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Abstract

Hysteresis in smart material actuators makes the effective use of these actuators quite challenging. The Preisach operator
has been widely used to model smart material hysteresis. Motivated by positioning applications of smart actuators, this paper
addresses the value inversion problem for a class of discretized Preisach operators, i.e., to find an optimal input trajectory
given a desired output value. This problem is solved through optimal state transition of a finite state machine (FSM) that
corresponds to the discretized Preisach operator. A state-space reduction scheme for the FSM is developed, which significantly
saves the memory and the computation time. Experimental results on micro-positioning control of a magnetostrictive actuator
are presented to demonstrate the effectiveness of the proposed approach.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction fields and their mechanical properties. Actuators and
sensors made of such materials, often cediedrt ac-

Smart materials, such as magnetostrictives, piezo- tuatorsandsmart sensorshave been receiving tremen-
electrics, electroactive polymers (EAPS) and shape dous interest in the past two decades, due to their broad
memory alloys (SMAs), all display certain coupling applications in areas of aerospace, manufacturing, de-
phenomena between applied electro-magnetic/thermalfense, and civil infrastructure systems. However, the

hysteretic behavior widely existing in these materials
makes their effective use quite challengiig].
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and phenomenological models. The most popu- 2. The Preisach operator and its discretization
lar phenomenological hysteresis model used for
smart materials has been the Preisach operator

[1,10,15,7,8,19,13,5]A similar type of operator, For a detailed treatment on the Preisach operator,
called Krasnosel'skii-Pokrovskii (KP) operator has .a is referred tq11,22,4] For a pair of thresholds
also been usef?,6]. _ , (B, o) with B< o, consider a simple hysteretic element
The _inverse compensation approach_ mentioned 944l 1, asillustrated ifFig. 1 Foru e C ([0, T1) (the
above is concerned with thijectoryinversion prob- spéce of continuous functions & 7']) and an initial
lem: given a desired output trajectory, one computes configuration’ € {1, 1}, w=7; ,[u. (] is defined as,
the corresponding input trajectory whose output tra- ¢, ; ¢ [0. T, "
jectory matches the desired one. In many applications

2.1. Review of the Preisach operator

like micro-positioning, one might be more interested -1 if u(r) <p,
in the following problem: given a desired output w()=1{1 if u(t) > o,
valueg find the input trajectory such that the final ™) if f<u@) <y,

value of the output matches the desired value. To dis-
tinguish this problem from trajectory inversion, it is Wherew(07) = andr~£lim;-o.. 01 — .

called thevalue inversiorproblem in this paper. Such The operatofj; , is often referred to as a Preisach
problems have been well studied for linear systems hysteron (called hysteron hereafter). Definéhe
(see, e.g.[14] and the references therein), but to the Preisach plane

authors’ best knowledge, very little has been done in N

the context of hysteretic systems. PoR{(B, ) € R?: f<al,

I'” th;SdPapef_ thc? F:’a'_ue version pfo_b'?m f°|r 2 where (B.a) e 7 is identified with9 . For u e
class of discretize reisach operators Is formulate C([0, T]) and a Borel measurable configurati@pof

and solved. Such an operator is represented as a hysterons,(o: Zo — {—1, 1}, the output of the
finite state machine (FSM), and the value inversion 5 e operatar is defined’ as

problem is transformed into a reachability problem
for the FSM. The hysteretic dynamics of the FSM is R .

fully characterized, based on which its reachability Ilu, Col(0) :L, WP, 7p ol Co(B, 00)1(2) df dor,

is proved. Construction of the input sequence for a e (1)
given state transition is described through an exam-

ple. Having observed that in practice there may exist where the weighting functionu(f, «) is called the

a large number of equivalent states for the FSM, we Preisach density function. It is assumed in this paper
propose a state space reduction scheme, which signif-that u has a compact support

icantly saves the storage space and the computation )

time. An algorithm for generating the optimal (the Z={(f,®) € Zolf= fo, x< o},

sense of “optimality” will be clear later) represen-
tative state in each equivalence class is presented.
Experimental results on micro-positioning control of
a magnetostrictive actuator are used to demonstrate
the effectiveness of the proposed approach.

The remainder of the paper is organized as follows.
The Preisach operator is briefly reviewed and a dis- | } u
cretization scheme is introduced in Section 2. Sec- B | M a
tion 3 studies the state reachability problem for the
FSM. Section 4 is devoted to the state-space reduc-
tion scheme. Experimental results are reported in Sec- — 1

tion 5. Finally, concluding remarks are provided in
Section 6. Fig. 1. A Preisach hysterofn,,.l[~, 1.
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Fig. 2. (a) Discretization of the Preisach plaffe= 3); (b) memory curve “001” (bold-faced lines).

for somefiy, ap. # is also called the Preisach plane
when no confusion arises.

At any timet, 2 is a disjoint union of two sets,
P, (t) and 2_(t), whereZ, (tr) (?_(t), resp.) con-
sists of points(f5, «) such that the output O}M at
tis +1 (—1, resp.). Under mild conditions, each of
P,(t) andZ_(r) is a connected set, and the bound-
ary between them, callethe memory curvechar-
acterizes the memory of the Preisach operator. The
memory curve has a staircase structure and the coordi-
nates of its intersection with the line= f correspond
to the current value of the input. Tteet of all mem-
ory curvesis denoted ag’. The memory curve) at
t =0 is called thanitial memory curveand hereafter
it will be put as the second argument Bf

2.2. The discretized Preisach operator

In identification of the Preisach density function a
discretization step is involved in one way or another
(see[17] for a review of identification methods). A
natural discretization scheme is as follows.

Considering the operating limits of actuators, we
assume the input range to Panin, maxl- This range
is uniformly discretized intd. + 1 levels. The set of
input levels is denoted d$2{u;, 1<I <L + 1} with
u; = umin + (I — 1), whered, = (umax — Umin)/L.

L will be called thediscretization level Input dis-
cretization leads to discretization of the Preisach plane.
Fig. 2(a) shows the discretization scheme for= 3.
The density distribution inside each cell is assumed to

By ay
u B, a;
B o V(B0

Fig. 3. The discretized Preisach operator.

concentrate at the cell center (represented by dark dots
in Fig. 2a)) and this results in a discretized Preisach
operator, which is now a weighted sumofL + 1)/2
hysterons (seé=ig. 3). In Fig. 3, v(f;, »;) denotes
the weight for the hysteroﬁnﬁi,ai. Note that although
uniform discretization is considered here, the results
presented in this paper apply directly to the case of
non-uniform discretization.

3. The value inversion problem

3.1. Formulation of the value inversion problem

Since the Preisach operator is rate-independdrt
and at any time the memory curve (and thus the out-
put value) depends only on the dominant maximum
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and minimum values in the past inp[il], we re- hysteron takes value if+-1, 1}, the number of states
strict ourselves to the discrete time setting and put a appears to be2:tD/2. This is not the case in gen-
sequence instead of a continuous time function as theeral, recalling that each o?_ and# .. is a connected

first argument ofl".

Let S be the set of input strings taking values in
U={u;, 1<I<L+1},i.e.,ifs € §Sisastring of length
n, thens[i] € U, 1<i<n. To avoid ambiguity, it is
tacitly understood that the input is changed monotoni-
cally froms[i] tos[i +1]. DefineSa to be the set of al-
ternating input string®4], in the sense that, it € Sa,
then(sali +2]—sali +1]) (sali +1]—sali]) <0, Vi > 0.

In micro-positioning, one is mainly interested in the
final position and cares less about the transient tra-
jectory. This motivates us to study the value inversion
problem for the (discretized) Preisach operator. gt
denote the set of memory curves for the discretized
Preisach operator. Thalue inversion probleris for-
mulated as: given a desired output vajuand an ini-
tial memory curvejy € Py, find s € Sa, such that
[T'tls3, Yol =¥l = min [Itlsa, Yol — 1, (2)

Sa€SA
whereT't[s, ] denotes the final value of the output
of the Preisach operator under input sequesick
there is more than one such string achieving (2), find
the one of the minimum length.
Remarks (1) A discretized Preisach operator is not
“onto” since its output takes values in a finite set.
Therefore, perfect match is not sought in the formula-
tion above.

(2) Any s € S can bereducedto somesg € Sa
using the following rules, starting froim=1: if (s[i +
1 —slDGs[i + 2] —s[i +1]) >0, deletes[i + 1] and
re-index. For example,= (u1, us, us, us, ug, u2) € S
can be reduced to; = (u1, us, up) € Sa. The final
values of the output underands, are identical (easy
to verify). Hence one only needs to search the optimal
input sequence ifa.

(3) The length of an alternating input string is di-
rectly linked to the number of input reversals and thus
the complexity of implementing that input. Therefore,
one seeks} of the minimum length.

3.2. The state reachability problem

set (refer to Section 2) and the true state is the mem-
ory curve.

Proposition 3.1. For a discretized Preisach operator
with discretization level L the number of states &-.

Proof. For a discretized Preisach operator, each mem-
ory curve consists df horizontal or vertical segments
of length§,,, so the total number of memory curves
is2t. O

The proof motivates an indexing scheme for the
memory curve. Starting from the upper-left corner, we
number each memory curve withbits correspond-
ing to theL segments: O represents vertical, and 1
represents horizontal. For instance, the memory curve
represented by the bold-faced linesHig. 2(b) reads
“001". To fix the ordering of bits, we refer to the left-
most (rightmost, resp.) bit as Hit(bit 1, resp.).

A complete description for the FSM can now be
given. It has state space
Po={p: =@k ot . ab),
o/ €{0,1}, j=1,...,L}

and input spacdl. It is a state outpuautomator3]
since the outpuy of the Preisach operator depends
only on the memory curvey. Therefore,the value
inversion problem is solved if any state of the FSM is
reachable because then all one has to do is to find
the state whose corresponding output is closest to the
desired valuey.

A state-space representation of a general Preisach
operator can be found iff] and it is shown there
that the state space &pproximately reachableThis
“approximate reachability” result was also stated in
[11,22](in a more casual way). As one shall see next,
the hysteretic dynamics of a discretized Preisach op-
erator can be characterized elegantly in terms of the
FSM. The reachability of the FSM then follows from
the characterization.

The state transition functiafiy: Yqx U — ¥4 for

The discretized Preisach operator is an FSM. Since the FSM can be best described in terms of two state

there are L(L + 1)/2 hysterons in a discretized
Preisach model with discretization leveland each

operations, INC¥4 — ¥4 and DEC:¥y — Y4.
For any state/ € ¥4, one can immediately determine
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Fig. 4. Operations INC and DEC far = 3.

the current inpuit(Y): a () = un+1 if Yy containsn
“1"s. Fory € ¥4, define

W if u(y) =ur+1,
» | the state after the input
INCW)= is increased
by one level ifi(y) #ur+1
and
V] if Z(y) =u1,
DEC())2 the state after the input

is decreased

by one level ifa(Y) # uj.

As one can easily verify, INC changes the first “0” bit
counting from the right to “1” and leave other bits un-
touched. A symmetric remark applies to the operation
DEC. Therefore, bit. (bit 1, resp.) is the most (least,
resp.) important bit, in the sense that to switch jbit
from O (1, resp.) to 1 (O, resp.), one has to first switch
all the lower bits to 1 (0O, resp.Fig. 4 illustrates the
INC and DEC operations for the case b= 3.

Givenu € U, the state transition function can be
expressed as:

Eq(, u)=
v if u—i(y)=0,
INCo---INC(Y) if u—ia(y)=nd,,
n INCs
DECo---DEC() if u —u(y) =—nd,.
n DECs
where ‘©” denotes composition of functions.

Proposition 3.2. Any state is reachable. Lgt;, i =
1, 2, be two states. Let bitg be the leftmost bit at
whichyr, and s, differ, and letn, be the number of
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alternating bit pairs inys, from bit ng through bit1.
Theny, is reachable fromy; by applying an input
stringss € Sa of lengthna+ 1, and this is the shortest
possible string length for achieving the transition.

The proposition is a straightforward consequence of
the state transition mapy.

Corollary 3.1. Any state is reachable from any other
state with some;; € Sa of length no more than.L

The following example illustrates Proposition 3.2
as well as how to actually construct the input string.

Example 3.1. AssumeL =5,1,;=00100,/,=01011.
Thenng = 4, ng = 2, and the alternating input string
s; for achieving the state transition has length 3. The
procedure for the state transition is as follows:

StepO: Y4 contains one “1”, so the current input
value isus.

Stepl: Apply us (3 consecutive INCs) to make bit
4 “1” and the state becomes 01111.

Step2: Apply u2 (3 consecutive DECSs) to make bit
3 “0” and the state becomes 01000.

Step3: Apply u4 (2 consecutive INCs) to gef,.

4. A state-space reduction scheme
4.1. Reduction of the state space

In general, one needs to store the output values of
2L states for the value inversion problem. For a rea-
sonable discretization level, this may take lots of
memory. In addition, computation cost for sorting and
searching these states will be very high. Therefore,
reducing the number of states without compromising
control accuracy is of practical interest.

Two states)q, , € Y4 areequivalent denoted as

Vo= i
I'ls,W11=1TTs,Y5l, Vs €S.

We call a hysteron in the discretized Preisach opera-
tor non-trivial if its associated weight is not zero, and
trivial otherwise. Existence of trivial hysterons leads
to equivalent states. This is illustrated kig. a),
where the hysterons marked with"“(and labeled by

Y1, --.,7s) are assumed to be non-trivial and those
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Fig. 5. (a) lllustration of equivalent statés =4), (b) illustration
of the shaded set.

won

marked with 6” are assumed to be trivial. It is easy to
verify that the following states iRig. 5a) are equiva-
lent: 0101, 0110, 1001 and 1010. From the experimen-
tal result of density identification (sd€g. 8), indeed
many hysterons carry weights of zero or close to zero,
and this provides room for the state-space reduction.
The original state spacéy is thus a disjoint union
of equivalence classes of statéy can be reduced,
so that in the reduced state sgdi‘eeach element is
an equivalence class iy, i.e., ¥ = ¥4/ =. Denote
the set of non-trivial hysterons a$", i.e.,mé{?ﬁ‘a :
vg.o > 0}, wherevg , is the weight ofy . Fory € ¥,
define# () to be the set of non-trivial hysterons un-
derneath the memory curve corresponding té-rom
the example above, one can see that= /, if and
only if () = % (5). Therefore, a member df

can be identified with a subsért of 4 that satisfies
the following condition: there existg € ¥y, such that
lp S (). To better capture the latter property, we
introduce the notion of dower-left-shaded sefThe

lower-left-shaded set (abbreviated as the shaded set

hereafter)</(jp ,) of a hysterory; , € /" is defined
to be

'%(?ﬂ,d) = {j\)ﬁ/’“/ e N ?ﬂ’,a’
LA B <P ol <o,

The geometric interpretation of the shaded set

is clear: imagining two rays frorjy; , in the Preisach
plane, one pointing downwards and the other to the
left, the shaded set consists of non-trivial hysterons
lying between the two rays. For example, kig.
5(b), </ (ys) = {y1, 72,73} If 95, lies underneath
some memory curve/, it follows that all elements

X. Tan et al. / Systems & Control Letters 54 (2005) 483-492

of «/(j5,) must also lie underneatit’. Therefore,

tﬁ C .V is identified with a member of if and only
if the following holds:

2 3)

To ease presentation, from now on we will simply
write u:b € @Nif (3) is satisfied. One can now list all
members i using a tree-structured algorithm:

Stepl: List the equivalence class having no non-
trivial hysterons (negative saturation).

Step2: List equivalence classes with one constituent
non-trivial hysteron, i.e., the shaded set of every such
hysteron is empty.

Step3: Starting from each equivalence claparent
clas9 ¥ with n non-trivial hysterons, list equivalence
classesdhildren classeswith n 4+ 1 non-trivial hys-
terons by finding another hysterére ./ such that:

&{(f)ﬁa) c ‘L quA/[},a €

o % is not included inj,

o () C e,y Ujis an eligible member of
¥, and

o Y U7} does not coincide with any other equiva-
lence classﬁ/ with n + 1 constituent hysterons
that has been listed so far.

Step4: Continue Step 3 unt'J/ = /" (positive sat-
uration) is listed.

The equivalence classes are sorted according to their
output values during the above enumeration process.
One can save computation time by using the fact that
the output of a child class is always greater than that
of its parent.

4.2. Generation of best representative states

For the purpose of realizing state transition, one
needs to find a representatrve stgtec Wy, i.e., a
memory curve, for everyy € ¥. From Proposition
3.2, the number of alternating bit pairs of a stdte
is closely related to the number of input reversals re-
quired for the state transition. Therefore the best rep-
resentative statg™ ¢ ¥q for x// e ¥ should have the
least number of alternating bit pairs among all states
in the equivalence clas.

An algorithm is developed here to generate the op-
timal representative)* for | € ¥. First draw two



X. Tan et al. / Systems & Control Letters 54 (2005) 483—-492

J/

/

Fig. 6. lllustration of the proof of Proposition 4.1.

candidate memory curveg] andy”,, and then pick

* to be the one whose number of alternating bit pairs
is less. When growing a memory curve starting from
the left upper corner of the discretized Preisach plane,
one has two possible directions for each segment of
the curve: going downwards (denoted gs)“or go-

ing to the right (denoted as-3$"). The candidatepj

is obtained as follows: start with]” and continue
that direction as long as it is feasible to do so (i.e., no
constituent hysteron 0} is left out); when it is infea-
sible to continue ", switch to “—" and keep going
with that direction until it is infeasible fcxf/ (i.e., non-
constituent hysterons will be included). Continue with
these rules until alL segments are drawn. Similarly
one obtaing)*, by starting with “>". Note that “—

is feasible whenever|” is not, and vice versa.

Proposition 4.1. The representativa/® obtained in
the above scheme has the least number of alternating
bit pairs among all states in the equivalence clgss

Proof. For any state) l} starting with “|”, one can
show its number of alternating bit pairs is no less than
that ofy| by e>_<p_|oiting the strategy in gen_erz_iti[;q.
Instead of giving a general proof, we will illustrate
the essential idea by looking at a concrete example
with discretization levelL = 8 (Fig. 6). Assume that
the memory curve represented by the bold-faced lines
A-B-C-D-E ("00111001") igh]. Lety be any other
state in the same equivalence clézsﬂarting with “}".
Now imagine we are growing the two curvgs and
Y segment by segment, starting from the left upper
corner. The curvey has to switch to =" no later
than it reaches the point B (since otherwise it will be
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infeasible). This implies that when the first alternating
bit pair iny*, occurs, at least one alternating bit pair
has occurred ify. For the same reasop has to switch
to “|” before lVI does so at point C. This argument
goes on until the line: = f§ is hit and the drawing is
completed. Hence, the number of alternating bit pairs
in Y is no less than that iy} . The curve represented
by the dashed lines A-F—G—H-I-E Hig. 6 gives an
example of suchy.

Analogously for any statg starting with “—", one
can show its number of alternating bit pairs is no less
than that ofy/*, . The proof is now complete.[]

Example 4.1. For the equivalence cla$g,, 7o, y3} in
Fig. 5a), ‘l’i =0110 with two alternating bit pairs and
¥, = 1001 with the same number of alternating bit

pairs. Soy* lpl (or y*,).

5. Experimental results

In this section the value inversion approach together
with the state-space reduction scheme is applied to
micro-positioning control of a magnetostrictive actu-
ator. Refer tq18] for a description of the experimen-
tal setup. The displacement outpubf the actuator
is controlled by the magnetic field generated through
the currentl in a coil. Fig. 7 displays the hysteresis
between the displacement output and the current input
in the actuator.

70

60

50

40

30

Displacementi{ m)

20 -

10

0 0.5
Current input (Amp.)

-0.5 15

Fig. 7. Hysteresis in the magnetostrictive actuator.
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Fig. 8. Distribution of the Preisach weighting massgés= 25).

When operated in a low-frequency range (typically
below 5Hz), the displacemegtcan be related to the
bulk magnetizatiorM by a square lawi = a; M2 for
some constant; > 0, and the input curreritcan be
related to the magnetic field along the rod direction
by H = col, wherecg is the coil factof21]. Then the 0 5 7 . s 1 ”
magnetostrictive hysteresis betwegrand | is fully Time (sec.)
captured by the ferromagnetic hysteresis betwiglen

Current (Amp.)

andH, which is modeled by the Preisach operator. The E

Preisach plane is discretized with=25 which results =

in 300 hysteronsFig. 8 displays the experimentally E

identified Preisach weighting masses. By treating 201 &

hysterons whose weights are zero or very small as .gl . . . . . .
trivial, we are left with 99 non-trivial hysterons. The 0 2 4 6 8 10 12
final number of states in the reduced state space is Time (sec.)

99,217 compared to 33,554,432 in the original state

space. Fig. 9. Micro-positioning control based on the value inversion

X . . . heme.
Given a sequence of eight desired displacement seheme

values (10, 30, 15, 40, 20, 40, 60 andB0), the

control objective is to drive the actuator head to these relationship is approximated by a single-valued func-
positions consecutively. Three control schemes are tion y = —7.441° — 2.63/2 + 40.81/ + 30.34. The
implemented to achieve the positioning goal. The first trajectories of the current input and the measured
one is based on the value inversion scheme, the secondjisplacement under these schemes are shown in
is based on the closest match algorithm for trajectory Figs. 9—11 For presentation purposes, we intention-
inversion (se€/19]), and the third scheme is based ally hold the input current constant for about 1's after
on a non-hysteretic model where the input-output each positioning is completeéfig. 12 compares the
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Fig. 10. Micro-positioning control based on the closest match

algorithm.

4 5 6 7 8
Time (sec.)

Current (Amp.)

3

4 5 6 7 8
Time (sec.)

60
50
40
30
20
10

Displacementy{ m)

Fig. 11. Micro-positioning control based on a non-hysteretic model.

Time (sec.)

- 6 T T T T T T
=3 © Scheme 1
E 1 4 /*\ -+- Scheme 2
:, 05 F ’g , -~ Scheme 3
c = 2 L
S o 5
> =
O 05§ g 0
o 1 3 4 5 6 7 8 £
Time (sec.) = 4
c
—~ 6 +
€
=
= -8
S 1 2 3 4 5 6 7 8
qE.» Positioning task #
3
3 Fig. 12. Comparison of three schemes. Scheme 1: the value inver-
a

sion algorithm; Scheme 2: the closest match algorithm; Scheme
3: the inversion algorithm based on a non-hysteretic model.

6. Conclusions

In this paper a novel type of inversion problem,
called the value inversion problem, for a class of dis-
cretized hysteresis operators has been studied. Unlike
most inversion problems discussed in the literature on
hysteresis control, the value inversion problem is to
find an optimal input trajectory given a desired value
of the hysteresis output. This problem was motivated
by positioning applications of smart actuators.

The Preisach operator has been used for the mod-
eling of hysteresis. When discretized, it can be rep-
resented by an FSM. Based on a concise indexing
scheme for the memory curve, the dynamics of the
FSM is captured by simple rules. The original value
inversion problem was converted to a state reacha-
bility problem of the FSM. Implementation of state
transitions were illustrated through examples. The
notion of state-space reduction was developed for a
discretized Preisach operator, and algorithms for gen-
erating the reduced state space and for constructing
the optimal representative state were also presented.
This approach has been applied to micro-positioning

errors of the three schemes for the eight position- control of a magnetostrictive actuator and its effec-

ing tasks. It can be seen that Scheme 1 yields the tiyeness has been demonstrated through comparison
minimum positioning error. As a trajectory inversion ith two other inversion schemes.

algorithm, Scheme 2 does not allow input reversals
for each desired output value and thus has less con-

trol freedom than Scheme 1 does. This explains why Acknowledgements
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