadeh, Position control of shape memory alloy actuator based
on the generalized Prandtl-Ishlinskii inverse model, Mechatronics, 22 (2012), pp. 945–957.

[31] W. S. Oates, P. G. Evans, R. C. Smith, and M. J. Dapino, Experimental implementation
of a hybrid nonlinear control design for magnetostrictive actuators, J. Dynam. Syst.,
Measurement Control, 131 (2009), pp. 1–11.

[32] E. C. Snelling, Soft Ferrites Properties and Applications, CRC Press, Boca Raton, FL, 1969.
[33] F. Fiorillo and A. Novikov, Power losses under sinusoidal, trapezoidal and distorted in-

duction waveform, IEEE Trans. Magnetics, 26 (1990), pp. 2559–2561.
[34] G. Bertotti, General properties of power losses in soft ferromagnetic materials, IEEE Trans.

Magnetics, 24 (1988), pp. 621–630.
[35] R. Venkataraman, Modeling and Adaptive Control of Magnetostrictive Actuators, Ph.D.

thesis, University of Maryland, College Park, 1999.
[36] B. Drincica, X. Tan, and D. S. Bernstein, Why are some hysteresis loops shaped like a

butterfly?, Automatica, 47 (2011), pp. 2658–2664.
[37] X. Tan, R. Venkataraman, and P. S. Krishnaprasad, Control of hysteresis: Theory and

experimental results, in Modeling, Control and Signal Processing in Smart Structures,
V. S. Rao, ed., SPIE, Bellingham, WA, 2001, pp. 101–112.

D
ow

nl
oa

de
d 

07
/0

9/
15

 to
 1

29
.1

18
.3

0.
21

8.
 R

ed
is

tr
ib

ut
io

n 
su

bj
ec

t t
o 

SI
A

M
 li

ce
ns

e 
or

 c
op

yr
ig

ht
; s

ee
 h

ttp
://

w
w

w
.s

ia
m

.o
rg

/jo
ur

na
ls

/o
js

a.
ph

p



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Copyright © by SIAM. Unauthorized reproduction of this article is prohibited. 

PD CONTROL OF HYSTERETIC SYSTEMS 3433

[38] D. Jiles, Theory of the magnetomechanical effect, Phys. D Appl. Phys., 28 (1995),
pp. 1537–1546.

[39] F. Claeyssen, G. Magnac, and O. Sosnicki, Moving Iron Controllable Actuators, Cedrat
Technologies, Meylan, France, 2008.

[40] R. V. Iyer and M. Shirley, Hysteresis parameter identification with limited experimental
data, IEEE Trans. Magnetics, 40 (2004), pp. 3227–3239.

[41] R. B. Gorbet, D. W. L. Wang, and K. A. Morris, Preisach model identification of a two-
wire SMA actuator, Proceedings of the IEEE International Conference on Robotics and
Automation, 1998, pp. 2161–2167.

[42] D. Hughes and J. T. Wen, Preisach modeling of piezoceramic and shape memory alloy
hysteresis, Smart Materials Structures, 6 (1997), pp. 287–300.

[43] M. Brokate and J. Sprekels, Hysteresis and Phase Transitions, Springer, New York, 1996.
[44] R. V. Iyer and R. Paige, On the representation of hysteresis operators of Preisach type,

Phys. B Condensed Matter, 372 (2006), pp. 40–44.
[45] D. B. Ekanayake, Robust Control of Saturating, Non-monotone Hysteretic Systems with

Nonlinear Frequency-Dependent Power Losses, Ph.D. dissertation, Texas Tech University,
Lubbock, 2009.

[46] K. J. Astrom and T. Hagglund, The future of PID control, Control Eng. Practice, 9 (2001),
pp. 1163–1175.

[47] D. B. Ekanayake and R. V. Iyer, Asymptotic behavior of a low dimensional model
for magnetostriction for periodic inputs, Phys. B Condensed Matter, 403 (2008),
pp. 257–260.

[48] J. W. Lee and D. O’Regan, Existence principles for nonlinear integral equation on semi-
infinite and half-open intervals, in Advances in Nonlinear Dynamics, S. Sivasundarem
and A. A. Martynyuk, ed., Gordon and Breach, Amsterdam, 1997, pp. 355–364.

[49] X. Tan and J. S. Baras, Modeling and control of hysteresis in magnetostrictive actuators,
Automatica, 40 (2004), pp. 1469–1480.

D
ow

nl
oa

de
d 

07
/0

9/
15

 to
 1

29
.1

18
.3

0.
21

8.
 R

ed
is

tr
ib

ut
io

n 
su

bj
ec

t t
o 

SI
A

M
 li

ce
ns

e 
or

 c
op

yr
ig

ht
; s

ee
 h

ttp
://

w
w

w
.s

ia
m

.o
rg

/jo
ur

na
ls

/o
js

a.
ph

p



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /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 ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


